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Abstract: Perception of duration is critically influenced by the speaking rate of the surrounding context. However, to what
extent this speaking rate normalization is talker-specific is understudied. This experiment investigated whether Japanese lis-
teners’ perception of temporally contrastive phonemes is influenced by the speaking rate of the surrounding context, and
more importantly, whether the effect of the contextual speaking rate persists across different talkers for different types of con-
trasts: a singleton-geminate stop contrast and short-long vowel contrast in Japanese. The results suggest that listeners general-
ized their rate-based adjustments to different talkers’ speech regardless of whether the target contrasts depended on silent
closure duration or vowel duration. Our results thus support the view that speaking rate normalization is an obligatory pro-
cess that happens in the early phase of perception. VC 2022 Author(s). All article content, except where otherwise noted, is licensed under
a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Even within a single language, there are significant variations in how people speak. Speed is one aspect of speech that
varies considerably; some people speak faster than others (Crystal and House, 1988; Quen�e, 2008), and the same person
may speak faster or slower on different occasions (Miller et al., 1984). It has been demonstrated that listeners take this
variation in speaking rate into account when processing speech (Bosker, 2017; Hirata and Whiton, 2005; Idemaru and
Guion-Anderson, 2010; Reinisch et al., 2011a; Summerfield, 1981; Wayland et al., 1994). One piece of evidence for rate-
dependent speech perception is the phonetic boundary shift in listeners’ perception of temporally contrastive phonemes.
For example, the perceptual boundary between English /b/ vs /p/—characterized by different VOT durations—changes
depending on the rate of the surrounding speech (Kidd, 1989; Miller and Dexter, 1988; Sawusch and Newman, 2000).
More specifically, perception of the English /p/-/b/ continuum (as in rapid vs rabid) is biased toward /p/ when the target
word including these sounds follows a faster precursor phrase than a slower precursor phrase (Gordon, 1988). Similar
effects have been found in perception of other contrasts involving temporal cues (Reinisch, 2016; Reinisch and Sjerps,
2013), manner of articulation (Wade and Holt, 2005), lexical stress (Reinisch et al., 2011a), word segmentation (Reinisch
et al., 2011b), as well as in the perception of function words (Baese-Berk et al., 2014; Dilley and Pitt, 2010).

One question that arises is how strongly listeners’ rate-based normalization is associated with a specific talker’s
voice. That is, are listeners’ auditory normalizations of phonetic temporal cues based on general auditory input (e.g.,
speech produced by multiple talkers) or are they based on the speech produced by a specific talker? Newman and
Sawusch (2009) provide considerable insight into this question. By testing rate-dependent perception of the English /k/-/g/
continuum, the authors have demonstrated that English listeners use speech rate information pertaining to one voice (e.g.,
the precursor in a male voice) to adjust their perception of another voice (e.g., the target in a female voice). Such
cross-talker rate-normalization was observed even when the precursor and the target in different voices were delivered to
listeners’ different ears, indicating that different spatial location of the talkers did not block the occurrence of cross-talker
rate-normalization. Rate normalization of the irrelevant voice was blocked, albeit not completely, only when rate informa-
tion was simultaneously available in both the irrelevant and the relevant voices. Given these results, and given the results
of their previous work and that of others (Miller and Dexter, 1988; Newman and Sawusch, 1996; Sawusch and Newman,
2000), the authors have proposed that speaking rate normalization is an obligatory process that happens in the early phase
of perception, arguably before talker-specific information is processed.

If this conclusion by Newman and Sawusch is on the right track, rate normalization across different talkers
should occur with other duration-cued contrasts and in other languages. To test this prediction, the current study extends
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the scope of the hypothesis of Newman and Sawusch (2009) by examining the perception of two duration-cued contrasts
in Japanese. Japanese has a singleton-geminate consonant contrast (e.g., /k/-/kk/) as well as a short-long vowel contrast
(e.g., /e/-/ee/). Both of these contrasts are primarily based on durational differences (Vance, 2008) and rate-dependent per-
ception has been reported at least for the singleton-geminate contrast (Hirata and Whiton, 2005; Idemaru and Guion-
Anderson, 2010). Whereas the English /k/-/g/ continuum in Newman and Sawusch (2009) varied from 14 to 72ms along
the VOT continuum (with a difference of 58ms), the critical duration of the Japanese stop and vowel length contrasts
may vary in the range of 80–100ms (e.g., the duration varies from 60ms to 140ms in the current study) [see also
Kawahara (2015) for a summary of previous acoustic studies]. While the typical rate effects were around 3%–4% in
Newman and Sawusch (2009), the larger variation in the critical feature in Japanese may provide an opportunity to
observe more robust rate normalization effects across talkers.

