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Abstract

As Al progresses, our exposure to artificially generated spoken
content varying in naturalness and speed increases. This trend
is amplified by Al-powered personal assistants’ proliferation,
multiplying our interactions with intelligent systems. Research
is crucial to understand if phenomena observed in human-
human interactions can inform these new interactions. For in-
stance, in everyday conversation, people adjust their speaking
rate to match their partner’s, a phenomenon known as speech
rate convergence. It is crucial for effective communication, oc-
curs automatically and is present in more artificial interaction
scenarios. We investigated how the nature (natural vs. artifi-
cial) and the presentation rate (normal vs. fast) of the speech
signal impact speech rate convergence. Data from 116 par-
ticipants across two experiments reveal higher convergence to-
wards naturally produced speech compared to artificially time
altered speech. Implications for human-machine interactions
are discussed.

Index Terms: speech rate convergence, speech production, ar-
tificial natural speech

1. Introduction
1.1. Convergence

During conversations, interlocutors often non consciously alter
their behavior to become more similar to their partner. This
phenomenon is referred to as convergence. Evidence have been
found for such convergence at different acoustic and linguistic
levels (vocal intensity [1], speech rate [2], phonetic features [3],
lexical features [4], syntactic structures [5]). Convergence is
clearly seen in human-human interactions but is also reported
for human-computer interactions [6, 7, 8]. In this work we ex-
plore the influence of the naturalness (or otherwise) of speech
stimuli on convergence behavior; using speech rate convergence
as a test case.

Speech rate convergence is a particular instance of con-
vergence in which interlocutors tend to adopt a similar speech
rate during conversations to achieve smooth inter-turn tran-
sitions and optimal comprehension. Speech rate is typically
measured in syllables per second and is of particular interest
because it reflects rhythmic information at the syllabic time
scale which plays a crucial role for comprehension [9, 10, 11].
Moreover, speech rate changes modulate lower-level acoustic-
phonetic and higher-level linguistic processing in parallel; for
example, acoustic cues to segments change with speech rate
(such as voice-onset time for stops; [12]) and change the pro-
cessing time available for word identification, semantic access
and syntactic integration [13]. Despite significant differences in
speech rate across languages, speaking conditions, age and gen-

der [14], listeners are remarkably good at adapting to even ex-
treme variations in speech rate [15]. Moreover, there is now evi-
dence that speech rate convergence takes place in human-human
conversations [16]; with participants altering their speech rate
to match the speech rate of confederates during dialogues [17].
Furthermore, listeners also adjust their speech rate to match au-
dio recordings played at various rates demonstrating that this
ability is not only restricted to human-human interaction [18].

1.2. Properties of naturally and artificially time altered
speech signal

When interlocutors increase their speech rate, it induces multi-
ple changes to the relative timing of speech units at the syllable
level [19]: the length of between-word pauses are shortened,
and the duration of vowels and unstressed syllables tend to be
reduced more than the duration of consonants and stressed syl-
lables [20]. As a result, naturally fast produced speech is ac-
companied by specific spectro-temporal changes that result in
a range of nonlinear modifications to the speech signal [19].
In contrast, artificially time-altered speech results from linear
modifications of the initial speech signal; that is consistently
changing the spectro-temporal structure of all aspects of the
original signal equally. Due to these differences in their acoustic
properties, these two types of modifications may have different
consequences at the behavioral and perceptual levels. Artifi-
cially time altered speech is easier to process compared to nat-
ural fast speech. Janse et al. [19] found that at 1.5 times normal
rate, naturally produced fast words were less intelligible than
linearly compressed words and required more time to process .
In addition, under the same speech duration, natural fast speech
(produced at 1.4 times normal speed) is also perceived as faster
than linearly compressed speech [21].

