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Recent findings in the domains of word and talker recognition reveal that listeners use previous
experience with an individual talker’s voice to facilitate subsequent perceptual processing of that
talker’s speech. These findings raise the possibility that listeners are sensitive to talker-specific
acoustic-phonetic properties. The present study tested this possibility directly by examining
listeners’ sensitivity to talker differences in the voice-onset-time~VOT! associated with a
word-initial voiceless stop consonant. Listeners were trained on the speech of two talkers. Speech
synthesis was used to manipulate the VOTs of these talkers so that one had short VOTs and the other
had long VOTs ~counterbalanced across listeners!. The results of two experiments using a
paired-comparison task revealed that, when presented with a short- versus long-VOT variant of a
given talker’s speech, listeners could select the variant consistent with their experience of that
talker’s speech during training. This was true when listeners were tested on the same word heard
during training and when they were tested on a different word spoken by the same talker, indicating
that listeners generalized talker-specific VOT information to a novel word. Such sensitivity to
talker-specific acoustic-phonetic properties may subserve at least in part listeners’ capacity to benefit
from talker-specific experience. ©2004 Acoustical Society of America.
@DOI: 10.1121/1.1701898#
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I. INTRODUCTION

Listeners successfully understand the speech produ
by many different talkers. Under normal conditions they a
pear to do so effortlessly, despite the presence of a h
degree of variability across talkers in the acoustic proper
of their speech, including those properties that specify p
ticular phonetic segments~i.e., consonants and vowels! that
make up the words of the language~Allen et al., 2003; Hil-
lenbrandet al., 1995; Newmanet al., 2001; Peterson and
Barney, 1952!. Traditional approaches have typically a
sumed that during the course of phonetic processing s
individual talker variation is eliminated, or ‘‘normalized
~e.g., Ladefoged and Broadbent, 1957; Miller, 1989!. Thus, it
has generally been assumed that talker-specific informa
is discarded from the speech signal for the purposes of
ognizing phonetic segments~see Lachset al., 2003!.

However, a growing number of studies have provid
converging evidence that linguistically relevant talke
specific information is not in fact discarded by the percept
system but is instead retained in memory~see Goldinger,
1998, for a review!. It may be that individual talker differ-
ences, rather than being a perceptual problem that mus
eliminated through a normalization mechanism, are inst
stored as useful information to be exploited during spe
processing~see Johnson and Mullennix, 1997; Nygaard a
Pisoni, 1995!. Memory for talker-specific acoustic-phonet
information would allow listeners to customize for each e
perienced talker the mapping from acoustic form to phon
categories, thus permitting better perceptual performanc

a!Electronic mail: j.miller@neu.edu
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more experience is gained with the speech of particular t
ers.

One line of research in particular strongly supports
notion that listeners bring talker-specific information to be
during speech processing. Several studies of word reco
tion have shown that familiarity with a particular talker
voice improves word recognition performance, suggest
that listeners can learn individual talkers’ characteris
implementations of phonetic segments and are thus be
able to perform the mapping from acoustic form to phone
categories~Bradlow and Pisoni, 1999; Goldinger, 199
Nygaardet al., 1994; Nygaard and Pisoni, 1998; Sheffert a
Fowler, 1995!. For example, Nygaardet al. ~1994! trained
listeners over a period of 9 days to recognize the voices
ten different talkers, and on the 10th day tested their abi
to recognize novel words in noise. Listeners who he
words spoken by familiar talkers~the ten talkers on whose
voices they had been trained! performed better in the word
recognition task than did listeners who heard words spo
by unfamiliar talkers~ten new talkers!. This study showed
that, at least with extensive exposure, listeners were abl
benefit from talker-specific experience. Other evidence s
gests that considerably less exposure might be required
listeners to benefit from talker-specific experience: In a la
study of word intelligibility, Bradlow and Pisoni~1999!
found that, holding talker identity constant for a given li
tener over the course of a single experimental session, w
recognition performance improved from the first portion
the session to the final portion of the session, after listen
had accumulated experience with the speech of the ta
over the course of the experiment.

Evidence from another domain, that of talker recog
3171171/13/$20.00 © 2004 Acoustical Society of America
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tion, also supports the notion that listeners are sensitiv
individual talker differences in linguistically relevant acou
tic properties, and to phonetically relevant acoustic prop
ties in particular. Traditionally, talker recognition has be
thought to be mediated by acoustic properties distinct fr
the acoustic properties involved with phonetic percept
~Abercrombie, 1967!. These nonphonetic acoustic properti
have commonly been referred to as indexical acoustic p
erties. Because individual talkers differ systematically in
dexical properties, listeners can use these properties as
source of information to identify talkers from their voice
~see Bricker and Pruzansky, 1976!. Recent experiments~Fel-
loweset al., 1997; Remezet al., 1997; Sheffertet al., 2002!
suggest that phonetic properties can provide another so
of information that listeners can use to identify talkers.
fact, these experiments indicate that phonetic proper
alone—in the absence of indexical properties—are suffic
for talker recognition. In these experiments, sine wave s
thesis ~Remezet al., 1981! was used to create replicas
sentences produced by ten different talkers. The sine w
replicas preserved the time-varying formant structure of
speech signal by using sine waves of the same central
quencies as the first three formants. Thus, critical phon
cally relevant information was preserved while other info
mation, including indexical information, was eliminate
Even with such drastically impoverished stimuli, Rem
et al. ~1997! showed that listeners could successfully reco
nize most of the talkers by matching the sine wave repli
to the corresponding natural samples of the talkers’ voic
Other listeners who were highly familiar with the voices
the ten talkers from everyday interactions were able to r
ognize most of the talkers even without reference to a nat
sample, that is, by relying solely on long-term memory
talker-specific voice information. Though it is not know
specifically what acoustic properties of the sine wave re
cas underlie listeners’ performance in these experime
follow-up analyses carried out by Felloweset al. ~1997! sug-
gest that listeners’ response patterns were not based on
simple, gross spectral or temporal acoustic properties~e.g.,
central spectral tendency, overall duration!, but instead that
listeners relied on some more complex, detailed acou
properties derived from the time-varying sine wave patte
that mimicked the formant structure of the speech. Thus,
most plausible explanation of these findings is that listen
were sensitive to individual talker differences in phonetica
relevant acoustic properties and identified talkers’ voices
the basis of these individual differences.

These results from studies of talker recognition prov
converging evidence that listeners are sensitive to individ
talker differences in linguistically relevant acoustic prop
ties. Together with the studies of word recognition review
above, a strong case can be made that listeners retain ta
specific linguistic information and use such information
inform perception. However, we do not yet know specifica
what acoustic properties underlie listeners’ ability to ben
from talker-specific experience, and we do not yet know
any given phonetically relevant acoustic property whet
listeners can track that property in a talker-specific man
The goal of the current study was to test directly whet
3172 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 J. S. Al
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listeners are indeed capable of tracking individual talker d
ferences in a particular phonetic property.

The property tested was voice-onset-time, or VOT,
acoustic property defined as the interval from the onset of
burst associated with a stop consonant to the onset of p
odic energy associated with a following vowel. VOT ro
bustly specifies voicing in English stop consonants, w
voiced stop consonants~/b d g/! having relatively short VOT
values and voiceless stop consonants~/p t k/! having rela-
tively long VOT values~Lisker and Abramson, 1964!. This
property was selected for test for two main reasons. First,
VOT used to specify voiceless stop consonants is known
differ systematically from talker to talker, even when diffe
ences among talkers in speaking rate are controlled~Allen
et al., 2003!. Second, listeners are known to be sensitive
fine-grained variation in VOT, even within a given phone
category ~e.g., Carneyet al., 1977; Miller and Volaitis,
1989!. VOT was therefore deemed a good candidate a
property that listeners might track in a talker-speci
manner.1

The two experiments reported below addressed this
sue using a training/test paradigm. Listeners were expo
during training to the speech of two different talkers produ
ing isolated words beginning with /d/ or /t/. Critically, th
VOT of the /t/ tokens was manipulated, so that one talker h
relatively short VOTs and the other talker had relatively lo
VOTs; which talker served as the short-VOT talker vers
the long-VOT talker was counterbalanced across listeners
test, listeners were presented with two variants of a w
from a given talker, differing only in VOT, and were asked
choose which of the two variants sounded more like
talker, based on their experience with that talker’s spe
during training.

