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Abstract

Entrainment, the phenomenon of conversational
partners’ speech becoming more similar to each
other, is generally accepted to be an important as-
pect of human-human and human-machine com-
munication. However, there is a gap between ac-
cepted psycholinguistic models of entrainment and
the body of empirical findings, which includes a
large number of unexplained negative results. Ex-
isting research does not provide insights specific
enough to guide the implementation of entraining
spoken dialogue systems or the interpretation of
entrainment as a measure of quality. A more in-
tegrated model of entrainment is proposed, which
looks for consistent explanations of entrainment
behavior on specific features and how they interact
with speaker, session, and utterance characteristics.

1 Introduction
Entrainment (also termed accommodation or alignment) is
the phenomenon of speakers becoming similar to each other
in the course of conversation. Decades of research on entrain-
ment have established that it is prevalent in human-human as
well as human-computer interactions, and that it is associ-
ated with conversation quality and task success (e.g. [Char-
trand and Bargh, 1999; Lee et al., 2010; Levitan et al., 2012;
Ireland et al., 2011], inter alia). However, our experience
implementing acoustic-prosodic entrainment in a spoken di-
alogue system, described in Section 2, highlights profound
lacunae in the literature.

Empirical studies of entrainment are usually framed in
the context of Communication Accommodation Theory
(CAT) [Giles et al., 1991], which posits that speakers entrain
to or disentrain from their interlocutors in order to decrease
or increase social distance. Support for the association be-
tween CAT and entrainment comes from studies showing that
entrainment is stronger in high-quality conversations or in
the speech of individuals with prosocial characteristics [Na-
tale, 1975]. Many studies also cite a cognition-centered “ef-
ficiency” theory of entrainment, based on the perception-
behavior link [Chartrand and Bargh, 1999] or Interactive
Alignment Theory [Pickering and Garrod, 2004]. These theo-

ries implicitly postulate that entrainment can be considered a
single latent behavior or a structured collection of behaviors.

However, empirical findings on studies with large numbers
of entrainment behaviors do not support this conclusion. It is
typical to find entrainment on only some entrainment behav-
iors, with different conversations exhibiting different subsets
of entrainment behavior. Similarly, it is typical to find associ-
ations between conversation quality and only some measures
of entrainment. For example, [Lee et al., 2010] found that
entrainment on pitch between married couples in therapy was
higher in positive interactions, while entrainment on intensity
was not. Similar examples are common in the literature.

In order to fully understand entrainment, we must under-
stand how personal, interpersonal and session characteristics
explain variations in entrainment, how various kinds of en-
trainment behavior relate to each other, and how all factors
affecting entrainment should be weighted when considered
in combination. Without such an integrated understanding,
it is impossible to create a scientifically-motivated entraining
dialogue system, and it is difficult to interpret entrainment as
a signal of quality in human-human communication.

Much of this work is motivated by the design of an en-
training spoken dialogue system, described in Section 2. Sec-
tions 3, 4, and 5 elaborate on some of the issues described in
this introduction, and describe some of the progress we have
made towards understanding them.

2 Implementing Acoustic-Prosodic
Entrainment in a Spoken Dialogue System

Despite strong interest in acoustic-prosodic entrainment,
there has been little research on how to implement a spoken
dialogue system (SDS) that can entrain on acoustic-prosodic
features. Notable lexically entraining systems include [Hu
et al., 2014] and [Lopes et al., 2013], but since lexical fea-
tures are discrete, and the technology involved is natural lan-
guage generation, these approaches are qualitatively different
from acoustic-prosodic entrainment, which involves continu-
ous features and text-to-speech (TTS) technologies.

In [Levitan et al., 2016], we presented an architecture for
implementing acoustic-prosodic entrainment in a SDS. This
architecture is depicted in Figure 1, which shows that an en-
trainment module can be easily inserted into an existing SDS,
and that its processes can complete in parallel with the sys-
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Linguistic Level Measure Reference
Prosody

(pitch, rate,
intensity)

local similarity and convergence
[Levitan and Hirschberg, 2011]global similarity and convergence

synchrony

Lexical
Perplexity (PPL) [Gravano et al., 2014]

Kullback-Leibler divergence (KLD)
High-frequency words (HFW) [Nenkova et al., 2008]