Furthermore, the two contrasts examined here (i.e., singleton-geminate stops and short-long vowels) differ in
terms of the content of the duration information. While the singleton-geminate contrast is cued by the duration of the
silent closure, the short-long vowel contrast is cued by the duration of the intervals that are “spectrally rich,” which may
include talker-specific information. This subtle difference might result in a different degree of rate-based adjustment [cf.
Kraljic and Samuel (2005), (2006), (2007)]. However, given the consistent cross-talker rate normalization found in
Newman and Sawusch (2009), and also given the fact that the target stop is surrounded by vowels in our test word, the
likelihood that we may find differences between the stop and the vowel target may be slim. Nonetheless, the basic and the
potentially critical difference between the two target segments, namely, that one contains while the other lacks talker infor-
mation, is an interesting possibility to explore.

2. Methods

2.1 Participants

Participants were 15 native Japanese listeners (11 females, 4 males; age mean¼ 21.2 years, range¼ 20–26 years), who were
residing in the US at the time of testing. None of them reported a history of speech or hearing impairment.

2.2 Materials

The precursor phrase was /kikoeta-kotoba-wa/ (“the word I heard was ___”). The target segments, stop consonant and
vowel, were embedded word-medially in non-words: /heko-hekko/ (consonant) and /hesu-heesu/ (vowel). Two native
Japanese talkers (1 female, 1 male), who did not participate in the experiment as listeners, recorded multiple tokens of the
precursor phrase and both singleton and geminate versions of the target words. The talkers were residing in the US at the
time of recording, and all spoke Tokyo Japanese. In a sound booth, the materials were displayed on the computer screen
one at a time; the presentation was self-paced. The speech was recorded using a microphone that was directly connected
to a desktop computer, using a mono channel at a sampling rate of 44 100Hz (16 bit) using the PRAAT speech analysis soft-
ware package (Boersma and Weenink, 2015). The target words were produced with a high-low or high-low-low pitch pat-
tern [i.e., with initial pitch accent, the default accent pattern for nonce words: e.g., Kubozono (2006)]. The clearest tokens
of the precursor phrase and target words were chosen from each talker.

The durations of the precursor phrase and segments in the target words were adjusted using the Pitch
Synchronous Overlap and Add (PSLOA) algorithm in PRAAT. The precursor and target word durations of the two selected
talkers were adjusted to be the mean durations of their productions (the “normal” speech rate condition). This mean dura-
tion of the precursor phrase was further manipulated through linear expansion (factor of 1.6) and linear compression
(factor of 1/1.6¼ 0.625) with PSOLA, resulting in three rates: fast, normal, and slow. These precursor phrases were RMS
normalized to 75 dB. To create target word continua, the duration of the target segments (i.e., /k/ in /heko-hekko/ and /e/
in /hesu-hessu/) were manipulated in five 20ms steps (i.e., 60, 80, 100, 120, 140ms) so that the range encompassed typical
short and long segments (Kawahara, 2015). The target words were then RMS normalized to 70 dB.

Finally, the precursor phrase and target words were concatenated so that all precursors (3 rates� 2 talkers) were
combined with all target words (2 segments� 5 durations� 2 talkers), resulting in 120 unique stimuli. Congruent stimuli
were those in which the voice of the precursor and the target matched, and incongruent stimuli were those in which the
precursor and target voices did not match.

2.3 Procedure

Participants were seated in front of a computer wearing headphones in a sound-attenuated room. A forced-choice percep-
tion experiment was delivered via PSYCHOPY (Peirce, 2007). In each trial, participants heard a sentence through the head-
phones, simultaneously saw two response choices (e.g., /heko/ and /hekko/) in Japanese orthography on the screen, and
were asked to choose the word they heard by pressing the key “f” (short: /heko/ or /hesu/) or “j” (long: /hekko/ or /heesu/).
They were instructed to respond as quickly and accurately as possible. Consonant and vowel trials were blocked, and the
order of the two blocks was counter-balanced across participants. Within each block, there were two practice trials preced-
ing the test trials, and the test stimuli (i.e., 60 consonant stimuli and 60 vowel stimuli) were presented to each participant
in 5 randomized orders. The entire session lasted approximately 45min.
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2.4 Analysis

A mixed effects Bayesian logistic regression model was fit to the data. The dependent variable was the binary long vs short
responses. The fixed factors were (1) centered duration, (2) segment type (vowel vs consonants), (3) precursor speed (fast
vs normal; fast vs slow), and (4) the precursor congruency as well as all their interaction terms. A random intercept for
participants as well as a random slope for all the fixed factors and their interaction terms were included in the model, as
Bayesian analyses are less likely to face convergence issues than corresponding frequentist analyses [e.g., Eager and Joseph
(2017)], especially when regularizing priors were used.