The experiments consisted of two sessions. In the fi
session, listeners were tested on the same /t/-initial w
heard during training in order to determine whether th
would demonstrate a sensitivity to individual talker diffe
ences in VOT. In the second session, listeners were teste
a /t/-initial word different from that heard during training i
order to test whether they would generalize talker-spec
experience to novel words. This generalization test in
second session was included to assess the specificity of
listeners had learned about the speech of the two tal
based on the limited exposure in training. The previous st
ies of word recognition reviewed above~e.g., Nygaardet al.,
1994! found that listeners benefited from talker-specific e
perience even when tested on novel words, that is, wo
spoken by a given talker that were not heard previously
listeners in the experiment. This suggests that listeners
capable of generalizing what they learn from a sample o
given talker’s speech, applying that experience to facilit
the recognition of new words spoken by the talker. The g
eralization tests in the current experiments tested whe
listeners would generalize talker-specific VOT experien
from a single experienced word beginning with /t/~repeated
many times during training! to a different word beginning
with /t/ presented at test.

Experiments 1 and 2 differ from one another only
which stimuli served as the familiar versus novel word.
len and J. L. Miller: Sensitivity to talker differences in voice-onset-time
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experiment 1, listeners were trained on the wordtown ~and
its voiced counterpartdown! and generalization was teste
on the wordtime; in experiment 2, listeners were trained o
the word time ~and its voiced counterpartdime! and gener-
alization was tested on the wordtown. The predictions for
the two experiments are the same. If listeners are sensitiv
individual talker differences in VOT, then their training e
perience should predict their responses at test. That is, du
the first session listeners should more often choose the s
or long-VOT variant for a given talker consistent wi
whether they heard that talker produce short or long VO
during training. Further, if listeners can generalize talk
specific VOT information to a novel word, then the sam
should be true for the generalization test in the second
sion.

II. EXPERIMENT 1

In each of two sessions, there were two primary pha
a training phase and a test phase.~These two phases alte
nated with one another during a given session, as descr
in the Procedure subsection.! During the training phase o
both sessions, subjects were exposed to the speech o
female talkers fictitiously labeled ‘‘Annie’’ and ‘‘Laura.’
Half of the subjects heard Annie producingtown with rela-
tively long VOTs and Laura producingtown with relatively
short VOTs ~the A-LONG/L-SHORT training group!; the
other half of the subjects heard Annie producingtown with
short VOTs and Laura producingtown with long VOTs ~the
A-SHORT/L-LONG training group!. These town tokens
from the two talkers were intermixed withdowntokens from
the two talkers in randomly ordered lists.~The VOT of the
down tokens was not manipulated, given that the VOTs
voiced stop consonants vary only minimally; see, e.g., V
aitis and Miller, 1992.! The subjects’ task during training wa
to identify both the talker~Annie versus Laura! and the ini-
tial consonant of the word~/d/ versus /t/! on each trial.

The test phase was the same for both training grou
During the test phase of the first session, the subjects w
presented, on a given trial, with two tokens oftownproduced
by one of the talkers, a short-VOT variant and a long-VO
variant. The test phase of the second session was the s
except that on a given trial short- and long-VOT variants
a novel word,time, were presented. The subjects’ task duri
both sessions was to select, on each trial, which var
sounded more like the talker, based on their experience
tening to that talker during training. The critical question w
whether the choices of the two groups of subjects wo
differ, in line with their training experience.

A. Method

1. Subjects

Twenty subjects participated in the experiment. All we
native speakers of English, aged 18 to 45 years, with
reported speech or hearing disorders. Subjects were e
paid or received course credit for their participation. A
subject who did not consistently discriminate between
two talkers’ voices used in the study was replaced with a n
subject~see Sec. II B!; three subjects were replaced for th
reason.
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 J. S. Allen and
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2. Stimulus preparation

The stimuli consisted of two sets, adown/townset and a
dime/timeset, described below. Stimuli from thedown/town
set were used as training stimuli in this experiment and
test stimuli for the first session. Stimuli from thedime/time
set were used to test generalization during the second se
of this experiment and were used further in experiment 2

a. Down/town stimuli. The preparation of thedown/town
stimuli involved nine steps. The final product of these ni
steps was a set of stimuli consisting of synthesized vers
of these words, based on the speech of two female talk
Critically, multiple variants of each talker’stown were syn-
thesized such that they differed from one another in VOT.
described below, separate stimulus sets were created fo
during training and during test. Several training stimulus s
and several test stimulus sets were created; these training
test stimulus sets were presented in alternation with one
other over the course of the experiment~see the Procedure
subsection!.

Step (1). Acquisition of matcheddown tokens from two
talkers. Several female native speakers of American Engl
produced 20 tokens of the worddown, along with many
other monosyllabic words beginning with voiced and voic
less stop consonants. Their speech was recorded onto d
audiotape~Aiwa HHB 1 PRO DAT recorder, AKG C 460B
microphone! in a sound-attenuated room and was transfer
to a Pentium PC at a sampling rate of 20 kHz, using theCSL

system~Kay Elemetrics Corp.!. Eachdown token was iso-
lated using theCSL waveform display, and the VOT an
overall word duration of each were measured. VOT w
measured from the burst onset to the onset of high-amplit
periodic energy associated with the vowel. Overall word d
ration was measured from the burst onset to the offse
low-amplitude periodic energy associated with the nasal c
sonant. Two talkers whose overall word durations we
roughly comparable were selected to serve as talkers for
main study.~These talkers were unfamiliar to listeners in t
experiment; listeners were screened to ensure that this
the case.! One of the two talkers was designated ‘‘Annie
and the other talker was designated ‘‘Laura.’’ Onedown to-
ken from each of the talkers was selected such that the
selected tokens were approximately matched on both V
and on overall word duration. For Annie, the selecteddown
token had a VOT of 13 ms and an overall word duration
533 ms. For Laura, the selecteddowntoken had a VOT of 9
ms and an overall word duration of 528 ms. In order th
these two tokens be exactly matched in overall duration, b
tokens were truncated to 527 ms in duration by deleting fr
the end of the nasal. These two tokens were then equate
root-mean-square~rms! amplitude.

Step (2). Creation of synthesized versions of the
matcheddown tokens. Using theASL system~Kay Elemetrics
Corp.!, a pitch-synchronous LPC analysis was performed
the waveforms of the two matcheddown tokens, using the
autocorrelation method with a filter order of 16. The resu
of this analysis were listed in a numeric table where inf
mation on peak amplitude, fundamental frequency (F0), and
formant frequencies and bandwidths was available frame
frame. The analyzed data~with the residual excitation! were
3173J. L. Miller: Sensitivity to talker differences in voice-onset-time
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used to create synthesized versions of the two tokens.
Step (3). Creation of twodown-town-* town series based

on the two synthesizeddown tokens. Two series of stimuli,
one for each of the talkers, were created by systematic
changing parameters on a frame-by-frame basis and syn
sizing new stimuli using the modified parameters. The fi
token in each series used the originally extracted parame
of the down tokens~see the previous step!. The next step in
the series was created by changing three parameters in
first voiced frame. Specifically, the excitation parameter w
changed from the residual to a noise source, theF0 param-
eter was changed to 0, and the peak amplitude paramete
scaled down by multiplying the original peak amplitude
the frame by a scaling factor of 0.15. The rest of the stim
in each series were created by repeating this procedure
progressively increasing numbers of voiced frames. Each
ries consisted of 50 items in all, ranging in VOT from 13
249 ms for Annie’s series and 9 to 246 ms for Laura’s ser
The step size of these series corresponded to the duratio
each successive pitch period of the vowel~roughly 5 ms!.
Perceptually, the initial consonant in each series ranged f
a clear /d/ at short VOT values, through a clear /t/ at int
mediate VOT values, to a breathy exaggerated version o
~labeled* /t/ for notational purposes! at long VOT values. As
a result of this procedure, syllable duration~527 ms! was
constant across all tokens in the series~see Allen and Miller,
1999!.