Table 1: Overview of entrainment measures: five per acoustic-prosodic feature, three lexical. (Reproduced from [Weise and Levitan, 2018])

Figure 1: The entrainer integrated in an existing system. (Reproduced from [Levitan et al., 2016])

tem’s dialogue management.
Entrainment can be divided into two processes: (1) Per-

ception of features in a user’s speech, and (2) production
of those features in the speech output. For (1), we use a
Praat [Boersma and Weenink, 2012] script to extract acoustic-
prosodic features from an input utterance. For (2), we inject
those feature values into SSML markup for a TTS output ut-
terance. In the demo system depicted in Figure 1, these two
steps are represented by arcs a and b, respectively.

We tested the accuracy of entrainment using SSML markup
for two unit-selection text-to-speech engines, Cepstral (En-
glish) and MaryTTS (Spanish), and one parametric TTS im-
plemented on the open-source engine HTS (Slovak). For all
three, correlations between the target speech rates and the ac-
tual speech rates of the entrained TTS output were strong
(over 0.70) and statistically significant. Entrainment on in-
tensity was only tested for the Cepstral TTS; correlations
were almost perfect (over 0.90). Feature extraction completes
in parallel with Automatic Speech Recognition (ASR) and
therefore adds no latency; intermediate calculations take neg-
ligible time; and incorporating markup parameters adds no
time to speech synthesis.

The difficulty arises in the step we have called “entrain-
ment”: when, based on the input utterance’s features, we
must generate “entrained” output feature values. A naı̈ve ap-
proach, exactly matching the input features, has no empirical
support - no research has ever suggested that entraining hu-
mans exactly match their interlocutors’ speech. But none of
the entrainment literature provides guidance on how to design
a better entrainment algorithm. In general, entrainment stud-
ies - including our own - statistically reject the null hypothesis

that entrainment does not exist. Specific positive hypotheses
are necessary in order to implement humanlike entrainment
behavior. This gap in the literature has motivated our recent
work on entrainment, described in the rest of this paper.

In [Levitan, 2014] we designed an advice game, called
GoFishWithHelpers, to evaluate whether users preferred an
avatar that entrained to them - specifically, whether entrain-
ment made them more likely to trust its advice. In [Levitan et
al., 2016], we tested GoFishWithHelpers with three entrain-
ing systems, in English, Spanish and Slovak. Implementa-
tion details differed slightly between the three experiments,
as shown in Table 2, and the results (in the rightmost col-
umn) were very different. In English, users were more likely
to trust a male avatar entraining on intensity and speech rate,
compared to a similar avatar whose speech features randomly
varied within a normal range. In Spanish and Slovak, users
were slightly less likely to trust a female avatar entraining
only on speech rate, compared to a disentraining baseline.
These differences highlight how crucial it is to choose en-
trainment features and behaviors correctly.

3 Latent Entrainment Behaviors
Having informally observed differences in the presence of en-
trainment behaviors (described in Section 1), in [Weise and
Levitan, 2018], we explored the hypothesis that these dif-
ferences can be explained by an underlying structure of la-
tent behavior(s). We considered eighteen entrainment behav-
iors, enumerated in Table 1. This set of behaviors covers
four speech features - three prosodic, one lexical - and var-
ious ways of measuring each one, based on the framework
described in [Levitan and Hirschberg, 2011].
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Language
Avatar
gender Entrainment Baseline

Entrainment ×
Advice score

Features Method

English Male Intensity Absolute Random + (p < 0.001)Speech rate

Spanish Female Speech rate Relative Disentrain − (p < 0.1)
Constant no effect

Slovak Female Speech rate Relative Disentrain − (p < 0.05)
Constant no effect

Table 2: Summary of experiments with entraining system (Reproduced from [Levitan et al., 2016])

The most basic kind of relationship between two entrain-
ment behaviors is correlation: when one is higher than aver-
age, the other is also high, and vice versa. We computed Pear-
son’s correlations between each pair of entrainment behaviors
and found that there were no correlations between entrain-
ment on different speech features. That is, there is no such
thing as a “high-entrainment” conversation. Conversations
that were highly entrained on one speech feature would show
negligible entrainment on others. They were not even nega-
tively correlated. Similarly, we used a χ2 analysis to show
that no combination of binned “high”, “medium”, and “low”
entrainment on each feature was unusually likely to occur.

