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Previous research shows that listeners are sensitive to talker differences in phonetic properties of
speech, including voice-onset-time �VOT� in word-initial voiceless stop consonants, and that
learning how a talker produces one voiceless stop transfers to another word with the same voiceless
stop �Allen, J. S., and Miller, J. L. �2004�. J. Acoust. Soc. Am. 115, 3171–3183�. The present
experiments examined whether transfer extends to words that begin with different voiceless stops.
During training, listeners heard two talkers produce a given voiceless-initial word �e.g., pain�. VOTs
were manipulated such that one talker produced the voiceless stop with relatively short VOTs and
the other with relatively long VOTs. At test, listeners heard a short- and long-VOT variant of the
same word �e.g., pain� or a word beginning with a different voiceless stop �e.g., cane or coal), and
were asked to select which of the two VOT variants was most representative of a given talker. In all
conditions, which variant was selected at test was in line with listeners’ exposure during training,
and the effect was equally strong for the novel word and the training word. These findings suggest
that accommodating talker-specific phonetic detail does not require exposure to each individual
phonetic segment. © 2010 Acoustical Society of America. �DOI: 10.1121/1.3467771�

PACS number�s�: 43.71.Bp, 43.71.Es �AJ� Pages: 2090–2099
I. INTRODUCTION

A major goal of research in the domain of speech per-
ception has been to describe how listeners extract stable lin-
guistic percepts given that the acoustic-phonetic information
produced for individual speech segments, and thus for indi-
vidual words, varies considerably from utterance to utter-
ance. Factors contributing to systematic variability in the
speech signal are numerous and include surrounding pho-
netic context �Delattre et al., 1955�, speaking rate �Miller,
1981�, and even idiosyncratic pronunciation differences
among talkers �e.g., Allen et al., 2003; Hillenbrand et al.,
1995; Klatt, 1986; Newman et al., 2001; Peterson and Bar-
ney, 1952�. Listeners’ accommodation of the latter source of
variability, talker-specific phonetic detail, is the focus of the
current experiments.

It is now known that listeners retain in memory many
surface characteristics of the speech signal �Church and
Schacter, 1994; Nygaard et al., 2000; Palmeri et al., 1993;
Schacter and Church, 1992�, including the phonetic signature
associated with individual talkers’ voices �e.g., Goldinger,
1998; see also Remez et al., 1997�. Findings from the do-
main of spoken word recognition have shown that talker-
specific phonetic variability can be used to customize speech
processing for individual talkers. Talker familiarity has been
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shown to increase intelligibility �Bradlow and Bent, 2008;
Nygaard et al., 1994� and decrease processing time �Clarke
and Garrett, 2004�. These effects hold when listeners learn to
identify talkers on the basis of isolated words �Nygaard et
al., 1994� or sentences �Nygaard and Pisoni, 1998�, and can
be achieved even with short periods of exposure �Bradlow
and Pisoni, 1999; Clarke and Garrett, 2004�.

These findings provide evidence that listeners use talker-
specific phonetic detail to facilitate word recognition. Al-
though relatively little is known about which aspects of the
speech signal listeners encode at the level of individual talk-
ers, and how such encoding subsequently facilitates word
recognition, there is some evidence suggesting that the
talker-specificity effects observed at higher levels of process-
ing may reflect, at least in part, adjustments that listeners
make at a prelexical, or segmental, level of representation.

For example, Norris et al. �2003� proposed one way in
which listeners might perceptually adjust for at least some
talker differences in speech production. The type of idiosyn-
cratic production they examined was ambiguous production
of individual speech sounds that may be found in, for ex-
ample, foreign-accented speech. In their experiments, listen-
ers were exposed to an ambiguous fricative midway between
/f/ and /s/ during a lexical decision training phase. For some
listeners, the ambiguous fricative was presented in the con-
text of /f/-final words, such that perceiving it as /f/ supported
lexical recognition but perceiving it as /s/ did not. For other
listeners, the ambiguous fricative was presented in the con-
text of /s/-final words, such that perceiving it as /s/ supported
lexical recognition but perceiving it as /f/ did not. At test, all
listeners were asked to categorize members of an /f/-/s/ con-
tinuum. The results showed that listeners adjusted phonetic

boundaries so as to include ambiguous tokens within the
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phonetic category that supported lexical recognition. Subse-
quent work has shown that accommodation of idiosyncratic
fricative productions extends to novel words that contain the
same fricative �McQueen et al., 2006�. Moreover, subsequent
work has also shown that the lexically-informed boundary
adjustment is sometimes applied on a talker-specific basis
�Eisner and McQueen, 2005; Kraljic and Samuel, 2005; but
see Kraljic and Samuel, 2007� and results from minimal ex-
posure to a talker’s productions �Kraljic and Samuel, 2006�.
These findings raise the possibility that some of the adjust-
ments listeners make in order to accommodate talker-specific
phonetic variation occur at a prelexical level of
representation.1

Lexically-informed perceptual learning is one process
that may underlie rapid adjustment to differences in produc-
tion across talkers, particularly when adjusting to talkers
whose pronunciations are so deviant that they fall near a
category boundary and could be perceived as more than one
speech sound. Yet, many of the acoustic-phonetic differences
found across talkers involve well-defined category members,
rather than members near a category boundary �Allen et al.,
2003; Newman et al., 2001; Peterson and Barney, 1952�.
Talkers can produce different acoustic instantiations that are
unambiguously identified as the same speech sound and it is
likely that listeners encounter these differences more often
than the ambiguous productions that may be found in, for
example, foreign-accented speech.