1.3. Current study

The current study aimed at determining whether speech rate
convergence differs between artificially and naturally produced
time-altered speech. More specifically, in two online behav-
ioral experiments, we (1) confirmed the effectiveness of au-
dio recordings in inducing speech rate convergence, (2) deter-
mined whether participants exhibit comparable levels of speech
rate convergence towards natural versus artificially time altered
speech, (3) examined whether lasting effects on the rate of
speech production emerge after a convergence period, and fi-
nally, (4) investigated whether prior familiarization with the
type and rate of speech (during a perceptual adaptation period),
influences speech rate convergence. A schematic of this proce-
dure is shown in Figure 1a.
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Figure 1: Experimental procedure and stimuli creation. a) The study follows a block design where each block consists of 5 different
tasks to be performed in the same order in Experiment 1 (left) and only 4 tasks in Experiment 2 (right). (1) Read aloud written
sentences which allows to record participants’ individual baseline articulation rate. (2) Listen enables participants to perceptually
adapt to the presentation rate and naturalness of the speech signal in the current block through the listening of a short fable. (3) Repeat
spoken sentences is used to assess participants’ rate convergence to the audio recordings. (4) Read aloud written sentences records
participants’ individual articulation rate post convergence (after-effect). (5) Answer is an attentional check to assess participants’
attention to the short fable. Participants completed all four blocks in a randomized manner. In Experiment 2, the Listen task was
removed (as indicated by the grey cross) and participants were not able to perceptually adapt to speech characteristics. b) Natural
normal speech (top left) is linearly compressed to create artificial fast speech (see red to blue arrow); similarly, natural fast speech (top
right) is linearly expanded to create artificial normal speech (see blue to red arrow). The resulting stimuli have the same articulation
rates while being of different nature (artificial/natural). c) Distributions of sentences’ articulation rates for each experimental condition.
Top: Natural conditions, bottom: Artificial conditions.

2. Methods listened to the stories attentively. Experiment 2 consisted of the
same set of experimental tasks, but the adaptation period (short

2.1. Stimuli creation story listening task) was removed. This design allowed us to

We used an existing audio database, the CHAINS corpus, to assess the effect of this perceptual adaptation period on speech
create the speech stimuli [22]. The corpus contains 33 English rate convergence.

sentences and 4 short stories (fables) produced at both normal

and fast (54% faster) speed by different speakers. Recordings 2.3. Subjects and data acquisition

from one male speaker was used for the study. Linearly time- ) )
altered stimuli were created using the PSOLA algorithm [23]. The two online experiments were created and hosted using
Artificial fast speech was created through linearly compressing jsPsych [24] and JATOS [25]. 61 and 55 subjects took part in
the natural normal stimuli so that the modified articulation rate Experiment 1 and Experiment 2, respectively. They were re-
of stimuli matches that of the corresponding natural fast stimuli, cruited via the online experimental platform Prolific and were
and similarly, artificial normal speech was created through lin- financially compensated for their participation. Individuals who
early expanding the natural fast stimuli. The resulting stimuli self-reported as having speech or language impairment or hear-
had the same articulation rates while being of different nature ing problems were not eligible to participate. ~All subjects
(artificial / natural) (Figure 1.b). needed to pass a microphone test and a simple hearing test be-

fore they entered the online study. Before completing all exper-
imental blocks containing the five different tasks, participants

2.2. Experimental procedure . . . s
were presented with a short training session to get familiarized

Experiment 1 consisted of four experimental blocks (two by with the procedure. The experimental session lasted approx-
two design) in a randomized order (Figure 1.a). Each block imately 40 minutes in total. Informed consent was acquired
contained 5 tasks performed always in the same order: (1) Par- directly through Prolific. Ethical approval was obtained from
ticipants first read aloud 6 written sentences presented on the Cambridge Psychology Research Ethics Committee (CPREC).

screen (mean: 8 words), to get a baseline measurement of their
speech rate. (2) They then listened to a short story (of approxi-

