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ABSTRACT
When speakers engage in conversation, acoustic features of their utterances sometimes converge.
We examined how the speech rate of participants changed when a confederate spoke at fast or slow
rates during readings of scripted dialogues. A beat-tracking algorithm extracted the periodic relations
between stressed syllables (beats) from acoustic recordings. The mean interbeat interval (IBI) between
successive stressed syllables was compared across speech rates. Participants’ IBIs were smaller in the
fast condition than in the slow condition; the difference between participants’ and the confederate’s IBIs
decreased across utterances. Cross-correlational analyses demonstrated mutual influences between
speakers, with greater impact of the confederate on participants’ beat rates than vice versa. Beat
rates converged in scripted conversations, suggesting speakers mutually entrain to one another’s
beat.

Humans are generally social creatures that crave acceptance. Group affiliation
can be facilitated when an individual changes his or her behavior in such a way
that it conforms to the norms of the group (Giles, 1977). According to the com-
munication accommodation theory (Giles, 1977), conversational partners change
their behaviors, such as speech or gesture, during an interaction to communicate
effectively and show affiliation with a group. Specifically, conversational partners
converge upon a common speech style. Previous research has shown that inter-
locutors within a conversation converge in terms of respiration (McFarland, 2001),
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pronunciation (Pardo, 2006), pitch (i.e., fundamental frequency) and syllable
duration (Bosshardt, Sappok, Knipschild, & Holscher, 1997), and intensity (Huber,
2008; Natale, 1975). The convergence of speech rate within a conversation, how-
ever, has received little attention (but see Manson, Bryant, Gervais, & Kline, 2013;
Street, 1984; Webb, 1969, 1972). Speech rate is of significant interest because it
varies considerably during normal conversation (Miller, Grosjean, & Lomanto,
1984) and can substantially alter the acoustic information that permits listeners
to discriminate one speech sound from another (Volaitis & Miller, 1992). The
present study investigates the convergence of speech rate in scripted, turn-taking
conversations between a confederate and participants.

SPEECH RATE CONVERGENCE AND INTERPERSONAL SYNCHRONY

Only a few papers have examined speech rate convergence, and most of these
have measured speech rate as the number of syllables per second (or syllables
per minute). Jungers, Palmer, and Speer (2002) showed that listeners changed
their speech rate to match those of auditory recordings of a speaker who spoke
at fast or slow rates. Similarly, Cummins (2009) established that speakers can
adjust their speech timing to occur simultaneously with audio recordings. In
natural conversation, Street, Street, and Van Kleek (1983) demonstrated that the
speech rates of female children and female adults converged for three out of
four children. However, the convergence of speech rate in natural conversation
has remained elusive except under certain circumstances: same-sex male but not
same-sex female dyads converged when instructed to imitate (Pardo, Jay, & Krauss,
2010), and those initially assigned an instructor role in a conversation converged
more when they assumed a receiver role compared with those who were initially
assigned the receiver role (Pardo et al., 2013). In the context of interviews, positive
correlations have been demonstrated between the speech rates of interviewers
and interviewees (Street, 1984; Webb, 1969, 1972). Taken together, these results
suggest that speech rate can converge between two speakers, but what is the
cognitive mechanism that underlies speech rate convergence?

Wilson and Wilson (2005) suggested that a similar mechanism underlies speech
rate convergence in turn-taking conversation and interpersonal coordination when
moving to a common beat. The beat, a percept, is a regular temporal pulse that
can be abstracted from a signal based on salient features, such as changes in pitch
and intensity (London, 2012; Povel & Essens, 1985). It is arguable that the most
pervasive situation in which the beat is perceived, and subsequently acted upon,
is spontaneous synchronization to music and dance. For example, Janata, Tomic,
and Haberman (2012) found that people spontaneously tap their foot or bob their
head while listening to music and that the prevalence of these movements relates
to how strongly the music implies a beat. People also spontaneously coordinate
movements with one another when performing periodic actions, such as pendu-
lum swinging (Schmidt, Richardson, Arsenault, & Galantucci, 2007) and rocking
in rocking chairs (Richardson, Marsh, Isenhower, Goodman, & Schmidt, 2007).
In speech, listeners perceived regular beats in recordings of English and French
utterances, and both English and French speakers perceived greater regularity for
English compared to French utterances (Lidji, Palmer, Peretz, & Morningstar,
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2011). Therefore, listeners in a conversational dynamic may extract beats from a
speaker’s vocal productions in a similar way to that shown in music and, conse-
quently, the perceived beats may affect their vocal productions when it is their turn
to speak. It follows that the same mechanisms could be involved in both speech
rate convergence and beat synchronization.

