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In adverse listening conditions, talkers can increase their intelligibility by speaking clearly �Picheny,
M.A., et al. �1985�. J. Speech Hear. Res. 28, 96–103; Payton, K. L., et al. �1994�. J. Acoust. Soc.
Am. 95, 1581–1592�. This modified speaking style, known as clear speech, is typically spoken
more slowly than conversational speech �Picheny, M. A., et al. �1986�. J. Speech Hear. Res. 29,
434–446; Uchanski, R. M., et al. �1996�. J. Speech Hear. Res. 39, 494–509�. However, talkers can
produce clear speech at normal rates �clear/normal speech� with training �Krause, J. C., and Braida,
L. D. �2002�. J. Acoust. Soc. Am. 112, 2165–2172� suggesting that clear speech has some inherent
acoustic properties, independent of rate, that contribute to its improved intelligibility. Identifying
these acoustic properties could lead to improved signal processing schemes for hearing aids. Two
global-level properties of clear/normal speech that appear likely to be associated with improved
intelligibility are increased energy in the 1000–3000-Hz range of long-term spectra and increased
modulation depth of low-frequency modulations of the intensity envelope �Krause, J. C., and
Braida, L. D. �2004�. J. Acoust. Soc. Am. 115, 362–378�. In an attempt to isolate the contributions
of these two properties to intelligibility, signal processing transformations were developed to
manipulate each of these aspects of conversational speech independently. Results of intelligibility
testing with hearing-impaired listeners and normal-hearing listeners in noise suggest that �1�
increasing energy between 1000 and 3000 Hz does not fully account for the intelligibility benefit of
clear/normal speech, and �2� simple filtering of the intensity envelope is generally detrimental to
intelligibility. While other manipulations of the intensity envelope are required to determine
conclusively the role of this factor in intelligibility, it is also likely that additional properties
important for highly intelligible speech at normal speech at normal rates remain to be identified.
© 2009 Acoustical Society of America. �DOI: 10.1121/1.3097491�
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I. INTRODUCTION

It has been well established that clear speech, a speaking
style that many talkers adopt in difficult communication situ-
ations, is significantly more intelligible �roughly 17 percent-
age points� than conversational speech for both normal-
hearing and hearing-impaired listeners in a variety of
difficult listening situations �e.g., Picheny et al., 1985�. Spe-
cifically, the intelligibility benefit of clear speech �relative to
conversational speech� has been demonstrated for back-
grounds of wideband noise �e.g., Uchanski et al., 1996;
Krause and Braida, 2002� and multi-talker babble �e.g., Fer-
guson and Kewley-Port, 2002�, after high-pass and low-pass
filtering �Krause and Braida, 2003� and in reverberant envi-
ronments �Payton et al., 1994�. Similar intelligibility benefits
have also been shown for a number of other listener popula-
tions, including cochlear-implant users �Liu et al., 2004�,
elderly adults �Helfer, 1998�, children with and without
learning disabilities �Bradlow et al., 2003�, and non-native
listeners �Bradlow and Bent, 2002; Krause and Braida,
2003�. These large and robust intelligibility differences are,
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not surprisingly, associated with a number of acoustical dif-
ferences between the two speaking styles. For example, clear
speech is typically spoken more slowly than conversational
speech �Picheny et al., 1986; Bradlow et al., 2003�, with
greater temporal envelope modulations �Payton et al., 1994;
Krause and Braida, 2004; Liu et al., 2004� and with rela-
tively more energy at higher frequencies �Picheny et al.,
1986; Krause and Braida, 2004�. In addition, increased fun-
damental frequency variation �Krause and Braida, 2004;
Bradlow et al., 2003�, increased vowel space �Picheny et al.,
1986; Ferguson and Kewley-Port, 2002�, and other phonetic
and phonological modifications �Krause and Braida, 2004;
Bradlow et al., 2003� are apparent in the clear speech of
some talkers. Any of these differences between clear and
conversational speech could potentially play a role in in-
creasing intelligibility. However, the particular properties of
clear speech that are responsible for its intelligibility advan-
tage have not been isolated.

One approach that can be used to evaluate the relative
contribution of various acoustic properties to the intelligibil-
ity advantage of clear speech is to develop signal processing
schemes capable of manipulating each acoustic parameter
independently. By comparing the intelligibility of speech be-
fore and after an individual acoustical parameter is altered,

the contribution of that acoustic parameter to intelligibility
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can be quantified. Of course, it may be necessary to modify
a combination of multiple parameters to reproduce the full
benefit of clear speech; however, manipulation of single
acoustic parameters is nonetheless a convenient tool for char-
acterizing their relative importance �at least to the extent that
intelligibility is a linear combination of these parameters�.
The effect of each parameter on intelligibility can be iso-
lated, and its role in improving intelligibility can be evalu-
ated systematically.

Several studies have used this systematic approach to
analyze the role of speaking rate in the intelligibility of clear
speech, each employing a different time-scaling procedure to
alter the speaking rate of clear and conversational sentences;
clear sentences were time-compressed to typical conversa-
tional speaking rates �200 wpm�, and conversational sen-
tences were expanded to typical clear speaking rates
�100 wpm� �Picheny et al., 1989; Uchanski et al., 1996; Liu
and Zeng, 2006�. Even after accounting for processing arti-
facts, none of the time-scaling procedures produced speech
that was more intelligible than unprocessed conversational
speech �although nonuniform time-scaling, which altered the
duration of phonetic segments based on segmental-level du-
rational differences between conversational and clear speech,
was less harmful to intelligibility than uniform time-scaling�.
Using the same systematic approach, other studies have
evaluated the role of pauses in the intelligibility advantage
provided by clear speech. Results suggest that introducing
pauses to conversational speech does not improve intelligi-
bility substantially, unless the short-term signal-to-noise ratio
�SNR� is increased as a result of the manipulation �Uchanski
et al., 1996; Liu and Zeng, 2006�.

