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Abstract

Previous studies have shown that “clear” speech, where the speaker intentionally tries to enunciate, has better intelligibility than “con-
versational” speech, which is produced in regular conversation. However, conversational and clear speech vary along a number of acous-
tic dimensions and it is unclear what aspects of clear speech lead to better intelligibility. Previously, Kain et al. (2008) showed that a
combination of short-term spectra and duration was responsible for the improved intelligibility of one speaker. This study investigates
subsets of specific features of short-term spectra including temporal aspects. Similar to Kain’s study, hybrid stimuli were synthesized with
a combination of features from clear speech and complementary features from conversational speech to determine which acoustic fea-
tures cause the improved intelligibility of clear speech. Our results indicate that, although steady-state formant values of tense vowels
contributed to the intelligibility of clear speech, neither the steady-state portion nor the formant transition was sufficient to yield com-
parable intelligibility to that of clear speech. In contrast, when the entire formant contour of conversational speech including the pho-
neme duration was replaced by that of clear speech, intelligibility was comparable to that of clear speech. It indicated that the
combination of formant contour and duration information was relevant to the improved intelligibility of clear speech. The study pro-
vides a better understanding of the relevance of different aspects of formant contours to the improved intelligibility of clear speech.
� 2013 Elsevier B.V. All rights reserved.
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1. Introduction

People often adopt a particular speaking style to better
communicate with hard-of-hearing or cognitively-impaired
individuals, referred to as clear speech. Previous research

has found that clear speech is more intelligible than conver-

sational speech, which is spoken in regular communication
(Picheny et al., 1985). The acoustic–phonetic characteristics
of clear speech have been shown to differ from those of
conversational speech (Picheny et al., 1986). For example,
clear speech has slower speaking rate, expanded vowel
space, increased energy at higher frequency regions, and
lengthened phoneme durations (Picheny et al., 1986;
Ferguson and Kewley-Port, 2002; Krause and Braida,
2004).3 Given the various acoustic–phonetic characteristics
of clear speech, what makes clear speech more intelligible is
still questionable.
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To address the question, Kusumoto et al. (2007) and
Kain et al. (2008) examined the contribution of certain
acoustic features to improved intelligibility of clear speech
by using a hybridization algorithm. The hybridization algo-
rithm is a tool for creating hybrid stimuli that have certain
features of clear speech utterance, and complementary fea-
tures of conversational speech. The hybrid speech makes it
possible to examine the perceptual relevance of certain
features to the improved intelligibility of clear speech.
Perceptual experiments indicated that hybrid speech with
short-term spectra and phoneme durations modeled after
clear speech yielded significant improvement in intelligibil-
ity over unprocessed conversational speech (Kain et al.,
2008). Thus, the authors concluded that the combination
of short-term spectra and phoneme durations caused the
improved intelligibility of clear speech. However, the
short-term spectrum contains a large number of features,
therefore, the goal of this study was to investigate which
specific features of short-term spectra, including the tempo-
ral aspect, can yield better intelligibility. The outcome of
this study may be useful for assistive listening devices,
which could provide speech with increased intelligibility
for listeners with hearing impairment or in adverse listening
conditions by enhancing relevant features.

Formant frequencies are the spectral peaks of the short-
term spectrum, resulting from the positions of the articula-
tors (e.g. tongue and lip positions) in the oral cavity. The
formant contours, the time course of formant frequencies,
reflect the movement of articulators from one position to
another over time. Previous studies showed that the for-
mant contour over the course of a vowel is perceptually
important (Hillenbrand and Nearey, 1999) and that word
intelligibility is significantly correlated with mean word
duration and the difference between the F2 values of /i/
and /u/ (Hazan and Markham, 2004). Therefore, in the
first hybrid condition (HYB-C), we examined whether the
formant contour was relevant to improved intelligibility.
We excluded other features from the short-term spectra
such as formants over 4 kHz, formant residuals, and for-
mant bandwidths that were not reported to be different
between conversational and clear speech in most cases
(Krause and Braida, 2004).

However, the entire formant contour may not be
responsible for the improved intelligibility of clear speech,
and a subset of the formant contour may be sufficient.
Furui (1986) showed that the formant frequencies at the
maximum spectral transition are sufficient to identify vow-
els. Additionally, Moon and Lindblom (1994) showed that
the steady-states at the middle point of the vowel are
shown to be different between conversational and clear
speech, and that F2 at the transition moves faster in clear
than in conversational speech. In the second hybrid condi-
tion (HYB-MT), we examine the relevancy of formant fre-
quencies at the middle point and formant transition, and
removing other features (points between transition and
middle point, and duration of clear speech) from the first
condition, HYB-C.

Finally, it may be sufficient to have formant frequencies
from clear speech at the middle point of the vowel but not
the formant transition of clear speech. Previous studies
showed that the vowel space representing F1 and F2 values
was expanded along both dimensions in the clear speaking
style (Bradlow et al., 2003; Krause and Braida, 2004), and
that formant steady-states at the middle point of the vowel
in conversational speech do not reach their targets as much
compared to clear speech (/wVl/ context) (Moon and
Lindblom, 1994). The extreme steady-state values of clear
speech may be the cause of improved intelligibility. There-
fore, the third hybrid condition (/HYB-M/) was used to
examine the relevancy of the formant values at the middle
point of the vowel (defined as steady-state values). In sum-
mary, this study examined the relative contribution of for-
mant contour, a combination of steady-state formant
values and formant transition, or steady-state values alone,
and whether these features resulted in an improved intelli-
gibility compared to conversational speech.

2. Speech corpus

Speech materials containing conversational and clear
speech were recorded for this study, using a previously
developed word list (Moon and Lindblom, 1994). This list
contains /wVl/ words designed to achieve (1) large conso-
nant–vowel formant transitions, (2) the same degree of
stress on the test word, and (3) systematic change of the
vowel duration. The four front vowels (/i/, /I/, /e/ and /ei/)
surrounded by the consonants /w/ and /l/ were
recorded.

Four words (wheel, will, well, and whale) in a carrier sen-
tence were repeated 16 times each. The carrier sentence “it’s
easy to tell the size of a WORD” was used to facilitate the
use of fundamental frequency (F0), duration and intensity
as necessary, upon the elicitation of conversational and
clear speech. A total of 128 tokens were recorded (4
words � 2 speaking styles � 16 repetitions).

The speech signals were recorded digitally at a sampling
rate of 16 kHz with 16-bit resolution. One male, a native
speaker of North-American English with no professional
training in public speaking, was recruited as a speaker
because of his previous experience producing conversa-
tional and clear speech in the laboratory (Kain et al.,
2008). When recording conversational speech, the speaker
was instructed to recite the materials in a way that he
would use to communicate in his daily life. When recording
clear speech, he was instructed to speak clearly, as he
would talk when communicating with elderly listeners or
hearing-impaired listeners. The recording of conversational
speech was followed by clear speech in the first and second
recording sessions, respectively, using the speaker’s own
distinction between conversational and clear speech
production.

The average speaking rates in words per minute (wpm),
measured excluding pause durations, were 366 wpm and
179 wpm for conversational (CNV) and clear (CLR) speech,
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