The prior for the intercept was set to be normal (0, 1) weakly informative priors (Lemoine, 2019). For all fixed
effect coefficients, we use a Cauchy prior with scale¼ 2.5 (Gelman et al., 2008). The analysis was implemented using the
BRMS package (B€urkner, 2017) and R (ver. 4.0.2). Four chains were run, each with 2000 iterations, the first half of which
were discarded as warmups. All the R-hat values associated with the fixed effects were 1.00, suggesting that the four chains
mixed successfully. The raw data, the analysis script, the whole regression result as well as all the posterior samples of the
estimates are available at OSF (2022). In this paper, we report 95% Credible Intervals (95% CrI) for the effects that are of
interest as well as those effects that were found to be credible, and refer the readers to the markdown file that is available
at the OSF repository for the full detail. While Bayesian analyses do not force us to interpret the results in terms of a
“significant vs non-significant” dichotomy, we interpret a particular effect to be meaningful as long as its 95% CrI does
not contain 0.

One advantage of resorting to a Bayesian analysis is that it allows us to access how credible a null effect is,
whereas in frequentist analyses, the best we can conclude is that we cannot reject the null hypothesis (Gallistel, 2009). To
this end, we deployed a ROPE (region of practical equivalence) analysis (Kruschke and Liddell, 2018). In this approach,
we define a region that is practically equivalent to a point hypothesis (here b¼ 0). For the current purpose we took the
width of this region to be a negligible standardized effect size of 0.1 in the sense of Cohen (1988), which is 0.18 in logistic
regression analyses (Makowski et al., 2019). In short, if a posterior distribution of an estimate of a particular parameter is
fully contained in [�0.18, 0.18], we accept that null effect (Kruschke and Liddell, 2018). The markdown file also reports,
for each estimated parameter, how many posterior samples are contained in this ROPE.

3. Results

Figure 1 illustrates the proportion of long responses (i.e., /hekko/ or /heesu/) across the five steps of the target segment
duration continua and three levels of precursor rate (fast, normal, or slow) by congruency (congruent vs incongruent). We
first present the results involving those of consonant, which was the reference level for the factor segment. As expected,
the effect of duration was credible in such a way that longer duration induced more “long” responses (b¼ 0.12, 95% CrI
[0.09, 0.14]). The difference between the fast precursor and normal precursor was also meaningful (b¼�1.24, 95% CrI
[�1.60, –0.89]), with the latter inducing less “long” responses. The difference between the fast precursor and slow precur-
sor was also credible (b¼�1.22, 95% CrI [�1.64, –0.82]) in the same direction. We thus observed robust normalization
effects in our results in that the perception of target duration depended on the speaking rate of the precursor.

Fig. 1. Proportion of “long” responses for two segments (consonant /hekko/ or vowel /heesu/) for three levels of precursor rate (fast, normal,
slow) across five steps of target stop closure or vowel duration (ms) by congruency (congruent vs incongruent). Error bars indicate the 95%
confidence interval of the mean.
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The estimate for interaction between the consonant duration and the congruency (b¼�0.01, 95% CrI [�0.03,
0.02]) was fully contained in the ROPE of [�0.18, 0.18], which suggests that the way the duration continuum was per-
ceived did not differ between the congruent condition and incongruent condition. More relevant to our research question,
the two three-way interactions between duration� congruency� fast vs normal (b¼ 0.02, 95% CrI [�0.01, 0.05]) and
duration� congruency� fast vs slow (b¼ 0.00, 95% CrI [�0.02, 0.03]) can also considered to be null, suggesting that the
degrees to which the three precursors affected the perception of consonant duration did not differ between the congruent
and incongruent conditions. In other words, listeners adjusted their perception of duration depending on the rate of the
precursor to the same degree whether the target and the precursor were spoken in the same voice or different voices. This
result is consistent with the hypothesis advanced by Newman and Sawusch (2009).

Furthermore, the two four-way interactions, duration� congruency� fast vs normal� consonant vs vowel
(b¼�0.02, 95% CrI [�0.05, 0.02]) as well as duration� congruency� fast vs slow� consonant vs vowel (b¼�0.02, 95%
CrI [�0.06, 0.01]) can also considered to be both null. These results demonstrate that the effects of congruency on rate-
based normalization did not differ between stop-based contrasts and vowel-based contrasts. Here, we extend the scope of
the conclusion by Newman and Sawusch (2009) in that cross-talker adjustment of the target duration is observed whether
the target is a stop or a vowel. The talker-specific information contained in the vowel, to the extent that it is present in
our stimuli, does not block or modulate the cross-talker normalization of segmental duration [though see also Kraljic and
Samuel (2005), (2006), (2007)].

