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Abstract

Two experiments were conducted to determine whether listeners’ ability to
use allophonic variation to identify word boundaries is influenced by speaking
rate. Listeners in both experiments were presented two-word sequences (such as
great eyes) spoken by naturally fast and naturally slow talkers; in one experiment
the sequences were presented in quiet and in the other they were presented in
noise. The listeners’ task was to identify the intended sequence from among four
choices with alternative segmentations (e.g. great eyes, gray ties, great ties, gray
eyes). In both experiments performance was worse for the sequences produced
by the naturally fast talkers than for those produced by the naturally slow talkers.
This finding suggests that the extent to which allophonic variation contributes to
the identification of word boundaries may depend on the rate at which the speech
was produced.
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Introduction

In order for listeners to comprehend a spoken message, they must identify the indi-
vidual lexical items of the language from the continuously varying stream of speech
they hear. Speech is a complex spectral/temporal signal that does not contain clear and
reliable acoustic markers to word boundaries, and the process by which listeners iden-
tify individual words from the speech stream is a topic of considerable interest. In this
paper we examine how mapping the continuous speech signal onto discrete words, that
is, how listeners identify the location of word boundaries, is influenced by the rate at
which the speech is produced.

It is well established that speaking rate differs from one talker to another [e.g.
Allen et al., 2003; Grosjean and Deschamps, 1975; Miller et al., 1984], and that even
for a given talker rate may vary as a function of the nature of the verbal activities the
talker is engaged in [e.g. Goldman-Eisler, 1968; Grosjean and Deschamps, 1972, 1973,
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1975; Lucci, 1983]. It is also widely known that variation in the rate at which speech is
produced has perceptual consequences for the listener.

One consequence concerns the effect of rate on global comprehension. Most
researchers studying this issue have varied speaking rate artificially using time-com-
pressed speech. Across a variety of tasks, including answering questions [Fairbanks et
al., 1957; Vaughan and Letowski, 1997], sentence identification and recall [Buttet et
al., 1980; Wingfield et al., 1999], sentence repetition [Vaughan and Letowski, 1997],
and intelligibility rating [Vaughan and Letowski, 1997], the findings have shown that
a fast speaking rate can impair comprehension. Interestingly, it is also the case that lis-
teners can at least partially accommodate for even high levels of compression after rel-
evant experience with compressed speech [Dupoux and Green, 1997; Sebastian-Gallés
et al., 2000]. Although studies using naturally produced variation in speaking rate are
less numerous than those using time-compressed speech, it has been found that at least
for certain tasks (e.g. answering questions involving inferences), naturally produced
fast speech is more difficult to process than naturally produced slow speech [Cohen,
1979; Nicholas and Brookshire, 1986].

Another perceptual consequence of speaking rate concerns lexical processing.
Although the evidence is more limited than that for global comprehension, there are
findings (mostly using naturally produced speech) indicating that speaking rate can
influence the processing of individual words. For example, Bradlow and Pisoni [1999]
found that words produced at a fast speaking rate were more difficult to identify than
words produced at a moderate or slow speaking rate. Moreover, even variation in speak-
ing rate can affect performance: Sommers et al. [1994] found that word identification
decreased when the words to be identified were produced with different speaking rates
that varied from trial to trial, compared to when they were produced at a constant rate
of speech.

Speaking rate has also been shown to influence perceptual processing at the
level of individual phonetic segments. A change in speaking rate produces a complex,
nonlinear expansion and compression of the speech signal, affecting many acoustic-
phonetic properties that specify the identity of individual consonants and vowels, and
numerous studies have shown that listeners are sensitive to such variation [for an early
review, see Miller, 1981]. To take just one example, consider voice onset time (VOT),
a major property distinguishing voiced and voiceless syllable-initial consonants in
English: relatively short VOT values specify voiced consonants, whereas longer VOT
values specify voiceless consonants. There is now substantial evidence that VOT
varies systematically with speaking rate, such that VOT decreases as speaking rate
becomes faster, especially for voiceless stop consonants [Kessinger and Blumstein,
1997, Miller et al., 1986; Volaitis and Miller, 1992]. Moreover, there is also evidence
that listeners accommodate for such variation. As speaking rate becomes faster, both
the voiced-voiceless boundary along a VOT series [Summerfield, 1981], and the loca-
tion of the best voiceless exemplars along the series [Miller and Volaitis, 1989; Volaitis
and Miller, 1992; Wayland et al., 1994] shift to shorter VOT values, in accord with
the systematic changes that occur in VOT during production. Findings such as these,
which have been reported for a variety of acoustic-phonetic properties, document the
listener’s sensitivity to speaking rate when processing the individual consonants and
vowels of the language.