One central issue concerns whether or not listeners can
accommodate such fine-grained differences in production
across talkers; that is, when the particular segment in ques-
tion is unambiguous and well within a phonetic category.
This issue has recently been addressed for the phonetically
relevant property of voice-onset-time �VOT�, which is an
articulatory property of stop consonants that is measured
acoustically as the time between the onset of the release burst
of the stop consonant and the onset of periodicity associated
with subsequent vocal fold vibration �Lisker and Abramson,
1964�. In English, VOT is an important marker of the voic-
ing contrast, distinguishing voiced /b d g/ from their voice-
less counterparts /p t k/. Of particular relevance to the current
work is the finding that individual talkers differ in their char-
acteristic VOTs for voiceless stops; controlling for speaking
rate, some talkers produce longer VOTs than other talkers
�Allen et al., 2003�. Moreover, recent research indicates that
these talker differences are stable across a change in place of
articulation �Theodore et al., 2009�.

Allen and Miller �2004� examined whether listeners can
track such talker differences in VOT, focusing on the alveo-
lar voiceless stop /t/. In their experiments, listeners partici-
pated in training and test phases. In the training phases, lis-
teners learned to identify the voices of two talkers, “Annie”
and “Laura.” On a single trial during the training phases,
listeners were presented with the word dime or time and were
asked to identify the voice of the talker and the initial pho-
neme of the word. Critically, the VOTs of the time tokens
were manipulated. While both VOTs clearly specified the
initial /t/, one talker had relatively short VOTs and the other
had relatively long VOTs. On a single trial during the test

phases, listeners were presented with two variants of time
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produced by one of the talkers, a short-VOT variant and a
long-VOT variant, and were asked to identify which of the
two variants was more typical of that talker. Results showed
that which token listeners chose at test depended on their
previous exposure to that talker’s voice. For example, if they
had heard Annie produce short VOTs during training, they
chose the short-VOT variant of Annie’s speech at test. Like-
wise, if they heard Annie produce long VOTs during training,
they chose the long-VOT variant of Annie’s speech at test.
Moreover, the effect persisted when listeners were tested on
the novel word town. Transfer to a novel word was replicated
in an additional experiment in which listeners were exposed
to town during the training phases, and then tested on time.

That listeners transferred information learned about a
talker’s characteristic VOTs to a novel word indicates that
talker-specific VOT was tracked in some way that was not
dependent on a particular training stimulus. This finding sug-
gests that exposure to one lexical item can potentially inform
the listener as to how that talker produces many other lexical
items, at least those items that begin with the same stop
consonant. The issue addressed in the current research is
whether the scope of generalization extends beyond a given
stop consonant. In particular, we asked whether listeners who
learn how a particular talker produces /p/ also learns how
that talker produces /k/. As noted above, talker differences in
VOT are stable across place of articulation. Specifically, talk-
ers who produce /p/ with relatively long �or short� VOTs also
produce /k/ with relative long �or short� VOTs �Theodore et
al., 2009�. Thus, if listeners can transfer information learned
in the context of one voiceless stop to another, they would be
informed as to that talker’s characteristic productions for a
much larger set of lexical items than if no such cross-
segment transfer occurred.

We examined the issue of cross-segment transfer in two
experiments that used a slightly modified version of the
Allen and Miller �2004� paradigm. Experiment 1 examined
transfer in a minimal pair context and Experiment 2 exam-
ined transfer in a non-minimal pair context. In each experi-
ment, listeners participated in two sessions. Within each ses-
sion, listeners alternated between training and test phases.
The test phases in Session 1 examined performance for the
word presented during training, and the test phases in Ses-
sion 2 examined performance for a novel word that began
with a different voiceless stop than was presented during
training. The critical question was whether listeners would
demonstrate sensitivity to talkers’ characteristic VOTs for the
novel word tested in Session 2, and, if so, to what degree. In
the extreme, if listeners can fully transfer information
learned in the context of one voiceless stop to a different
voiceless stop, then test performance during Session 2 should
be at the same level as test performance during Session 1.

II. EXPERIMENT 1

In Experiment 1, we provided the simplest test of trans-
fer; namely, we examined transfer between words that form
minimal pairs. During training, listeners heard two female
talkers, “Annie” and “Laura,” produce pain. Speech synthe-

sis techniques were used to differentially manipulate Annie
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and Laura’s characteristic VOTs such that one group of lis-
teners heard Annie produce relatively short VOTs and Laura
produce relatively long VOTs, and the other group of listen-
ers heard Annie produce relatively long VOTs and Laura
produce relatively short VOTs.

All listeners participated in two sessions of alternating
training and test phases. Training phases across the two ses-
sions were the same, and involved listeners being exposed to
appropriate VOT variants of pain for each talker, and the
voiced-initial counterpart bane. Critically, the test phases of
the two sessions differed. In Session 1, listeners were tested
on pain and in Session 2 they were tested on a novel
voiceless-initial word, cane. On each trial at test, listeners
were presented with a short-VOT and long-VOT variant of
the test word produced by one of the talkers and were asked
to select which variant was most representative of that par-
ticular talker.

