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ABSTRACT
The present study examines speech timing in the productions of
20 normally developing two-year-olds acquiring American
English.  Monosyllabic CVC forms were elicited in a naturalistic
procedure, providing 927 tokens that were digitized and subjected
to acoustic and perceptual analysis. The main measures included
(a) extrinsic and intrinsic vowel durations of tense and lax high
front vowels in CVC words; (b) voicing of the final obstruent;
and (c) the voice onset time (VOT) of word-initial stops.
Findings revealed that (a) about half the children exhibited
statistically reliable differences in extrinsic (i.e., context-
sensitive) vowel durations, but fewer than 15% exhibited
statistically reliable differences in intrinsic vowel durations; (b)
70% of the children tended to devoice word-final voiced
obstruents; and (c) 50% of the children exhibited stable VOT
contrasts for word-initial stops.  Group trends and individual
patterns of speech timing are discussed.

1.  INTRODUCTION
In acquiring the phonological system of their native language,
children must learn not only the articulatory features associated
with the target phonemes, but also the appropriate timing of
speech gestures.  For some phonemic contrasts, timing
differences are critical for maintaining a distinction between two
phonemes.  In English, for example, VOT is considered to be a
major cue distinguishing voiced and voiceless stops in word-
initial position.  Children who have not learned the timing
differences associated with short-lag vs. long-lag stops have
difficulty producing this distinction.  Durational differences in
vowels, which may be of equal or greater magnitude than VOT
differences, are not as closely associated with phonemic contrasts
in English.  Hence, tense vowels tend to be longer than their lax
counterparts but the ÒquantityÓ distinction is a secondary cue to
the ÒqualityÓ distinction.

The present investigation examines aspects of speech timing
in the word productions of two-year-old children acquiring
American English.  Speech timing features of interest include
extrinsic and intrinsic vowel durations, voicing of final obstruents
and VOT of word-initial stops.

1.1. Extrinsic vowel length.
The effects of consonant voicing on the length of the preceding
vowel are well documented.  Most languages exhibit a vowel
length difference associated with voicing of the final obstruent,
with longer vowels preceding voiced consonants; this finding has
lead some researchers to posit that context-sensitive voicing has
an underlying physiological basis.  As Keating [1] notes,
however, the extent of vowel length differences varies
considerably across adult languages and thus must be learned as
one of many language-specific features.  In English, this near-
universal difference is very robust:  Vowels before voiceless
obstruents about half as long as the same vowels preceding

voiced obstruents [2].  Previous work suggests that this feature is
established in the speech of American children by the age of 30
months [3, 4].

1.2.  Intrinsic vowel length.
Intrinsic vowel length is associated with durational differences in
vowels produced in the same phonetic context.  In English, tense
vowels tend to be longer than their lax counterparts, although the
degree of difference is not as great as for extrinsic differences.
Thus, among high front vowels, the lax vowel of bit is about 70%
as long as the tense vowel of beet according to House [2].
Previous research suggests that this vowel length difference is not
established in the speech of children acquiring American English
until after the age of 30 months [4].

1.3.  Postvocalic voicing.
In English, voicing of the final consonant in CVC words with
final obstruents is signaled in two ways:  length of the preceding
vowel and extent of voicing of the final consonant.  As noted
previously, in adult speech vowels preceding voiced obstruents
are approximately twice as long as those preceding voiceless
obstruents.  In addition, final voiced consonants may be fully
voiced; in many productions, however, voicing is not present
throughout the final obstruent.  SmithÕs [5] acoustic analysis
revealed that half the final obstruents produced by his adult
subjects were partially or completely devoiced.  His findings
show that the proportion of devoiced final obstruents for children
aged 30-36 months was much higher, with devoicing occurring in
98% of the productions.  The expectation for the present study
was that the two-year-old participants would be likely to devoice
obstruents in word-final position.

1.4. Voice onset time.
In English, VOT is a stable feature distinguishing "voiced"
(prevoiced or voiceless unaspirated) and "voiceless" (aspirated)
stops.  Differences in VOT are not absolute, but vary with stress
placement, place of articulation and height of the following
vowel. The voicing distinction in initial stops is often neutralized
in the productions of children under two years, with the majority
of stops produced as voiceless unaspirated (i.e., in the Òshort lagÓ
region).  By 24 months, VOT distinctions in initial stops are
usually emerging [6].