In the current paper, we focus our attention on the interface between lexical and
phonetic processing, and examine the influence of speaking rate on word segmentation,
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that is, on the identification of boundaries between words.! There has been consider-
able debate on the nature of the processes underlying word segmentation. A prominent
view in the field is that word segmentation per se does not precede word recognition,
but rather that word segmentation is itself a product of word recognition. That is to
say, the boundaries between words are defined as words are recognized. Some carly
accounts within this general view proposed that word recognition — and hence word
segmentation — occurs via a word by word recognition process, with words recog-
nized one after the other [e.g. Cole and Jakimik, 1980; Marslen-Wilson and Welsh,
1978]. More recently, proponents of this general view have argued that word recogni-
tion does not proceed word by word, but rather is achieved through activation and com-
petition among multiple lexical candidates that share potential word boundaries [e.g.
McClelland and Elman, 1986; Norris, 1994; Norris et al., 1995]. Of particular relevance
to the current paper, it is now well established that sublexical phonetically based infor-
mation about lexical boundaries can influence word segmentation, and researchers find
a role for phonetically based information in their accounts. For example, it has been
proposed that such information could modulate the activation-competition process, so
that lexical candidates consistent with the sublexical information are favored [Gow and
Gordon, 1995; McQueen, 1998; Norris et al., 1997; Shatzman and McQueen, 2006].

One kind of phonetically based information that plays a role in word segmentation
is allophonic variation. Although the speech signal does not contain pauses or other clear
markers between each word, the signal does contain some acoustic-phonetic informa-
tion that is correlated with word boundaries. More specifically, there is strong evidence
that phonetic segments are articulated slightly differently according to their position
within a word, and this leads to systematic allophonic differences in the speech signal.
For example, vowels at the beginning of words typically show distinctive laryngealiza-
tion and/or glottalization, and voiceless stop consonants at the beginning of words are
especially strongly aspirated (leading to long VOT values) [Dilley et al., 1996; Lehiste,
1960; Nakatani and Dukes, 1977]. As a consequence of allophonic variation, two utter-
ances (such as gray ties and great eyes), which have the same phonemic representation
(/gretaiz/), can differ systematically in their acoustic realization. Moreover, it is now
well established that listeners can use allophonic variation to identify the location of
word boundaries [Christie, 1974; Kirk, 2000; Lehiste, 1960; Nakatani and Dukes, 1977;
Quené, 1993; Shatzman and McQueen, 2006; Yersin-Besson and Grosjean, 1996].

Thus one source of information for word segmentation is the detailed acoustic-
phonetic information at word boundaries. However, as mentioned earlier, speaking
rate affects acoustic-phonetic characteristics of the speech signal, and this alteration
includes at least some of those characteristics known to play a role in word segmenta-
tion. The issue addressed in the current paper concerns the perceptual consequences of
this alteration. More specifically, when the only source of information for segmentation
is allophonic information (for example, when listeners are asked to determine whether
a given stretch of speech was intended as gray ties or great eyes), will listeners perform
equally well for fast and slow speech?

As noted earlier, it has been shown that listeners accommodate for changes in speak-
ing rate during phonetic perception. Consider again the example of voicing, specified
by VOT (reflecting degree of aspiration). As speech becomes faster the VOT values of
voiceless stop consonants become shorter, and listeners accommodate for such variation

! In this paper we use the expressions ‘word segmentation’ and ‘identification of word boundaries’ interchangeably.
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by shifting the location of the voiced-voiceless category boundary (and the location of
the best voiceless exemplars) along a VOT series toward shorter VOTs [e.g. Volaitis and
Miller, 1992]. It may be that the accommodation for changes in speaking rate extends
beyond phonetic perception per se and operates as well when acoustic-phonetic proper-
ties are used for word segmentation. If so, then even though in fast speech voiceless
stops have shorter VOTs — and are less strongly aspirated — listeners will nonetheless be
able to use aspiration to segment words just as easily in fast speech as in slow speech.
More generally, listeners might accommodate for the systematic variation in phonetic
properties resulting from changes in speaking rate, such that the efficacy of allophonic
information for word segmentation does not vary with modifications in rate.