A mechanism for how people synchronize to the beat is offered by the dy-
namic attending theory (Jones, 2009; Large & Jones, 1999), which describes
expectancy as sinusoidal neural oscillations that synchronize with, and adapt to,
temporal regularities in an external signal. The process by which neural oscilla-
tions synchronize with an external beat is called entrainment, and there is some
evidence that this occurs during the perception of nonlinguistic auditory rhyth-
mic sequences (Nozaradan, Peretz, & Mouraux, 2011, 2012). Wilson and Wilson
(2005) propose that entrainment is also responsible for speech rate convergence
within a conversation. Coordination of the EEG signals of speakers and listeners
has been demonstrated when listeners are asked to focus on one of two super-
imposed audiovisual human speakers (Kuhlen, Allefeld, & Haynes, 2012). While
entrainment of neural oscillations was not examined per se, there was evidence
that listeners’ EEG signals were correlated with the speaker’s EEG signal at multi-
ple lags hypothesized to correspond to multidimensional information conveyed by
the speaker; regularities in speech timing might be one such dimension in which
speakers and listeners coordinate.

For turn-taking conversations, the dynamic attending theory would posit that the
neural oscillations of the interlocutors would become coupled: the listener would
entrain to the speech rate of the speaker’s vocal productions. Consequently, when
it is the listener’s turn to speak, the rate of the listener’s vocal productions would
be influenced by the speech rate of the previous speaker. Through turn taking,
interlocutors would be given the opportunity to entrain to each other’s speech
rate and should demonstrate convergence. Thus, there would be a bidirectional
relationship where each of the interlocutors is affecting the other’s speech rate.
Based on the dynamic attending theory, it was expected that a confederate’s speech
rate would influence that of participants and vice versa.

Wilson and Wilson (2005) claim that the syllable is the most likely basis for en-
trainment in speech across languages due to differences in stress patterns between
stress-timed, syllable-timed, and Mora-timed speech. Although there is evidence
to support differences between stress-timed and syllable-timed languages (e.g.,
Bertinetto & Fowler, 1989; Ramus & Mehler, 1999), several authors have ar-
gued that these classifications are not as distinct as once thought (e.g., Arvaniti,
2012; Dauer, 1983; for a review, see Cummins, 2012). Regardless of how distinct
these categories are, all languages contain patterns of acoustic stress arising from
changes in duration, intensity, and frequency in the speech signal. Here, we pro-
pose that people entrain to speech in the same way as to music, that is, not to each
syllable or note onset but instead to regular patterns of intensity and frequency that
are perceived as speech stress. To measure the beat of speech, one must consider
both the patterns of syllable onsets and the patterns of acoustic stress. We suggest
a measure of speech rate that is informed by, but not identical to, syllable onset
times. Specifically, we propose that salient syllables, perceived as beats, are a unit
of entrainment for speech rate (see Classé, 1939; Cummins & Port, 1998).
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A broad definition of beat that applies to music and speech is a regular, but
not necessarily isochronous, pulse that an individual perceives as aligning with
accented or stressed points in time. The beat is related to, but different from,
rhythm and prosody. Rhythm is defined as the “systematic patterning of sound in
terms of timing, accent, and grouping” (Patel, 2008, p. 96). Similarly, prosody has
been defined as perceived “stress, rhythm, and intonation in spoken sentences”
(Kjelgaard & Speer, 1999, p. 153). The beat is a regular pulse that is induced
by rhythm and prosody and the acoustic features that are perceived as stress.
Speech rate has been measured in several ways. Syllables per second (and words
per minute) measures the ratio of syllables (or words) spoken relative to the
duration of the utterance. This calculation can be affected by other factors, such
as midutterance pauses and speech errors, and does not account for acoustic stress
patterns in speech that might induce a sense of beat. Articulation rate, similar
to syllables per second in that it measures the rate of syllable onsets within an
utterance while eliminating pauses and silences (Miller et al., 1984), is another
common measure of speech rate. However, eliminating pauses might remove
meaningful temporal information that contributes to the speech rate and prosody
of speakers. Articulation rate, pause duration, and the frequency of pauses have all
been found to contribute to the perception of speech rate (Grosjean & Lane, 1976;
Miller & Grosjean, 1981), although articulation rate appears to play a larger role.
Like syllables per second, however, articulation rate does not consider acoustic
stress patterns. The perceptual center (Morton, Marcus, & Frankish, 1976), defined
as the perceptual onset of syllables in relation to acoustic features, has also been
used to examine the speech rate of individuals in speech cycling tasks (Cummins
& Port, 1998). Perceptual centers have been hypothesized to indicate the beat or
regularity in speech sequences that arise as a result of a combination of acoustic
properties. However, perceptual centers often do not pertain to a consistent set
of acoustic features or stress patterns (Marcus, 1981), are difficult to measure
reliably (see Villing, Ward, & Timoney, 2003), and have not been applied to
measure speech rate in conversational speech. To account for the contributions of
syllable timing, pauses, and acoustic stress patterns to speech rate, we employed
another method to unify these factors that are present in acoustic speech signals.
Here, we apply an automatic computational algorithm for beat tracking that was
originally developed for music (Ellis, 2007a) to acoustic speech recordings to
measure the beat rate of speech.