From these artificial manipulations of clear and conver-
sational speech, it can thus be concluded that neither speak-
ing rate nor pause structure alone is responsible for a large
portion of the intelligibility benefit provided by clear speech.
In fact, results obtained for naturally produced clear speech
are consistent with this conclusion. With training, talkers can
learn to produce a form of clear speech at normal speaking
rates �Krause and Braida, 2002�. This speaking style, known
as clear/normal speech, is comparable to conversational
speech in both speaking rate and pause structure �Krause and
Braida, 2004�. Nonetheless, it provides normal-hearing lis-
teners �in noise� with 78% of the intelligibility benefit af-
forded by typical clear speech �i.e., 14 percentage points for
clear/normal speech vs 18 percentage points for clear speech
produced at slower speaking rates; Krause and Braida, 2002�.

Taken together, these results suggest that clear speech
has some inherent acoustic properties, independent of rate,
that account for a large portion of its intelligibility advan-
tage. In addition, the advent of clear/normal speech has sim-
plified the task of isolating these properties, since conversa-
tional and clear speech produced at the same speaking rate
can be compared directly. Such comparisons have revealed a
number of acoustical differences between clear/normal
speech and conversational speech that may be associated
with the differences in intelligibility between the two speak-
ing styles �Krause and Braida, 2004�. In particular, the two
properties of clear/normal speech that appear most likely re-

sponsible for its intelligibility advantage are increased en-
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ergy in the 1000–3000-Hz range of long-term spectra and
increased modulation depth of low-frequency modulations of
the intensity envelope �Krause and Braida, 2004�. In an at-
tempt to determine the extent to which these properties in-
fluence intelligibility, the present study examines the effects
of two signal processing transformations designed to ma-
nipulate each of these characteristics of conversational
speech independently. One transformation alters spectral
characteristics of conversational speech by raising formant
amplitudes typically found between 1000 and 3000 Hz,
while the other alters envelope characteristics by increasing
the modulation depth of low frequencies ��3–4 Hz� in sev-
eral of the octave-band intensity envelopes.

In this paper, each of these signal processing transfor-
mations is described, verified, and independently applied to
conversational speech. Intelligibility results are then reported
for both types of processed speech as well as naturally pro-
duced conversational and clear/normal speech. The goal of
the intelligibility tests was to determine the relative contri-
bution of each of these properties to the intelligibility advan-
tage of clear speech. If altering either of these properties
improved intelligibility substantially without altering speak-
ing rate, the corresponding transformations would provide
insight into signal processing approaches for hearing aids
that would have the potential to improve speech clarity as
well as audibility.

II. SIGNAL TRANSFORMATIONS

Based on previously identified properties of clear/
normal speech �Krause and Braida, 2004�, two signal trans-
formations were developed to alter single acoustic properties
of conversational speech. Specifically, the transformations
were as follows.

�1� Transformation SPEC— This transformation increased
energy near second and third formant frequencies. These
formants typically fall in the 1000–3000-Hz range
�Peterson and Barney, 1952; Hillenbrand et al., 1995�
where differences in long-term spectra are typically ob-
served between conversational and clear/normal speech.
The spectral differences between the two speaking styles
are thought to arise from the emphasis of second and
third formants in clear/normal speech; higher spectral
prominences at these formant frequencies are generally
evident in the short-term vowel spectra of clear/normal
speech relative to conversational speech, while little
spectral change in short-term consonant spectra is evi-
dent across speaking styles �Krause and Braida, 2004�.

Although Transformation SPEC is similar to a high-
frequency emphasis of the speech spectrum, such as
what would be accomplished by frequency-gain charac-
teristics commonly used in hearing aids, this transforma-
tion manipulates only the frequency content of vowels
and other voiced segments. As a result, the increase in
level of F2 and F3 relative to F1 is somewhat greater
than what would result from applying a high-frequency
emphasis to the entire sentence, assuming that the long-
term rms level of each sentence is held constant. Be-

cause a spectral boost of this magnitude is so common in
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the 1000–3000-Hz frequency range for vowels in clear/
normal speech, it is important to quantify its contribu-
tion, if any, to the intelligibility advantage of clear
speech.

�2� Transformation ENV— This transformation increased
the modulation depth of frequencies less than 3–4 Hz in
the intensity envelopes of the 250-, 500-, 1000-, and
2000-Hz octave bands. This type of change is often ex-
hibited by talkers who produce clear speech at normal
rates �Krause and Braida, 2004� and is also generally
evident when talkers produce clear speech at slow rates
�Payton et al., 1994; Krause and Braida, 2004; Liu et al.,
2004�. For these reasons, and also because modulations
as low as 2 Hz are known to be important for phoneme
identification �Drullman et al., 1994a, 1994b�, the in-
creased modulation of lower frequencies in these octave
bands is considered likely to contribute to improved in-
telligibility �Krause and Braida, 2004�. Further evidence
for this idea stems from the �speech-based� Speech
Transmission Index �STI� �Houtgast and Steeneken,
1985�: The speech-based STI is not only directly related
to envelope spectra but also highly correlated with mea-
sured intelligibility scores for conversational speech and
clear speech at a variety of speaking rates, suggesting
that at least some of the differences in envelope spectra
between the two speaking styles are associated with dif-
ferences in intelligibility �Krause and Braida, 2004�.

Before the intelligibility effects of these transformations
were measured, acoustic evaluations were conducted to
verify that each transformation had produced the desired
change in acoustic properties. For the purposes of these
acoustic evaluations, each transformation was applied to the
conversational speech of the two talkers �T4 and T5� ana-
lyzed in Krause and Braida �2004� so that the acoustic prop-
erties of the processed speech could be directly compared to
previously reported acoustic data for the clear/normal speech
of these same two talkers �Krause and Braida, 2004�. In that
study, speech was drawn from a corpus of nonsense �gram-
matically correct but semantically anomalous� sentences pre-
viously described by Picheny et al. �1985�, and one set of 50
nonsense sentences per talker was analyzed in both clear/
normal and conversational speaking styles, such that 200 ut-
terances �100 unique sentences� were analyzed between the
two talkers. For the acoustic evaluations in this study, each
transformation was applied to the 100 conversational utter-
ances analyzed in that study. Thus, for each of the two talk-
ers, it was possible to compare the acoustic properties of the
50 processed sentences to the acoustic properties previously
reported for the exact same 50 sentences spoken in both con-
versational and clear/normal speaking modes.