However, there may be instances in which listeners accommodate only partially
(or not at all) for rate-induced changes in acoustic-phonetic properties when using
these properties for word segmentation. Again, consider the example of VOT for voice-
less stop consonants. As noted above, listeners accommodate for the shorter VOTs in
fast speech when using VOT to identify voiceless consonants; they shift the location
of the voiced-voiceless category boundary toward shorter VOTs. But they might find it
difficult to accommodate for the shorter VOT — the weakened aspiration — when using
aspiration for the identification of word boundaries: weaker aspiration might provide
a weaker cue to word-initial position. More generally, when allophonic properties are
used to specify the location of word boundaries, segmentation may be more difficult
for fast speech than for slow speech. We tested this possibility in experiment 1.

Experiment 1

The purpose of this experiment was to investigate whether speaking rate influ-
ences the ability of listeners to use allophonic information for the identification of
word boundaries. We focused on naturally occurring rate variation between talkers.
More specifically, we asked numerous talkers to produce two-word sequences (e.g.
gray ties) at what they considered to be a comfortable rate, and chose the speech of 4
naturally fast talkers and 4 naturally slow talkers for use in a forced-choice perceptual
identification experiment. Listeners were asked to indicate the intended segmentation
for each two-word sequence (e.g. indicate whether the above sequence was intended as
gray ties, great eyes, great ties, or gray eyes). We expected that listeners would be able
to use the allophonic information at word boundaries to perform this task at a reason-
ably high level of accuracy. The main question was whether accuracy would be worse
for the two-word sequences produced by the fast talkers than for those produced by the
slow talkers.

Method

Subjects
Thirty Northeastern University students took part in the perceptual identification experiment and
received course credit for their participation. Their mean age was 19 years.

Stimulus Materials
The stimulus materials used in the perceptual identification experiment consisted of naturally
produced versions of 36 two-word sequences (henceforth termed word-pairs), recorded by 4 naturally
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Table 1. Test word-pairs used in experiments 1 and 2

C#C CHV V#C VH#V
wipe pink wipe ink why pink why ink
/p/ grape pail grape ale gray pail gray ale
keep part keep art key part key art
might take might ache my take my ache
W great ties great eyes gray ties gray eyes
neat tape neat ape knee tape knee ape
bike coil bike oil buy coil buy oil
/k/ make coat make oat may coat may oat
weak cash weak ash we cash we ash

fast talkers and 4 naturally slow talkers. The procedures for recording and selecting the word-pairs are
described below.

Word-Pairs
The word-pairs to be recorded were originally designed by Mondini [2004] for an earlier study

on word segmentation. Four kinds of word-pairs were recorded: 36 test word-pairs, 48 filler word-
pairs, 12 practice-identification word-pairs, and 12 practice-identification filler word-pairs.

The 36 test word-pairs were made up of three quadruplets for each of the three voiceless stop
consonants (/p/, /t/, and /k/) used as the juncture consonant. Each quadruplet contained two word-pairs
with a contrastive juncture consonant (C#V, as in great eyes, and V#C, as in gray ties), one word-pair
with a geminate juncture consonant (C#C, as in great ties), and one word-pair with no juncture conso-
nant (V#V, as in gray eyes). The test word-pairs in the nine quadruplets are shown in table 1.

The 36 test word-pairs were developed by first compiling a list of 18 monosyllabic word-pairs
with contrastive word juncture (9 C#V and 9 V#C). These 18 word-pairs were based on two separate
lists of highly familiar words obtained from a lexical database for English (mean familiarity rating
across all individual words was 6.96 on a scale from 1 to 7, as reported by Nusbaum et al. [1984]). One
list comprised all monosyllabic words that ended with /p/, /t/, or /k/, with the constraint that when the
final consonant was removed, a word remained (e.g. great/gray). The second list comprised all mono-
syllabic words that began with /p/, /t/, or /k/, with the constraint that when the onset consonant was
removed, a word remained (e.g. ties/eyes). From these two lists, 18 word-pairs with contrastive word
juncture (9 C#V and 9 V#C, as in great eyes and gray ties) were created, 3 C#V and 3 V#C word-pairs
for each of the three juncture consonants /p/, /t/, and /k/.