BEAT-TRACKING ALGORITHMS

Beat-tracking algorithms aim to find beat onsets and the beat rate of an acoustic
signal. Such algorithms are more often applied to music than to speech recordings
(see McKinney, Moelants, Davies, & Klapuri, 2007), and this is likely because
music tends to conform to a regular, perceptually isochronous beat and lends
itself to beat extraction more easily than speech. Speech is temporally dynamic
and contains acoustic cues (e.g., stress) that form temporal intervals between
stressed syllables, which we term interbeat intervals (IBIs). Thus, successful beat
tracking within a speech signal must be sensitive to acoustic indicators of stress
and allow for high temporal variability. The present study employs a beat-tracking



Applied Psycholinguistics 37:5 1205
Schultz et al.: Convergence of speech rates

algorithm (Ellis, 2007a) that permits nonisochronous beats and detects beats based
on changes in pitch and intensity that are analogous to speech stress (Sluijter, Van
Heuven, & Pacilly, 1997).

The beat-tracking algorithm was selected for three reasons. First, the algorithm
has been shown to correspond to the perceived beat for musical stimuli (McKinney
et al., 2007) and can be applied to acoustic data. Second, the algorithm identifies
possible beat locations by weighting perceptual intensity at different frequency
bands (i.e., Mel frequencies; see Stevens, Volkmann, & Newman, 1937) and
assigning beat strength based on perceptual loudness, a correlate of speech stress.
Third, the algorithm allows for nonisochronous beats. There is evidence that
temporal intervals between stressed syllables are rarely isochronous (Classé, 1939;
Crystal & House, 1990; Dauer, 1983; Jassem, Hill, & Witten, 1984; Shen &
Peterson, 1962; for reviews, see Cutler, 1991; and Lehiste, 1977). Several of these
studies have used foot duration or syllable duration to indicate speech stress.
However, there is evidence that a range of acoustic factors, including intensity and
frequency, also influence the perception of stress (Sluijter et al., 1997). The current
study does not make any claims as to whether stress patterns are isochronous; as
demonstrated by Lidji et al. (2011), listeners are able to tap regularly to a perceived
beat for both English and French speech, indicating that strict isochrony is not
necessary to perceive a regular beat. Moreover, Large, Fink, and Kelso (2002),
have shown that people quickly adapt to temporal perturbations in isochronous and
nonisochronous rhythms. The present study regards the intervals between beats
in speech as dynamic, nonisochronous, temporal intervals between successive
stressed syllables that may imply a global beat rate while tolerating local tempo
changes or temporal perturbations.

The algorithmic beat tracker offers several advantages over traditional speech
rate measures. First, the algorithm reveals temporal regularities between stressed
syllable onsets at local levels and does not consider every syllable to contribute
to the beat. Second, the beat continues to cycle through periods of silence (e.g.,
midutterance pauses) if there is enough evidence for the beat’s continuation from
surrounding stressed syllable onsets, consistent with evidence that suggests the
perception of a beat continues briefly when a speech stream stops (Wilson &
Wilson, 2005) or when a musical stream contains silent intervals (Nozaradan
et al., 2012; Povel & Essens, 1985). We refer to speech rate as speech timing at
the syllable level and beat rate as speech timing at the stress level (as identified
by the beat-tracking algorithm).

HYPOTHESES

We examined how participants’ beat rate was influenced by the beat rate of a
confederate when the confederate spoke at fast or slow speech rates (as cued by
syllable rate) during readings of scripted dialogues from two plays. The mean IBI
between successive stressed syllables, based on the beat-extraction algorithm, was
compared between the fast and slow confederate speech rate conditions. Three
hypotheses were tested: (a) participants’ beat rates are faster when the confederate
speaks at a fast rate compared to a slow rate, (b) the beat rates of the participant
and the confederate converge over the duration of the dialogue, and (c) the beat
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rate of the confederate has a greater influence on the beat rate of the participant
than vice versa. The rationale behind the third hypothesis is that the confederate
is purposefully driving a speech rate and taking a leader role in the experimental
manipulation. This does not preclude that the beat rate of the participant will also
influence the beat rate of the confederate; based on mutual entrainment (Wilson &
Wilson, 2005), it was also hypothesized that the participants’ beat rates influence
those of the confederate.

METHOD

Participants

The participants (N = 38) were students recruited from McGill University, and
they were compensated with course credit or a small payment. They met the
criteria of speaking North American English as their first language, having no
self-reported speech impairments, and having normal hearing as verified by pure-
tone audiological screening. These participants had a mean age of 20.7 years (SD =
2.48, range = 18–30 years), and 35 participants were female (3 male). The confed-
erate was a 21-year-old female undergraduate student of the University of McGill
who spoke North American English as her first language.