A. Transformation SPEC: Formant frequencies

The first processing scheme, Transformation SPEC, in-
creased energy near the second and third formants by first
modifying the magnitude of the short-time Fourier transform
�STFT� and then using the Griffin–Lim �Griffin and Lim,
1984� algorithm to estimate a signal from its modified STFT

magnitude. The STFT magnitude, or spectrogram, was com-
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puted using an 8-ms Hanning window with 6 ms of overlap.
The formant frequencies were then measured at 10-ms inter-
vals for voiced portions of the speech signal using the for-
mant tracking program provided in the ESPS/WAVES� soft-
ware package. For each 10-ms interval where voicing was
present, the spectrogram magnitude was multiplied by a
modified Hanning window, w�F�, whose endpoints in fre-
quency, Fstart and Fend, were calculated as follows:

Fstart = F2 − min�2BW2,
F1 + F2

2
� , �1�

Fend = F3 + min�2BW3,
F2 + F3

2
� , �2�

where F2, F3, BW2, and BW3 are the second and third for-
mants and their bandwidths, respectively. A Hanning window
spanning this frequency range, h�F�, was modified according
to the following formula:

w�F� = Ah�F� + 1, �3�

where A, the scale factor used to control the amount of am-
plification, was set to 2 in order to achieve an energy in-
crease comparable in magnitude to that previously reported
between conversational and clear/normal speech �Krause and
Braida, 2004�. Finally, the Griffin–Lim �Griffin and Lim,
1984� iterative algorithm was used to derive the processed
speech signal from the modified spectrogram, and the result-
ing sentences were then normalized for long-term rms value.

In order to evaluate whether Transformation SPEC
achieved the desired effect on energy in the 1000–3000-Hz
range, the long-term �sentence-level� and short-term
�phonetic-level� spectra of processed speech were then com-
puted for the two talkers from Krause and Braida �2004� and
compared to the spectra previously obtained for these talk-
ers’ conversational and clear/normal speech �Krause and
Braida, 2004�. As in Krause and Braida �2004�, FFTs were
computed for each windowed segment �25.6 ms non-
overlapping Hanning windows� within a sentence, and then
the rms average magnitude was determined over 50 sen-
tences. A 1 /3-octave representation of the spectra was ob-
tained by summing components over 1 /3-octave intervals
with center frequencies ranging from 62.5 to 8000 Hz.

Figure 1 shows the long-term spectral differences of
clear/normal and processed modes relative to conversational
speech for T4 �results for T5 were similar�, demonstrating
that the processing had the desired effect on the long-term
spectrum. Some spectral differences are apparent between
clear/normal speech and conversational speech below 1 kHz
�i.e., near F1�. However, it is the spectral differences above
1 kHz that are thought to be related to the intelligibility ben-
efit of clear/normal speech, as these differences are seen
most consistently across talkers and vowel contexts �Krause
and Braida, 2004�. In this frequency range, the processed
speech exhibits roughly the same increase in energy, relative
to conversational/normal speech, as clear/normal speech

does. Inspection of short-term spectra confirmed that this ef-
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fect was due to the expected spectral changes near the second
and third formants of vowels, with little change in consonant
spectra.

B. Transformation ENV: Temporal envelope

Transformation ENV was designed to increase the
modulation depth for frequencies less than 3–4 Hz in the
intensity envelope of the 250-, 500-, 1000-, and 2000-Hz
octave bands using an analysis-synthesis approach �Drull-
man et al., 1994b�. In the analysis stage, as in Krause and
Braida �2004�, 50 sentences from a talker were first concat-
enated and filtered into seven component signals, using a
bank of fourth-order octave-bandwidth Butterworth filters,
with center frequencies of 125–8000 Hz. The filters used in
this stage of processing were designed so that the overall
response of the combined filters was roughly �2 dB over the
entire range of speech frequencies. The filter bank outputs
for each of the seven octave bands were then squared and
low-pass filtered by an eighth-order Butterworth filter with a
60-Hz cutoff frequency in order to obtain relatively smooth
intensity envelopes. After downsampling the intensity enve-
lopes in each octave band by a factor of 100, a 1 /3-octave
representation of the power spectra for each band was com-
puted, with center frequencies ranging from 0.4 to 20 Hz.
Finally, the power spectra were normalized by the mean of
the envelope function �Houtgast and Steeneken, 1985�, such
that a single 100% modulated sine-wave would result in a
modulation index of 1.0 for the 1 /3-octave band correspond-
ing to the modulation frequency and 0.0 for the other
1 /3-octave bands.

In the second stage of processing, the envelope of each
sentence was processed separately. For the octave bands in
which modification was desired, the original envelope of
each sentence was modified by a 200-point FIR filter de-
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FIG. 1. Third-octave band long-term rms spectral differences for T4, a
talker whose clear/normal speech has been previously analyzed in Krause
and Braida �2004�. Spectral differences were obtained by subtracting the
conversational �i.e., unprocessed� spectrum from the clear/normal and pro-
cessed spectra.
signed to amplify frequencies between 0.5 and 4 Hz. The
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amount of amplification was set so that the resulting modu-
lation depths for these frequencies would be at least as large
as those found in clear/normal speech and would generally
fall within the range of values previously reported for clear
speech, regardless of speaking rate �Krause and Braida,
2004�. This range of modulation depths was targeted because
the envelope spectra of both clear/normal speech and clear
speech produced at slow rates �i.e., clear/slow speech� are
associated with improved intelligibility �Krause and Braida,
2002�. After the filter was applied, the modified envelope
was adjusted to have the same average intensity as the origi-
nal sentence envelope, and then any negative values of the
adjusted envelope were set to zero. If resetting the negative
portions of the envelope to zero affected the average inten-
sity substantially, the intensity adjustment procedure was re-
peated until the average intensity of the modified envelope
was within 0.5% of the average intensity of the original en-
velope. The modified envelope and original envelope were
then upsampled to the original sampling rate of the signal in
order to prepare for the final synthesis stage of processing.