The selection of these 18 test word-pairs was further constrained as follows. The first word of
the word-pair was either CV(C) or CCV(C) (the contrastive consonant is in parentheses). In addition,
given that according to English phonological constraints monosyllabic words can end in a long vowel
but not a short vowel, the initial words in the word-pairs all contained a long vowel; these were /av/,
/i/, and /e/. The final words in the word-pairs were all (C)VC or (C)VCC (with no constraint on the
vowel). Based on these 18 word-pairs with contrastive juncture (9 C#V and 9 V#C), two additional
sets of word-pairs were constructed, a set of 9 word-pairs with geminate juncture consonants (C#C, as
in great ties), and a set of 9 word-pairs with no juncture consonant (V#V, as in gray eyes). In the end,
any given word-pair was part of a quadruplet that consisted of four juncture types, C#V, V#C, C#C,
and V#V (as in great eyes, gray ties, great ties, gray eyes).

To help ensure that talkers produced the 36 test word-pairs as naturally as possible without exag-
gerating the juncture differences, 48 filler word-pairs were also generated. The 48 filler word-pairs
consisted of 12 quadruplets of monosyllabic word-pairs made up of nouns that varied in terms of
plural and possessive s (e.g. pen’s cap, pens’ cap, pen caps, pen cap). The filler word-pairs were not
presented to listeners in the perceptual identification experiment.

Finally, 12 practice-identification word-pairs and 12 practice-identification filler word-pairs
were also generated. The 12 practice-identification word-pairs, which had alternative segmentations
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(e.g. buy zinc, buys ink), were to be used as practice stimuli for the perceptual identification experi-
ment. The 12 practice-identification filler word-pairs were similar to the fillers described above.

The main production list to be presented to the talkers for recording was created as follows. A
stimulus block consisting of the 36 test word-pairs and 48 filler word-pairs (for a total of 84 items) was
repeated three times with a different within-block quasi-randomization. Care was taken to ensure that
both within and across blocks, the alternate segmentations for a particular test word-pair were sepa-
rated by at least 10 stimuli. After randomization, 4 practice-identification word-pairs and 4 practice-
identification filler word-pairs were added to the beginning of each block in mixed order, for a total of
92 word-pairs per block. The main production list thus consisted of 276 word-pairs (92 per block x 3
blocks). A randomized practice production list for the talkers was also generated; this consisted of one
instance of each of the 36 test word-pairs and 48 filler word-pairs.

Recordings

Fifty native English speakers (25 male and 25 female, mean age of 19 years) were recorded
individually in a sound-treated booth. (These were different from the subjects who took part in
the perceptual identification experiment.) All were Northeastern University students who received
course credit for participation. Each talker’s speech was recorded via a microphone (AKG C460B)
onto digital audiotape (TASCAM DA-P1 DAT recorder). The word-pairs appeared on a computer
screen in front of the talker, one word-pair at a time. Talkers were instructed to say each word-pair,
as it appeared, in the neutral sentence frame ‘He writes...” with emphasis on the first word of the
sentence (He). Each word-pair remained on the screen for 2,750 ms, with an interstimulus interval
of 1,500 ms. The talkers were asked to speak as naturally as possible, at whatever rate was most
comfortable for them.

At the beginning of the session, the talker was familiarized with the recording procedure through
the presentation of 8 word-pairs (different from those described above). This initial familiarization
was followed by presentation of the practice production list (84 trials). Finally, the main production list
(276 trials) was presented, with a break between blocks within the list. Recordings were transferred to
a Pentium PC at a sampling rate of 20 kHz using hardware for the CSL system (Kay Elemetrics Corp.).
Measurements were made from the sound files using Praat software [Boersma, 2001].

Talker and Token Selection

We selected one token of each of the 36 test word-pairs per talker as potential candidates for
inclusion in the stimulus set to be used in the perceptual identification experiment. These tokens were
selected such that there were no mispronunciations or hesitations, the two words in a given word-pair
had approximately equal stress, and there was no pause between the two words of a word-pair. Two
males were excluded because their productions did not yield at least one good token of each of the
36 test word-pairs. This left 48 talkers, 25 females and 23 males. For these talkers, we measured the
overall duration of each selected word-pair, and then computed mean test word-pair duration over the
36 test word-pairs for each talker. A one-way analysis of variance (male vs. female) on these talker
means showed a duration difference for male and female talkers [F(1, 46) = 11.52, p < 0.01], with
males (mean = 757 ms) producing shorter word-pairs than females (mean = 844 ms).