2.4. Data analysis
mately 39.5 seconds) to allow for perceptual adaptation to both

the presentation rate and naturalness of the speech in each con- Participants’ audio responses were first subject to forced-
dition. (3) They then repeat 8 spoken sentences (mean: 9 words) alignment using the WebMAUS online service [26] and the out-
which enabled us to assess convergence between their speech put used to retrieve individuals’ articulation rate for each con-
rate and that of the audio recordings. (4) Participants then read dition. Articulation rate was computed as the number of syl-
aloud written sentences a second time, identical to the first one, lables produced divided by the total duration of the utterance
to measure their articulation rate following exposure to speech minus the marked duration of silent pauses. Articulation rate
in the different experimental conditions (5) At the end of each data were entered into a linear mixed effects analysis [27] to
block, participants answered two simple multiple-choice ques- assess the effect of the experimental conditions on the speech
tions regarding the content of the short story to verify that they rate convergence. The model included as fixed effects the two
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condition factors (stimulus presentation rate — fast/normal; and
naturalness (i.e. without or with linear temporal modifications;
hereafter natural/artificial) and their interaction. In addition, we
included participants’ individual baseline articulation rate as a
co-variate and also included by-subject and by-item random in-
tercept. We focused our analyses on tasks in which articulation
rate is measured ((3) repeat spoken sentences and (4) read aloud
written sentences), enabling us to examine both speech rate con-
vergence and after-effects.

3. Results

116 participants performed the speech perception and produc-
tion tasks shown in Figure 1.a. They were presented with writ-
ten transcriptions or audio recordings of spoken sentences and
prompted to say them aloud.

3.1. Experiment 1

In Experiment 1, sixty one participants (25 females) performed
the online experiment. A first linear mixed effects model anal-
ysis was conducted to examine whether and how participants’
articulation rate was modulated by the characteristics of the au-
dio recordings during the convergence period ((3) repeat spoken
sentences). The model included participants and items (indi-
vidual sentence) as random effects, speech naturalness (natural
vs artificial), stimulus presentation rate (normal vs fast), their
interaction and participants’ baseline articulation rate as fixed
effects. The full model accounted for 73% of the variance of
the data and revealed a significant interaction of speech natu-
ralness and speed (8 = 0.25 + 0.04,p < 0.001), and a sig-
nificant effect of individuals’ baseline articulation rate (3
0.67 £ 0.07,p < 0.001). Bonferroni adjusted Post Hoc com-
parisons revealed that participant’s articulation rate was signifi-
cantly higher for natural stimuli at a fast presentation rate com-
pared to natural stimuli at normal presentation rate (p < 0.001),
and this was also the case for artificial stimuli at a fast presen-
tation rate compared to artificial stimuli at normal presentation
rate (p < 0.001). Between the normal and fast presentation
rates, participants increase their articulation rate by 8% in the
natural condition, while this increased is lower in the artifi-
cial condition with 3% increase in articulation rate. The re-
sults indicate that during the convergence task, participants dis-
play speech rate convergence towards audio recordings and this
phenomenon is dependent on the specific characteristics of the
speech signal.

The paradigm also allowed us to examine whether the con-
vergence period elicits a sustained effect on participants’ artic-
ulation rate. To investigate this issue, we built another linear
mixed effects model to model participants’ articulation rate dur-
ing (4) read aloud written sentences. It included the same pre-
dictors as in the previous model. It accounted for 53% of the
variance and revealed significant effects of stimulus presenta-
tion rate (8 = 0.14 4+ 0.05, p = 0.007) and participants’ base-
line speech rate (8 = 0.53 £ 0.06,p < 0.001) only, indicating
that participants showed sustained after-effects — i.e. changes
in articulation rate during reading that depends on the rate of
speech that was heard and repeated during the convergence task.
However, unlike the speech rate convergence effects shown pre-
viously, these after-effects do not significantly differ in magni-
tude as a function of naturalness (8 = 0.02 £ 0.05, p = 0.626)
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Figure 2: Speech rate convergence from both experiments. Ar-
ticulation rate data were extracted during the repeat spoken
sentences task from n = 61 and n = 55 participants. Error bar
represents standard error to the mean.