Materials and equipment

Three different scripts were read by each participant. The first script was a portion
of the consent form containing 18 utterances (454 syllables total) that was read
aloud to measure each individual’s natural (i.e., uncued) beat rate. Participants
read the consent form aloud once prior to the experimental trials; the confederate
performed this task once before testing commenced and prior to being exposed to
the prompts for speech rate conditions. The dialogue scripts were taken from Death
of a Salesman, written by Arthur Miller (1949), which contained 33 utterances for
the confederate and 32 utterances for the participant, and The Importance of Being
Earnest, written by Oscar Wilde (1908; originally performed in 1895), which
contained 27 utterances for both the confederate and the participant. Scripted
dialogues were used for two reasons: first, they provide a controlled situation
for turn taking in which the participant and the confederate produce a known
number of syllables per utterance; and second, the use of scripts reduces the effect
of potential confounds such as amount of time required for planning speech or
comprehending what was said by the partner. It has been shown that increased
speech rate can result in decreased comprehension (Krause & Braida, 2002). Thus,
the ability to read the scripted dialogue reduces the likelihood that differences
between confederate speech rate conditions (fast or slow) are due to differences in
the level of comprehension. All vocalizations were recorded using two AKG C420
head-mounted microphones to two separate channels (one for the confederate’s
speech, and the other for the participants’ speech), and saved onto a Marantz
portable solid-state disk (PMD670) at a sample rate of 44.1 kHz.
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Design and procedure

Informed consent was obtained. Participants then completed the following tasks.
Participants read a portion of the consent form aloud and their speech was recorded.
This task lasted about 1.5 min and allowed participants to become comfortable
with the microphones. Then, the participant was introduced to the confederate
under the guise that the confederate was another participant. The participant then
read the two scripted dialogues with the confederate under conditions of either
fast confederate speech rate (prompted with a metronome IBI of 0.17) or slow
confederate speech rate (prompted with a metronome IBI of 0.33). Participants
read each script once and the order of the dialogue scripts (Death of a Salesman
and The Importance of Being Earnest) was counterbalanced across participants;
one half received Death of a Salesman in the fast condition and The Importance
of Being Earnest in the slow condition, and the other half received the opposite
combination. In a separate room, the confederate was prompted (via headphones)
by a metronome at each of the speech rates prior to speaking with the participant;
the metronome did not sound during any trial. The order of speech rate conditions
was counterbalanced, and to provide a cover story as to why the confederate
was speaking at different rates in the two dialogues, the confederate entered (or
reentered) the room with a caffeinated energy drink for the fast condition. None
of the participants were aware of the confederate’s status as indicated by verbal
questioning of the participant at the end of the experiment. The confederate was
not informed of the experiment hypotheses, and she reported that she maintained
the same speech rate throughout each trial. Moreover, the confederate was not
informed that acoustic speech recordings would be subjected to beat-tracking
analyses.

RESULTS

Analysis

Each utterance was measured for speech rate using both traditional (syllables per
second) and beat rate using the beat-tracking (algorithmic) analyses; we describe
the algorithm measurements first. The beat-tracking algorithm, written for MatLab
(Mathworks, Natick, MA), is available online (Ellis, 2007a, 2007b). The version
of the algorithm used in the present experiment contains additional parameters,
described here, than those in the most recent publication (Ellis, 2007a).1 The
primary input for the beat-tracking algorithm is an acoustic signal (see Figure 1a
for an example) in the form of a waveform. There are also two optional parameters
of initial beats per minute and tightness. Initial beats per minute refers to the
starting or expected tempo of the acoustic excerpt, and reflects a prescribed tempo
that the algorithm may or may not maintain depending on whether the beat tracker
finds any evidence for the suggested rate. The tightness parameter reflects the
degree to which the global tempo is allowed to change throughout the utterance.
Lower tightness values (e.g., 1) allow more dynamic IBIs and more change in the
algorithm’s beat estimation within an utterance, and higher tightness values (e.g.,
600) restrict the IBIs and allow less change in the algorithm’s beat estimation.
A low tightness value of 10 (highly dynamic) was implemented here. The initial
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Figure 1. Example of tempo calculation in Ellis’ (2007a) beat-tracking algorithm. Beats are
indicated by dashed vertical lines. Interbeat intervals correspond to the temporal intervals
between successive beats based on the periodic moments of high onset strength (see Onset
Strength panel). In order, these interberat intervals are 0.15, 0.18, 0.29, 0.22, 0.15, 0.16, and
0.17 s. The example is from Death of a Salesman, first confederate utterance, “Why? What
happened? Did something happen, Willy?”

beats per minute was set so that the prescribed tempo of each utterance was
the mean beat rate of the previous utterance by the same speaker. However, the
dynamic tightness level allowed the prescribed tempo to be ignored if there was
any deviation from the prescribed beats per minute. The prescribed beats per
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Figure 2. Mean interbeat interval for participants and confederate in the (white bars) fast and
(gray bars) slow speech rate conditions. Whiskers represent the standard error of the mean.

minute was used to prevent the beat tracker from providing multiples of the IBI,
which could occur when using low tightness values on short utterances.

The beat-tracking algorithm calculates beat onset times through several stages.
First, the acoustic signal is transformed into Mel frequencies (Stevens et al.,
1937; see Figure 1b) that correspond to the subjective experience of loudness at
perceptually salient frequencies for adult humans (�20–16,000 Hz) using a crude
perceptual model (for full details, see Ellis, 2007a). Second, onsets strengths are
calculated by summing intensity across all Mel frequencies for each point of time
(see Figure 1c). Third, windowed (Figure 1d) autocorrelations (32-ms window,
4-ms time step) are conducted at multiple time points to find periodic recurrence
of moments of high onset strength. If multiple autocorrelations are significant,
then the algorithm will select the autocorrelations based on the initial beats per
minute and tightness. The output is a series of beat onsets for the acoustic signal
(see dashed lines in Figure 2) from which the IBIs are calculated by subtracting
the time of the current beat onset (tn) from the time of the next beat onset (tn+1)
as shown in Equation 1. The present study applied the beat-tracking algorithm to
each utterance spoken by the participant and confederate individually. The mean
IBI for each utterance spoken by the participant and the confederate was used as
the primary measure of beat rate within each utterance.