So as not to confound differences in speaking rate with possible gender differences in the stimuli
used for the identification experiment, we selected talkers of only one gender for the final stimulus
set. Given that females showed a somewhat wider spread in test word-pair duration than males, we
elected to use female talkers, and selected the 4 slowest and the 4 fastest talkers among the 25 females.
The mean word-pair duration (averaged over the 36 test word-pairs) ranged from 938 to 1,050 ms
for the 4 slowest talkers and ranged from 712 to 752 ms for the 4 fastest talkers. For each of these 8
female talkers, we also selected one of the practice-identification word-pairs, a different word-pair for
each talker. There were thus 296 word-pairs selected in all, 8 practice-identification word-pairs (one
per talker) and 288 test word-pairs (36 for each of 8 talkers). Each word-pair was extracted from its
sentence frame, and the extracted word-pairs were equated for root mean square amplitude. The sound
files for the word-pairs were then converted to a sampling rate of 22.05 kHz and digitally transferred
to a Macintosh G3 for use in the perceptual identification experiment. For purposes of explication, we
will refer to the word-pairs produced by the 4 naturally fast talkers as ‘fast-normal’ speech, and the
word-pairs produced by the 4 naturally slow talkers as ‘slow-normal’ speech.
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Procedure

The transferred word-pairs were used to create two stimulus sets, a practice set and a test set. The
practice set consisted of the 8 practice-identification word-pairs, and the test set consisted of the 288
test word-pairs.

Listeners were run individually in a sound-treated booth. The stimuli were presented online
from the Macintosh G3 using PsyScope software [Cohen et al., 1993], which also recorded the listen-
ers’ responses. The speech was presented through MDR-V6 earphones at 72 dB SPL. Listeners were
instructed to listen to each word-pair (e.g. great eyes), to make a selection among the four possible
choices that appeared in a row on the computer screen (e.g. great eves, great ties, gray ties, gray eyes),
and to click on their choice with the mouse. The left-to right order of the four choices was randomized
across trials. The four-choice visual presentation appeared 500 ms after the end of the auditory stimu-
lus, and the next auditory stimulus was presented 2,300 ms after the listener’s mouse click.

Each session consisted of the presentation of the practice set (8 trials), followed by presentation
of the test set (288 trials), with a break in the middle of the session. Each listener received a different
randomization of the two sets.

Results and Discussion

For each listener, we computed percent correct identification for each of the four
juncture types (C#C, C#V, V#C, and V#V) separately for the fast-normal speech and
the slow-normal speech. As can be seen in figure 1, the fast-normal speech was identi-
fied less accurately than the slow-normal speech for each of the four juncture types.
Overall, identification was 94.3% correct for the fast-normal speech and 96.8% correct
for the slow-normal speech. It is also apparent that performance varied with juncture
type, with identification best for the V#V stimuli and worst for the C#C stimuli. Two
two-way analyses of variance with the factors speaking rate (fast, slow) and juncture
type (C#C, C#V, V#C, V#V) performed on the arcsine-transformed data lend statistical
support to these observations. For one analysis (F) subjects was the random factor and
for the other analysis (F5) items was the random factor. The effect of speaking rate was
statistically significant in both analyses [F;(1, 29) =33.61, p <0.001; F»(I, 32) = 7.60,
p <0.01], as was the effect of juncture type [F (3, 87) = 19.65, p < 0.001: F»(3, 32) =
9.48, p < 0.001]. The interaction of rate and juncture type was not significant in either
analysis [F(3, 87) = 1.35, p > 0.10; F»(3, 32) < 1], indicating that the rate effect was
not modulated by juncture type.

The results of the experiment provide evidence that speaking rate can influence
the identification of word boundaries, with speech produced at a faster rate identified
less accurately than speech produced at a slower rate. Note, however, that the overall
magnitude of the rate effect was small: the difference in accuracy for the fast-normal
and slow-normal speech was only 2.5%. A question that arises is whether this differ-
ence accurately reflects the extent to which the difference between speech produced by
naturally fast and naturally slow talkers can influence performance, or perhaps underes-
timates the influence of rate due to a ceiling effect. The overall identification accuracy
(averaged across fast-normal and slow-normal speech) was very high (95.6% cor-
rect), suggesting that the task was quite easy for both the fast-normal and slow-normal
speech, and that especially for the slow-normal speech, performance (96.8% correct)
may have been at ceiling. To investigate whether a larger difference in identification of
the fast-normal and slow-normal speech might emerge under more difficult listening
conditions that precluded a ceiling effect, we conducted a second perceptual identifica-
tion experiment that assessed word segmentation in the context of background noise.
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Fig. 1. Percent correct identi-
75 fication for each of the four
C#C C#V VH#C VH#V juncture types, for the fast-nor-
Juncture type mal and slow-normal speech,
in quiet (experiment 1).

