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Abstract
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Speech comprehension relies on normalization mecha-
nisms that help listeners cope with the natural variabil-
ity in speech production. In speech rate normalization,
for instance, the perception of an ambiguous target
phoneme can be influenced by the rate of the preceding
context. While previous research has demonstrated
that both proximal and distal contexts contribute to
the effect, they provide only limited insight into the
the temporal structure of the rate integration window.
This study uses a prosodic reverse correlation ap-
proach to assess how 100-millisecond segments within
the context sentence contribute to the speech normal-
ization effect. Eight pairs of ambiguous sentences were
used, each participant categorizing one pair across 300
trials. On each trial, every segment was randomly
time-compressed or stretched. Segment-based correla-
tions between compression factors and responses reveal
how speech rate across different segments influences
perception.
The results demonstrate a broad temporal integra-
tion window, with significant effects observed up to
1 second before the target. A detailed analysis of
the correlation patterns across the eight sentences
challenges the idea that loudness, lexical stress, or
phonetic similarity alone drive speech rate integra-
tion. The presence of negative correlation coefficients
further suggests that more complex mechanisms are
involved in the temporal integration of speech rate.
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1. Introduction
An essential characteristic of the speech signal is the
semi-regular rhythmic patterns contained in its slow
temporal modulations, which are critical for compre-
hension [1], [2]. To reliably decode incoming sounds,
the brain must synchronize with the low-frequency
information in the speech envelope, enabling the
parsing of continuous signals into intonational groups,
words, syllables and phonemes [2], [3], [4]. However,
spontaneous speech is inherently dynamic, with
variations in speech rate and irregularities relative to
any core rhythm frequency. Temporal modulations
vary over time in both local mean frequency and
regularity [5]. Speech often includes silences, breaks
and restarts [6]. This challenges the assumption
of a narrow, stable rhythmic frequency for neural
synchronization. Instead, it is likely that the brain
must form a time-varying estimation of the current
speech rate.

A striking illustration of the brain’s ability to track
speech rate in real time is contextual speech rate
normalization [4], [7]. In such experiments, the per-
ception of an ambiguous target word is influenced by
the speech rate of the preceding context. For instance,
the ambiguous sequence of phonemes /bi:n6lIÃ/ can
be perceived as “bee knowledge” or “bean knowledge”
depending on whether the context sentence “Bailey
has much...” is sped up or slowed down [8]. Behav-
ioral studies have explored the temporal extent of
this effect, by manipulating separately the “proxi-
mal” rate and “distal” rate [8], [9], [10]. It has been
demonstrated that distal speech rate 200 ms before
the target can influence perception [11], and distal
effects have been observed up to 400 ms before the
target [8]. Interestingly, some authors have proposed
that overall sentence structure, lexical stress patterns,
and similarity to the target phoneme also modulate
the strength of the distal effect [9], [10], [12].
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This study aimed to obtain a more fine-grained
insight on the temporal structure of the integration
window for speech rate estimation. For this purpose,
a prosodic reverse correlation paradigm was employed,
similar to the approach used by Osses et al. [13]
and Ponsot et al. [14]. The context sentence
was divided into arbitrary 100-ms-long segments,
whose speech rate was randomly varied by stretch-
ing/compression. Correlating segment-specific speech
rate manipulations with participants’ perceptual
responses yields a “temporal kernel” that estimates
the influence of each segment on perceived speech rate.

A recent study by Tuttöśı et al. [15] used a similar
approach to investigate speech normalization in L1
and L2 speakers, focusing on vowel laxness/tenseness
constrasts (e.g. “peel” vs. “pill”). While their study
had a different objective, it demonstrated the efficacy
of reverse correlation approach in revealing the tempo-
ral profile of acoustic context effects. They observed
that the temporal contour of rate information intake
in context sentences was remarkably stable across indi-
viduals, in both French and English, with distal effects
extending up to 800 ms before the target word. This
study also manipulated pitch contours; however, pitch
normalization effects were found to be less robust and
more language-dependent than temporal contours. A
follow-up study confirmed the generalizability of these
temporal kernels to other sentences [16].

2. Materials and methods
2.1. Participants
Participants were recruited via the Prolific platform
and paid £4.5 for 30 minutes of participation. The
experiment was hosted on the MindProbe server.
Participants were native English speakers (US/UK)
with no reported hearing deficits. For this study,
a total of 189 sets of data were collected across 8
different conditions.