IBIn = tn+1 − tn. (1)

Mean IBI by speaker and speech rate

The baseline measures of beat rate from the consent form readings showed that
the confederate had a mean IBI of 0.22 s (SEM = 0.07), and participants had
a mean IBI of 0.23 s (SEM = 0.06, range = 0.1–0.37), as determined by the
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beat-tracking algorithm. The range of the participants’ baseline beat rates encom-
passed the mean IBI of the confederate and the prescribed metronome beat in both
the fast (0.17 s) and slow (0.33 s) speech rate conditions. Therefore, if convergence
is observed in both the fast and the slow conditions, then participants would have
changed their beat rate (from baseline) in at least one of those conditions.

To test the hypothesis that participants’ dialogue beat rates are faster when the
confederate spoke at a fast rate compared to a slow rate in scripted conversations,
mean IBI values (collapsed across utterances) were compared between fast and
slow confederate speech rate conditions. Paired-samples t tests revealed significant
differences between fast and slow rates for the participants’ beat rate, t (37) =
–4.09, p < .001, d = 0.24, and the confederate’s beat rate, t (37) = –5.25, p <
.001, d = 0.30. As shown in Figure 2, IBIs were smaller (i.e., the rate was faster)
for the fast condition compared to the slow condition for both the participant and
the confederate. These results support the hypothesis that participants’ beat rate
was affected by the rate at which the confederate was speaking (fast or slow), and
confirm that the confederate spoke at a faster rate in the fast condition than in the
slow condition.

To examine the degree to which participants deviated from their baseline beat
rates, the absolute difference between baseline IBIs and IBIs in the fast and
slow speech rate conditions were both analyzed. The absolute difference was
used because, due to the range of baseline IBIs, some participants increased
their rate in both conditions in response to the confederate, some participants
decreased their rate in both conditions, and others increased their rate in the fast
condition and decreased their rate in the slow condition. One-sample t tests were
conducted to assess whether absolute differences were significantly greater than
zero. Participants demonstrated significant deviations from their baseline speech
rates in the fast, M = 0.10, SEM = 0.01, t (37) = 7.62, p < .001, d = 0.35, and
slow, M = 0.08, SEM = 0.01, t (37) = 8.26, p < .001, d = 0.33, conditions.
These results indicate that participants deviated from their baseline beat rate in
the fast and slow speech rate conditions, further supporting the hypothesis that
participants’ beat rates are affected by the confederate speech rate conditions.

Beat rate convergence across utterances

To test the hypothesis that the beat rates of participants and the confederate con-
verged during the dialogues, we calculated the absolute difference between the
IBIs of the participant and the confederate for each pair of utterances (i.e., the
difference between a confederate’s utterance and the participant’s immediately
following utterance). Because the two scripts contained a different number of
utterances, the mean absolute IBI difference was calculated for the first (start),
middle, and final (end) eight utterances (see Figure 3). Absolute IBI differences
were analyzed using a 2 (rate; fast, slow)×3 (section; start, middle, end) repeated
measures analysis of variance. There were significant main effects of rate, F (1, 37)
= 12.55, p = 0.001, ηp

2 = 0.25, and section, F (2, 74) = 5.35, p = .007, ηp
2 =

0.13, but no significant interaction between rate and section, F (2, 74) = 1.15,
p = .32, ηp

2 = 0.03. As shown in Figure 3, the significant main effect of rate
indicated that the difference between the rates of participants and the confederate
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Figure 3. Mean absolute (unsigned) interbeat interval difference between the confederate and
participant for the start, middle, and end sections by (dashed line) fast and (solid line) slow
speech rate conditions. Whiskers represent standard error of the mean.

was smaller in the fast condition than in the slow condition. Pairwise comparisons
revealed that absolute IBI differences at the start were not significantly different
from those in the middle (p = .53) but were significantly greater than those at
the end (p = .008). Absolute IBI differences in the middle were also significantly
greater than those at the end (p = .006). A linear trend analysis confirmed that
absolute IBI differences decreased over sections, F (2, 74) = 7.89, p = .008,
ηp

2 = 0.18. These results indicate that the beat rates of participants and the con-
federate converged over the course of each trial. Thus, the hypothesis that the
beat rate of participants and the confederate converges during the dialogue was
supported.