Based on Allen and Miller �2004�, for Session 1 of each
experiment we expected that which VOT variant was se-
lected at test for the word presented during training would be
contingent on previous exposure to the talkers’ characteristic
VOTs. The critical questions, tested in Session 2, were: �1�
Would exposure during training influence which VOT vari-
ant was selected for the novel word at test? �2� If so, would
it be to the same degree as that observed for the training
word?

A. Method

1. Subjects

Twenty subjects were recruited for participation in the
experiment. Half of the subjects were assigned to the
A-SHORT/L-LONG training group and the other half were
assigned to the A-LONG/L-SHORT training group. All sub-
jects were native speakers of English between the ages of 18
and 45, with no reported speech or hearing disorders. Sub-
jects were either paid or received partial course credit for
their participation. Any subject who did not correctly identify
the two talkers’ voices during training or who did not cor-
rectly identify the voiced-initial and voiceless-initial tokens
presented during training was replaced with a new subject, as
described in the results section.

2. Stimulus preparation

The stimuli consisted of two sets of tokens, a labial-
initial bane/pain set and a velar-initial gain/cane set. Each
set contained synthesized versions of the voiced-initial and
voiceless-initial words that were based on the speech of two
female talkers. Within each set, multiple variants of the
voiceless-initial word were created such that they differed
from one another in VOT. Stimulus preparation was based on
the procedure outlined in Allen and Miller �2004�, and the
reader is referred to that paper for comprehensive details on
the preparation procedure. We give and overview of the pro-
cedure here.

Many female talkers produced 20 repetitions of the
words bane, gain, and goal �recorded for use in Experiment
2�, along with many fillers. Their speech was recorded via

microphone �AKG C460B� onto digital audiotape in a
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sound-attenuated booth. All recordings were digitized at a
sampling rate of 20 KHz using the CSL system �KayPEN-
TAX�. A waveform of each repetition of bane and gain was
generated with the Praat speech analysis software �Boersma,
2001�; using this display, VOT and word duration were mea-
sured to the nearest millisecond. VOT was measured from
the release burst to the onset of high-amplitude, periodic en-
ergy associated with the vowel, and word duration was mea-
sured from the release burst to the offset of periodic energy
associated with the final consonant.

Two talkers �different from those used in Allen and
Miller, 2004� were selected; the talkers are referred to as
Annie and Laura. The selected talkers had roughly compa-
rable overall word durations, and, as confirmed by analyses
presented in the results section, the two talkers had percep-
tually distinct voices. One repetition of bane and one repeti-
tion of gain were selected from each talker such that VOT
for a given word was approximately matched across the talk-
ers. The four selected tokens were equated for word duration
by deleting from the final consonant such that all tokens
were 568 ms in duration, and were then equated for root-
mean-square �RMS� amplitude.

The ASL system �KayPENTAX� was used to perform a
pitch-synchronous LPC analysis on each of the four selected
tokens. The output of this analysis was used to create a syn-
thesized version of each selected token, and, using the syn-
thesized bane and gain tokens from each of the two talkers,
four VOT series were created by systematically changing
parameters of the LPC analysis and synthesizing new tokens
using the modified parameters. This procedure yielded, for
each talker, one series of stimuli that perceptually ranged
from bane to pain and one series that ranged from gain to
cane, thus creating a pool of tokens that were matched on
overall duration and differed in word-initial VOT.

Five tokens were selected from each bane/pain VOT
series to serve as training stimuli, including one voiced-
initial token and four voiceless-initial tokens. The VOT val-
ues of the selected tokens are shown in Table I for each
training group. The particular tokens were selected to include
one voiced token �the first step of each series�, two tokens
from the short-VOT voiceless region that were two steps
apart on the continuum �to simulate naturally occurring
within-talker variability�, and, likewise, two tokens from the

TABLE I. VOT values �ms� of the bane/pain training stimuli.

Training group: A-short/L-long

Talker bane
pain

Token 1 Token 2

Annie 0 60 69
Laura 0 155 164

Training group: A-long/L-short

Talker bane
pain

Token 1 Token 2

Annie 0 155 165
Laura 0 60 68
long-VOT voiceless region that were two steps apart on the
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continuum. The particular short-VOT and long-VOT tokens
were selected in order to maximize the difference in VOT
between these tokens, while ensuring that VOTs of the short-
VOT tokens were not so short that they fell within the am-
biguous VOT region of a particular continuum and VOTs of
the long-VOT tokens were not so long so as to yield extreme
exemplars of the particular voiceless stop. Moreover, the
VOTs of the selected short-VOT and long-VOT tokens were
closely matched across talkers.

Both training groups were presented with the same test
stimuli. Two tokens were selected from each bane/pain VOT
series for use during test in Session 1, including one short-
VOT voiceless-initial token and one long-VOT voiceless-
initial token. The VOT values of the selected tokens are
shown in Table II. The particular tokens were selected based
on the training stimuli. Recall that the two short-VOT voice-
less tokens and the two long-VOT voiceless tokens from
each series selected for training were two steps apart on the
continuum. The intermediate token in all cases was selected
for use during test. In addition, two cane tokens were se-
lected from each gain/cane VOT series for use during test in
Session 2. These tokens were selected such that the differ-
ence in VOT between the short-VOT and long-VOT variants
was approximately the same as that of the pain test tokens,
and that the selected tokens adhered to the well known in-
fluence of place of articulation on VOT in speech production,
with VOTs for labial stops being shorter than those for velar
stops �e.g., Cho and Ladefoged, 1999; Lisker and Abramson,
1964�.