We also explored the possibility that entrainment behaviors
were related in a nonlinear way that would not be captured
by correlations. We represented each session’s “entrainment
configuration” as a point in a continuous 18-dimensional
space, and used k-means clustering to group points in this
space. Clusters, if discovered, could be considered “com-
plex” entrainment behaviors composed of lower-level behav-
iors that are likely to co-occur. We found that the data could
not be grouped into any meaningful clusters.

These findings demonstrate that, contrary to our expecta-
tions based on the cognitive literature, entrainment cannot be
explained as a single construct or latent behavior. Entrain-
ment on individual speech features and at each level of con-
versation must be considered separately.

4 Entrainment in Meaningful Segments
One way to move forward is to consider the hypothesis that
we have been looking at entrainment on too broad a scale.
In general, the literature has investigated entrainment at the
global level of an entire conversation, or at a local level of
discrete points in a conversation. It is possible that this lens
is too indiscriminate, and entrainment can only be explained
in the context of specific conversational segments.

[Heldner et al., 2010] is an example of a more linguis-
tically meaningful study of entrainment. They investigated
pitch entrainment in speech segments classified as backchan-
nels, short utterances that signal continued interest and un-
derstanding, without attempting to take the floor. With the
understanding that backchannels are intended to be unobtru-
sive, the authors posited that they would be more similar in
pitch to their preceding turns than other segments were, and
showed that this was indeed the case.

Following their work, in [Levitan et al., 2015] we extended
this analysis to multiple acoustic-prosodic features - intensity,

pitch, voice quality and speech rate - and a larger set of turn
types, whose annotation is defined in [Gravano, 2009]. When
simultaneous speech was present and the speaker was suc-
cessful in taking the floor, the turn is called an overlap if the
previous utterance was complete (as judged by the annotator)
and an interruption if it was not. If simultaneous speech was
not present, the turn is called a smooth switch if the previous
utterance was complete and a pause interruption if it was not.

Our findings suggested that entrainment was higher in seg-
ments which, based on their turn type, were unlikely to be-
gin a new discourse segment. This is consistent with the
observation in [Heldner et al., 2010] that entrainment makes
segments unobtrusive, suggesting a mechanism by which en-
trainment can organize discourse.

Importantly, these findings were remarkably consistent
across the entire set of acoustic-prosodic features we inves-
tigated. While there were minor exceptions, and speech rate
in particular behaved notably differently than the other fea-
tures, pitch, intensity, and voice quality features were either
all entrained or all un-entrained. This study suggests that
while entrainment behaviors are fragmented when all speech
is considered together, a more coherent picture may emerge
when focus is trained on specific, linguistically meaningful
segments - whether the segments are specific turn types, or
dialog acts, or bear paralinguistic significance.

Along these lines, [Reichel et al., 2018] focused their en-
trainment study on dialog acts. They point out that since
dialog acts constrain the production of various acoustic pa-
rameters, comparisons to a previous turn are often unreason-
able. For example, the prosody of an answer cannot match the
prosody of the preceding question, unless the speaker intends
to mock their interlocutor. It is therefore more appropriate
to choose utterances of the same category as a baseline for
similarity. They analyzed how entrainment varied between
dialog acts of high and low cooperativeness, authority, and
predictability, demonstrating that speakers use entrainment to
structure their joint task - a finding that supports our conclu-
sion in [Levitan et al., 2015] that entrainment plays an orga-
nizing role in discourse.

In summary, focusing entrainment research on meaningful
segments can follow three paths. Firstly, a study can look
for evidence of entrainment in the usual way, but with seg-
ment labels as an additional factor. Secondly, the entrainment
of a specific segment should be measured with respect to a
baseline that is drawn from similar segments. Thirdly, we
should explore the possibility that the entrainment observed
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in speech features is a “trickle-down effect” of entrainment on
higher-level constructs such as dialog acts or paralinguistics.

5 Speech Feature Characteristics
Differences in entrainment behavior may also be explained by
the characteristics of individual speech features. For example,
Communication Accommodation Theory [Giles et al., 1991]
explains entrainment in the context of similarity-attraction
theory, suggesting that people entrain to their interlocutors in
order to decrease social distance. In that case, it is reasonable
to hypothesize that the speech features most associated with
a shared identity, such as accent (formants) or lexical choice,
would be more likely to be entrained.