Cross-correlations between confederate’s and participants’ IBIs

To further examine the joint influence of the participants’ and confederate’s beat
rates across the dialogues, cross-correlations were conducted on participant and
confederate IBIs at lags 1, 0, and –1. The confederate had the first utterance in
each dialogue. Lag 0 was defined as the cross-correlation of the confederate’s
nth utterance with the participant’s nth utterance (which immediately followed).
A positive lag 0 value indicates the participant adjusted his or her beat rate to
the beat rate of the previous utterance of the confederate. Lag +1 was defined
as the correlation of the confederate’s nth utterance with the participant’s nth +1
utterance. A positive lag +1 value indicates that the beat rate of the participant’s
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Figure 4. The mean cross-correlations coefficients (r) at lag +1, lag 0, and lag –1 between
(white bars) the interbeat intervals of the participant and (gray bars) the within-trial confed-
erate and the mean upper confidence interval of the cross-correlation coefficients between the
interbeat intervals of each participant paired with all other-trial confederates. Mismatched bars
represent chance performance estimated by Jackknifing techniques. Whiskers represent the
standard error of the mean.

utterances was influenced by the beat rate of the confederate two utterances pre-
vious. Lag –1 was defined as the correlation of the confederate’s nth utterance
with the participant’s nth – 1 utterance. A positive lag –1 value indicates that the
confederate’s beat rate is being influenced by the beat rate of the previous utterance
spoken by the participant.

A repeated measures analysis of variance on the cross-correlations by rate (fast
or slow) and lag (lag +1, lag 0, or lag –1) revealed a significant main effect of lag,
F (2, 74) = 29.10, p < .001, ηp

2 = 0.44, but no significant main effect of rate, F (1,
37) = 0.66, p = .42, ηp

2 = 0.02, or interaction between rate and lag, F (2, 74) =
0.67, p = .51, ηp

2 = 0.02. Pairwise comparisons (using the Bonferroni adjustment)
between lags revealed significant differences between lag +1 and lag –1 (p <
.001), lag 0 and lag –1 (p < .001), and lag +1 and lag 0 (p < .001). Figure 4
indicates that lag 0 demonstrated the largest positive cross-correlations, followed
by lag +1, and that lag –1 demonstrated significantly smaller cross-correlation
coefficients than lag +1 and lag 0. These results indicate that the confederate’s
beat rates influenced those of participants more than the participants’ beat rates
influenced those of the confederate. Thus, the hypothesis that the beat rate of the
confederate has a greater influence on the beat rate of the participant than vice
versa was supported.

To determine whether the cross-correlation coefficients were significantly dif-
ferent from those expected by chance, Jackknife resampling simulations (from the
methods of Quenouille, 1949; Tukey, 1958) were conducted on cross-correlation
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coefficients. The time series for each participant (Px) was cross-correlated with
the time series of the mismatched confederate utterances (C1, . . . ,N, excluding Cx)
in all other trials within the same speech rate and script condition (N – 1 = 18
mismatched comparisons). The means and confidence intervals (CI) of the r values
were extracted from the 18 mismatched pairings per condition for lag +1, lag 0,
and lag –1. Due to the expectation that cross-correlation coefficients between the
participant and the confederate in the matched pairings are positive, we compared
the cross-correlation coefficients of the matched pairs with the upper CI of the
mismatched pairs. This is a more conservative test because the upper CIs are
naturally larger than the mean values.

For each lag (lag +1, lag 0, or lag –1), paired-samples t tests were conducted
between the matched pairs and the upper CI of the cross-correlation coefficients
for the mismatched pairs. As shown in Figure 4, cross-correlation coefficients for
matched pairs were larger than the upper CI of cross-correlation coefficients for
mismatched pairs for lag +1, t (75) = 30.45, p < .001, d = 3.39; lag 0, t (75)
= 54.85, p < .001, d = 6.86; and lag –1, t (75) = 21.97, p < .001, d = 2.63.
The Jackknife simulations were repeated by holding constant each confederate
time series and pairing it with that from every other mismatched participant, and
yielded an identical pattern of results. Taken together, these results showed that
cross-correlation coefficients for lags +1, 0, and –1 were all significantly greater
than levels expected by chance. This indicated that the beat rate of the confederate
significantly influenced those of the participants (lags 0 and +1) and that the beat
rates of the participants also significantly influenced that of the confederate (lag
–1). Thus, there was a bidirectional influence of beat rate between the confederate
and participants.

Syllables per second analyses

The same analyses were conducted with syllables per second as the dependent
variable. The number of syllables per utterance and the utterance durations were
assessed manually. Table 1 shows the speech rate values for each condition. For
the consent form speech rate, the confederate spoke at 5.14 syllables per second,
and participants had a mean of 5.65 syllables per second (SEM = 0.07, range =
4.6–96.62). For overall speech rate in dialogues (see Table 1), both participants,
t (37) = 6.10, p < .001, d = 0.58, and the confederate, t (37) = 39.99, p <
.001, d = 4.33, demonstrated significantly more syllables per second in the fast
condition than in the slow condition. One-sample t tests were conducted on the
absolute difference between baseline speech rates and condition speech rates to
assess whether speech rates in the fast and slow conditions differed from baseline
speech rates in the consent form reading. Participants demonstrated significant
deviations from their baseline speech rates in both the fast, M = 0.57, SEM =
0.12, t (37) = 4.67, p < .001, d = 0.66, and slow, M = 1.00, SEM = 0.17, t (37)
= 5.94, p < .001, d = 0.98, conditions.