Step (4). Perceptual testing of the series. Two prelimi-
nary experiments were conducted for each of the t
down-town-* town series in order to ensure that the stim
were perceived as expected and to provide criteria for sti
lus selection for the main experiment. Eight different su
jects participated in each of the preliminary experiments
each experiment, approximately half of the steps from
given series, spread across the series, were presented to
jects in random order with each stimulus presented nume
times throughout the experiment. One experiment wa
forced-choice phonetic identification experiment, in whi
subjects decided for each stimulus whether the initial con
nant was /d/ or /t/. The results showed that, as expec
stimuli with relatively short VOT values were identified a
/d/, and stimuli with relatively long VOT values were iden
tified as /t/, with a small area of ambiguity around 45 ms
both series. The other experiment was a goodness-rating
periment, in which subjects rated each stimulus based
how good of a /t/ it was, using a 7-point scale with 7 bei
the best. As expected from previous work using this pa
digm ~see, e.g., Miller and Volaitis, 1989!, the results showed
that stimuli with relatively short VOT values were given lo
ratings, with ratings systematically increasing as VO
increased—peaking at roughly 85 to 100 ms—and then
tematically decreasing as VOT continued to increase.

Step (5). Selection of stimuli from the series to be p
sented during training. Several tokens were selected fro
the two series to serve as training stimuli in the main exp
ment. The VOT values of these stimuli are given in Table
These stimuli were selected from the two series as follo
~1! First, a voiced token ~i.e., one perceived asdown! was
selected from each series—from Annie’s series the first to
3174 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 J. S. Al
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in the series~with VOT513 ms! was selected, and from
Laura’s series the second token in the series~with VOT515
ms! was selected. These voiced tokens were presented du
training to both training groups.~2! Next, two short-VOT
voicelesstokens~perceived astown! were selected from eac
series. The two selected tokens were two steps apart~roughly
10 ms! in their respective series. The purpose of this sepa
tion was to simulate naturally occurring within-talker var
ability in VOT. These tokens were selected so as to have
short a VOT as possible while still being identified cons
tently astown ~80% or higher identification as /t/ by all sub
jects in the preliminary phonetic identification experimen!
and, further, so that across series the short-VOT stim
would be well matched both in terms of absolute VOT and
the mean goodness rating received in the prelimin
goodness-rating experiment. The short-VOT voiceless tok
for Annie’s series were presented during training to t
A-SHORT/L-LONG training group, and the short-VO
voiceless tokens for Laura’s series were presented to
A-LONG/L-SHORT training group.~3! Finally, two long-
VOT voicelesstokens~also perceived astown! were selected
from each series. Like the selected short-VOT voiceless
kens, the long-VOT voiceless tokens were two steps apa
their respective series. These tokens were selected so
have as long a VOT as possible without being perceived
very poor exemplars of /t/~mean rating of 3.5 or higher on
the 7-point scale in the preliminary goodness-rating exp
ment! and, further, so that across series the long-VOT stim
would be well matched both in terms of absolute VOT and
the mean goodness rating received in the prelimin
goodness-rating experiment. The long-VOT voiceless tok
for Annie’s series were presented during training to t
A-LONG/L-SHORT training group, and the long-VOT
voiceless tokens for Laura’s series were presented to
A-SHORT/L-LONG training group. The goal in selecting th

TABLE I. VOT values, in milliseconds, of thedown/towntraining and test
stimuli.

Training stimuli—A-LONG/L-SHORT group

Test voice

‘‘ down’’ ‘‘ town’’

Variant 1 Variant 2

Annie 13 172 182
Laura 15 78 87

Training stimuli—A-SHORT/L-LONG group

Test voice

‘‘ down’’ ‘‘ town’’

Variant 1 Variant 2

Annie 13 76 86
Laura 15 175 186

Test stimuli~both groups!

Test voice

‘‘ town’’

Short-VOT Long-VOT

Annie 81 177
Laura 82 180
len and J. L. Miller: Sensitivity to talker differences in voice-onset-time
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short- and long-VOT stimuli in this manner was to create
large a discrepancy in VOT as possible between them
order to maximize the chances that subjects would succ
in discriminating the difference in VOT in the mai
experiment.2

Step (6). Selection of stimuli from the series to be p
sented at test. Both training groups received the same te
stimuli. The VOT values of these stimuli are given in Table
A short-VOT stimulus and a long-VOT stimulus were s
lected for each talker. Recall from step 5 that for each tal
the two short-VOT stimuli and the two long-VOT stimu
used in training were selected so that they were two s
apart in thedown-town-* townseries. The intervening step i
each case served as a test stimulus. That is, for each s
the step between the two short-VOT training stimuli serv
as the short-VOT test stimulus, and the step between the
long-VOT training stimuli served as the long-VOT te
stimulus. As a result of this method of selection, during
test phase of the experiment subjects never heard a stim
identical to that heard during the training phase; the subje
task during test, then, was to determine which of the t
presented variants was more similar to the training stim
~see the Procedure subsection!.

Step (7). Elimination of possible amplitude-based co
found. As a consequence of the way thedown-town-* town
series were constructed, stimuli early in the series~toward
the down endpoint! were higher in overall amplitude tha
were stimuli late in the series~toward the* town endpoint!.
This occurs because, as more successive voiced frame
converted to voiceless frames, those converted frames
necessarily lower in amplitude~see step 3! and thus the over-
all amplitude of the syllable decreased slightly with ea
successive step in the series. As a result, the short-VOT
and training stimuli were higher in overall amplitude th
were the long-VOT test and training stimuli. Though sub
~approximately 2-dB difference!, this was a concern in the
present experiment because subjects might identify the
talkers during the training phase in terms of amplitude, o
talker ~the short-VOT talker! whose town utterances were
relatively high in overall amplitude and one~the long-VOT
talker! whose utterances were relatively low in amplitud
and then in the test phase respond on the basis of ov
amplitude. This could give rise to misleading results, in t
subjects may perform well on the task due to a sensitivity
overall amplitude rather than a sensitivity to VOT. To ru
out this possibility, the relationship between VOT and over
amplitude in these stimuli was decoupled, as follows. Th
amplitude levels were used—high, medium, and low—wh
corresponded at presentation to 75, 73, and 71 dB SPL
spectively. This pattern of amplitudes corresponded roug
to the pattern of rms amplitudes observed among the
modified stimuli selected from eachdown-town-* town
series—that is,downwas roughly 2 dB more intense than th
short-VOT town stimuli, which were in turn roughly 2 dB
more intense than the long-VOTtownstimuli. Eachtraining
stimulus was presented at all three levels~75, 73, and 71 dB
SPL! corresponding to the range of levels among the
modified stimuli ~down, short-VOT town, and long-VOT
town training stimuli!. Each test stimulus was presented a
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 J. S. Allen and
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two levels~73 and 71 dB SPL! corresponding to the range o
levels among the unmodified stimuli~short-VOT town and
long-VOT town test stimuli!. As described in the next step
the stimuli presented at different levels were ordered r
domly during the main experiment, with the result that ov
all amplitude varied randomly from trial to trial, both i
training and in test. This eliminated the possibility that su
jects could rely on overall amplitude to make their judgme
in the experiment.