2.  METHOD
2.1.  Subjects.
Data were gathered from 20 children, 10 males and 10 females,
who were within two weeks of their second birthday at the time
of data collection.  All children were from monolingual English-
speaking homes in the greater Seattle area and were recruited
through an advertisement in a local children's magazine.  All
subjects scored within the normal range for productive
vocabulary on the MacArthur Communicative Development
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Inventories [7].  The present study is part of a larger cross-
linguistic investigation of the acquisition of phonetic and
phonological features of speech by American and Swedish infants
and toddlers [3, 4, 8].

2.2.  Data collection.
Speech samples were collected in a sound-treated room at the
University of Washington as children interacted with an
experimenter who attempted to elicit multiple tokens of target
words using toys, pictures and games.  The children wore a cloth
vest which contained a small lavaliere microphone (Countryman
MEMF05) and a wireless transmitter (Telex WT60) linked to a
Telex FMR70 wireless receiver.  The audio signals were recorded
on a Panasonic VHS videocassette recorder (model AG-1950)
using High Definition audio tracks.

2.3.  Stimuli.
The majority of word tokens analyzed in this study were CVCs
containing obstruent consonants and tense or lax high front
vowels.  Initial consonants were stops, fricatives, or affricates;
final consonants were stops or fricatives.  An attempt was made
to elicit approximately equal numbers of words with tense and lax
vowels and voiced and voiceless final obstruents. To the extent
possible, the words likely to be in the vocabulary of a 24-month-
old were selected as stimuli (e.g., cheese, sheep, pig, bib, chick).
In addition, special characters/toys were given names like Pete,
Kit, Biz, Geeb to supplement the number of tokens in particular
vowel and voicing categories.  Given that one of the goals of the
investigation was to examine intrinsic and extrinsic vowel length,
all tokens in the final data set occurred either in isolation or in
phrase final position to avoid durational differences attributed to
positional variation.

2.4.  Acoustic and perceptual analyses.
Productions selected for acoustic and perceptual analysis were
digitized from the videorecordings at a sampling rate of 20 KHz
and acoustically analyzed using the Computerized Speech
Laboratory (Model 4300B, Version 5.04, Kay Elemetrics) and the
Multi-speech Signal Analysis Workstation (Model 3700, Version
1.20, Kay Elemetrics).  Productions that had an overlay of
experimenter's speech, other noise interference, or exceptionally
poor voice quality were not included in the sample.  A total of
927 productions were analyzed for vowel durations and
postvocalic voicing; the mean number of productions per child
was 46, with a range of 27-59 (see Table 1).  Because some of the
word tokens in the vowel duration data sets had fricative or
affricate onsets (e.g., sheep, cheese, chick), not all of them were
available for VOT analysis.  Consequently, additional tokens with
voiced and voiceless initial stops (n=89) were included in this
data set.  Across subjects, a total of 710 productions were
analyzed for VOT.

2.4.1.  Vowel duration analysis.
Vowel durations were determined by visual inspection of the
waveform and spectrogram associated with each vowel token
using the following criteria:  (1) vowel onset was indicated by
released vowel energy showing clear periodicity and energy in
the first three formants; (2) vowel offset was indicated by the
evidence of oral closure (i.e., a sudden reduction in waveform
envelope and a loss of clear formant energy).  Measures were
made by individual analysts who had received training on the
criteria for measuring vowel durations and had passed a "test" on

a set of productions.  After the initial measures were completed, a
team of three analysts reviewed the measurement of each
production, paying particular attention to tokens for which the
original analyst had noted low confidence in the measurement
(often when the termination of the vowel included a portion of
"fry").

2.4.3  Analysis of postvocalic voicing.  Voicing of the final
consonant was determined through visual inspection of the
waveform and spectrogram and repeated listening to the
production.  To ensure that the percept of voicing was not
attributed to durational features of vowels, the three judges
listened to the final consonant alone and to the final consonant
and the last part of the preceding vowel.

2.4.4.  Analysis of voice onset time.  Voice onset time was
measured through visual inspection of the waveform and the
spectrogram.  Because nearly 90% of initial stops preceded high
front vowels, VOT measures tended to be longer than those
reported for children producing words with vowels more evenly
distributed in terms of vowel height.

3.  RESULTS
Mean vowel durations for individual children are presented in
Table 1 for four categories of vowels: tense / i / vowels preceding
voiceless and voiced obstruents and lax / I / vowels preceding
voiceless and voiced obstruents.  Overall mean durations for each
category are also provided.