For the rate convergence analysis, the difference between the participants and
the confederate significantly decreased over sections for the fast condition, linear
F (2, 74) = 39.56, p < .001, ηp

2 = 0.52, but not for the slow condition, linear
F (2, 74) = 0.01, p = .94, ηp

2 = 0.00. As shown in Table 1, this was due to
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Table 1. Means and standard errors of the mean for syllables per second measures
in dialogues

Fast Slow

Dependent Variable Independent Variable Mean SEM Mean SEM

Mean syllables per second Participant 5.26 0.07 4.89 0.06
Confederate 5.58 0.05 3.42 0.03

Absolute syllables per Start 1.22 0.05 1.67 0.08
second difference Middle 0.96 0.04 1.44 0.05

End 0.82 0.04 1.66 0.06
Cross-correlation Lag 1 0.64 0.01 0.64 0.01

coefficients (r) Lag 0 0.78 0.01 0.79 0.01
Lag −1 0.61 0.01 0.61 0.01

Figure 5. Scatterplots demonstrating the relationships between mean interbeat interval and
mean syllables per second for participants in the (◦) fast and (×) slow speech rate conditions.

an increase in the absolute difference in the end section for the slow condition.
For cross-correlational analyses (see Table 1), pairwise comparisons showed that
cross-correlations at lag 0 were greater than at lag 1 and lag –1 (ps < .001), and
cross-correlations at lag 1 were greater than at lag –1 (p < .001). With the exception
of the rate convergence analysis for the slow condition, analyses on syllables per
second yielded identical trends to those demonstrated by the beat tracker analyses.
Overall, significant negative correlations between IBIs and syllables per second
measures were demonstrated for the participants, r (74) = –.35, p = .002, and
confederate, r (74) = –0.49, p < .001, suggesting that the two measures are related
but not identical (see Figure 5).2 These relatively small correlation values indicate



Applied Psycholinguistics 37:5 1215
Schultz et al.: Convergence of speech rates

that the beat tracker is measuring a slightly different aspect of speech rate, that is,
the rate of quasiregular positions of speech stress.

DISCUSSION

This study examined the influence of a confederate’s beat rate on the beat rate of
naı̈ve participants during the reading of dialogues. Three major findings addressed
predictions based on convergence between speakers. First, participants’ beat rates
were faster when the confederate spoke at a faster rate than at a slower rate. Sec-
ond, beat rate convergence increased over the course of each dialogue. Third, beat
rate influences were bidirectional, but the confederate had a greater influence on
the beat rate of the participant than vice versa. Overall, findings confirmed that
the beat rate of speech, as measured by the beat-tracking algorithm (Ellis, 2007a),
converged when participants read a conversational dialogue with a confederate.
Analyses using the traditional speech rate measure, syllables per second, generally
corresponded with results elicited by the beat tracker. These results complement
previous research that demonstrates that interlocutors adjust acoustic parameters
of speech productions (e.g., pitch, duration, and intensity) when conversing with a
partner (Bosshardt et al., 1997; Huber, 2008; Natale, 1975; Pardo, 2006). Findings
are also in line with research that has shown convergence of respiration (Mc-
Farland, 2001), gesture (Giles, 1977), as well as vocabulary, posture, linguistic
style, facial expressions, head nods, and yawns (see Branigan, Pickering, Pearson,
& McLean, 2010; Burgoon, Stern, & Dillman, 1995; Dale, Fusaroli, Duran, &
Richardson, 2013; Gill, 2012, for commentaries and reviews) in conversational
dyads.

The advantages of the beat-tracking measure over traditional measures of speech
rate are (a) it is automated and easy to apply to acoustic recordings; (b) it can
identify timing regularities despite noisy, irregular patterns that are typical of
conversational speech; and (c) it extracts beat rate based on salient moments (i.e.,
changes of intensity and frequency) of the acoustic speech stream. The beat-
tracking algorithm could be viewed as a complimentary measure to traditional
measures; it measured beat rate based on regularities between moments of high
intensity that generally correspond to speech stress. It remains to be seen whether
the algorithm is universally applicable for determining the beat in other languages.

The algorithm’s applicability to speech suggests that the same mechanisms re-
sponsible for entraining to a musical beat could be involved in the convergence of
speech timing (Large & Jones, 1999; Lidji et al., 2011; Wilson & Wilson, 2005).
In other words, listeners’ neural oscillations may have entrained to regularities
in the timing of stressed or accented events. The present results provide some
evidence that speech timing convergence might be induced by neural entrainment,
but neural measures are required to substantiate this claim. In support of this as-
sertion, evidence from research using EEG measurements suggests that entraining
to speech timing regularities in German enhances the prediction of stress pat-
terns and facilitates semantic processing (Rothermich, Schmidt-Kassow, & Kotz,
2012). Moreover, EEG measures during speech perception and production have
indicated some synchronization of neural signals between the speaker and the
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listener (Kuhlen et al., 2012; Stephens, Silbert, & Hasson, 2010) Thus, entrain-
ment to speech timing can occur and might serve a purpose in comprehension.

