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Abstract

The production of clear speech has been extensively explored,
and several contributing cues have been identified. However,
synthesizing clear speech by mimicking these cues has shown
poor results. We suggest that, rather than trying to replicate
clear speech from produced human speech, we should instead
use a data-driven approach to understand what cues are driving
perception. In past work, we used psychoacoustic reverse corre-
lation to show that vowel duration has a particularly important
influence on the perception of English vowels among French
adult learners of English. Here, we systematically controlled
synthesized speech to identify duration patterns that bias a lis-
tener to a specific vowel. We find that increasing the duration
of tense vowels improves clarity, but increasing the duration of
lax vowels reduces the identification accuracy of those vowels.
Moreover, we find that this mechanism is much stronger for
those with reduced listening abilities, i.e., French learners of
English. We hope that in the future a similar methodology can
be used to explore these mechanisms for the hard of hearing.
Index Terms: speech recognition, human-computer interac-
tion, computational paralinguistics

1. Introduction

Clear speech directed to those with comprehension challenges
has been extensively studied from both a perception [1, 2, 3, 4,
2,5, 6, 7], and production standpoint [8, 9, 10, 11]. Yet ques-
tions remain, specifically in terms of how to synthetically gener-
ate speech that is comprehensible for those with reduced listen-
ing abilities. When observing human-generated clear speech,
one feature we see time and again is an increase in duration
[8, 9, 2, 12], yet studies attempting to artificially incorporate
these changes to mimic clear speech have not been particularly
successful [4, 7, 5].

Past research had attempted to replicate human-made clear
speech. While, in theory, we know this speech to be more in-
telligible, it is possible that the complex cues interacting in hu-
man speech are difficult to disentangle in efforts to replicate
these changes in synthesized speech. As such, we propose that
a bottom-up, data-driven approach focused purely on perceptive
improvements is key to solving this problem.

In [13], reverse correlation allowed us to uncover psychoa-
coustic mechanisms that listeners use to differentiate sounds.
Specifically, our previous results suggested a mechanism to im-
prove comprehension when listeners struggle to use the primary
vowel formant cues, which in our case was second language
(L2) speakers [14], but this also applies to those with hearing
loss [15]. However, we need to confirm that these mechanisms
translate to macroscopic behavioural changes through valida-
tion experiments. We found a scissor-shaped effect where the

duration within the target word should conform to the linguis-
tic properties of the vowel, i.e., longer for tense and shorter for
lax vowels, but a contrastive effect within the preceding con-
text, i.e., faster preceding a tense vowel, and slower preceding
a lax vowel. Still, we do not know the exact amount of duration
change required to elicit the desired effects.

2. Experiment
2.1. Purpose

In this paper, to understand the effect of duration cues on clear
speech, we aim to 1) establish perception thresholds by system-
atically manipulating the scissor manipulation’s intensity, 2) ad-
ditionally validate a new tense/lax vowel pair: “full” (/ful/) and
“fool” (/ful/), and 3) test ecologically valid sentences, as our
prior work on reverse correlation was conducted on ambiguous
vowels (for methodological reasons, such as avoiding bias in a
1-interval task). Here, the vowels are no longer ambiguous.

2.2. Stimulus generation

We generated phrase stimuli in North American English (e.g.
“I heard them say fool”) that incorporated the “scissor-shape”
profile of speech-rate uncovered in [13]. To do this, we use
Matcha-TTS [16], which has phoneme-level duration control.
These modifications were made by applying an array of the
same length as the phonemized phrase similar to the process in
[17]. In this array, the phonemes up until the pause before the
target word contained the context multiplier, and phonemes be-
ginning at the space before the target word contained the word
multiplier.

Within the word, we tested a duration change ranging from
0.5x speed to 2.0x speed at increments of 0.2, both increas-
ing and decreasing from 1.0x speed, resulting in 11 differ-
ent stretch manipulations. The corresponding context duration
change ranged from 0.67x to 1.5x speed at increments of 0.1,
both increasing and decreasing from 1.0x speed. Context and
word duration were applied in opposite directions, e.g., when
the word was 2.0x stretched, the context was compressed at
0.67x simultaneously. For each duration step, the phrases “I
heard them say peel”, “I heard them say pill”, “I heard them say
fool”, and “I heard them say full” were generated, resulting in
44 different stimuli (4 phrases x 11 manipulations).

2.3. Experimental procedure

Participants were then presented successive trials consisting of
a single stimulus, for which they were asked to choose which of
two alternative words (“pill” or “peel”, or “full” or “fool”) they
thought it included (l-interval, 2-alternative forced choice).
Each of the 44 stimuli (4 phrases, 11 manipulations) were pre-



sented 5 times, in random order, resulting in 220 trials. The
three conditions, word and context, word only, and context only,
were varied between-participants. In each trial, participants
could listen to the phrase once.

We had N = 75 French speakers to model L2 perception
and N = 50, English L1 participants, with the latter group both
in quiet and in noise to model a difficult listening environment
for L1 speakers.

3. Results
3.1. Manipulation of both context and word

The results are presented as the percentage of correct identifi-
cations of the target words in the baseline, and the difference in
percentage of correct identifications over the baseline.