   Su ID
Tense  / i /

FC -vce        FC +vce
Lax  / I /

FC -vce          FC +vce
ms  (n) ms  (n) ms  (n) ms  (n)

F1 198 (11) 391 (12) 239 (14) 428 (9)
F2 247 (9) 411 (11) 235 (12) 385 (8)
F3 171 (17) 255 (11) 133 (11) 229 (17)
F4 233 (11) 331 (9) 197 (10) 288 (12)
F5 177 (14) 294 (13) 186 (10) 231 (10)
F6 235 (8) 380 (10) 220 (13) 288 (11)
F7 232 (14) 278 (12) 210 (8) 304 (10)
F8 219 (9) 293 (8) 226 (7) 329 (6)
F9 192 (11) 242 (8) 181 (4) 207 (4)
F10 258 (13) 293 (11) 218 (10) 251 (11)
M1 135 (10) 386 (14) 159 (10) 325 (8)
M2 179 (16) 313 (15) 140 (15) 263 (13)
M3 196 (13) 246 (15) 131 (13) 240 (13)
M4 240 (14) 413 (11) 219 (8) 269 (12)
M5 239 (15) 335 (16) 275 (10) 314 (11)
M6 213 (14) 277 (13) 152 (11) 228 (14)
M7 250 (15) 315 (13) 202 (14) 244 (9)
M8 434 (15) 550 (12) 367 (12) 478 (14)
M9 436 (14) 425 (13) 331 (10) 442 (12)
M10 264 (13) 255 (12) 246 (13) 242 (13)

Mean 239 331 212 292

Table 1. Mean durations (in ms) of tense and lax vowels
preceding voiceless and voiced final consonants (FC) and number
of tokens (n) analyzed for female (F) and male (M) subjects.
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Su ID EXTRINSIC RATIO
Tense V        Lax V

INTRINSIC RATIO
C -vce           C +vce

% Correct:
voiced final C

% appropriate VOT:
stops+vce        stops-vce

F1 *0.51 *0.56 1.21 1.09 58 90 100
F2 *0.60 *0.61 0.95 0.94 85 90 100
F3 *0.67 *0.58 0.78 0.9 90 91 95
F4 *0.70 *0.68 0.85 0.87 85 44 93
F5 *0.60 0.81 1.05 0.79 9 92 67
F6 *0.62 0.76 0.94 0.76 66 100 64
F7 0.83 *0.69 0.91 1.09 10 50 36
F8 0.75 0.69 1.03 1.12 0 86 90
F9 0.79 0.87 0.94 0.86 57 75 58
F10 0.88 0.87 0.84 0.86 9 95 87
M1 *0.35 *0.49 1.18 0.84 86 85 94
M2 *0.57 *0.53 0.78 0.84 90 87 67
M3 *0.80 *0.55 *0.67 0.98 79 96 41
M4 *0.58 0.81 0.91 *0.65 13 75 94
M5 *0.71 0.88 1.15 0.94 19 77 100
M6 0.77 *0.67 *0.71 *0.82 44 74 59
M7 0.79 0.83 0.81 0.77 32 90 9
M8 0.79 0.77 0.85 0.87 42 86 100
M9 1.03 0.75 *0.76 1.04 17 55 10
M10 1.04 1.02 0.93 0.95 32 76 81

Table 2.  Extrinsic and intrinsic ratios,  % correct final consonant voicing, and % appropriate VOTs by subject.
Ratios for which the durational diffrences were statistically significant (p < .05) are preceded by an *.

Table 2 presents ratios of extrinsic and intrinsic vowel
comparisons (columns 2-5); the proportion of voiced postvocalic
consonants judged as being correct in the child's productions
(column 6); and the proportion of voice onset times that fell
within the appropriate range for voiced and voiceless. stops
(columns 7-8).  Findings from the two tables will be discussed in
the following sections.

3.1. Vowel length.
The mean durations for each category shown in Table 1 exhibit
considerable variation across subjects, with values ranging from
131 ms (M3) for lax vowels preceding voiceless obstruents to 550
ms (M8) for tense vowels followed by a voiced obstruent.
However, overall averages generally conform to the vowel length
patterns found in the adult language: (1) vowels are shorter when
they precede voiceless consonants (extrinsic differences); and (2)
when voicing is held constant, lax vowels are shorter than their
tense counterparts (intrinsic differences).  Effects of extrinsic and
intrinsic shortening can more easily be compared  if the absolute
durational differences from Table 1 are shown as ratios, as in
Table 2.  Four ratios are shown for each child:  extrinsic ratios,
presented separately for tense and lax vowels; intrinsic ratios of
vowels preceding voiceless and voiced obstruents.  Ratios for
which the differences were statistically reliable are preceded by
an asterisk.

