Predicting the intelligibility of vocoded and wideband Mandarin
Chinese

Fei Chen and Philipos C. Loizou®
Department of Electrical Engineering, EC 33, University of Texas at Dallas, 800 West Campbell Road,
Richardson, Texas 75083-0688

(Received 11 May 2010; revised 16 February 2011; accepted 6 March 2011)

Due to the limited number of cochlear implantees speaking Mandarin Chinese, it is extremely diffi-
cult to evaluate new speech coding algorithms designed for tonal languages. Access to an intelligi-
bility index that could reliably predict the intelligibility of vocoded (and non-vocoded) Mandarin
Chinese is a viable solution to address this challenge. The speech-transmission index (STI) and co-
herence-based intelligibility measures, among others, have been examined extensively for predict-
ing the intelligibility of English speech but have not been evaluated for vocoded or wideband (non-
vocoded) Mandarin speech despite the perceptual differences between the two languages. The
results indicated that the coherence-based measures seem to be influenced by the characteristics of
the spoken language. The highest correlation (r = 0.91-0.97) was obtained in Mandarin Chinese
with a weighted coherence measure that included primarily information from high-intensity voiced
segments (e.g., vowels) containing FO information, known to be important for lexical tone recogni-
tion. In contrast, in English, highest correlation was obtained with a coherence measure that
included information from weak consonants and vowel/consonant transitions. A band-importance
function was proposed that captured information about the amplitude envelope contour. A higher
modulation rate (100 Hz) was found necessary for the STI-based measures for maximum correla-

tion (r =0.94-0.96) with vocoded Mandarin and English recognition.
© 2011 Acoustical Society of America. [DOI: 10.1121/1.3570957]
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. INTRODUCTION

As of 2008, over 5000 patients have benefited from
cochlear implants (CIs) in China, and the number of Chinese
implantees is foreseen to experience an exponential growth
over the next decade (Li, 2009). Tong and Lee (2009) esti-
mated that approximately 36 000—192 000 new implant sur-
geries will be performed each year, should China become
fully developed. Despite the huge need for CIs in China,
there are still several anticipated difficulties and challenges
that need to be overcome in order to develop a successful CI
program in China.

The first challenge lies in the need for the design of new
speech coding strategies tailored for Chinese, as current cod-
ing strategies (originally designed for English) do not per-
form satisfactorily. Such a need originates from the
difference in the linguistic cues used by native speakers of
Western languages (e.g., English) vs Chinese for word rec-
ognition. Mandarin is a tonal language and differs from the
non-tonal languages (e.g., English) in that different tones are
used to express the lexical meaning of words. There are four
lexical tones in Mandarin Chinese, namely, the flat, the ris-
ing, the falling-rising, and the falling tone, each character-
ized by their pattern in fundamental frequency (F0) variation
(or FO contour) during voiced segments of speech (e.g.,
Howie, 1976). Although the FO contour is the dominant cue
for lexical tone recognition (e.g., Lin, 1988), other temporal
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cues that covary with the FO contour also contribute to tone
recognition. These cues include the vowel duration and am-
plitude envelope/contour (Liang, 1963; Whalen and Xu,
1992; Fu et al., 1998a; Fu and Zeng, 2000). The duration of
tone 3, for instance, is significantly longer than that of the
other tones (Fu and Zeng, 2000). The amplitude contour has
been found to correlate with the FO contour and contributes
primarily to tone-3 and tone-4 discrimination (Whalen and
Xu, 1992; Fu and Zeng, 2000). In the English language, the
FO contour conveys information about the gender of the
speaker, information about intonation, and also serves as a
segregating cue in competing-talker listening scenarios. It
conveys, however, no lexical meaning, suggesting that
speech can be understood even if the CI does not transmit
accurate or reliable FO information (Qin and Oxenham,
2005). In brief, substantial efforts are warranted to develop
and perhaps redesign existing speech coding strategies to
deliver important and language-specific perceptual cues.
This is necessary in order to improve speech understanding,
and particularly tone recognition, by Chinese CI patients
(e.g., Luo and Fu, 2004).

The second related challenge regards the limited number
of Chinese CI patients available for testing new speech cod-
ing algorithms specially designed for Mandarin Chinese.
The population of Chinese CI listeners represents only a
very small fraction of the total implanted population. Most
importantly, the number of Mandarin-speaking CI users is
scarce in countries (e.g., US and Europe) other than China.
In fact, some studies conducted in the US recruited CI
patients from Chinese hospitals (e.g., Zhou and Xu, 2008).
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In some respects, it is also challenging to recruit Mandarin-
speaking normal-hearing (NH) listeners for intelligibility
studies from certain geographical regions.