Step (8). Construction of training stimulus sets. A train-
ing stimulus set consisted of the high-, medium-, and lo
amplitude versions of each training stimulus. As described
step 5, for the A-LONG/L-SHORT training group, the train
ing stimuli consisted of Annie’sdown and two long-VOT
town stimuli, and Laura’sdown and two short-VOTtown
stimuli. For the A-SHORT/L-LONG training group, th
training stimuli consisted of Annie’sdown and two short-
VOT town stimuli, and Laura’sdown and two long-VOT
townstimuli. In addition, an extradowntoken for each talker
was included among the training stimuli so the number
voiced- and voiceless-initial stimuli would be balanced
each training set. These stimuli were then placed in rand
order into a list for presentation. Two such lists concatena
together constituted a complete training set. A training
thus consisted of 48 items~4 stimuli32 talkers33 amplitude
levels32 randomized lists!. Ten such training sets were con
structed for each of the training groups, to be presented
the subjects interspersed with the test stimulus sets. In a
tion, a familiarization training set was constructed for each
the training groups. The familiarization set consisted of
items ~4 stimuli32 talkers33 amplitude levels! in random
order, to be presented during the familiarization phase of
experiment~see the Procedure subsection!.

Step (9). Construction of test stimulus sets. A test stimu-
lus set consisted of eight pairs of a given talker’s test stim
Each pair consisted of the short-VOT test stimulus and
long-VOT test stimulus of a given talker, as described in s
6. Each of these stimuli was presented at each of two am
tude levels, as described in step 7. The order in which
short- and long-VOT variants were heard on a given trial w
counterbalanced across trials. This resulted in eight pairi
which were placed in random order to make a test set. F
such test sets were created for each talker, to be present
the subjects interspersed with the training stimulus sets
addition, a practice test set was constructed for each talke
practice test set consisted of four pairs of test stimuli~not all
amplitude variations appeared in practice! in random order,
to be presented during the practice phase of the experim
~see the Procedure subsection!.

b. Dime/time stimuli. The dime/timestimuli were pre-
pared according to the same steps that were used to pre
thedown/townstimuli. Except where noted below, the deta
of these steps are the same as described fordown/townin the
previous section.

Step (1). Acquisition of matcheddime tokens from two
talkers. Onedime token was selected from each of the tal
ers’ naturally produced utterances, recorded during the in
recording session. For Annie, the selecteddime token had a
VOT of 13 ms and an overall word duration of 526 ms. F
3175J. L. Miller: Sensitivity to talker differences in voice-onset-time
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Laura, the selecteddime token had a VOT of 12 ms and a
overall word duration of 545 ms. In order that these tw
tokens be exactly matched in overall duration, both tok
were truncated to 516 ms in duration by deleting from
end of the nasal. A descending cosine ramp was applied
the final 20 ms of Laura’sdime token in order to simulate a
realistic amplitude contour for the truncated syllable; no su
ramp was required for Annie’sdimetoken. These two token
were equated for rms amplitude.

Step (2). Creation of synthesized versions of the
matcheddime tokens. See step 2 of previous section.

Step (3). Creation of twodime-time-* time series based
on the two synthesizeddime tokens. Thedime-time-* timese-
ries were created in the same manner as
down-town-* town series, except that for Laura’s speech t
first and second frames to be edited were multiplied b
scaling factor of 0.8 and 0.6, respectively, instead of 0.
The resulting series consisted of 50 items each, rangin
VOT from 13 ms to 277 ms for Annie’s series and 12 ms
245 ms for Laura’s series.

Step (4). Perceptual testing of the series. As with the
down-town-* town series, the twodime-time-* time series
were subjected to perceptual evaluation in a preliminary p
netic identification experiment and a preliminary goodne
rating experiment, each with eight different subjects. T
identification experiment showed that the series were p
ceived as expected; stimuli with relatively short VOT valu
were identified as /d/ and stimuli with relatively long VO
values were identified as /t/, with a small area of ambigu
around 40 ms for both series. The goodness-rating exp
ment showed the expected response function; stimuli w
relatively short VOT values were given low ratings, wi
ratings systematically increasing as VOT increased—pea
at roughly 70 to 85 ms—and then systematically decreas
as VOT continued to increase.

Step (5). Selection of stimuli from the series to be p
sented during training. Table II lists the VOT values of the
selected training stimuli. The first token in each ser
~VOT513 ms for Annie; VOT512 ms for Laura! served as
the voiced token during training. Theshort-VOT voiceless
tokens and thelong-VOT voicelesstokens were selected fo
the two training groups using the same criteria described
step 5 of the previous section. Note that, as a result of
method of stimulus selection, the selectedtime training
stimuli ~as well as thetime test stimuli; see the next step!
were not precisely matched in VOT with the correspond
town stimuli, but had somewhat shorter VOTs than the c
responding town stimuli. Note also that thesedime/time
training stimuli are described here for purposes of expli
tion but were not in fact used in the present experiment
cause this experiment does not involve training withdime/
time. Experiment 2 makes use of these stimuli.

Step (6). Selection of stimuli from the series to be p
sented at test. Table II lists the VOT values of the selecte
test stimuli, selected according to the same criteria descr
in step 6 of the previous section.

Steps (7), (8), and (9). Elimination of possib
amplitude-based confound, Construction of training stimu
sets, and Construction of test stimulus sets, respectively.
3176 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 J. S. Al
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These steps were identical to those described in the prev
section.

3. Procedure—Session 1

Half of the subjects were assigned to the A-LONG/
SHORT training group and half to the A-SHORT/L-LONG
training group. They were seated in front of a response
pad and computer monitor in a sound-attenuated booth
two sessions, subjects participated alternately in training
test phases of the experiment, as described below.

a. Training. During training, subjects were presente
with the down and town training stimuli. Subjects in the
A-LONG/L-SHORT training group heard Annie’stown with
long VOT values and Laura’stown with short VOT values,
whereas subjects in the A-SHORT/L-LONG training gro
heard Annie’stownwith short VOT values and Laura’stown
with long VOT values~see Table I!. As described above, th
training stimuli for each group were organized into rando
ized sets of 48 trials each, and one randomized set of
trials for use during familiarization.

Familiarization took place at the beginning of the fir
session, before the first training phase. A familiarization tr
consisted of the auditory presentation of the word follow
by a visual display indicating the name of the talker on th
trial ~either ‘‘Annie’’ or ‘‘Laura’’ !. This visual display ap-
peared 1750 ms after offset of the auditory stimulus a
remained on the computer screen for 1500 ms. After a pa
of 2000 ms, the next trial began. The subjects’ task dur
familiarization was to attend to the stimuli and learn to re
ognize the two voices. No responses were collected.

There were nine training phases in the first sessi
which alternated with the test phases, as described be
During a given training phase, subjects were presented w
the stimuli from one of the nine training stimulus sets; t
order in which subjects heard the nine training sets over

TABLE II. VOT values, in milliseconds, of thedime/timetraining and test
stimuli.

Training stimuli—A-LONG/L-SHORT group

Test voice

‘‘ dime’’ ‘‘ time’’

Variant 1 Variant 2

Annie 13 159 169
Laura 12 68 77

Training stimuli—A-SHORT/L-LONG group

Test voice

‘‘ dime’’ ‘‘ time’’

Variant 1 Variant 2

Annie 13 66 75
Laura 12 157 166

Test stimuli~both groups!