As described in Allen and Miller �2004�, the synthesis
techniques used to generate the VOT series result in a poten-
tial amplitude-based confound in that tokens with shorter
VOTs have higher overall amplitude �measured in terms of
RMS level� than tokens with longer VOTs. This potential
confound was eliminated by generating two amplitude vari-
ants �high and low� for each selected token and presenting
both amplitude variants during training and test in order to
ensure that subjects’ performance could not be attributed to
the amplitude difference of the short-VOT and long-VOT
tokens. At presentation, amplitude of the high and low vari-
ants was 67 dB SPL and 65 dB SPL, respectively.

For the bane/pain stimulus set, separate training lists
were created for the A-SHORT/L-LONG training group and
the A-LONG/L-SHORT training group, using both amplitude
variants of each training stimulus. The training lists for the
A-SHORT/L-LONG training group contained Annie and
Laura’s bane tokens, Annie’s short-VOT pain tokens, and
Laura’s long-VOT pain tokens. The training lists for the
A-LONG/L-SHORT training group contained, in analogous

TABLE II. VOT values �ms� of the pain, cane, and c
in Experiment 1 and the pain and coal test stimuli w

Talker

pain

Short-VOT Long-VOT Short-

Annie 65 160 8
Laura 64 160 8
fashion, Annie and Laura’s bane tokens, Annie’s long-VOT
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pain tokens, and Laura’s short-VOT pain tokens. In each
training list, an extra bane token was included so as to equate
the number of voiced-initial and voiceless-initial tokens
within the list. Thus, a training list consisted of 16 tokens �2
talkers X 2 bane tokens X 2 pain tokens X 2 amplitude
levels� in randomized order. Sixteen such lists were created
for presentation to the listeners during training across the two
sessions of the experiment.

Separate test lists were created for the bane/pain and
gain/cane stimulus sets. For each stimulus set, separate test
lists were created for Annie and Laura, with each test list
consisting of pairs of each talker’s test stimuli. Each pair
consisted of the appropriate short-VOT and long-VOT test
stimulus, separated by 750 ms of silence. Each stimulus was
presented at two amplitude levels, with the amplitude level
on a given trial held constant, and the order of the short-VOT
and long-VOT variants counterbalanced across trials. This
resulted in four pairings of test stimuli for each talker. A test
list consisted of a randomized sequence of two repetitions of
these pairings, resulting in eight trials for each test list. In
total, eight test lists were created for each stimulus set, four
for each talker. The pain test lists were used in Session 1 and
the cane test lists were used in Session 2.

3. Procedure: Session 1

As noted earlier, 20 subjects participated in Experiment
1, with half assigned to the A-SHORT/L-LONG training
group and half assigned to the A-LONG/L-SHORT training
group. Testing took place in a sound-attenuated booth, with
auditory stimuli presented via headphones �Sony MDR-V6�.
All subjects alternated between training and test phases. Dur-
ing training, subjects were presented with the bane/pain
training lists according to their training group. At test, sub-
jects were presented with the pain test lists. The overall ses-
sion consisted of three main components: familiarization,
practice, and the experiment proper.

a. Familiarization. Subjects first completed a brief fa-
miliarization component involving the stimuli to be used in
the experiment proper. The main purpose of this component
was for listeners to learn to identify each talker’s voice. One
familiarization list �16 tokens�, composed in the same man-
ner as the training lists created for the experiment proper,
was presented. Each trial consisted of the auditory presenta-
tion of the stimulus followed by visual presentation of the
name of the talker who produced that stimulus. The name of
the talker appeared on a computer display 750 ms after the
offset of the auditory stimulus, and remained on the screen
for 1500 ms. The next trial began following a pause of 2000

est stimuli. The pain and cane test stimuli were used
sed in Experiment 2.

cane coal

Long-VOT Short-VOT Long-VOT

181 87 185
183 88 182
oal t
ere u

VOT

8
8

ms. Subjects were instructed to listen to each word and view
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the name of the talker in order to learn to identify each talk-
er’s voice. Subjects did not provide any responses during
familiarization.

b. Practice. After familiarization, subjects completed a
brief practice component in order to be exposed to the train-
ing and test tasks. The practice component was blocked by
talker, with the order of the talkers counter-balanced within
each training group. For each talker block, subjects com-
pleted practice training and practice test. For the practice
training, they were presented with one list �24 tokens� con-
sisting of three randomized blocks of the eight stimuli to be
used during training in the experiment proper for that talker
�2 voiced-initial tokens X 2 voiceless-initial tokens X 2 am-
plitude variants�. On each trial, they were asked to identify
the initial consonant, indicating their response by pressing a
button labeled B or P on a response keypad. No feedback
was provided. For the practice test within each talker block,
subjects were presented with one test list �8 trials� composed
in the same manner as the test lists created for the experi-
ment proper. Subjects were instructed to indicate which of
the two VOT variants presented on each trial was most rep-
resentative of that talker’s voice. They indicated their re-
sponse by pressing a button labeled 1 if they thought it was
the first member of the pair and a button labeled 2 if they
thought it was the second member of the pair. No feedback
was provided during test.

c. Experiment proper. Following familiarization and
practice, the experiment proper began with the alternation
between training phases and test phases that used the lists
described above in the Stimulus Preparation section. In each
training phase, subjects were presented with one training list
�16 trials� with the order of the training lists determined ran-
domly for each subject. Subjects were asked to identify, for
each stimulus, both the talker and the initial consonant. They
indicated their response by pressing one of four buttons la-
beled Annie B, Annie P, Laura B, and Laura P. Feedback was
provided for the talker choice only, in the form of a visual
display that showed YES for a correct response and NO and
the name of the talker for an incorrect response. The visual
feedback appeared 750 ms after the button response and re-
mained on the screen for 1500 ms. The next trial began fol-
lowing a pause of 2000 ms.