Under the theory that entrainment is explained by the
perception-behavior link [Chartrand and Bargh, 1999], we
can expect features that are more perceptually salient to be
entrained. We found support for this in our prior work [Lev-
itan et al., 2011; Levitan, 2014], which showed that entrain-
ment was relatively higher on statistical outliers for intensity.
That is, if a segment’s intensity was unusually high or low,
the speaker’s partner would respond to it with an utterance
that was relatively more entrained, on average, than the re-
sponses to non-outlier utterances.

These hypotheses can be chained together. It is possible
that entrainment on socially meaningful features is suscepti-
ble to interaction characteristics such as liking or power dy-
namics, while entrainment on other features is more auto-
matic and dependent on salience.

At the most basic level, speech features may be divided
between those that are unconstrained and those that are not.
This distinction should be able to explain, to some extent,
which features are or are not entrained in that utterance. It
can also contextualize the use of similarity as a measure of
quality. The absence of entrainment on lexical choice, for ex-
ample, may be revealing in one instance (as when one speaker
calls an object a “monkey” while his partner calls it an “ape”).
In another instance it may simply reflect the fact that the lex-
ical realization is entirely constrained by the message. [Re-
ichel et al., 2018] make this point in arguing that dialog acts
are better units for entrainment than adjacent turns.

6 Speaker Characteristics
Much research has suggested that some of the variation ob-
served in entrainment behavior may be attributable to speaker
characteristics. For example, [Natale, 1975] found that en-
trainment on vocal intensity was higher in speakers with high
social desirability, or “propensity to act in a social man-
ner.” [Chartrand and Bargh, 1999] found that subjects who
scored high for the “perspective-taking” component of em-
pathy entrained more to confederates’ gestures. [Cohen Priva
and Sanker, 2020] suggests that some people are natural lead-
ers, attracting their interlocutors to entrain to them. [Lehnert-
LeHouillier et al., 2020] found that speakers with greater
prosodic ability entrained less on f0 - an intriguing finding
that may relate to our point regarding constraints on speech
features (Section 5).

Another speaker characteristic considered central to en-
trainment is power or dominance. For example, in a study

of Supreme Court oral arguments and discussions among
Wikipedia editors [Danescu-Niculescu-Mizil et al., 2012],
speakers in a position of dependence converged more on lin-
guistic style towards the individuals who were in a position
of power over them.

Gender is also commonly examined as a factor in en-
trainment analysis. To cite just two studies dealing with
task-oriented conversations between strangers, [Pardo, 2006]
found that female pairs were less phonetically similar to each
other than male pairs were; and [Thomason et al., 2013]
found that males entrain more than females on vocal intensity
features. In [Levitan et al., 2012], we found that male dyads
entrained the least, while mixed-gender dyads entrained the
most. However, in a much larger study [Weise et al., 2019],
we found that neither gender, native language, nor their com-
bination could explain the variation we observed in the degree
and valence of numerous entrainment behaviors.

Since theories of women’s language [Lakoff, 1972] relate
to social differences and power dynamics between women
and men, it is reasonable to expect that gender-based differ-
ences in entrainment behavior are likely to be strongly me-
diated by the social context of the interaction, including (but
not limited to) the ages and levels of education of each con-
versational partner, the degree of familiarity between them,
and the topic or task of the conversation. Furthermore, since
the theoretical literature casts entrainment as a fundamentally
social behavior, social context must be assumed to mediate
the influence of any personal characteristics on entrainment.

Most discussions connecting entrainment theory to soci-
olinguistic and psycholinguistic theory have stopped at the
point of explaining how gender and other speaker character-
istics may influence entrainment as a whole. However, as
we have shown (Section 3), entrainment cannot be treated as
a single construct: each behavior must be considered indi-
vidually. Analyses of entrainment and speaker characteris-
tics must go further, to predict - or at least explain post-hoc -
variation in how speaker traits affect entrainment on different
speech features.

7 Conclusion
This paper discusses what I believe to be the research direc-
tions with the most potential to contribute to a model of en-
trainment that can encompass all the variation observed be-
tween measures, features, sessions and speakers. As entrain-
ment research progresses, keeping these factors in mind can
help build real understanding out of individual analyses.
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