Test voice

‘‘ time’’

Short-VOT Long-VOT

Annie 71 164
Laura 72 161
len and J. L. Miller: Sensitivity to talker differences in voice-onset-time
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experimental session was determined randomly for each
ject. The subjects’ task during training was to simultaneou
identify the talker and the initial consonant on each trial in
forced-choice paradigm~the phonetic identification task wa
included to ensure that these listeners perceived the s
VOT stimuli as voiceless under these experimental con
tions!. Four response buttons on the key pad were labe
‘‘Annie D,’’ ‘‘Annie T,’’ ‘‘Laura D,’’ and ‘‘Laura T.’’ Feed-
back was provided on each trial in the form of a visual d
play reading ‘‘YES’’ and the name of the talker when th
subject correctly identified the talker, or ‘‘NO’’ and the nam
of the talker when the subject incorrectly identified t
talker. This visual feedback appeared 750 ms after the k
press response~or after 5 s passed with no response; on su
trials the feedback consisted only of the talker’s name! and
remained on the computer screen for 1500 ms. No feedb
was provided for the phonetic decision. After a pause
2000 ms, the next trial began.

b. Test. During test, subjects were presented with t
town test stimuli. As described above, the test stimuli we
placed in pairs into eight randomized sets, four sets cont
ing Annie’s speech and four sets containing Laura’s spee
Each set contained eight pairs, with each pair consisting
the short-VOT variant oftown and the long-VOT variant of
town. In addition, two randomized sets, one for each talk
were constructed for use during the practice test phase; t
practice sets contained four test pairs each.

During the practice test phase, the two practice sets w
presented in sequence; the order in which the two prac
sets were presented was counterbalanced across sub
The purpose of this phase was to introduce the subjects to
paired-comparison task to be used during the test phase
the beginning of each practice test, the name of the talke
that practice set was briefly displayed on the screen, t
explicitly informing subjects of the identity of the talker un
der test. Subjects were given instructions explaining that
each trial they would hear two variants of the wordtown
spoken by that talker. Their task was to decide which of
two variants sounded more like the talker, based on th
experience listening to the talker during the initial traini
phase. Two response buttons on the key pad were lab
‘‘1’’ and ‘‘2,’’ and subjects were instructed to press the fir
button if they thought the first variant sounded more like
talker and the second button if they thought the second v
ant sounded more like the talker. The interstimulus inter
between the two variants oftown was 750 ms. No feedbac
was provided on this task. After each response there w
pause of 2000 ms before the next trial began~the next trial
began after 5 s if there was no response!.

There were eight test phases in the experiment~four for
each talker!, which alternated with the training phases. Du
ing a given test phase, subjects were presented with
stimuli from one of the eight test stimulus sets; the order
which subjects heard the eight test sets over the experime
session was determined randomly for each subject, with
constraint that no more than three of a given talker’s test
occurred consecutively. At the beginning of each test ph
the name of the talker for that test set was displayed bri
on the screen, thus explicitly informing subjects of the ide
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 J. S. Allen and
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tity of the talker under test. The task during the test pha
was identical to that used in the practice test phase.

c. Alternation between training and test. The experiment
was designed so that subjects alternated between training
test phases over the course of an experimental session.
relatively brief test phases~8 trials in length! were inter-
mixed with the longer training phases~48 trials in length! in
this way in order to minimize interference of test experien
on talker-specific memory. The concern was that, during t
exposure to the two alternatives on a given trial—a ‘‘correc
alternative~where the VOT corresponded to what the subj
heard during training! and an ‘‘incorrect’’ alternative~where
the VOT did not correspond to what the subject heard dur
training!—would interfere with a subject’s memory for VOT
information. Specifically, exposure to the incorrect varia
might lead subjects to modify their mental representations
the talker’s VOT, despite receiving instructions to base th
decisions during test only on experience gained during tra
ing. Because of this concern, the number of test trials w
kept to a minimum, interspersed among a larger numbe
training trials. The delay between the last trial of a traini
set and the first trial of the following test set was roughly
s. Subjects were given a short break after completing
third and sixth test sets.

As a result of this design, the sequence of phases in
first session was as follows:~1! familiarization phase;~2!
training phase;~3! practice test phase;~4! training phase;~5!
test phase;~6! further alternation between training phas
and test phases until all eight test phases had been c
pleted. There was a total of 432 training trials in nine traini
sets~the tenth training set was not used during the first s
sion!, and across all eight test sets, there was a total of 32
trials for Annie’s voice and 32 test trials for Laura’s voic
Upon completion of the first session, subjects were told t
they would be hearing the same two talkers’ voices on
following day, and were instructed to try and remember w
their voices sounded like.

4. Procedure—Session 2

The second session was always carried out on the
following the first session. In the second session, subje
first participated in a short review of the previous session
reacquaint them with the stimuli and procedure. The revi
consisted of a training phase using thedown and town
stimuli, followed by a test phase using thetown stimuli for
one of the two talkers, followed by a second training pha
~again using thedownand town stimuli!, followed by a sec-
ond test phase~again using thetown stimuli! for the other
talker. Which of the talkers subjects heard first in the revi
was counterbalanced across subjects, and which of the t
ing and test stimulus sets was presented was determined
domly for each subject.

After completing the short review, subjects were to
that the remainder of the experiment would alternate
tween training and test phases as during the first sess
with one difference: During the test phases, subjects wo
hear two variants of the wordtime instead oftown. Their task
during the test was to decide which of the two varian
sounded more like the talker, based on their experience w
3177J. L. Miller: Sensitivity to talker differences in voice-onset-time
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the talker sayingtown during the training phases. The train
ing phases remained unchanged; subjects would still h
downand town during training. Subjects then participated
a practice test phase using thetime test stimuli. Following
practice, subjects alternately participated in training and
phases until all eight test sets and the remaining nine train
sets had been completed. The order in which subjects h
the test sets was determined randomly~with the constraint
that no more than three of a given talker’s test sets occu
consecutively!, as was the order in which they heard t
training sets. Across all ten training sets, there was a tota
480 training trials, and across all eight test sets~excluding
the review portion!, there was a total of 32 test trials fo
Annie’s voice and 32 test trials for Laura’s voice.

B. Results and discussion

1. Training

On the forced-choice talker and phonetic identificati
task used during training, accuracy was assessed sepa
in terms of percent-correct talker identification and perce
correct phonetic identification during each session. Cor
talker identification was defined for a given trial as an ‘‘A
nie D’’ or ‘‘Annie T’’ response when Annie was the talke
and as a ‘‘Laura D’’ or ‘‘Laura T’’ response when Laura wa
the talker. Correct phonetic identification was defined fo
given trial as an ‘‘Annie D’’ or ‘‘Laura D’’ response when th
word wasdownand as an ‘‘Annie T’’ or ‘‘Laura T’’ response
when the word wastown. Trials on which subjects did no
respond were discarded from the analyses~these trials ac-
counted for 0.1% of the total trials across the two sessi
for the 20 subjects included in the study!. Mean percent-
correct talker identification and mean percent-correct p
netic identification were calculated for each subject, acr
all training sets of a given session.3 Good performance on
distinguishing the talkers’ voices in the first session w
taken as a prerequisite for inclusion in the study. If on a
given stimulus~across all amplitude levels! a subject per-
formed at less than 90% correct on talker identification, t
subject was excluded from the study. Three subjects w
replaced for this reason.

For the 20 subjects included in the study, performan
on the training task was near ceiling, with mean perce
correct talker and phonetic identification at 97% or better
both the A-LONG/L-SHORT training group and th
A-SHORT/L-LONG training group in both sessions 1 and
Thus, the two talkers’ voices were easily distinguished
these listeners, and the VOT manipulation was effective
creating a robust voicing distinction for both voices.