Experiment 2

Experiment 2 was identical to experiment 1, except that the word-pairs were pre-
sented in the context of background noise. Given the more difficult listening conditions,
we expected to find that overall identification was more difficult for both the fast-nor-
mal and the slow-normal speech, rendering performance well below ceiling. We also
expected that, as in experiment 1, the speech of the fast talkers would be identified less
accurately than the speech of the slow talkers. The critical question was whether the
magnitude of the difference between the fast-normal and slow-normal speech would be
larger than that found in the first experiment.

Method

Subjects

Thirty new Northeastern University students took part in this experiment and received course
credit for their participation. Their mean age was 19 years. One additional subject was tested but
replaced because his performance was substantially lower than that of the other subjects (he scored
more than two standard deviations below the mean). His replacement ensured that the error analyses
performed on the data from this experiment (see below) were not disproportionately affected by the
errors of one atypical subject.

Stimulus Materials and Procedure

The stimulus materials were the same as those used in experiment 1 (8 practice items and 288
test items). The procedure was also identical, except that the items were presented in a multitalker bab-
ble noise. This was a slightly modified version of the multitalker babble developed for the SPIN test
[Kalikow et al., 1977]. The continuous babble noise was presented from a DAT player and mixed with
the analog speech signal prior to earphone input. The babble noise was presented at 70 dB SPL and the
speech at 67 dB SPL, yielding a signal-to-noise ratio of —3 dB.
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Fig. 2. Percent correct identi-
75 fication for each of the four
C#C C#V V#C VH#V juncture types, for the fast-nor-
Juncture type mal and slow-normal speech,
in noise (experiment 2).

Results and Discussion

As expected, overall identification performance was worse in this experiment
(88.0% correct) than in the first experiment (95.6% correct). However, as shown in
figure 2, the pattern of results was similar in the most relevant respects to that found in
the first experiment. Performance again varied with juncture type, with identification
best for the V#V stimuli and worst for the C#C stimuli. Most important, identification
was again worse for the fast-normal speech (86.2%) than for the slow-normal speech
(89.9%), and this effect was generally found across juncture type (with a slight reversal
for the V#V stimuli).

As in experiment 1, two two-way analyses of variance with the factors speaking
rate (fast, slow) and juncture type (C#C, C#V, V#C, V#V) were performed on the arc-
sine-transformed data, one with subjects as the random factor (F) and one with items
as the random factor (F5). The effect of speaking rate was again statistically significant
in both analyses [F (1, 29) = 21.86, p < 0.001; F»(1, 32) = 4.18, p < 0.05], as was the
effect of juncture type [F(3, 87) = 34.47, p <0.001; F»(3, 32) = 6.72, p < 0.005]. The
interaction of rate and juncture type was significant in the subjects analysis [F (3, 87)
= 5.44, p <0.005]. However, it failed to reach significance in the items analysis [F5(3,
32)=1.53, p > 0.10], indicating that any modulation of the rate effect by juncture type
was not robust across stimulus items.

The most important finding of experiment 2 is that in noise, as in quiet, overall
identification performance varied as a function of speaking rate. Moreover, the mag-
nitude of the rate effect was similar in the two experiments, with a 3.7% difference in
accuracy between the fast-normal and slow-normal speech in the current experiment,
compared to a 2.5% difference in accuracy between these two types of speech in the
first experiment. Two analyses of variance on the combined arcsine-transformed data
from the two experiments (collapsing across juncture type), one by subjects (F;) and
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one by items (F5), provide statistical support for this observation. The two factors in
each analysis were speaking rate (fast, slow) and listening condition (quiet, noise). The
analyses showed significant effects of both speaking rate [F;(1, 58) = 59.60, p < 0.001;
Fo(1,35) = 8.53, p <0.01) and listening condition [F (1, 58) = 84.13, p <0.001; Fy(1,
35)=65.24, p < 0.001], but no interaction between the two factors [F (1, 58) < 1; Fy(1,
35) < 1]. Thus, the change in rate had the same magnitude of effect on identification in
quiet and in noise.