Albeit being less directly relevant to our research question, we have found some complicated patterns in our
results as well. Congruency had a credible effect in such a way that incongruent precursors induced more “long” responses
(b¼ 0.80, 95% CrI [0.28, 1.36]), for which we do not have a clear explanation. Vowels were generally less likely to be
judged as “long” than consonants (b¼�2.06, 95% CrI [�2.41, –1.71]). The effects of duration meaningfully interacted
with consonant vs vowel distinction such that the effects of duration increase were less pronounced in vowels (b¼�0.04,
95% CrI [�0.06, –0.02]). The effect of congruency interacted with the consonant vs vowel distinction such that the con-
gruency difference was more pronounced in vowels than in consonants (b¼ 1.39, 95% CrI [0.92, 1.89]). The difference
between the effect of fast vs normal also differed between vowels and consonants (b¼ 1.02, 95% CrI [0.52, 1.51]).
Whereas we have no explanation for the varying effect of congruency on the response, those involving differences across
the consonant vs vowel may be due to the design of the stimuli. While we used the range varying from 60 to 140ms for
both vowel and stop duration, this range may not optimally fit the natural variation of vowel duration. That may have
caused fewer “long” responses to vowel continua and other effects involving vowel. A follow-up experiment using a differ-
ent duration range is necessary to address this possibility.

4. Discussion

The present study investigated whether listeners’ perception of temporally contrastive phonemes is influenced by the
speaking rate of the precursor phrase when the speaker of the precursor and the target word match (congruent) and mis-
match (incongruent), and whether this pattern differs for different target contrasts: the Japanese singleton-geminate stop
contrast (i.e., /k/-/kk/) and the short-long vowel contrast (i.e., /e/-/ee/). The results demonstrated the effect of precursor
rates in both congruent and incongruent conditions, and this pattern persisted for both contrasts. That is, the faster the
precursor rate, the more often the target phoneme was perceived as the “long” phoneme (i.e., geminate stop /kk/ and long
vowel /ee/) even when the speaker of the precursor phrase differed from the speaker of the target word.

The present results appear to suggest that listeners’ rate-based adjustments are independent of talkers. Listeners
adjusted their perception of temporally cued segments (short vs long consonants and vowels) using the speaking rate of
the surrounding context even when the context was spoken in a different voice than that of the critical segment. These
results are consistent with the results of Newman and Sawusch (2009), and in turn seem to support the proposal that rate
normalization is an obligatory process, where listeners use any available information to make rate-based adjustments
(Miller and Dexter, 1988; Newman and Sawusch, 2009; Sawusch and Newman, 2000). Our current study succeeded in
extending the scope of this proposal by using data from a language other than English and with novel contrast types. We
also found larger rate normalization effects (i.e., the difference in the percentage of long response between the fast and
slow rate) for the Japanese short-long contrasts (15% for the consonant; 11% for the vowel) than were reported for the
English /k/-/g/ contrast [3%–4%, Newman and Sawusch (2009)].

Studies have shown that listeners’ rate-based adjustments occur even for the irrelevant talker’s voice when pre-
sented simultaneously with the relevant talker’s voice (Newman and Sawusch, 2009) and under conditions with varying
attentional demands (Bosker et al., 2017). The present results contribute to these lines of research demonstrating that rate
normalization across talkers occurs with the target segment that signals the talker difference (i.e., vowels). The current
result may be taken as further evidence for the claim that rate-based speech perception is governed by general auditory
normalization processes that occur early in perception (Bosker et al., 2017; Kingston et al., 2009; Sawusch and Newman,
2000; Wade and Holt, 2005) That is, extraction of rate information may occur earlier than segregation of voices, with the
rate information affecting subsequent auditory processing.

Given this seemingly obligatory nature of rate-based speech perception, future research may address what factors
block cross-talker rate normalization. In other words, when listeners are faced with situations in which multiple people are
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speaking, constantly adjusting their perception strategies regardless of the source of the voice does not seem to be an effi-
cient process. Newman and Sawusch (2009) have shown that rate information in the relevant voice that is simultaneously
available with the rate information in an irrelevant voice reduces the use of the irrelevant voice. Prior training or habitua-
tion to the relevant voice, visual display of the relevant speaker (if gender distinguishes the talkers), or disruption of the
speech flow (e.g., a long pause between the precursor and the target) may block or modulate the application of cross-
talker rate normalization.
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