2. Test

On the paired-comparison task used during test, per
mance was analyzed separately for each session~and exclud-
ing the review portion of the second session!. Each response
was categorized as either a short-VOT response or a lo
VOT response based on the listener’s choice on that t
Trials on which listeners did not respond were discard
from the analyses; these trials accounted for 0.8% of the t
trials during the first session and 0.2% of the total tri
3178 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 J. S. Al
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during the second session. For a given subject, performa
across all four test sets for a given test voice was quanti
as the percent of trials on which the subject made short-V
responses and the percent of trials on which the subject m
long-VOT responses.4 Note that because percent short-VO
responses and percent long-VOT responses must sum to
these two measures are redundant with one another. A
result, only one of the measures, percent long-VOT
sponses, was arbitrarily selected for analysis. Results for
paired-comparison task~in terms of percent long-VOT re
sponses! are presented numerically in Table III and graph
cally in Fig. 1. The upper half of Fig. 1 shows results fro
the first session, and the lower half shows results from
second session. In each case, the left panel compare
sponses for the two training groups when the test voice
Annie’s, and the right panel compares responses for the
training groups when the test voice was Laura’s.

An analysis of variance~ANOVA ! was conducted on the
percent long-VOT data with the factors of training grou
~between-subjects!, test voice~within-subjects!, and session
~within-subjects!. The critical prediction was the presence
an interaction between training group and test voice, w
responses patterning according to each group’s training
perience. We tested for such a pattern using two sets
planned contrasts. The first set involves considering each
voice separately~i.e., considering the left and right panels
Fig. 1 separately!. For these between-group contrasts w
used thet distribution with d f518, a50.05. If subjects’
training predicts their responses at test, then when the
voice was Annie’s, the A-LONG/L-SHORT training grou
should choose the long-VOT variant significantly more oft
than does the A-SHORT/L-LONG training group; and wh
the test voice was Laura’s, the A-LONG/L-SHORT trainin
group should choose the long-VOT variant significantly le
often than does the A-SHORT/L-LONG training group. Th
second set of planned contrasts involves considering e
training group separately~i.e., comparing across the left an
right panels in Fig. 1!. For these within-group contrasts w
used thet distribution withd f59, a50.05. If listeners in a
given training group respond differently to the two te
voices depending on their training experience, then
A-LONG/L-SHORT training group should choose the lon
VOT variant significantly more often for Annie’s voice tha
for Laura’s voice, and the A-SHORT/L-LONG trainin

TABLE III. Mean results from the test phases of the two experiments
terms of the percent of trials on which subjects chose the long-VOT var
for each the two test voices in each of the two sessions. Mean result
shown separately for the A-LONG/L-SHORT training group and t
A-SHORT/L-LONG training group, with standard errors of the mean
parentheses.

Experiment Session

Test voice: Annie Test voice: Laura

A-LONG/
L-SHORT

A-SHORT/
L-LONG

A-LONG/
L-SHORT

A-SHORT/
L-LONG

Experiment 1 1 87~4.4! 11 ~6.3! 33 ~9.8! 82 ~6.2!
2 82 ~5.4! 10 ~5.7! 37 ~12.1! 90 ~5.5!

Experiment 2 1 78~7.8! 20 ~7.5! 29 ~9.0! 70 ~8.1!
2 87 ~6.9! 49 ~14.1! 20 ~9.4! 60 ~11.9!
len and J. L. Miller: Sensitivity to talker differences in voice-onset-time
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group should choose the long-VOT variant significantly le
often for Annie’s voice than for Laura’s voice. Finally,
listeners generalized talker-specific VOT information to t
novel word, the overall pattern just described should occu
both sessions. Moreover, if such generalization is comp
~i.e., performance on the novel word does not differ fro
that on the familiar word!, then there should be no mai
effect of session in the ANOVA and no interactions involvin
session.~The presence of any other main effects are incid
tal to the purpose of the study.!

The ANOVA indicated no main effect of test voic
@F(1,18)52.8, p.0.10], the presence of a main effect
training group@F(1,18)54.3, p50.05], and an interaction
between test voice and training group@F(1,18)563.6, p
,0.001]. There was no main effect of session and no in
actions involving session@p.0.10 in all cases#. The first set
of planned contrasts confirmed that the data patterned as

FIG. 1. Mean results from the test phases of experiment 1, in terms o
percent of trials on which subjects chose the long-VOT variant in the pai
comparison task. The top half of the figure shows the results from the
session and the bottom half shows the results from the second session
left panels show the results when the test voice was Annie’s, and the
panels show the results when the test voice was Laura’s. Responses f
A-LONG/L-SHORT training group are indicated by the solid bars, and
sponses for the A-SHORT/L-LONG training group are indicated by
scored bars. The error bars show the standard error of the mean.
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 J. S. Allen and
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dicted, in both sessions. For Annie’s voice~see the left pan-
els of Fig. 1!, the A-LONG/L-SHORT training group chos
the long-VOT variant significantly more often than did th
A-SHORT/L-LONG training group, whereas for Laura
voice ~see the right panels of Fig. 1!, the A-LONG/L-
SHORT training group chose the long-VOT variant signi
cantly less often than did the A-SHORT/L-LONG trainin
group. The second set of planned contrasts also confir
the predicted pattern, in both sessions. The A-LONG
SHORT training group chose the long-VOT variant signi
cantly more often for Annie’s voice than for Laura’s voic
and the A-SHORT/L-LONG training group chose the lon
VOT variant significantly less often for Annie’s voice tha
for Laura’s voice. Taken together, these results indicate
the different training received by the two groups had a s
nificant impact on their responses for the two test voic
Moreover, this was true both in the first session when list
ers were tested on the same word heard during training
in the second session when listeners were tested on a n
word.

The results discussed thus far indicate that listeners
retain talker-specific VOT. However, they do not necessa
indicate that listeners retain such information automatica
It may be that the within-category VOT manipulation at te
encouraged subjects to place special attention on this dim
sion during training and, without this special attention
within-category VOT, subjects would not have retain
talker-specific VOT for the /t/-initial stimuli. Initial evidence
that this was not the case can be found in the results from
practice test phase from the first session. Recall that the p
tice test phase occurred prior to any of the test phases
therefore the practice responses reflect a relatively pris
measure of what subjects retained in memory about
speech of Annie and Laura during training; at this point
the experiment, no special importance has been assigne
the individual talker differences in VOT of the /t/-initia
stimuli. Thus, if the practice responses show the same g
eral pattern as the responses from the test phases of th
periment, then this provides evidence that subjects reta
talker-specific VOT information automatically without sp
cial attention to within-category VOT variation. The practic
data were analyzed in the same manner as the test data
each subject, the mean long-VOT responses for Ann
speech and the mean long-VOT responses for Laura’s sp
were calculated~each based on four responses from ea
subject!, and an ANOVA with the factors of test voice an
training group was carried out on the data. The results
vealed no main effect of test voice@F(1,18)52.1, p
.0.10], no main effect of training group@F(1,18)52.3, p
.0.10], and an interaction between test voice and train
group@F(1,18)531.7,p,0.001]. The same sets of planne
contrasts were performed on these data as were performe
the main data, and they revealed the same pattern of res
The data from the practice test phase thus provide at l
initial evidence that subjects automatically retained talk
specific VOT information in memory even when attentio
was not specifically directed to the individual talker diffe
ences in VOT.

Taken together, the results of experiment 1 indicate t
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listeners retain talker-specific information about VOT, a
that they can generalize this information to novel words.
gain further evidence with this paradigm and to replic
these results under slightly different stimulus conditions,
periment 2 was run.

III. EXPERIMENT 2

Experiment 2 was identical to experiment 1, except t
the roles of thedown/townand dime/timestimuli were re-
versed; during the first session, subjects were trained ondime
and time and tested ontime, and during the second sessio
they continued to be trained ondimeandtimebut ~following
a brief review! were tested on the novel wordtown. It was
expected that the results of this experiment would replic
those of experiment 1.