Additionally, 12 “easy trials” were introduced ran-
domly within the main experiment (see Screening
phase). Only participants who achieved at least 75%
accuracy (9/12 correct) on these trials were included
in the final analysis, resulting in a total pool of 152
participants (see redistribution in Table 1).

2.2. Sentences and conditions
Stimuli were directly adapted from Heffner et al.
[8], focusing on the three segmentation contrasts
that exhibited the strongest effects in the original
study. The original audio stimuli from that study
were natural recordings made by 6 native speakers of
American English (3 male, 3 female) who were naive
to the study’s purpose (see [8]).

In the first 3 conditions of the present study (C1 to
C3), test stimuli consisted in a contextual sentence
“Bailey has much ...” followed by the ambiguous
sequence of phonemes /bi:n6lIdZ/ that could be inter-

preted either as “bee knowledge” or “bean knowledge”
(see Fig.1). /n/ is the target phoneme since the
segmentation of the ambiguous sentence depends on
the perceived duration of this phoneme. Condition
C4 was based on the same target word, preceded with
a different context sentence: ‘Jessica said /bi:n6lIdZ/’
(C4). The remaining four conditions (C5-C8) used
two different ambiguous targets: /laImaIl/ (‘lime
aisle/mile’, /m/ being the target phoneme) and
/pleIs2mtaIm/ (‘place/play sometime’, /s/ being the
target phoneme). These ambiguous targets were
included into different sentences: ‘You can find it
by the /laImaIl/’ (C5), ‘Jessica often said /laImaIl/’
(C6), ‘David asked if I’d seen his /pleIs2mtaIm/’
(C7) and ‘Jessica frequently said /pleIs2mtaIm/’ (C8).

The following table lists the condition-specific sample-
sizes:

Table 1: Number of recruited (R) and included (I) par-
ticipants per condition (C)
C 1 2 3 4 5 6 7 8 Total
R 13 10 11 32 32 30 30 31 189
I 10 9 11 25 24 25 20 28 152

2.3. Screening phase
A screening procedure was used to ensure appropriate
audio setup and to confirm that participants could
reliably perform the auditory task. First, a binaural
Huggins pitch headphone screening was conducted [17].
The procedure uses a local phase inversion between the
left and right channels around 600 Hz. The resulting
pitch is only audible through binaural integration
so it requires a true stereo signal delivered to each
ear and ensures proper headphone use. Participants
would only be included if the correct audio setup
was used. Then, an “easy-trial” task follows. Easy
trials consisted of versions of the original sentence
where the target phoneme had been compressed or
stretched, resulting in unambiguous sentences. Since
these manipulations clearly bias the perception toward
long (‘bean’, ‘mile’, ‘place’) or short (‘bee’, ‘aisle’,
‘play’) words, they served as an objective measure of
participant attention in the task. Twelve easy trials (6
slowed, 6 sped-up) were used in the screening phase,
and participants would be excluded if not performing
perfectly (12/12 score). Those control trials were also
inserted randomly throughout the main experiment
as an attention checker.
2.4. Experimental protocol
The study followed a between-subjects experimental
design, with eight separate conditions. In each
condition, participants completed 300 trials of a
one-interval two-alternative task.

The context sentence was divided into 100-ms
segments, with the latest segment ending 150 ms
before the target phoneme (see Fig.1). The target
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word itself remained unchanged throughout the
experiment, while the context was manipulated from
trial to trial. The speech rate of each segment was
modified by stretching or compressing its duration
by a random factor. At each trial, new random
factors were drawn, independently for each segment,
from a normal distribution (mean = 1.5 and SD =
1, bounded to ± 1 SD). These values were used to
resynthesize the ambiguous stimulus with randomly
compressed or stretched segments while preserving
the f0, using the WORLD toolbox [18]. Contrary
to previous implementation of the prosodic reverse
correlation approach [13], [15], f0 contours were
maintained as originally recorded because the focus
of the present study was on the effect of speech rate
alone.

For each trial, participants were required to choose
between two potential interpretations of the target
(e.g., ‘bee knowledge’ or ‘bean knowledge’). Each
participant tested in a given condition was presented
the same set of 300 stimuli (i.e., with the same
random seeds), in a random order.

2.5. Analysis
For each participant, the stretching/compression
factor of each segment (> 1 streching, < 1 com-
pression) was correlated with the binary perceptual
responses. The segment-specific correlation coefficient
are reported as a temporal kernel, revealing the
influence of each segment’s speech rate on target
perception – and therefore the dynamics of speech
rate estimation throughout the context sentence.
Positive correlation coefficients indicate that the more
stretched a segment is the more it induces a bias
towards short target-word answers.