3.2. Experiment 2

In Experiment 2, fifty five new participants (35 females) took
part in a shorter version of the previous experiment, which did
not include shorts stories (Figure 1.a, right). It was designed
to assess the effect of the removal of a perceptual adaptation
period (short story) on participants’ speech rate convergence.
As previously, we looked at both the convergence and the after-
effect periods and modeled participants’ articulation rate with
linear mixed effects models. Analysis on data from the con-
vergence period revealed that only stimulus presentation rate
(8 =0.25 4 0.04,p < 0.001) and participants’ baseline artic-
ulation rate (8 = 0.67 + 0.07,p < 0.001) have a significant
effect on speech rate convergence. There was no main effect or
interaction with naturalness (8 = 0.03 £+ 0.02,p = 0.102;
B = 0.02 £0.04,p 0.593). The results suggest a lim-
ited convergence phenomenon during the convergence task in
this second experiment. To look at potential after-effects we
ran a linear mixed effects model on the articulation rate data
recorded during the read aloud written sentences period. The
model accounted for 59% of the variance and only revealed
a significant effect of participants’ baseline articulation rate
(8 =0.5840.07,p < 0.001), demonstrating no overall lasting
effect following the convergence task in this second experiment.
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Figure 3: post convergence after effects from both experiments.
Articulation rate data were extracted during the read aloud
written sentences task from n = 61 and n = 55 participants.
Error bar represents standard error to the mean.

Finally, to evaluate the modulation of the speech rate con-
vergence phenomenon by experimental conditions across both
experiments, we ran a final linear mixed effects model includ-
ing articulation rate data obtained during the repeat spoken
sentences period from the two experiments and added exper-
iment as a fixed factor in the model. This final and larger



model explained 75% of the variance and revealed a significant
effect of the three-way interaction (naturalness*presentation
rate*experiment) (3 0.22 £+ 0.06,p < 0.001), indicat-
ing that speech rate convergence is modulated by the charac-
teristics of the speech signal as well as participants’ familiar-
ity with these characteristics (perceptual adaptation). Specif-
ically, additional speech rate convergence is observed when:
(1) participants listen to naturally-fast speech stimuli, and (2)
when they have an extended period of listening to naturally fast-
speech. The same inter experiments analysis was carried out
on the after-effects period (read aloud written sentences period)
from both experiments. The model did not reveal any statis-
tically significant two-way or three-way interactions with nat-
uralness, stimuli presentation rate and experiment during the
post convergence period (3 —0.05 £ 0.06,p 0.434;
B =10.06£0.13,p = 0.632).

4. Discussion

In two behavioral experiments, we examined speech rate con-
vergence for both naturally and artificially time altered speech
using sentence reading and repetition tasks. Our results indicate
that these tasks are sufficient to elicit speech rate convergence.
Moreover, the magnitude of the convergence is dependent on
the characteristics of the presentation rate and naturalness of
heard speech. We also found evidence for modulation of partic-
ipants’ articulation rate beyond the initial convergence period;
i.e. sustained speech-rate after-effects. Finally, convergence de-
pends on participants’ familiarity with the specific characteris-
tics of the speech signal acquired during a perceptual adaptation
period.

In our experiments, participants’ repetition behavior var-
ied systematically according to the acoustic characteristics of
the audio recordings. This result is in line with previous work
[28, 29, 17]. Although the increase in articulation rate is sub-
tle (on average 5.8% while our stimulus manipulation is 59%),
this is comparable to the effect size reported in other studies
using real-life conversations [16, 17].Additionally, the current
study implies that the phenomenon of convergence at play dur-
ing human-human communication is not only restricted to nat-
uralistic conversational interactions but also present in more ex-
perimentally controlled and/or artificial scenarios.