During test, subjects were presented with one of the test
lists for one of the talkers �8 trials�. The order of presentation
for the test lists was determined randomly for each subject,
with the constraint that no more than three tests lists of the
same talker were presented in a row. Instructions during the
test phase were the same as those described above for the
practice test phase. At the beginning of each test phase, the
talker’s name for that test phase appeared on the screen. On
each test trial, subjects indicated which of the two VOT vari-
ants presented on the trial was most representative of that
talker’s voice. The pause between trials was 2000 ms, timed
from the button response.

Overall, the sequence within the session was as follows:
familiarization, practice training/practice test for one talker,
practice training/practice test for the other talker, training

phase, test phase, and additional alternation between training
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and test phases to the completion of eight test phases. Sub-
jects were given a short break after the completion of four
test phases.2

4. Procedure: Session 2

Following a brief break after Session 1, subjects com-
pleted Session 2, which was the transfer session. In Session
2, subjects completed an additional eight alternations of
training phases and test phases. Training stimuli remained
the same as presented in Session 1 �bane and pain�, but
listeners were tested on the novel cane test lists. The proce-
dural details for the training and test phases followed those
outlined for Session 1.

B. Results

Training. Performance during training was analyzed
separately for talker and phonetic identification by calculat-
ing percent correct responses. For talker identification, a re-
sponse was considered correct if the talker was identified,
even if the initial consonant was not. For phonetic identifi-
cation, a response was considered correct if the initial con-
sonant was identified, even if the talker was not. Mean per-
cent correct for both talker and phonetic identification was
calculated for each subject, for each session. High perfor-
mance during training was necessary for inclusion in the
study. A criterion of 80% correct in each session for both
talker identification and phonetic identification was adopted
to indicate high performance. Two subjects were replaced
because they did not reach the criterion for talker identifica-
tion. For the 20 subjects included in the experiment, perfor-
mance during training across both sessions was near ceiling
for both talker identification �95%� and phonetic identifica-
tion �99%�.

Test. The data were analyzed following the procedure
outlined in Allen and Miller �2004�. Performance during test
was analyzed in terms of percent long-VOT responses. �Re-
call that on each trial during test, listeners selected either the
short-VOT or the long-VOT variant of pain �Session 1� or
cane �Session 2�; because percent short-VOT and long-VOT
responses must sum to 100, quantifying performance in
terms of both is redundant.� For each subject, mean percent
long-VOT responses was calculated for a given talker sepa-
rately for each session. Figure 1 shows percent long-VOT
responses for each talker separately for each training group,
with Session 1 responses shown in the top panel and Session
2 responses shown in the bottom panel. With our measure of
performance, percent long-VOT responses, sensitivity to
talker differences in VOT will manifest as an interaction be-
tween training group and talker. As described in detail below,
two sets of analyses were performed for each session. In the
primary analysis, ANOVA was used to examine the statistical
significance of the critical interaction between training group
and talker. In the secondary analysis, a set of planned com-
parisons was used to confirm that the interaction was due to
the predicted pattern of results.3

Consider first performance during Session 1. The per-
centage of long-VOT responses was submitted to ANOVA

with the between-subjects factor of training group and the
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within-subjects factor of talker. Results of the ANOVA con-
firmed a significant interaction between training group and
talker �F�1,18�=42.06,p� .001�. As stated above, a second-
ary set of analyses was conducted in order to confirm the
nature of the interaction. First, we wanted to confirm that
percentage of long-VOT responses for each talker within
each training group was different from chance, which was
50% in each case. For these one-sample tests, we used the t
distribution with df=9, �=0.05. Results of these tests did
confirm that performance was different from chance. Second,
planned comparisons were performed to ensure that the in-
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FIG. 1. Mean percent long-VOT responses for the test phases in Experiment
1 for each training group, for each talker’s voice. Session 1 data are shown
in the top panel and session 2 data are shown in the bottom panel. Error bars
indicate standard error of the mean.
teraction revealed in the ANOVA was due to our predicted
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pattern of results. The planned comparisons consisted of
comparing performance for Annie and Laura’s voice within
each training group �within-subjects�, as well as comparing
performance for each talker’s voice across the two training
groups �between-subjects�. For the within-subjects compari-
sons, we used the t distribution with df=9, �=0.05. For the
between-subjects comparisons, we used the t distribution
with df=18, �=0.05. The results from the planned compari-
sons confirmed that the interaction was due to the predicted
pattern of results. Specifically, there were fewer long-VOT
responses for Annie’s voice compared to Laura’s voice in the
A-SHORT/L-LONG training group, and this pattern was re-
versed for listeners in the A-LONG/L-SHORT training
group. Additionally, there were fewer long-VOT responses
for Annie’s voice from listeners in the A-SHORT/L-LONG
training group compared to listeners in the A-LONG/L-
SHORT training group, and this pattern was reversed for
Laura’s voice. This pattern of results, as predicted, confirms
that which VOT variant was selected at test in Session 1 was
contingent on exposure to a talker’s characteristic VOTs dur-
ing training.