3. Results and discussion
Overall, compressing the context sentence led partici-
pants to perceive the ambiguous target phoneme as
longer, while stretching the context sentence led them
to perceive the target as shorter, resulting in positive
correlation coefficients. This finding aligns with the
existing literature on speech rate normalization and
successfully replicates the results reported by Heffner
et al. [8] on the same stimuli. However, the reverse
correlation approach employed in this study provides
a more detailed insight into the temporal dynam-
ics underlying both proximal and distal context effects.

The first three conditions were designed to assess
whether the specific set of 300 randomly generated
stimuli influenced the measured kernel. For this pur-
pose, 3 distinct sets were generated for the same sen-
tence, each corresponding to a separate condition.
While minor variations were observed among the three
resulting kernels, an ANOVA revealed no significant
effect of condition (Fig.1), confirming that the findings

are not dependent on the particular set of 300 random
stimuli used.

Fig. 1: Results for conditions C1, C2 and C3 (blue, green,
red). Top: spectrogram of the original stimulus with with
segments edges marked as blue vertical lines. Middle:
waveform of the original stimulus, with the same blue
edges. Bottom: temporal kernels averaged across par-
ticipants (correlation between “bee knowledge” response
and stretching factor applied to each temporal segment).
*:p<0.05, **:p<0.01, ***:p<0.001.

Given the absence of significant differences between
C1, C2, and C3, the data from these conditions
were pooled for further analysis. Fig.2 presents the
mean effect of segment compression/stretching on
“bee knowledge”/“bean knowledge” perception in the
sentence “Bailey has much /bi:n6lIdZ/”. Separate
t-tests conducted on each segments indicated that
almost all values were significantly different from zero
(p<0.05, without correction for multiple comparisons),
except for Segment 4. The effect was the most
pronounced for the final segment, closest to the target
phoneme. Correlation coefficients demonstrated a
general decline in the magnitude of the effect with
increasing distance from the target phoneme (from
segment 9 to segment 4). This pattern aligns with
the well-documented observation that proximal
contextual effects are typically stronger than distal
ones [8].
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Fig. 2: Average temporal kernel across participants in
conditions C1, C2 and C3. Red dots indicate weights
significantly different from zero at the group level.

However, the temporal kernel also exhibited a distinct
peak around segment 2, corresponding approximately
to vowel /eI/ in ‘Bailey’. This reflects a long-distance
speech-normalization effect occurring more than 800
ms before the target phoneme – much further than
the distal effect typically observed in previous studies
[8]. The underlying mechanisms driving the enhanced
weighting of these distal effects remain unclear.
Previous research [9], [10], [12] has proposed several
hypotheses to account for these effects, including
(1) an increased contribution of loud segments, (2)
phonetic similarity to the target, or (3) the presence
of a lexical stress. Conditions C4 to C8 were included
to further examine these potential explanations.

Fig. 3: Same caption as Fig.2 for C5 (‘You can find it by
the lime-aisle/mile’)

In the sentence “You can find it by the /laImaIl/” (C5,
Fig.3), the temporal kernel shows a strong increase to-
wards the end of the contextual sentence, similar to the
results observed in conditions C1-C3. The final seg-
ment exhibited the strongest contribution, further indi-
cating that listeners relied more heavily on the informa-
tion closest to the target. Yet, again, some segments
were found to be weighted more heavily than their tem-
poral distance from the target would predict: segment
5 (/Ind/) and 7 (/tb/). In the sentence “David asked if
I’d seen his /pleIs2mtaIm/” (C7, Fig.4), the weighting
pattern was irregularly distributed across segments,
with multiple regions contributing positively to percep-

tion. Due to substantial inter-participant variability in
this condition, no segment weights reached statistical
significance. Nevertheless, segments corresponding to
/Id/, /s/ and /aId/ were all associated with relatively
stronger weights, with a pronounced peak on segment
12, which aligns with the position of the last vowel of
the context sentence (/I/).