In summary, without having access to a large pool of
Mandarin-speaking CI patients, it is extremely difficult to
design and evaluate novel speech coding strategies tailored
for Mandarin Chinese. In place of CI testing, vocoded speech,
presented to NH listeners, is often used to evaluate the influ-
ence of various parameters involved in speech coding algo-
rithms for ClIs. Vocoder simulations have been shown to
predict well the pattern or trend in performance observed in
CI users, including the effects of number of electrodes (Dor-
man et al., 1997a,b; Friesen et al., 2001), background noise
(Fu et al., 1998b), types of speech maskers (Stickney et al.,
2004), spectral “holes” (Shannon et al., 2001) on speech intel-
ligibility, etc. Vocoder simulations have proven, and con-
tinue, to be an extremely valuable tool in the CI field. It
should be stressed that vocoder simulations are not expected
to predict the absolute levels of performance of individual
users, but rather the trend in performance when a particular
speech-coding parameter (e.g., envelope cut-off frequency) or
property of the acoustic signal (e.g., FO) is varied. This is so
because no patient-specific factors (e.g., neuron survival pat-
terns, etc.) are taken into account in the vocoder simulations.

An intelligibility index that could reliably predict the
intelligibility of vocoded Mandarin Chinese might be a viable
solution to address the above problem of not having access to
sufficient Mandarin-speaking CI patients in countries other
than China. Such an index would accelerate the development
of new speech coding strategies as it can be used to optimize
the set of parameters (e.g., envelope cut-off frequency, FO
detection, etc.) involved in the implementation of such strat-
egies. While a number of speech intelligibility indices have
been proposed to predict speech intelligibility, these measures
have not been evaluated with vocoded speech produced by ei-
ther native English or Chinese speakers. These measures,
which were originally developed for English, have not been
evaluated with wideband (non-vocoded) Mandarin Chinese.
Some of the commonly used measures for predicting speech
intelligibility include the articulation index (AI) (Kryter,
1962; ANSI, 1997), speech-transmission index (STI) (Hout-
gast and Steeneken, 1985), and coherence-based index (Kates
and Arehart, 2005). The development of an intelligibility
index for predicting vocoded Mandarin Chinese poses some
challenges. For one, most indices were developed for the
Western languages (and for non-vocoded speech), hence it is
not clear whether existing indices would be appropriate or
fare well for tonal languages as well. Only a few studies have
evaluated the STI measure with Chinese speech (Kang, 1998;
Peng, 2007). Houtgast and Steeneken (1984) conducted a
multi-language evaluation of a simplified STI measure [rapid
speech transmission index (RASTI)] and found out that while
the STI measure provided a good correlation with the intelli-
gibility of speech from the majority of languages examined,
some variability was noted in 4 of the 11 Western languages
examined, which did not include a carrier phrase in their artic-
ulation tests. The study by Houtgast and Steeneken (1984)
revealed some variability in the performance of the STI mea-
sure even between the 11 Western languages examined and
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did not assess the performance of the STI measure when
applied in tonal languages.

Second, most STI-based measures assume a low modu-
lation rate (0—12.5 Hz), since this has been found to be suffi-
cient for speech intelligibility (e.g., Drullman et al., 1994),
at least in Western languages. Such a narrow modulation
rate might not be sufficient, however, for tone recognition,
where access to higher-frequency modulations is necessary
for capturing information regarding the shape (e.g., rising,
falling, etc.) of the FO contour or amplitude contour. Fu et
al. (1998a), for instance, have shown that tone-recognition
scores improved from 67 to 81% correct when the envelope
cut-off frequency (affecting the representation of the tempo-
ral envelope) increased from 50 to 500 Hz. In view of this
finding, we hypothesize that STI-based measures need to
accommodate a higher (>12.5 Hz) modulation rate for Man-
darin speech. Furthermore, it is not clear whether different
band-importance functions need to be applied in the imple-
mentation of existing speech intelligibility measures. Most
of the existing band-importance functions were developed
for the English language and are tabulated in the ANSI
(1997) for different speech materials. Given the difference in
linguistic cues used by Mandarin-speaking listeners, it is rea-
sonable to examine alternative band-importance functions
that would be more appropriate for Mandarin Chinese. Palva
(1965), for instance, observed differences in the band-impor-
tance functions estimated for different Western languages.
Finally, it is of interest to examine whether existing intelligi-
bility measures perform differently for Western (e.g., Eng-
lish) vs tonal languages. The parameters of several
intelligibility measures were varied in the present study to
answer the above questions.

Il. INTELLIGIBILITY DATA
A. Subjects and materials

Nine (five males and four females) NH native-Man-
darin-Chinese listeners participated in the experiment. The
subjects’ age ranged from 23 to 42 yr, with the majority
being graduate students at The University of Texas at Dallas.
All subjects had normal hearing, as determined by having
pure tone thresholds (at 250-8000 Hz) lower than 25 dB
hearing level (HL).