Although it was convenient to work with intensity enve-
lopes in the first two stages of processing so that the desired
intensity envelope spectra could be achieved in the modified
signal, the amplitude envelope was necessary for synthesis.
Therefore, during the final processing stage, the time-varying
ratio of the amplitude envelopes was calculated by compar-
ing the square-root of the modified intensity envelope with
the square-root of the original intensity envelope. The origi-
nal octave-band signals were then transformed by multiply-
ing the original signal in each octave band �with fine struc-
ture� by the corresponding time-varying amplitude ratio for
that band. In order to ensure that no energy outside the oc-
tave band was inadvertently amplified, the result was also
low-pass filtered by a fourth-order Butterworth filter with
cutoff frequency corresponding to the upper cutoff frequency
for the octave band. The processed version of the signal was
then obtained by summing the signals in each octave band.
Lastly, the processed sentences were normalized for long-
term rms level.

After synthesis was completed, it was determined
through informal listening tests that these modifications
caused the speech of the female talker �T4� to sound more
unnatural than the male talker �T5�. The transformation was
applied to two additional female talkers with the same re-
sults. A likely explanation for this problem was thought to be
that the fundamental frequency of the female talkers tends to
fall in the second octave band, and amplifying slowly vary-
ing modulations of voicing is not likely to occur in natural
speech unless the talker slows down. This explanation was
supported by the acoustic data, since an increase in modula-
tion index was not exhibited in the 250-Hz band for clear/
normal speech for the female talker, T4, although it was
present in the 500-Hz band �Krause and Braida, 2004�. In-
formal listening tests confirmed that eliminating the envelope
modification in the 250-Hz band improved the quality of the
female talkers’ processed speech. Therefore, the signal trans-
formation procedure was specified to modify only the 500-,
1000-, and 2000-Hz bands for female talkers.
In order to evaluate the effect of the processing on the
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intensity envelopes, the envelope spectra of the processed
speech were computed for the two talkers from Krause and
Braida �2004� and compared to the envelope spectra previ-
ously obtained for these talkers’ unprocessed �conversa-
tional� speech, as well as their clear speech at both normal
and slow rates �clear/normal and clear/slow�. The spectra of
the octave-band intensity envelopes for both talkers in each
speaking style are shown in Figs. 2 and 3. From these fig-
ures, it can be seen that the processing had the intended
effect on the spectra of the octave-band intensity envelopes,
with envelope spectra of processed speech falling between
that of previously measured clear/normal and clear/slow
spectra �Krause and Braida, 2004� for frequencies less than
3–4 Hz in the specified octave bands �500-, 1000-, and
2000 Hz for both talkers as well as 250 Hz for T5, the male
talker� and no substantial changes in the remaining octave
bands.

III. INTELLIGIBILITY TESTS

To assess the effectiveness of the signal transformations,
the intelligibility of the processed speech was measured and
compared to the intelligibility of naturally produced conver-
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sational speech and clear speech at normal rates. Intelligibil-
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ity in each speaking style was measured by presenting pro-
cessed and unprocessed speech stimuli to normal-hearing
listeners in the presence of wideband noise as well as to
hearing-impaired listeners in a quiet background.

A. Speech stimuli

Speech stimuli were generated from speech materials
recorded for an earlier study of clear speech elicited naturally
at normal speaking rates �Krause and Braida, 2002�. In that
study, nonsense sentences �e.g., His right cane could guard
an edge.� from the Picheny corpus �Picheny et al., 1985�
were recorded by five talkers in a variety of speaking styles.
Materials were selected from one male �T5� and three female
�T1, T3, and T4� talkers, because these four talkers obtained
relatively large intelligibility benefits from clear/normal
speech �11–32 percentage points relative to conversational
speech� and were therefore most likely to benefit from signal
transformations based on its acoustic properties. The materi-
als selected for T4 and T5 were generally different than those
used for these talkers in the acoustic evaluations of the trans-
formations, except as noted below.

For each of the four talkers, 90 sentences recorded in a
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FIG. 2. Spectra of intensity envelopes
in the lower four octave bands for T4
and T5, talkers whose clear/normal
and clear/slow speech have been pre-
viously analyzed in Krause and Braida
�2004�.
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clear/normal speaking style were used for this experiment. In
one case �T1�, 30 clear sentences that had been elicited at a
quick speaking rate were used rather than those elicited in
the clear/normal style, since these sentences were produced
at about the same speaking rate as the clear/normal sentences
but received higher intelligibility scores �Krause and Braida,
2002�. Of the 90 conversational sentences used for each
talker, 30 remained unprocessed, 30 were processed by
Transformation SPEC, and 30 were processed by Transfor-
mation ENV �for T4 and T5, 10 of these sentences had been
used previously in the acoustical evaluations�, resulting in 30
unique sentences per condition per talker. Because different
sentences were used for each talker, a total of 480 unique
sentences �30 sentences�4 conditions�4 talkers� were
thus divided evenly between the four different speaking con-
ditions: conversational, processed�SPEC�, processed�ENV�,
and clear/normal. The two conditions that were naturally
produced �i.e., unprocessed� were included as reference
points for the processed conditions, with conversational
speech representing typical intelligibility and clear/normal
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TABLE I. Audiometric characteristics for the test ears of the hearing-impai

Listener Sex Age Test ear

Worda

recognition
�%� 250 H

L6HI M 65 Left 100 55
L7HI M 64 Left 92 10
L8HI M 40 Right 100 50

a
Either NU-6 �Tillman and Carhart, 1996� or W-22 �Hirsh et al., 1952�.
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speech representing the maximum intelligibility that talkers
can obtain naturally by speaking clearly without altering
speaking rate.