3.1.1.  Extrinsic vowel length. Table 2 shows that nearly all
children produced longer vowels preceding voiced consonants,
with  only M9 and M10 as exceptions.  For approximately half
the children in the sample, the durational differences were
statistically significant for either tense or lax vowels; however,
relatively few exhibited significant differences for both
categories. The ratios for most of these two-year-olds, though

statistically significant, tended  to be larger than those reported
for adult speakers:  According to House [2], extrinsic ratios for
high front vowels are 0.49 for / i / and 0.54 for / I /.  Thus, the
degree of shortening in the children's productions is considerably
less than in the adult targets.

3.1.2.  Intrinsic vowel length.  Whereas the children's
productions conformed to the adult patterns for extrinsic vowel
patterns, few subjects exhibited adultlike patterns of intrinsic
shortening.  In fact, average durations of lax vowels actually
exceeded those of tense vowels for 35% of the children. Three
subjects produced statistically reliable differences for / i / and / I /
preceding voiceless consonants; only two did so for final voiced
consonants.

3.2.  Postvocalic voicing.
Table 2 shows the proportion of final voiced obstruents (in the
target words) that were perceived as voiced when vowel length
was not used as a cue.  The percent correct figure represents an
average of the percentage of correctly voiced obstruents
occurring after tense vowels and after lax vowels. As can be seen,
children's performance on this measure showed an enormous
range of variation, from 0-90% correct.  A criterion of 75%
correct was adopted as the cut-off for "stable" use of voicing in
final obstruents; only six children met this criterion (see Table 3).

3.3.  Voice onset time.
The findings for VOT are presented as a percentage of
productions in which the child's VOTs fell within an appropriate
range for maintaining a voicing contrast for word-initial stops.
Given previous studies of VOT in children, it was expected that
voiced stops would be produced correctly and that difficulties, if
present, would occur with the voiceless targets. The data show
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that about half the children with low accuracy rates adhered to the
expected pattern. The level of accuracy for voiced stops was
lower than expected, presumably due to the fact that the majority
of targets (about 90%) contained high front vowels.  Errors on
voiced stops tended to occur on productions of the velar stop / g /
preceding / i /, a CV sequence which often had VOTs exceeding
the expected range.

Extrinsic Ratio Fin C VOT Intrinsic Ratio
Su  ID tense V lax V voicing contrast -vce +vce

F1 + + - + - -
F2 + + + + - -
F3 + + + + - -
F4 + + + - - -
F5 + - - - - -
F6 + - - - - -
F7 - + - - - -
F8 - - - + - -
F9 - - - - - -
F10 - - - + - -
M1 + + + + - -
M2 + + + - - -
M3 + + + - + -
M4 + - - + - +
M5 + - - + - -
M6 - + - - + +
M7 - - - - - -
M8 - - - + - -
M9 - - - - + -
M10 - - - + - -

total 11 9 6 10 3 2
% 55 45 30 50 15 10

Table 3. Use of timing features for extrinsic and intrinsic vowel
lengthening, final consonants voicing, and VOT contrasts by child.

Stable use is indicated by +

3.4.  Individual patterns of the acquisition of speech timing.
Table 3 provides summary data for each child using a binary
scoring system.  A plus indicates that the child reliably used the
feature in question.  For durational differences associated with
length (columns 1-2 and 5-6), children with statistically
significant differences were given a plus in the designated
categories.  Those who exhibited final consonant voicing on at
least 75% of target voiced consonants were given a plus in
column 3 (Fin C voicing) and those who produced initial stops
with at least 75% accuracy for both voiced and voiceless targets
(demonstrating a stable voicing contrast) received a plus in
column 4 (VOT contrast).

The summary data in Table 3 indicate that extrinsic vowel
lengthening and the VOT contrast are the earliest speech timing
features to emerge.  In this study, these two features are stable in
the productions of half the subjects.  There is, however, no clear
relationship between these features, as the presence of one does
not necessary imply the presence of the other.  Rather, it appears
that some subjects are simply more advanced in their general
phonetic skills.  For example, phonetically advanced children
such as Subjects F1-F3 and M1 exhibit reliable use of both

features; in contrast, children with slower phonetic acquisition,
such as M7 and M9, show no stable use of either.  Use of final
consonant voicing is present in only 30% of the subjects, and here
again, its presence/absence cannot be predicted from the other
aspects of speech timing under investigation.  Lastly, stable use
of intrinsic vowel differences is lacking in the great majority of
subjects and seems to have little relationship to the other
measures.
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