A. Method

1. Subjects

Twenty new subjects participated in the main expe
ment. All subjects were native speakers of English, aged
to 45 years, with no reported speech or hearing disord
Subjects were either paid or received course credit for t
participation. As per the same criteria used in experimen
any subject who did not consistently discriminate betwe
the two talkers’ voices used in the study was replaced wi
new subject; two subjects were replaced for this reason.

2. Stimuli and procedure

The same stimuli and procedures described for exp
ment 1 were also used in experiment 2, with the followi
differences in configuration. First, thedimeandtime training
stimuli ~instead ofdown and town! were presented during
training in the two sessions. Second, during session 1,
time test stimuli were presented at test~instead oftown!, and
during session 2, thetown test stimuli were presented at te
~instead oftime!.

B. Results and discussion

1. Training

Performance on the training task was assessed as in
periment 1. Two subjects were replaced because they fa
to consistently discriminate between the two talkers’ voic
during the first session, using the same criteria as in exp
ment 1. Trials on which subjects did not respond were d
carded from the analyses~these trials accounted for 0.2% o
the total trials across the two sessions for the 20 subj
included in the study!. For the subjects included in the stud
performance on the talker and phonetic identification t
was near ceiling for both the A-LONG/L-SHORT trainin
group and the A-SHORT/L-LONG training group, with mea
percent-correct talker and phonetic identification at 96%
better for both groups for both sessions. This closely re
cates the training results from experiment 1.

2. Test

Performance on the paired-comparison task was a
lyzed as in experiment 1. Trials on which subjects did n
respond were discarded from the analyses; these trials
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counted for 0.8% of the total trials during the first sessi
and 0.5% of the total trials during the second session.

Results for the paired-comparison task are shown
Table III and Fig. 2. The upper half of the figure show
results from the first session, and the lower half shows res
from the second session. In each case, the left panel c
pares responses for the two training groups when the
voice was Annie’s, and the right panel compares respon
for the two training groups when the test voice was Laura
An ANOVA comparable to that used in experiment 1 ind
cated no main effect of test voice@F(1,18)52.4, p50.14]
or training group@F(1,18),1#, and an interaction betwee
test voice and training group@F(1,18)525.3,p,0.001]. Al-
though there was no main effect of session@F(1,18),1#,
there was a session by test voice interaction@F(1,18)
515.8, p,0.001]; no other interactions were significa
@p.0.10 in all cases#. The session by test voice interactio
indicated that the effect of test voice changed from the fi
session to the second session, suggesting that perfect g
alization did not occur. In order to further investigate t
nature of these results, separate ANOVAs were conducte
the data from the first session and the data from the sec
session. These ANOVAs included a test voice factor an
training group factor.

The ANOVA on the data from the first session reveal
no main effect of test voice@F(1,18),1# and no main effect
of training group@F(1,18)51.6, p50.23], but a strong in-
teraction between test voice and training group@F(1,18)
528.9,p,0.001]. Two sets of planned contrasts were co
ducted, as for the first experiment. Both confirmed that
data patterned as predicted. First, for Annie’s voice,
A-LONG/L-SHORT training group chose the long-VO
variant significantly more often than did the A-SHORT/L
LONG training group, whereas for Laura’s voice, th
A-LONG/L-SHORT training group chose the long-VO
variant significantly less often than did the A-SHORT/
LONG training group. Second, the A-LONG/L-SHOR
training group chose the long-VOT variant significant
more often for Annie’s voice than for Laura’s voice, and t
A-SHORT/L-LONG training group chose the long-VO
variant significantly less often for Annie’s voice than fo
Laura’s voice. Thus, the findings from the first session re
cated the findings from the first session in experiment 1.

However, unlike in experiment 1, the pattern of data
second session did not mirror that from the first session.
ANOVA for the second session revealed the presence o
main effect of test voice@F(1,18)58.0, p50.01], no main
effect of training group@F(1,18),1#, and an interaction
between test voice and training group@F(1,18)516.2, p
,0.001]. The first set of planned contrasts did confirm t
for Annie’s voice, the A-LONG/L-SHORT training group
chose the long-VOT variant significantly more often than d
the A-SHORT/L-LONG training group, whereas for Laura
voice, the A-LONG/L-SHORT training group chose th
long-VOT variant significantly less often than did th
A-SHORT/L-LONG training group. However, the second s
of planned contrasts showed a pattern of performance
was different from that in the first session. Although listene
in the A-LONG/L-SHORT training group chose the long
len and J. L. Miller: Sensitivity to talker differences in voice-onset-time
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VOT variant significantly more often for Annie’s voice tha
for Laura’s voice, listeners in the A-SHORT/L-LONG train
ing group did not respond differently to the two voices@p
.0.10#. This pattern of results suggests that one of the s
ject groups, the A-LONG/L-SHORT training group, gener
ized to the novel word but the other group, the A-SHORT
LONG training group, did not.

As in experiment 1, the practice test data from the fi
session were also analyzed in order to assess whether
jects automatically retained talker-specific VOT informati
prior to any special emphasis being placed on with
category VOT variation. An ANOVA on the practice da
revealed the presence of a main effect of test vo
@F(1,18)58.9, p,0.01], a main effect of training group
@F(1,18)55.7, p,0.05], and an interaction between te
voice and training group@F(1,18)533.8, p,0.001]. The
two sets of planned contrasts confirmed that the data

FIG. 2. Mean results from the test phases of experiment 2, in terms o
percent of trials on which subjects chose the long-VOT variant in the pai
comparison task. The top half of the figure shows the results from the
session and the bottom half shows the results from the second session
left panels show the results when the test voice was Annie’s, and the
panels show the results when the test voice was Laura’s. Responses f
A-LONG/L-SHORT training group are indicated by the solid bars, and
sponses for the A-SHORT/L-LONG training group are indicated by
scored bars. The error bars show the standard error of the mean.
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 J. S. Allen and
b-

-

t
ub-

-

e

t-

terned as did the main results for session 1. Thus, as in
periment 1, the practice test data from the first session in
cated that subjects retained talker-specific VOT informat
even when no special attention was focused on with
category VOT variation.

The results from the first session of experiment 2 in
cate that listeners retained talker-specific VOT informatio
as was found in the first experiment. However, the gener
zation results from the second session were less clear
those in experiment 1. Strong evidence of generalization
present for one but not both groups. This mixed result w
surprising, given that both groups of listeners heard stim
which were similar in all respects except VOT. Consideri
experiments 1 and 2 together, three groups out of f
showed clear evidence of generalization, but this group
not.

To follow up on this aberrant finding, we ran ten ne
listeners in the A-SHORT/L-LONG group. For the first se
sion, the results for the new listeners were similar to tho
for the original A-SHORT/L-LONG group; mean perce
long-VOT responses for Annie’s voice was 13%~compared
to 20%!, and for Laura’s voice it was 68%~compared to
70%!. However, the generalization results from the seco
session were quite different for the new subjects for one
the test voices. Specifically, mean percent long-VOT
sponses for Annie’s voice in the second session was
~compared to 49%!; for Laura’s voice mean percent long
VOT responses remained at 60%. The data from the n
A-SHORT/L-LONG group were combined with those of th
A-LONG/L-SHORT group from the main experiment and
new ANOVA was calculated. The results indicated no ma
effect of test voice@F(1,18),1#, a main effect of training
group @F(1,18)58.1, p50.01], and an interaction betwee
test voice and training group@F(1,18)538.1, p,0.001].
There was no main effect of session and no interactions
volving session (p.0.10 in all cases except for the sessi
by test voice interaction, wherep50.08). The two sets of
planned contrasts confirmed that the data patterned as in
periment 1. During both sessions, for Annie’s voice, t
A-LONG/L-SHORT training group chose the long-VO
variant significantly more often than did the A-SHORT/L
LONG training group, whereas for Laura’s voice, th
A-LONG/L-SHORT training group chose the long-VO
variant significantly less often than did the A-SHORT/
LONG training group. Moreover, within each training grou
listeners responded differently to the two test voices dur
both sessions. The A-LONG/L-SHORT training group cho
the long-VOT variant significantly more often for Annie
voice than for Laura’s voice, and~unlike in the main experi-
ment! the A-SHORT/L-LONG training group chose the long
VOT variant significantly less often for Annie’s voice tha
for Laura’s voice. These results indicate that listeners w
sensitive to talker-specific VOT and that they successfu
generalized to the novel word. This suggests that the lac
clear evidence for generalization for the A-SHORT/L-LON
group in the main experiment may have been spurious.
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IV. GENERAL DISCUSSION