B. Listeners

Eight listeners were recruited from the MIT community
to evaluate the intelligibility of the speech stimuli. All of the
listeners were native speakers of English who possessed at
least a high school education. Five of the listeners �one male
and four females; age range: 19–43 years� had normal hear-
ing, with thresholds no higher than 20 dB HL for frequencies
between 250 and 4000 Hz, while three of the listeners �three
males; age range: 40–65 years� had stable sensorineural
hearing losses that were bilateral and symmetric. The audio-
metric characteristics for the test ears of the hearing-impaired
listeners are summarized in Table I. For these listeners, the
intelligibility tests were administered either to the ear with
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FIG. 3. Spectra of intensity envelopes
in the upper three octave bands for T4
and T5, talkers whose clear/normal
and clear/slow speech have been pre-
viously analyzed in Krause and Braida
�2004�.
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better word recognition performance during audiometric test-
ing or to the preferred ear if no such difference in word
recognition performance was observed.

It is worth noting here that the purpose of the intelligi-
bility tests was not to make comparisons between hearing-
impaired listeners and normal-hearing listeners but simply to
have all eight listeners evaluate the intelligibility benefit of
clear/normal speech and the two signal-processing transfor-
mations. For nonsense sentences such as those used in this
study, it has been shown that the intelligibility benefit of
clear speech �relative to conversational speech� is roughly
the same for normal-hearing listeners �in noise� as for
hearing-impaired listeners �in quiet�, despite differences in
absolute performance levels �Uchanski et al., 1996�. For ex-
ample, Uchanski et al. �1996� reported that clear speech im-
proved intelligibility by 15–16 points on average for both
normal-hearing listeners �clear: 60% vs conversational: 44%�
and hearing-impaired listeners �clear: 87% vs conversational:
72%�, including listeners with audiometric configurations
similar to the listeners in this study. Similarly, Payton et al.
�1994� reported that the clear speech intelligibility benefit
obtained by each of their two hearing-impaired listeners fell
within the range of benefits obtained by the ten normal-
hearing listeners in that study. In both cases, the percentage
change in intelligibility was different for the two groups
�larger for normal-hearing listeners in the study by Uchanski
et al. �1996�; larger for hearing-impaired listeners in the
study by Payton et al. �1994��, but the intelligibility benefit
�absolute difference in percentage points between clear and
conversational speech� was roughly the same. Given these
data, listeners were not divided on the basis of hearing status
in this study, because the only intelligibility measures
planned were measures of intelligibility benefit.

C. Procedures

All listeners were tested monaurally over TDH-39 head-
phones. Normal-hearing listeners were tested in the presence
of wideband noise, and hearing-impaired listeners were
tested in quiet. As described above, clear speech typically
provides about the same amount of benefit to both types of
listeners under these test conditions �e.g., Payton et al., 1994;
Uchanski et al., 1996�.

Normal-hearing listeners were seated together in a
sound-treated room and tested simultaneously. Each normal-
hearing listener selected the ear that would receive the
stimuli and was encouraged to switch the stimulus to the
other ear when fatigued. For stimulus presentation, stereo
signals were created for each sentence, with speech on one
channel and speech-shaped noise �Nilsson et al., 1994� of the
same rms level on the other channel. The speech was attenu-
ated by 1.8 dB and added to the speech-shaped noise, and the
resulting signal �SNR=−1.8 dB� was presented to the listen-
ers from a PC through a Digital Audio Labs �DAL� sound-
card.

Hearing-impaired listeners were tested individually in a
sound-treated room. A linear frequency-gain characteristic
was obtained for each hearing-impaired listener using the

NAL-R procedure �Byrne and Dillon, 1986� and then imple-
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mented using a third-octave filter bank �General Radio,
model 1925�. This procedure provided frequency-shaping
and amplification based on the characteristics of the indi-
vidual’s hearing loss. At the beginning of each condition, the
listener was also given the opportunity to adjust the overall
system gain. The speech was then presented through the sys-
tem to the listener from a DAL card on a PC. These proce-
dures ensured that the presentation level of each condition
was both comfortable and as audible as possible for each
hearing-impaired listener.

Because it has been shown that learning effects for these
materials are minimal �Picheny et al., 1985�, all listeners
heard the same conditions in the same order. However, the
presentation order for test conditions was varied across talk-
ers such that no condition was consistently presented first �or
last�. Listeners were presented a total of sixteen 30-sentence
lists �4 talkers�4 conditions / talker� and responded by writ-
ing their answers on paper. They were given as much time as
needed to respond but were presented each sentence only
once. Intelligibility scores were based on the percentage of
key words �nouns, verbs, and adjectives� identified correctly,
using the scoring rules described by Picheny et al. �1985�.

IV. RESULTS

The clear/normal speaking condition was most intelli-
gible overall at 58% key words correct, providing a 13 per-
centage point improvement in intelligibility over conversa-
tional speech �45%�. The size of this intelligibility advantage
was consistent with the 14 percentage point advantage of
clear/normal speech measured previously �Krause and
Braida, 2002� for normal-hearing listeners in noise. Neither
of the signal transformations, however, provided nearly as
large of an intelligibility benefit as clear/normal speech. At
49%, processed�SPEC� speech was just 14 points more intel-
ligible than conversational speech on average, while pro-
cessed�ENV� speech �24%� was considerably less intelligible
than conversational speech.