To address the central question as to whether or not
tracking a talker’s VOTs transfers across place of articula-
tion, we examined percent long-VOT responses selected dur-
ing Session 2, shown in the bottom panel of Fig. 1. As shown
in the figure, performance in Session 2 was similar to perfor-
mance in Session 1, indicating that transfer across place of
articulation did occur. The results from the primary analysis
showed a significant interaction between training group and
talker �F�1,18�=46.27,p� .001�, and the results from the
secondary set of analyses confirmed that the percentage of
long-VOT responses for each talker within each training
group was different from chance, and that the interaction was
due to the predicted pattern of performance. These results
indicate that even for the novel word cane, listeners used
experience with the talker’s voices provided in the context of
pain to guide which VOT variant was selected at test.

In order to assess the strength of the transfer, an addi-
tional ANOVA was performed using the factors of training
group, talker, and session �within-subjects�. The ANOVA
confirmed a significant interaction between talker and train-
ing group �F�1,18�=52.02,p� .001�, as expected. The effect
of session was not significant �F�1,18��1�, and, critically,
there were no significant interactions with session �in all
cases, p� .10�. These results indicate full transfer of learning
between the voiceless stops in that performance at test was as
robust for the novel word as it was for the training word.

In Experiment 1, we provided the simplest test of trans-
fer across place of articulation; namely, the only phonologi-
cal difference between training and test words was the initial
stop. In Experiment 2, we examined whether cross-segment
transfer is limited to this constrained environment or, instead,
whether transfer – and even complete transfer – would also
be observed between words that are phonologically less
similar.

III. EXPERIMENT 2

The design of Experiment 2 was analogous to that of

Experiment 1. The only difference was that we increased the
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phonological distance between training and novel test words
such that they no longer formed minimal pairs, potentially
increasing the difficulty of transfer of talkers’ characteristic
VOTs across place of articulation. Listeners were trained on
bane/pain in both Sessions 1 and 2, and they were tested on
pain in Session 1 and on coal in Session 2. As in Experiment
1, two questions were considered: Would exposure during
training influence which VOT variant was selected for the
novel word at test? If so, would it be to the same degree as
that observed for the training word?

A. Method

1. Subjects

Twenty different subjects were recruited for participa-
tion in the experiment following criteria outlined for Experi-
ment 1. Half of the subjects were assigned to the A-SHORT/
L-LONG training group and the other half were assigned to
the A-LONG/L-SHORT training group.

2. Stimulus preparation

The stimuli consisted of two sets of tokens, including
the labial-initial bane/pain set used in Experiment 1 and an
additional velar-initial goal/coal set. Preparation of the goal/
coal set followed the procedures outlined for Experiment 1,
as summarized below.

Stimuli. One token of goal was selected for each talker
from the recordings described for Experiment 1. Both tokens
were trimmed to 568 ms in duration in order to equate word
duration to the bane/pain stimulus set. Synthesized versions
of the goal tokens were made using the ASL system, and
using these synthesized tokens, a VOT series ranging from
goal to coal was generated for each talker.

Two tokens were selected from each series to be pre-
sented during test in Session 2, a short-VOT coal token and
a long-VOT coal token. The VOTs of the selected test tokens
are shown in Table II. As in Experiment 1, a high- and low-
amplitude variant were generated for each token in order to
eliminate a potential amplitude-based confound. At presenta-
tion, amplitude of the high and low variants for the goal/coal
set was 71 dB SPL and 69 dB SPL, respectively. �Due to
intrinsic vowel differences, RMS amplitude of the high and
low coal variants was increased by 4 dB relative to the am-
plitude of the bane/pain tokens in order to match loudness
across the two sets of stimuli.� Following the procedures
used in Experiment 1, test lists for the experiment were con-
structed using the selected coal stimuli.

3. Procedure

The procedural details for Experiment 2 were the same
as those outlined for Experiment 1; only the stimuli changed.
During training, subjects were presented with the bane/pain
training lists according to their training group. At test, sub-
jects in Experiment 2 were presented with the pain test lists

in Session 1 and the coal test lists in Session 2.
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B. Results

Training. Performance during training was analyzed as
outlined for Experiment 1. Two subjects were replaced for
sub-criterion performance on talker identification. For the 20
subjects included in the experiment, performance during
training was near ceiling for both talker identification �96%�
and phonetic identification �99%�.