Moreover, we showed that speech rate convergence is more
prominent when the rate of speech varied naturally compared to
conditions in which stimulus presentation rate was artificially
modified by linear time-compression or expansion. This is con-
sistent with recent work showing that the magnitude of conver-
gence is dependent on the nature of the speech signal and inter-
locutor; for example, reduced convergence towards artificially
generated speech (computer voices from Al powered voiced as-
sistants) compared to human produced speech [30].However, in
the current study, our more artificial condition was created by
linear modification of natural speech. Our data joins previous
data in suggesting that artificially-modified speech is perceived
as qualitatively different from naturally produced speech and
that this affects vocal behavior. For instance, previous research
has shown that linearly time compressed speech is easier to pro-
cess and perceived as slower than natural fast speech [21]. This
may explain the reduced tendency of participants to match the
articulation rate of the stimuli; their perception of the speed of
the stimuli may not accurately reflect its actual rate, thereby in-
fluencing their convergence behavior. In contrast, natural fast
speech contains complex changes to spectro-temporal proper-
ties and is perceived as faster than artificial stimuli. In our study,
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this might have causing participants to increase their articula-
tion rate to a greater degree; reinforcing the difference in the
magnitude of the convergence between normal and fast speech
conditions.

Our paradigm also allowed us to investigate how partici-
pants’ vocal production characteristics change over an extended
period outside of the convergence task. There are two results in
our study that suggest longer-term adaptation. Firstly, compar-
ing participants’ baseline articulation rate with their articulation
rate following convergence in Experiment 1 showed a small,
but reliable after-effect. Changes in participants’ articulation
rate were seen following exposure to fast speech. This finding
shows long-lasting changes in articulation rate remain appar-
ent during reading aloud after speech rate convergence. In con-
trast, however, reliable after-effects were not observed in Exper-
iment 2, despite reliable (though reduced) convergence effects.
The primary difference between Experiment 1 and Experiment
2 is the exclusion of the story listening task. This design there-
fore enables to show the effect of a perceptual adaptation period
on speech rate convergence and after-effects. In Experiment 2,
participants had no opportunity to familiarize themselves with
the specific acoustic characteristics of the speech signal prior to
the convergence task. This resulted in an overall lower magni-
tude of speech rate convergence and abolished the after-effects
that are apparent in Experiment 1. Thus, Experiment 2 shows
the pivotal role of participants’ familiarity with speech acoustic
properties in eliciting long-lasting convergence.

Despite the interest and importance of our findings some
limitations remain. One limitation pertains to ecological valid-
ity; our use of a sentence repetition task allows for good exper-
imental control but might not be representative of convergence
between interlocutors since conversations do not involve imme-
diate, and complete repetition of heard speech. Alternative test
tasks, such as structured or scripted turn-taking conversations
could be used to increase ecological validity while retaining
experimental control. A second limitation is that all partici-
pants heard the same, male model speaker. It has previously
been found that male-male or male-female pairs produce greater
speech rate convergence than female-female pairs [28, 17]. Fu-
ture work can examine whether gender differences are apparent
in convergence towards linearly altered or naturally produced
fast speech.

Overall, our findings contribute to the broader scientific un-
derstanding of speech convergence. Our results suggest that
speakers apply principles from human-human interaction while
engaging with artificially generated speech. Critically, our data
shows that participants interact in distinct ways depending on
the rate and naturalness of the speech they are hearing. The
findings from this study also have real-life implications for the
design of voice-controlled human-machine interfaces and Al
assistants. This study suggests that mimicking the spectro-
temporal features of natural speech may yield better engage-
ment from individuals and more user-friendly technologies than
simpler, linear speech rate manipulations. In planned work we
will explore which spectro-temporal features of story and sen-
tence stimuli suffice to produce speech-rate convergence and/or
after-effects, and how these cues relate to intelligibility.
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