An analysis of variance performed on key word scores
�after an arcsine transformation to equalize variances�
showed that the main effect of condition was significant
�F�3,256�=273, p� �0.01�� and accounted for the largest
portion of the variance ��2=0.371� in intelligibility. Post-hoc
tests with Bonferroni corrections confirmed that overall dif-
ferences between all conditions were significant at the 0.05
level. As expected, the main effects of listener �F�7,256�
=90, p� �0.01�� and talker �F�3,256�=62, p� �0.01�� were
also significant �since, in general, some talkers will be more
intelligible than others and some listeners will perform better
on intelligibility tasks than others�, but the listener� talker
interaction was not significant. For the purposes of this study,
it is more important to note that all interactions of talker and
listener with condition were significant but accounted for
relatively small portions of the variance �among these terms,
listener� talker�condition accounted for the largest portion
of the variance, with �2=0.057�. Nonetheless, examination
of these interactions provides additional insight regarding the

relative effectiveness of each signal transformation.
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Figure 4 shows that the effects of condition were largely
consistent across individual talkers. For example, all talkers
achieved a benefit with clear/normal speech, and the benefit
was generally sizable ��10 points for three of the four talk-
ers; note that this result was expected since the talkers were
selected because they had previously demonstrated intelligi-
bility improvements with clear/normal speech�. Similarly,
Transformation ENV was detrimental to intelligibility for all
talkers: processed�ENV� speech was substantially less intel-
ligible �19–27 points� than conversational speech. For Trans-
formation SPEC, however, the benefit was not consistent
across talkers. Instead, processed�SPEC� speech showed im-
proved intelligibility for two talkers �T3: 16 points; T4: 7
points� and reduced intelligibility �relative to conversational
speech� for the other two talkers �T1: −5 points; T5: −5
points�.

Figure 5 shows the effects of condition across individual
listeners. Again, the effects of clear/normal speech and pro-
cessed�ENV� speech were generally consistent. For clear/
normal speech, seven of eight listeners received an intelligi-
bility benefit, with the average benefit across talkers ranging
from 8 to 19 percentage points. The effect of Transformation
ENV on listeners was similarly robust, although in the oppo-
site direction. Processed�ENV� speech was less intelligible
than conversational speech for all listeners, with differences
in intelligibility ranging from −11 to −41 percentage points
on average across talkers. The effect of Transformation
SPEC, on the other hand, was less consistent. Although pro-
cessed�SPEC� speech was more intelligible than conversa-
tional speech on average for six of eight listeners, these lis-
teners did not receive a benefit from the processed�SPEC�
speech of all talkers. All listeners received large benefits
from processed�SPEC� speech for T3 �5–25 points�, but none
received any benefit for T1, and only about half received
benefits of any size for T4 and T5, respectively. As a result,
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FIG. 4. Percent correct difference scores for each speaking condition �rela-
tive to conversational speech� obtained by individual talkers, averaged
across listeners. Baseline conversational intelligibility scores are listed in
parentheses. Errorbars at right indicate standard error of talker difference
scores in each condition.
Fig. 5 shows that the size of the average intelligibility benefit
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that each listener received from processed�SPEC� speech
was considerably smaller �3–8 points� than the benefit re-
ceived from clear/normal speech.

With the exception of the processed�SPEC� speech of T4
and T5, the relative intelligibility of speaking conditions for
any given talker was qualitatively very similar across indi-
vidual listeners. For example, the benefit of clear/normal
speech was so robust that the seven listeners who received a
benefit from clear/normal speech on average across talkers
�Fig. 5� also received an intelligibility benefit from each in-
dividual talker, and the remaining listener �L7HI� received a
comparable benefit for two of the four talkers �T3 and T4� as
well. Thus, clear/normal speech improved intelligibility for
nearly all �30� of the 32 combinations of individual talkers
and listeners, in most cases �24� by a substantial margin ��5
percentage points�. Similarly, individual data confirm that
Transformation ENV consistently decreased intelligibility;
with only one exception �L5NH for T5�, processed�ENV�
speech was substantially less intelligible ��−5 percentage
points� than conversational speech for each of the 32 combi-
nations of individual talkers and listeners. Such consistency
across four talkers and eight listeners �particularly listeners
who differ considerably in age and audiometric profile�
clearly shows that �1� Transformation ENV is detrimental to
intelligibility, and �2� the benefit from clear/normal speech is
considerably larger and more robust than the benefit of
Transformation SPEC.

A. Hearing-impaired listeners

Although the relative intelligibility of conditions was
qualitatively similar across listeners in general, a few differ-
ences were observed between hearing-impaired and normal-
hearing listeners. In particular, the benefit of clear/normal
speech was smaller for hearing-impaired listeners on average
�7 points� than for normal-hearing listeners �17 points�, and
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FIG. 5. Percent correct difference scores for each speaking condition �rela-
tive to conversational speech� obtained by individual listeners �NH desig-
nates normal-hearing listeners and HI designates hearing-impaired listen-
ers�, averaged across talkers. Baseline conversational intelligibility scores
are listed in parentheses. Errorbars at right indicate standard error of listener
difference scores in each condition.
the detrimental effect of Transformation ENV was larger
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�−35 vs −14 points�. In addition, all three hearing-impaired
listeners exhibited substantial decreases in intelligibility for
the processed�SPEC� speech of T1 �−7 points on average�
and T5 �−19 points� that were not typical of the normal-
hearing listeners, who merely exhibited little to no benefit
�T1: −3 points; T5: 4 points�. As a result, Transformation
SPEC did not improve intelligibility on average for hearing-
impaired listeners but did provide a 6-point improvement for
normal-hearing listeners, even though the processing pro-
vided both groups with comparable intelligibility improve-
ments for T3 �17 points for NH listeners vs 14 points for HI
listeners� and T4 �6 points vs 8 points�. Whether any of these
trends could reflect true difference�s� between populations
cannot be determined from this study, because listeners were
recruited without regard to audiometric profile. While these
listeners provided valuable information regarding the relative
intelligibility of the two signal transformations that were de-
veloped, more listeners �both hearing-impaired and normal-
hearing� would be required to detect differences in perfor-
mance between groups of listeners with different audiometric
profiles.

B. Processing artifacts

To assess whether the potential benefits of either signal
transformation may have been reduced or obscured by
digital-signal processing artifacts, additional listeners were
employed to evaluate speech that had been processed twice.
For each signal transformation, twice-processed speech was
obtained by first altering the specified acoustic parameter and
then restoring the parameter to its original value. Thus, any
reduction in intelligibility between the original �unprocessed�
speech and the restored �twice-processed� speech would re-
flect only those deleterious effects on intelligibility specifi-
cally caused by processing artifacts.