French-L1. We found that a 1.6x stretch for tense vowels
was required for a significant increase in transcription accuracy
(> 17%) over the baseline. Both tense and lax vowels required
only a 1.2x compression to significantly decrease the accuracy
over the baseline. Importantly, this shows that participants can
be convinced to hear the tense vowel if the duration of a lax
vowel becomes long (up to -37% for both pill and full). We ob-
serve that the hypothesized duration effects extend to our new
vowel pair /u/ and /u/. For “fool”, specifically, the TTS strug-
gled to synthesize clear formants and we see a strong improve-
ment over the baseline (up to 22%) when extending the dura-
tion. As our sample of French speakers had high English pro-
ficiency, the baseline accuracy was relatively high now that the
vowel was not ambiguous (80.8% for “pill”, 76.8% for “peel”,
83.2% for “full” and 32.0% for “fool”), yet were were still able
to achieve the previously mentioned improvements.

English-LI. English L1 listeners were able to achieve near
100% baseline accuracy on all vowels, which differed from our
prior work since vowels were no longer ambiguous and mostly
insensitive to the manipulation. It is possible that because native
speakers have more robust auditory representations of the spec-
tral content of vowels in their native language, they are able to
use the formants of the vowel to differentiate the words and are
not easily swayed by changes in duration. The one exception
was with “fool”, where a 1.4x stretch resulted in a significant
transcription improvement over the baseline (> 20%). This is
perhaps because “fool” was relatively poorly synthesized, sug-
gesting that even English-L1 participants may start relying on
duration cues in situations where timbral cues are not easily
processed.

English-L1, with added noise. English-L1 results for “fool”
stimuli, a word which, for technical reasons, was found to have
poor synthesis results with our TTS system, suggest that, in
more difficult or ambiguous listening conditions, even native
speakers would default on secondary cues, similar to L2 speak-
ers without tense/lax distinctions in their L1. To confirm this
hypothesis and venture towards the possible application of our
duration mechanism for L1 speakers with hearing loss, we ex-
plored whether it was possible to mask formant information
with distortion and background noise, and this force L1 English
speakers to behave like listeners with reduced comprehension
for “peel” and “pill”.

We then aimed to create a sound similar to loud-speakers
in a metro station, i.e., a distorted and distanced sound, with
a crowd in the background. To achieve this sound, we used
Audacity'. First, a rectifier distortion was applied at 45%; then
reverberation was added with a room size of 22%, a pre-delay

Uhttps://www.audacityteam.org/

of 10ms, a reverberance and dampening percentage of 50%, a
tone low, tone high, and stereo width of 100%, and a wet and
dry gain of -1bB. Finally, a background crowd noise was added
so that all word duration in the phrase could be perceived, but it
was difficult to recognize all of the speech clearly.

The L1 results in noise showed a similar effect as with
L2 speakers. Duration manipulations affected word recogni-
tion performance both for “pill”(-22% with lengthening) and
‘peel” (11% with lengthening, -52% with shortening). These
results, therefore, suggest that the duration perception mecha-
nism evidenced in reverse-correlation experiments is one used
by both L1 and L2 speakers of English as a fall-back strategy
when spectral information on the word itself is unreliable.

3.2. Manipulation of context-only and word-only

Finally, after confirming reverse-correlation results for simulta-
neous context and word manipulations of duration, we explored
the contribution of manipulating only the context or only the
word. We observed that, although reverse correlation kernels
showed effects of duration both outside and inside the word,
word identification performance was more strongly driven by
word duration than context duration. The context manipulations
resulted in only very slight improvements over the baseline, and
modifying the word had as strong of an effect as modifying both
the context and the word simultaneously.

3.3. Discussion

Clear speech literature often overlooks listener-specific differ-
ences, as well as the subtle differences in acoustics, often group-
ing them together [8]. The present work focuses on L2 percep-
tion and L1 perception in noise, however, we suggest that data-
driven methodologies can also be applied to understand percep-
tion for specific listening groups, such as those with hearing
loss. Moreover, although we focus on duration as in [13], fu-
ture work will explore the other cues, through reverse correla-
tion, for individuals with hearing loss.

4. Conclusions

Taken together, these results provide a promising strategy to
improve the clarity of synthesized speech in difficult listening
conditions, whether for a second language listener or a first lan-
guage speaker in noise, by manipulating duration cues to en-
force the correct perception of tense/lax alternatives. Specifi-
cally, because we did not see an improvement in either perfor-
mance through the addition of duration changes in the context,
we hypothesize that a word-only modification should be suffi-
cient to improve comprehension in difficult listening conditions.
Moreover, as the duration effects seen above were asymmet-
ric, we make the hypothesis that lax vowels should remain at
the base speaking rate, but words containing a tense vowel that
can be easily confused with a lax vowel minimal pair should be
lengthened relative to the rest of the phrase. This is contrary to
previous work and studies of perception where all vowel sounds
are lengthened to create clear speech [3, 12]. In follow up work
currently in submission, we implement this strategy in a com-
plete TTS system, using a parsing technique to automatically
identify portions of the phrase that should benefit from dura-
tional changes and validate that this strategy improves speech
comprehension compared to two other control strategies (slow-
ing down the difficult word or slowing down the whole sen-
tence). We propose our data-driven reverse correlation approach
as a means to better understand clear speech.
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