In a final analysis, which focused on the data from experiment 2, we examined
the pattern of errors that occurred for the fast-normal and slow-normal speech. (We
did not conduct a comparable analysis for the data in experiment 1 because there were
so few errors overall.) There is evidence from the spoken word recognition literature
suggesting that word onsets may play an especially important role in lexical access [for
discussion, see Gow and Gordon, 1995]. More directly, previous research has indicated
that postjuncture word-initial information is perceptually more salient than prejunc-
ture word-final information in specifying the location of word boundaries [Nakatani
and Dukes, 1977; Quené, 1993]. Given these findings, we might expect that for the
word-pairs tested in the current experiment, errors will tend to preserve the word-initial
phonetic segment of the second word in the word-pair. For example, consider the C#V
Jjuncture type. Three possible error responses are possible, C#C, V#C, and V#V. Only
one of these, V#V, preserves the word-initial segment (V). Thus we would expect that
V#V errors would predominate for a C#V stimulus.

To determine whether such a pattern held for our data, we examined the type of
error response (C#C, C#V, V#C, V#V) that occurred for each stimulus type (C#C, C#V,
V#C, V#V), and did so separately for the fast-normal and slow-normal speech. Table
2 presents the results of this analysis. For each stimulus type, the percentage of errors
that occurred for each possible response type is shown. As is apparent, for all eight
cases (four stimulus types at two speaking rates), the errors are not equally distrib-
uted across the possible response types. This observation was confirmed by separate
x* analyses for each of the eight cases on the number of errors across response type;
in all cases, ¥*(2) > 17, p < 0.001 (corrected for multiple tests, a = 0.006). Moreover,
the distribution of errors in all eight cases is consistent with the primacy of word-
initial information for segmentation. For both the fast-normal and slow-normal speech,
C#C stimuli yielded mostly V#C errors, C#V stimuli yielded mostly V#V errors, V#C
stimuli yielded mostly C#C errors, and V#V stimuli yielded mostly C#V errors. Thus
across speaking rates, errors tended to preserve the postjuncture phonetic segment.?

2 The question arises as to whether the error pattern could be due to differences in the familiarity of the word-pairs.
Although, as noted earlier, the 18 individual words used to construct the 9 word-pairs were all highly familiar, given
the many constraints on word-pair construction, the word-pairs themselves clearly varied in familiarity. To obtain a
rough estimate of familiarity, we used the Altavista search engine on the internet to determine the frequency of each
of the 9 word-pairs in its database. The word-pairs received over 18 million hits and (collapsing across word-pairs)
the ordering of stimulus types, from most to least frequent, was C#C, V#C, V#V, C#V. This ordering does not account
for the relative accuracy in identifying these stimulus types: in both experiments 1 and 2, identification was least
accurate for the C#C stimuli and most accurate for the V#V stimuli (for both the fast-normal and slow-normal stim-
uli). Moreover, this ordering does not account for the specific error pattern found in experiment 2: in two cases the
most frequent response type was more frequent than the stimulus type (V#V for C#V and C#C for V#C), but in the
other two cases it was less frequent (V#C for C#C and C#V for V#V). Thus although we cannot rule out the possibil-
ity that the familiarity of the word-pairs influenced the specific pattern of results in some way, it is unlikely that it was
the major influence. Importantly, familiarity could not have accounted for the main finding, a decrease in accuracy for
fast compared to slow speech, given that precisely the same word-pairs were tested at the two speaking rates.
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Table 2. Distribution of error response types (in percentage) for each stimulus type, for fast-normal
and slow-normal speech, in experiment 2

a Fast-normal speech

Error response type
Stimulus type C#C C#vV V#C V#V
C#C - 22 77 1
C#V 12 - 25 63
V#C 49 40 - 11
V#V 4 65 31 -

b Slow-normal speech

Error response type
Stimulus type C#C CH#V V#C V#V
C#C - 29 69 1
C#V 18 - 20 63
V#C 59 16 = 25
V#V 8 49 43 -

General Discussion

The purpose of this investigation was to examine whether speaking rate influences
a listener’s ability to identify the location of word boundaries. Earlier research has
shown that one source of information listeners can use for word segmentation is allo-
phonic variation: talkers pronounce some aspects of consonants and vowels differently
depending on their position in a word, and listeners can use this information to help
segment the stream of speech [e.g. Nakatani and Dukes, 1977]. It is also known that
a change in speaking rate can alter the precise acoustic-phonetic characteristics of the
individual consonants and vowels of the language [Miller, 1981], and does so in a way
that causes at least some properties that can specify the location of word boundaries
to become less distinctive [e.g. Miller et al., 1986]. Thus word segmentation based on
allophonic information may become more difficult when speaking rate becomes faster.
We tested this possibility in two experiments.