Test. Fig. 2 shows percent long-VOT responses for each
talker separately for each training group, with Session 1 re-
sponses shown in the top panel and Session 2 responses
shown in the bottom panel. The pattern of performance seen
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FIG. 2. Mean percent long-VOT responses for the test phases in Experiment
2 for each training group, for each talker’s voice. Session 1 data are shown
in the top panel and session 2 data are shown in the bottom panel. Error bars
indicate standard error of the mean.
here is the same as was observed in Experiment 1. Specifi-
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cally, listeners selected the VOT variant at test that was in
line with previous exposure to the talkers’ voices for both the
word presented during training and the novel word. To con-
firm the statistical significance of this pattern, the primary
and secondary analyses outlined in Experiment 1 were per-
formed on the percentage of long-VOT responses for each
session. Results of the primary analysis for Session 1 and for
Session 2 confirmed the predicted interaction between talker
and training group �F�1,18�=118.59,p� .001; F�1,18�
=58.49,p� .001; respectively�. Results from the secondary
analyses confirmed that in both sessions the percentage of
long-VOT responses for each talker in each training group
was different from chance, and that the interactions were due
to the predicted pattern of results.

As in Experiment 1, one additional ANOVA was per-
formed in order to assess the strength of the transfer using
the factors of training group, talker, and session. The ex-
pected interaction between talker and training group was
confirmed �F�1,18�=96.63,p� .001�. The effect of session
approached significance �F�1,18�=3.39,p� .10�, but, criti-
cally, there were no significant interactions with session �p
� .10 in all cases�. This pattern of results indicates full trans-
fer of learning between the training word and the novel
word.4

IV. DISCUSSION

The acoustic signal of speech is highly variable. As re-
viewed in the Introduction, there is much evidence within the
domain of speech perception indicating that listeners accom-
modate for this variability, at least in part, by retaining in
memory fine-grained information regarding the acoustic in-
stantiation of individual speech segments and using this in-
formation to facilitate speech processing �e.g., Goldinger,
1996�. One source of information used by the perceptual
system is idiosyncratic differences in speech production as-
sociated with individual talkers. This has been demonstrated
for higher levels of processing, including word recognition
�e.g., Nygaard et al., 1994�, as well as for lower levels of
processing, including segmental perception �e.g., Norris et
al., 2003�.

In terms of segmental perception, recent findings indi-
cate that listeners can track talker differences in phonetic
properties of speech. Focusing on VOT in word-initial voice-
less stop consonants, Allen and Miller �2004� showed that
for a given voiceless stop, listeners could learn that one
talker produced characteristically short VOTs and that a dif-
ferent talker produced characteristically long VOTs. This
finding provided the basis for the current work, which exam-
ined the scope of generalization underlying such sensitivity
to talker differences in VOT. Two experiments were con-
ducted. In both experiments, two groups of listeners were
differentially exposed to characteristic VOTs for two talkers;
one talker produced short VOTs and the other talker pro-
duced longer VOTs. Exposure was provided during training
phases in which listeners heard both talkers produce a voice-
less stop consonant in the context of a word. Sensitivity to
talkers’ characteristic VOTs was assessed for the word pre-

sented during training and for a novel word that began with
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a different voiceless stop than that presented during training.
Across the two experiments, we manipulated the phonologi-
cal distance between the training and novel words: the words
formed minimal pairs �pain and cane� in Experiment 1 but
formed non-minimal pairs �pain and coal� in Experiment 2.

The same pattern of results was found for both experi-
ments. Specifically, sensitivity to talkers’ characteristic VOTs
was observed not only for the word presented during train-
ing, but also for the novel word. Moreover, for both the
minimal pair and non-minimal pair cases, complete transfer
of learning was obtained in that the magnitude of listener
sensitivity to characteristic VOTs when tested on the novel
word was equal to that observed when tested on the training
word. These findings indicate that listeners do not require
exposure to each individual segment in order to tune into a
talker’s phonetic signature; rather, there is generalization
across similar segments. One striking aspect of the talker-
specificity effects at lexical levels of processing, described in
the Introduction, is that the processing advantage achieved
by talker familiarity also generalizes to novel items �Nygaard
and Pisoni, 1998�. Such broad scope of generalization, at
both the segmental and lexical levels, potentially affords
more efficient accommodation of talker-specific phonetic de-
tail compared to a learning process that operates in a
segment-by-segment fashion, and may in fact underlie other
findings indicating that adaptation to this type of variability
in the speech signal is a rapid process �Clarke and Garrett,
2004�.

The current demonstration of full transfer of talker-
specific information about VOT across a change in place of
articulation is consistent with at least two different learning
mechanisms underlying such transfer. One possibility is that
coding a talker’s characteristic VOTs is linked to a phonetic
feature. In this case, what listeners learned is how the two
talkers implemented the feature voiceless for one stop con-
sonant, and they were able to apply this knowledge to a
voiceless stop produced at a different place of articulation. A
strict feature-based account would predict full transfer of in-
formation, and that is what we found. Another possibility is
that acoustic similarity underlies the transfer observed in the
current work. On this account, listeners may have, for ex-
ample, selected the novel variant of the voiceless stop that
most closely matched the duration of the low amplitude, ape-
riodic energy associated with the VOT of the voiceless stop
presented during training. On such an account, the magni-
tude of transfer would presumably vary in accord with the
degree of similarity along the appropriate acoustic dimension
between the training and test segment. The current finding of
full transfer is consistent with such an account, given the
assumption that the training and test segments were suffi-
ciently similar to produce the same magnitude of effect, at
least within the limits of the measure we used. Future re-
search, which systematically varies acoustic similarity be-
tween training and test items, could help adjudicate the issue.