Fig. 4: Same caption as Fig.2 for C7 (‘David asked if I’d
seen his place/play-sometime’)

Across the three sentences in conditions C4 (‘Jessica
said /bi:n6lIdZ/’), C6 (‘Jessica often said /laImaIl/’)
and C8 (‘Jessica frequently said /pleIs2mtaIm/’),
consistent patterns emerge in the temporal weighting
of acoustic segments. Some vowels, such as the /a/
in ‘Jessica’ and the /ε/ in ‘said’, were systematically
associated with higher positive weights, suggesting
that listeners relied more strongly on these segments
(Fig.5,6,7). Unexpectedly, C4 also exhibited a
significant negative weight on the last segment (Fig.5).
One possible explanation would be related to the
presence or absence of co-articulation on the /d/ and
/b/ consonants, which may modulate the role of these
segments in speech rate estimation.

Fig. 5: Same caption as Fig.2 for C4 (‘Jessica said
bean/bee-knowledge’)
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Fig. 6: Same caption as Fig.2 for C6 (‘Jessica often said
lime-aisle/mile’)

Fig. 7: Same caption as Fig.2 for C8 (‘Jessica frequently
said place/play-sometime’)

Comparing the kernels obtained for condition C1
to C8 offers critical insights into the hypotheses
outlined earlier. First, loudness does not appear
to be a primary determinant of the contribution of
a segment to the estimation of overall speech rate.
This is evident in several conditions where silent or
quasi-silent segments (such as segment 9 in C1-C3,
segment 7 in C5, segment 8 in C4) were heavily
weighted, a finding that is reminiscent of previous
studies indicating that inserting proximal silent or
noisy segments overrides distal normalization effects
[19]. More generally, the loudest segments were not
consistently associated with the strongest perceptual
weights.

Assessing the role of phonetic similarity to the target
is more challenging. Although the set of sentence was
not designed to test this factor, the available evidence
suggest that phonetic similarity is not a critical
determinant: for instance, the ambiguous target
/pleIs2mtaIm/ in C8 (Fig.7) resulted in kernels with
weak weights on segments containing the phoneme /s/.

Finally, the temporal kernels measured in the different

conditions do not consistently align with the pattern
of lexical stress. While, in conditions C1-3, the
stressed syllables “Bai” and “much” are associated
with significant weights, the three conditions C4, C6
and C8 show a strong correlation in the final /@/ in
“Jessica” although this vowel does not bear lexical
stress.

Taken together, these results challenge the three
primary hypotheses proposed to explain the weighting
of distal segments in speech rate integration. Neither
loudness, lexical stress, nor phonetic similarity
to the target phoneme emerged as consistent or
dominant factors in shaping the temporal kernels
observed across conditions. The lack of alignment
with these hypotheses suggests that the mechanisms
underlying speech rate normalization are more
complex and/or likely involve additional, as-yet-
unidentified factors. To further clarify how listeners
integrate speech rate information, this analysis will
be extended to additional sentences in future research.

A major finding of this study is the extended duration
of the speech rate integration window. While distal
context effects have been extensively explored in the
past, the results have been inconsistent, with some
studies finding significant distal effects while other
failed to do so. This inconsistency may stem from
the variable definitions of what constitutes a “distal”
region, as noted by Heffner et al. [8], since experi-
mental procedures have so far typically consisted in
manipulating the speech rate of a predefined distal
region, which inherently relies on arbitrary temporal
boundaries. The reverse correlation approach offers
a distinct advantage in this regard as it does not
require to isolate a region based on a priori criteria,
but instead reveals the continuous shape of the
temporal integration window over time. This allowed
us to reveal that distal context effects can be both
relatively strong and temporally localized – perhaps
explaining why previous studies manipulating broader
segments yielded inconsistent results. In C1-C4,
segments located around 800 ms before the target
phoneme significantly influenced its perception.
In C6, significant weights were observed up to 1
second prior to the target phoneme (/s/ in ‘Jessica’).
Such long-distance speech-normalization effects
are substantially larger to what has been typically
reported in the literature. However, similar findigs
have been previously documented by Tuttös̀ı et al
[15], suggesting that such effects may be relatively
common in speech and that listeners may build a
representation of the speaker’s rate over a much
longer time window than previously assumed.

Finally, the case of the final silent segment in
conditions C1-C4 is particularly surprising: despite
this segment being essentially silent (see Fig.1 and
Fig.5) and containing similar phonetic information in
the two sentences (the closure preceding the release
of /b/ in /bi:n6lIdZ/), it was significantly larger than
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zero in C1-C3, but significantly lower than zero in
C4. Such negative weights might suggest a double
comparison mechanism, with the duration of the
target phoneme /n/ in C4 evaluated relative to the
speech rate in a preceding segment, which is assessed
relative to the duration of the /b/ closure silence.
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