In both experiments, we presented listeners with two-word sequences that poten-
tially had alternate segmentations involving voiceless stop consonants, and asked them
to choose the intended segmentation in a forced-choice identification task. The natu-
rally produced speech of 8 talkers was tested. The talkers had been instructed to produce
the sequences at whatever rate was comfortable for them, and we chose the speech of
4 “fast talkers’ and 4 ‘slow talkers’ for the identification experiment. In the first experi-
ment the two-word sequences were presented in quiet, and in the second experiment
they were presented in the context of a multitalker babble noise. As expected, overall
performance was poorer in noise than in quiet. Of critical importance, in both experi-
ments there was a disadvantage for the speech of the fast talkers.

An examination of the error patterns for the second experiment indicated that for
the speech of both the fast and the slow talkers, the errors made by listeners tended
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to preserve word-initial information. This pattern of findings is in accord with pre-
vious research indicating that postjuncture word-initial information is more salient
than prejuncture word-final information in specifying the location of word boundaries
[Nakatani and Dukes, 1977; Quené, 1993] and, furthermore, indicates that the pattern
holds across variation in rate. Thus although changes in rate can influence how well
listeners use allophonic information to segment speech, they seem not to produce a
qualitative change in listeners’ relative use of postjuncture versus prejuncture informa-
tion for locating word boundaries.

Taken together, the results of the two experiments provide clear evidence that
speaking rate can affect the ability of listeners to use allophonic information for word
segmentation, with poorer segmentation for faster speech. Thus listeners do not always
accommodate fully for rate-induced changes in acoustic-phonetic properties, at least
with respect to locating the boundaries between words.

The influence of speaking rate in the current experiments is particularly notewor-
thy given that the two-word sequences used as stimuli were all produced at what the
talkers themselves considered to be a comfortable rate; the talkers were not induced
to talk quickly or slowly. Thus natural variation in speaking rate across talkers is suf-
ficient to produce changes in how well listeners can use acoustic-phonetic detail to
segment speech. Note, however, that although the effect of speaking rate was statis-
tically significant in both experiments, it was quite small. Averaging across the two
experiments, there was a 3.1% advantage for the speech of the slow talkers over that
of the fast talkers (the magnitude of the effect did not differ statistically across the
experiments). Whether larger rate effects might be found with different stimulus or task
conditions remains to be determined. For example, larger rate effects might emerge
with larger differences in rate across talkers, or if rate were manipulated within talkers,
by instructing them to vary speaking rate from very fast to very slow. Such manipula-
tions would presumably magnify any difference in the distinctiveness of allophonic
information across changes in rate, and this in turn could lead to a larger overall effect
of rate on word segmentation. Task changes might also lead to larger rate effects. For
example, an open-ended response format, rather than a forced-choice response format,
might exacerbate the relative difficulty in segmenting fast speech, leading to a larger
overall effect. Note that if larger effects do emerge under different conditions, it will
be of particular interest to determine whether the pattern of errors found in the current
study is maintained.

It is likely that many properties of the particular two-word sequences we used
as stimuli were used by listeners to segment the speech into words. This presumably
includes the degree of aspiration in the juncture consonant (/p, t, k/), as well as the
degree of laryngealization/glottalization of the adjacent vowel. The precise nature of
the critical allophonic variation listeners used and, most importantly, how this informa-
tion changed across speaking rate are beyond the scope of the present paper and remain
to be determined. Note that this will require not only detailed acoustic analyses, but
also experiments that systematically manipulate potentially important allophonic infor-
mation across changes in rate in order to assess the listener’s use of such information
for word segmentation. And, of course, it will also be important to examine how speak-
ing rate influences other types of allophonic variation at word boundaries, not just that
involving voiceless stop consonants. The present findings provide the basis for such
future analyses and experiments by demonstrating that speaking rate can influence the
efficacy of allophonic information for segmenting words.
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Finally, the present findings have implications for models of word recognition.
As noted in the introduction, a prominent view in the field is that word segmentation
per se does not precede word recognition, but that it is a by-product of the word rec-
ognition process. Within this view, many argue that word recognition (and hence word
segmentation) occurs through activation and competition among lexical candidates that
share potential word boundaries, and some adherents of this view propose that sublexi-
cal information, including allophonic variation, can modulate this activation-competi-
tion process, with increased activation occurring in favor of lexical candidates that are
consistent with the sublexical information [e.g. Shatzman and McQueen, 2006]. The
current findings raise the possibility that the extent to which allophonic information
modulates the process might itself depend on the rate at which the speech was pro-
duced, with a larger role in slower speech.
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