Another issue for future research concerns how listeners
might track characteristic VOTs of individual talkers across
changes in speaking rate. In the experiments reported here,
as well as in Allen and Miller �2004�, speaking rate �speci-

fied as word duration� was held constant. It is well known,
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however, that talkers frequently alter their rates of speech
�Miller et al., 1984�, and that VOTs produced for word-initial
voiceless stop consonants systematically increase as speak-
ing rate slows �e.g., Miller et al., 1986�. Interestingly, recent
findings have shown that precisely how much VOT increases
as rate slows varies across individual talkers, with some talk-
ers showing a more extreme increase than others �Theodore
et al., 2009�. As a consequence, there are cases in which a
talker who produces short VOTs relative to another talker at
one speaking rate produces long VOTs relative to that talker
at a different speaking rate. This is quite different from the
case of place of articulation where, as noted earlier, talkers
who produce a given voiceless stop with relatively long �or
short� VOTs also produce other voiceless stops with relative
long �or short� VOTs �Theodore et al., 2009�. Thus, unlike
the minimal exposure required to promote transfer of infor-
mation about a talker’s characteristic VOTs across place of
articulation, listeners potentially require exposure to a range
of speaking rates in order to transfer such knowledge to a
novel speaking rate. Just how listeners accomplish this re-
mains to be determined.

Finally, the current findings, together with those of Allen
and Miller �2004�, provide clear evidence that listeners can
track talker differences in phonetic properties of speech even
when the talker-specific variation falls well within a phonetic
category, such that there is no ambiguity in category mem-
bership �or identity of the lexical item�. A question that re-
mains is whether this ability reflects only learning about par-
ticular characteristic stimuli within the category, or instead
involves a more comprehensive change in the mapping be-
tween acoustic signal and phonetic category, affecting all
stimuli within a given category. It has long been known that
phonetic categories are internally structured, with some cat-
egory members perceived to be better exemplars of the cat-
egory than others �e.g., Kuhl, 1991; Miller and Volaitis,
1989; Samuel, 1982�. Of particular relevance to the current
work, the internal structure of phonetic categories has been
shown to systematically change in accord with how various
acoustic-phonetic contextual factors alter the speech signal in
production �e.g., Allen and Miller, 2001�. It may be that the
internal structure of phonetic categories is also tuned in ac-
cord with characteristic productions of individual talkers, so
that as listeners become familiar with a talker’s voice, they
fine-tune phonetic categories on a talker-specific basis. Fu-
ture research, which directly measures how talker familiarity
affects perceived goodness of a range of within-category
members, should help answer this question.
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1Although Allen and Miller �2004� provided evidence that listeners are
sensitive to talker differences in VOT, Kraljic and Samuel �2006, 2007�
failed to observe talker-specificity in terms of listeners’ accommodation of
a novel stop voicing contrast that was implemented, in part, by VOT. This
discrepancy may be explained by one of the many differences between the
two paradigms that include using explicit versus implicit memory tasks,
whether or not speaking rate was held constant, the amount of exposure
provided to listeners, and whether VOT was manipulated independently of
other aspects of the signal. A more theoretically interesting difference
between the two paradigms concerns the nature of the productions pre-
sented to listeners; specifically, Allen and Miller examined sensitivity to
well-defined exemplars of a given phonetic category whereas Kraljic and
Samuel examined listeners’ ability to incorporate an ambiguous exemplar
into a phonetic category. Future research is needed to specify the condi-
tions in which sensitivity to talker differences in VOT will be observed, as
well as the conditions in which it may not be observed. Though Kraljic
and Samuel failed to observe talker-specificity in terms of listeners’ ac-
commodation of a novel stop voicing contrast, they did show generaliza-
tion across place of articulation. As described in the main text, the current
experiments examine whether such transfer will also be observed in cases
of talker-specific processing.

2Subjects alternated between training and test phases in order to minimize
the effects of test on talker-specific memory. Recall that at test, listeners
were exposed not only to VOTs for a particular talker that were in line
with their experience during training, but also to VOTs that differed from
their experience during training. Inasmuch as this additional exposure be-
comes part of listeners’ memory for the talker, it is possible that long test
phases could have altered their overall memory of a particular talker’s
VOT. Under this account, performance during the test phase would reflect
not only exposure from training, but also exposure from test. In order to
minimize this possibility, listeners alternated between longer training
phases and shorter test phases.

3As described in the main text, the critical prediction tested in all experi-
ments manifests in an ANOVA as a significant interaction between training
group and talker. We made no predictions regarding the main effects of
these factors and, indeed, in all cases the main effects of training group
and talker were not significant �p� .10�.

4In addition to the experiments presented in the main text, two additional
experiments were conducted in order to ensure that transfer of learning
between voiceless stop consonants is not contingent on the particular di-
rection of transfer; that is, we wanted to ensure that listeners would also
transfer from velar /k/ to labial /p/. To this end, two experiments were
conducted following the methodology outlined in the main text. In one
experiment, listeners were presented with VOT variants of cane during
training, and were tested on cane in Session 1 and on pain in Session 2. In
the other experiment, listeners were presented with VOT variants of coal
during training, and were tested on coal in Session 1 on pain in Session 2.
The results of both experiments were the same, and parallel to the findings
presented in the main text. Specifically, the predicted interaction between
training group and talker was observed in each session, and the magnitude
of the interaction was the same across the two sessions for each experi-
ment. These results replicate full transfer of learning between voiceless
stop consonants, and confirm that this effect is not contingent on a par-
ticular direction of transfer.
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