The present study tested whether listeners can re
talker-specific information about the phonetically releva
acoustic property of VOT. Subjects were exposed durin
training task to the speech of two talkers producing wo
beginning with /d/ or /t/. Critically, the VOT of the word
beginning with /t/ was manipulated across the two talkers
that subjects heard one talker with a short VOT and the o
talker with a long VOT; which talker served as the sho
VOT talker versus the long-VOT talker was counterbalanc
across subjects. Interleaved with this training on the t
voices, subjects were periodically tested to determ
whether VOT was retained in a talker-specific manner. T
test consisted of pairs of stimulus items, each consisting
short-VOT variant and a long-VOT variant of a /t/-initia
word produced by a given talker. In the first session, subje
were tested on the same word heard during training, an
the second session, subjects were tested on a novel w
The subjects’ task was to select which of the two varia
sounded more like the talker, based on their experience
tening to the speech of that talker during training. The res
showed that talker-specific experience during training p
dicted listeners’ responses at test, so that whether liste
chose the short- or long-VOT variant more often for a giv
talker during test depended on whether they heard that ta
produce short or long VOTs during training. This was tr
when subjects were tested on the familiar word and, in
but one group, it was true when subjects were tested on
novel word.

Thus, listeners were able to track individual talker d
ferences in a phonetically relevant acoustic property. Th
findings have implications for the kind of exposure that
required for listeners to benefit from talker-specific expe
ence. Because listeners can generalize talker-specific
netic information across words, it may be that exposure
only a few different words is sufficient for a listener to lea
a talker’s implementation of a given phonetically releva
acoustic property. Once this talker-specific mapping fr
acoustic form to phonetic category is learned for a giv
phonetic segment~e.g., /t/!, it can inform subsequent pho
netic processing of novel words containing that segment,
cilitating word recognition~e.g., Nygaardet al., 1994!. And,
though the present experiments were not designed to tes
amount of exposure required for a listener to learn a talk
mapping for a particular property, the results from the first
the test phases in each of the experiments~i.e., the practice
test phases! indicated that listeners were sensitive to a talk
specific phonetic property after even a relatively sm
amount of training; listeners’ responses in these cases w
of the same general pattern as in the subsequent tests.
talker-specific phonetic information can be quickly learne

Other evidence indicates that such information can
long remembered. Goldinger~1996! found that the benefit o
talker-specific experience extended over relatively long p
ods of time; subjects listening to familiar versus unfamil
talkers were better able to recognize the identity of spo
words after a delay of a week. This suggests that talk
specific phonetic properties are stored in a stable long-t
memory ~though explicit memory for these properties,
3182 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 J. S. Al
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tapped by the overt paired-comparison task used in the
rent study, may fade more quickly; see Goldinger, 199!.
Thus, listeners display a sensitivity to individual talker d
ferences in phonetic properties that is impressive in h
quickly it can be learned and in how long it can be reme
bered.

The current study demonstrated that listeners are se
tive to individual talker differences in one phonetically re
evant acoustic property, VOT. Of course, it will be importa
to test whether listeners are sensitive to individual talker d
ferences in other phonetically relevant properties as w
And, with respect to the property of VOT, several other r
evant questions remain to be answered. For example,
current study showed that listeners generalize talker-spe
VOT to novel words beginning with the same consonant
heard during training, but it will also be of interest to te
whether listeners will generalize to novel words beginni
with other voiceless consonants as well. For example,
talker is heard sayingtime with a long VOT, will listeners
also expect that talker to producecoal with a long VOT?

A further remaining question concerns the role of spe
ing rate. In the current study, speaking rate, as reflected
overall word duration, was held constant within and acro
talkers for a given word and was very similar across wor
However, speaking rate can vary considerably within a ta
er’s speech and individual talkers can vary considerably fr
one another in their typical speaking rates~Allen et al., 2003;
Miller et al., 1984!. Moreover, VOT varies strongly as
function of speaking rate~Allen et al., 2003; Miller et al.,
1986; Summerfield, 1975; Volaitis and Miller, 1992!. Listen-
ers are known to be sensitive to changes in speaking r
such that VOT is mapped onto phonetic categories in a r
dependent manner; as speaking rate slows down, the pe
tual category boundary between voiced and voiceless
consonants shifts toward longer VOTs~Summerfield, 1981!,
and the best exemplars of the voiceless category also
toward longer VOTs~Miller and Volaitis, 1989!. Given that
VOT is processed in a rate-dependent manner, it may we
that listeners track talker-specific VOT in a rate-depend
manner as well. Thus, it would be expected that listen
would generalize talker-specific VOT information from
talker’s speech at one speaking rate to a different spea
rate.

The present findings demonstrate that listeners can le
talker-specific phonetic information and that such inform
tion is stored in such a way that it can be generalized
novel words. Listeners may use this talker-specific mem
to facilitate subsequent phonetic processing of familiar ta
ers’ speech. Any complete model of speech perception m
account for this listener sensitivity to individual talker diffe
ences in phonetic properties.
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1Of course, we do not mean to imply that VOT is the only acoustic-phon
property that listeners track in a talker-specific manner or that VOT ho
any privileged status in this regard. Indeed, the sine wave speech st
reviewed above~e.g., Remezet al., 1997! suggest that VOT, which is ab
sent from sine wave speech, need not be present in the signal for list
to benefit from talker-specific experience. Rather, VOT is likely one am
a host of acoustic-phonetic dimensions along which individual talkers d
and which listeners might therefore exploit.

2As a consequence of this method of stimulus selection, the short-V
stimuli were better exemplars of /t/ than were the long-VOT stimuli, ba
on the ratings from the preliminary goodness-rating experiment. Ideally
short- and long-VOT stimuli would have been matched in goodness w
still being substantially separated in VOT. However, given the constr
that short-VOT stimuli in the experiment should not be confusable w
voiced tokens, it was necessary to extend the choice of long-VOT stim
toward more extreme values in order to achieve a substantial separati
VOT between the short- and long-VOT conditions.~Though the long-VOT
stimuli have quite long VOT values, these values are not beyond the r
of VOTs that can occur with isolated word productions.! Note that because
the short- and long-VOT stimuli differed in perceived goodness, it is c
ceivable that during training listeners might associate one talker~the short-
VOT talker! with ‘‘better’’ voiceless exemplars and the other talker~the
long-VOT talker! with ‘‘poorer’’ voiceless exemplars, and then use th
difference in goodness, rather than differences in VOTper se, as the basis
for discrimination at test. However, because the within-category good
differences are themselves based on differences in VOT, such discrim
tion would still indicate that listeners are sensitive to individual talker d
ferences in VOT.

3No trends were apparent in the data across the nine training sets. It wa
the case, for example, that subjects’ performance tended to improv
decline systematically over the course of the experiment. Thus, all trai
sets were averaged together to assess each subject’s overall perfor
during training.

4No trends were apparent in the data across the individual test sets. I
not the case, for example, that subjects’ performance tended to impro
decline systematically over the course of the experiment. Thus, all test
were averaged together to assess each subject’s overall performance
tests.
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