Behavioral research has shown that the ability to tap in time with a regular
metronome, which is often used as a behavioral estimate of neural beat entrain-
ment (Large & Jones, 1999), is related to a range of speech and language abilities;
Corriveau and Goswami (2009) found that children with speech and language
impairments showed deficits in paced rhythmic tapping compared to those with
normal speech, and Tierney and Kraus (2013) showed that reading ability pos-
itively correlated with intertap interval regularity. Future studies could measure
listeners’ cortical responses to speech stimuli to determine if the same neural
mechanisms are engaged in speech rate convergence and beat entrainment (as in
Nozaradan et al., 2011, 2012).

The present study examined speech rate and beat rate convergence when a
confederate purposefully spoke at fast or slow speech rates with participants. In
natural conversation, speech rate convergence has been shown to occur (Manson
et al., 2013; Street et al., 1983; Webb, 1969, 1972) but has also been elusive under
certain circumstances (e.g., Pardo et al., 2010, 2013; Street, 1984). The use of a
confederate can sometimes create artifacts that are unlikely to occur in natural
conversation, particularly if the participant is suspicious of the confederate (cf.
Kuhlen & Brennan, 2012). Participants did not report awareness of the status of
the confederate in the present study, and participants’ beat rates were altered in re-
sponse to the confederate’s beat rates. Therefore, the beat rate convergence shown
in the present study is unlikely to be attributed to participants’ suspicion of the
confederate. However, the confederate’s task of attempting to drive a particular
speech rate made the situation less natural. Previous studies that have examined
speech rate convergence cannot discount that interlocutors’ speech rates may have
been similar from the outset (Manson et al., 2013; Street, 1984; Street et al.,
1983; Webb, 1969, 1972). By using a confederate, the present study was able to
demonstrate that convergence occurred with the same person when the confed-
erate spoke at different speech rates. Thus, the present study avoided confounds
stemming from similarities in natural speech rate.

Because the confederate and the majority of the participants in the present study
were female, it is possible that the present findings are specific to female dyadic
interactions. Pardo (2006) showed that male speakers converged more than female
speakers in same-sex conversations in relation to phonetic features, suggesting
the current findings would also apply to male speakers. Similarly, Street (1984)
demonstrated that speech rates bidirectionally converged for male–female and
male–male pairs, but did not converge in either direction for female–female pairs.
Therefore, it is possible that male–male or mixed-sex pairs would produce greater
speech rate convergence than that observed in the present study.

It is also possible that the use of scripted dialogues may have affected speech
rate convergence because the effects of speech planning and comprehension would
have been lessened. Although scripts were used for experimental control, it is
possible that speech rate could show different effects in conversational speech.
For example, Guaı̈tella (1999) argued that reading aloud induces more regular
metric structures in speech (e.g., a beat) as a result of a lack of expression that
contributes to the rhythmic organization of spontaneous speech. This assertion,
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however, appears to be based primarily on readings of nontheatrical scripts, as
opposed to the scripts from theatrical plays used in the present study. Because the
present studies used scripts from theatrical plays that evoke expression, it is less
likely that the beats found in the speech signals were induced by the act of reading
aloud.

Beat rate convergence between the confederate and participants increased over
the course of the scripted dialogues, and the confederate’s rate influenced the par-
ticipants more than vice versa. Naturally occurring conversational speech might
demonstrate bidirectional influences of speakers without such an asymmetry. How-
ever, asymmetries may still occur in cases where people are reticent to speak (see
Street et al., 1983), when people have disordered speech such as dysarthria (Borrie
& Liss, 2014), or when their degree of linguistic competence differs (Beebe &
Giles, 1984), for example, between two bilingual speakers speaking in their native
or second language. Further work is necessary to determine the impact of individual
and social factors on speech convergence within conversations. The beat-tracking
algorithm presented here provides a tool to address rate convergence across lan-
guages, because it is sensitive only to acoustic cues that influence amplitude.

Conclusions

Speech rate convergence between a confederate and participants was demonstrated
using a beat-tracking algorithm that identified regular beats in acoustic recordings
of speech, providing evidence that interlocutors entrain to the beat of one another’s
speech. To the authors’ knowledge, this is the first demonstration that a beat tracker
can be applied to acoustic speech recordings to measure speech rate. Interpreted
through dynamic attending theory (Jones, 2009; Large & Jones, 1999), the results
support the proposal that neural oscillations entrain to regularities in the speech
signal and affect the rate at which speech is subsequently produced. Furthermore,
findings indicated that interlocutors become mutually entrained, as shown by the
bidirectional influences of interlocutors’ speech rates (Wilson & Wilson, 2005).
These findings suggest that speech and music might share similar time-keeping
mechanisms and provide an impetus for research into commonalities of the two
domains.
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NOTES
1. The MatLab scripts used to implement the beat tracker can be downloaded from

http://www.mcgill.ca/spl/publications.

http://www.mcgill.ca/spl/publications
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2. Significant negative correlations were also shown between articulation rate (i.e., syl-
lables per second with pauses removed) and IBI values.
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