For each talker, five conditions were tested, one conver-
sational and four processed conditions: processed�SPEC�,
processed�ENV�, restored�SPEC�, and restored�ENV�. Four
additional normal-hearing listeners �all males; age range:
21–27 years old� each heard the speech of one talker in all
five conditions, and each listener was presented speech from
a different talker. The presentation setup was the same as
described above, with one small difference: A SNR of 0 dB
was used to avoid floor effects, since scores obtained in ini-
tial intelligibility tests for processed�ENV� speech were
fairly low �e.g., 14% for T3�. If processing artifacts were
wholly responsible for these low scores, further reductions in
intelligibility would be expected for restored�ENV� speech.

Average scores for the restored�SPEC� condition �45%�
were the same as average scores for unprocessed conversa-
tional speech �45%�, suggesting that processing artifacts as-
sociated with Transformation SPEC were negligible. In con-
trast, processing artifacts were a substantial issue for
Transformation ENV, as the restored�ENV� condition was 19
points less intelligible than conversational speech. Notably,
processed�ENV� speech showed some benefit relative to the
restored�ENV� condition for two talkers �7 points for T3 and
15 points for T5�. Therefore, it may be possible to achieve

intelligibility improvements by altering the temporal enve-
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lope, if processing artifacts can be avoided. Also noteworthy
is that while processed�SPEC� speech provided some benefit
for three of four talkers in the initial experiment at SNR=
−1.8 dB, the benefit was evident for only one of those talkers
�T5� at SNR=0 dB. Although this difference between experi-
ments may have occurred by chance �particularly given that
only one listener per talker was used at SNR=0 dB�, it is
also possible that the benefit of Transformation SPEC for
normal-hearing listeners diminishes as SNRs improve. This
possibility will be discussed further in Sec. V.

V. DISCUSSION

Despite the fact that both signal transformations were
based on the acoustics of clear/normal speech, results of in-
telligibility tests showed that neither transformation provided
robust intelligibility improvements over unprocessed conver-
sational speech. Transformation SPEC, which increased en-
ergy near second and third formant frequencies, improved
intelligibility for some talkers and listeners, but the benefit
was inconsistent and averaged just 4% overall. Transforma-
tion ENV, which enhanced low-frequency ��3–4 Hz�
modulations of the intensity envelope, decreased intelligibil-
ity for all talkers and listeners, most likely because of the
detrimental effects of processing artifacts associated with the
transformation.

Although previous clear speech studies found intelligi-
bility results for hearing-impaired listeners to be consistent
with results for normal-hearing listeners in noise �Payton et
al., 1994; Uchanski et al., 1996�, some differences between
these two populations were observed in this study. Most no-
tably, Transformation SPEC improved intelligibility for
normal-hearing listeners by 6 points on average but did not
provide any benefit at all to hearing-impaired listeners on
average. While both types of listeners did receive large ben-
efits from processed�SPEC� speech relative to conversational
speech for T3 �14 points for hearing-impaired listeners and
17 points for normal-hearing listeners�, all three hearing-
impaired listeners exhibited substantial decreases in intelli-
gibility for the processed�SPEC� speech of T1 �−7 points on
average� and T5 �−19 points on average� that were not typi-
cal of the normal-hearing listeners. These differences suggest
that the benefit of Transformation SPEC may be associated
with formant audibility for hearing-impaired listeners. That
is, increasing the energy near F2 and F3 may improve the
intelligibility of some talkers �e.g., T3�, whose formants are
not consistently audible to hearing-impaired listeners with
NAL-R amplification, but may not improve the intelligibility
of talkers whose formants are consistently audible �e.g., T1
and T5�. Instead, listeners may perceive the processed sen-
tences of these talkers as unnecessarily loud and respond by
decreasing the overall level of amplification, thereby reduc-
ing the level of other frequency components and potentially
decreasing sentence intelligibility.

In this case, it would seem likely that the benefit of
formant processing for normal-hearing listeners would also
be largely associated with formant audibility. To examine
this possibility, band-dependent SNRs for each talker were

calculated from the speech stimuli used in the intelligibility

rause and L. D. Braida: Clear speech acoustics: Role in intelligibility



tests. Within each of the five third-octave bands over which
formant modification occurred �center frequencies ranging
from 1260 to 3175 Hz�, a band-dependent SNR was mea-
sured by comparing the rms level of the talker’s speech
within that band to the rms level of speech-shaped noise
within that band. These measurements confirm that T3 had
the poorest band-dependent SNRs in this frequency region
�−5.3 dB on average� of all talkers, while T1 had the highest
�−0.3 dB�. Thus, it is not surprising that all five normal-
hearing listeners received large intelligibility improvements
from the processed�SPEC� speech of T3—for whom raising
the level of the formants could substantially increase the per-
centage of formants that were audible over the noise, but
none received a benefit greater than 1% from the processed-
�SPEC� speech of T1—for whom a high percentage of for-
mants in conversational speech were probably already above
the level of the noise. Inspection of spectrograms for each
talker is consistent with this explanation: A much higher per-
centage of second and third formants are at levels well above
the level of the noise for T1 than for T3. Following this
reasoning, a higher percentage of formants would also be
audible for intelligibility tests conducted at higher SNRs,
which also explains why only one of four listeners obtained
a benefit from processed�SPEC� speech during the follow-up
intelligibility tests that examined processing artifacts, which
were conducted at SNR=0 dB.

That formant audibility would play a role in the intelli-
gibility benefit of Transformation SPEC is not surprising,
given its similarities to high-frequency spectral emphasis.
Such similarities also suggest that any intelligibility im-
provement provided by Transformation SPEC should not be
large; altering the spectral slope of frequency-gain character-
istics used to present sentences in noise has little effect on
sentence intelligibility, even for hearing-impaired listeners
�van Dijkhuizen et al., 1987, 1989�. Unlike Transformation
SPEC, which alters only the speech signal, however, the
frequency-gain characteristic affects both the speech signal
and the background noise, thus preserving band-dependent
SNRs. In contrast, decreased spectral tilt can occur naturally
when talkers produce speech in noisy environments �Sum-
mers et al., 1988�, leaving background noise unchanged. Al-
though typically associated with large improvements in intel-
ligibility, the decreased spectral tilt occurs in this
circumstance in conjunction with several other acoustic
changes, similar to those observed in clear speech �Summers
et al., 1988�. In light of the intelligibility results for Trans-
formation SPEC, it seems likely that one or more of those
acoustic changes provides the bulk of that intelligibility ben-
efit.

While the relative intelligibility of the other conditions
in this study was qualitatively similar for hearing-impaired
listeners and normal-hearing listeners in noise, a second dif-
ference observed between these populations is that hearing-
impaired listeners received a smaller benefit from clear/
normal speech �7 vs 17 points� and a larger detriment from
processed�ENV� speech �−35 vs −14 points� than their
normal-hearing counterparts. Given that only three hearing-
impaired listeners were tested, these differences could cer-

tainly have occurred by chance. Furthermore, there is a pos-
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sibility that speaking styles were differentially affected by
the NAL-R amplification provided to hearing-impaired lis-
teners, thereby altering the relative intelligibility differences
between conditions for these listeners. In other words, it is
possible that the smaller benefit from clear/normal speech
occurred for hearing-impaired listeners because the NAL-R
amplification improved the intelligibility of conversational
speech relatively more than it improved clear/normal speech.
However, previous examination of these issues in clear
speech produced at slower rates suggests that this possibility
is not likely; that is, the benefit of clear speech is typically
independent of frequency-gain characteristic �Picheny et al.,
1985�. Therefore, further investigation regarding the benefits
of clear/normal speech for hearing-impaired listeners is war-
ranted to determine whether the trend observed in this study
reflects a true difference between populations.

If such a difference between the populations exists, one
possibility is that the benefits of clear/normal speech may be
related to age, since the hearing-impaired listeners in this
study were older �40–65 years� than the normal-hearing lis-
teners �19–43 years�. Another possibility is that an individu-
al’s audiometric characteristics may be a factor in whether
clear/normal speech can be of benefit. A close inspection of
interactions between hearing-impaired listener and talker re-
veals that L7HI received little or no benefit from clear/
normal speech, except when listening to T4’s speech, while
each of the other two listeners experienced moderate to large
intelligibility gains from clear/normal speech for all talkers.
Since L7HI also had the most precipitous hearing loss, it is
possible that listeners with this type of audiometric configu-
ration may not be as likely to benefit from clear/normal
speech as other hearing-impaired listeners. If so, clear/
normal speech would differ in this respect from clear speech
at slow rates, which provides roughly the same amount of
benefit to listeners with various audiometric configurations
�Uchanski et al., 1996�. To address the question of whether
age and/or audiometric characteristics are linked to an indi-
vidual’s ability to benefit from clear/normal speech, addi-
tional intelligibility tests targeting younger and older groups
of listeners with various configurations and severity of hear-
ing loss would be required.

VI. CONCLUSION

Of the two processing schemes examined in this study,
only Transformation SPEC, the transformation associated
with modification of formant frequencies, provided an intel-
ligibility advantage over conversational speech. However,
this benefit appeared to be largely a function of formant au-
dibility: The transformation was more likely �1� to improve
intelligibility for talkers with second and third formants that
were relatively low in amplitude prior to processing and �2�
to provide benefits for normal-hearing listeners in noise, who
could take advantage of improvements in band-dependent
SNRs associated with processing. Even so, the benefit
that normal-hearing listeners in noise received from pro-
cessed�SPEC� speech �6 percentage points on average� was
less than half what they received from clear/normal speech

�17 percentage points�, suggesting that increased energy near
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second formant and third formants is not the only factor
responsible for the intelligibility advantage of clear/normal
speech for these listeners.

Another factor that is likely to contribute to the im-
proved intelligibility of clear speech �Krause and Braida,
2004; Liu et al., 2004�, at least at high SNRs �Liu and Zeng,
2006�, is increased depth of low-frequency modulations of
the intensity envelope. Although Transformation ENV suc-
cessfully increased the depth of these modulations in the
speech signal, processing artifacts made it difficult to deter-
mine the extent to which, if at all, this factor accounts for the
clear speech advantage. While processed�ENV� speech was
less intelligible than unprocessed conversational speech, it
was more intelligible than the restored�ENV� condition for
two of four talkers, suggesting that intelligibility improve-
ments associated with altering the temporal intensity enve-
lope may be possible, if processing artifacts can be mini-
mized. Given that Transformation ENV manipulated all low-
frequency modulations uniformly, it is also possible that an
unnatural prosodic structure imposed by the transformation
is the source of the processing artifacts. If so, it may be
helpful to develop a processing tool that allows for nonuni-
form alteration of the intensity envelope. With such a tool, it
may be possible to enhance low-frequency modulations
while maintaining the general prosodic structure of the
speech. Speech manipulated in this manner could then be
evaluated with further intelligibility tests in order to provide
a better understanding of how increases in intensity envelope
modulations are related to the clear speech benefit.

Although further research is needed, the results of the
present study are an essential first step toward quantifying
the role of spectral and envelope characteristics in the intel-
ligibility advantage of clear speech. By independently ma-
nipulating these acoustic parameters and systematically
evaluating the corresponding effects on intelligibility, two
important findings have been established. First, an increase
in energy between 1000 and 3000 Hz does not fully account
for the intelligibility benefit of clear/normal speech. One or
more other acoustic factors must also play a role. Second,
simple filtering of the intensity envelope to achieve increased
depth of modulation is generally detrimental to intelligibility,
even though this acoustic property is considered likely to be
at least partly responsible for the intelligibility benefit of
clear speech �Krause and Braida, 2004; Liu et al., 2004�.
Therefore, future research investigating nonuniform alter-
ations of the intensity envelope is required to isolate the
effects of this factor on intelligibility. In addition, signal
transformations and intelligibility tests aimed at identifying
the role of other acoustic properties of clear/normal speech
�Krause and Braida, 2004� are also needed. Such tests would
provide additional information regarding the mechanisms re-
sponsible for the intelligibility benefit of clear speech and
could ultimately lead to improved signal processing ap-
proaches for digital hearing aids.
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