The speech material consisted of Mandarin sentences
taken from the Sound Express database (TIGERSPEECH TECH-
NOLOGY, 2008), a self-paced software program designed for
CI and hearing aid users to practice and develop their listen-
ing skills. All the sentences were produced by a female
speaker. Two types of maskers were used to corrupt the sen-
tences. The first masker was continuous steady-state noise
(SSN), and the second was two equal-level interfering
female talkers (two-talker). The fundamental frequencies of
the target and two interfering talkers were 230 * 65,
232 £ 58, and 235 * 46 Hz, respectively.

B. Signal processing

The corrupted Mandarin sentences were presented in two
vocoder conditions. The first was designed to simulate eight-
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channel electrical stimulation and used an eight-channel sin-
ewave-excited vocoder. The reasons for choosing the eight-
channel sinewave-excited vocoder in this study are as follows:
first, in most vocoder studies, speech is spectrally degraded
into a small number (4-8) of channels of stimulation. This is
done based on the outcomes from several studies (e.g., Frie-
sen et al., 2001) indicating that most CI users receive a lim-
ited number of channels of frequency information, despite the
relatively larger number (16-22) of electrodes available. Sec-
ond, Dorman et al. (1997a) found that the nature of the output
signal, noise bands or sine waves, made only a small differ-
ence in performance in vowel, consonant, and sentence recog-
nition. The sinewave-vocoder has also been used by others
for studies on tonal language recognition (e.g., Lan, et al.,
2004). Our implementation of the sinewave-excited vocoder
is identical to that used by Dorman et al. (1997a).

In implementing the eight-channel tone-vocoder, signals
were first processed through a pre-emphasis filter (2000 Hz
cutoff) with a 3 dB/octave roll-off and then band-passed into
eight frequency bands between 80 and 6000 Hz (see Table I)
using sixth-order Butterworth filters. The envelope of the
signal was extracted by full-wave rectification and low-pass
(LP) filtering using a second-order Butterworth filter (400
Hz cutoff). Sinusoids were generated with amplitudes equal
to the root-mean-square (rms) energy of the envelopes (com-
puted every 4 ms) and frequencies equal to the center fre-
quencies of the bandpass filters. The sinusoids of each band
were finally summed up and the level of the synthesized
speech segment was adjusted to have the same rms value as
the original speech segment.

The second processing condition simulated combined
electric and acoustic stimulation (EAS). In EAS patients, an
electrode array is implanted only partially into the base
region of cochlea, so as to preserve the residual acoustic
hearing at low frequencies (typically 20—60 dB HL up to 750
Hz and severe to profound hearing loss at 1000 Hz and
above), which many patients still have (e.g., Gantz et al.,
2006). The low-frequency and high-frequency (>1000 Hz)
speech information is provided to these patients via a hearing
aid and a CI, respectively. Thus, these patients perceive
speech via a combined EAS mode. The signal was first LP
filtered to 600 Hz using a sixth-order Butterworth filter. To
simulate the effects of EAS for patients with residual hearing
below 600 Hz, we combined the LP stimulus with the upper

TABLE 1. Filter cut-off (—3 dB) frequencies used for the V and LP+V
conditions.

Condition V Condition LP +V

Band Low (Hz) High (Hz) Low (Hz) High (Hz)
1 80 221

2 221 426 Unprocessed (80-600)

3 426 724

4 724 1158 724 1158

5 1158 1790 1158 1790
6 1790 2710 1790 2710
7 2710 4050 2710 4050

8 4050 6000 4050 6000
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five channels of the eight-channel vocoder from condition 1.
It is noted that individual patients may have different upper
limits of low-frequency residual hearing. This study chose
600 Hz as upper limit based on existing clinical data (Dor-
man et al., 2008) and based on configurations used in prior
EAS vocoder simulations (e.g., Qin and Oxenham, 2005;
Chen and Loizou, 2010).

We will refer to the above two conditions as: (1) vocoded
speech alone (V) and (2) combined LP and vocoded speech
(LP+ V). As shown in Table I, there was no frequency over-
lap in the LP+V condition between LP and V (Chen and
Loizou, 2010). The sentences in V condition were corrupted
by the SSN and two-talker maskers at —4, 0, 4, 8, and 12 dB
signal-to-noise-ratio (SNR) levels, while those in LP+V
condition were corrupted by the SSN and two-talker maskers
at —4, —2,0, 2, and 4 dB SNR levels (lower SNR levels were
used for the LP + V conditions to avoid ceiling effects).

In addition to vocoded Mandarin Chinese speech, we
also used wideband (non-vocoded) Mandarin speech. Sen-
tences, taken from the same database, were corrupted by the
SSN and two-talker maskers at —14, —12, —10, —8, —6,
—4, —2, and 0 dB SNRs. These SNR levels were chosen to
avoid ceiling/floor effects. The corrupted Mandarin senten-
ces were first processed through a pre-emphasis filter (2000
Hz cutoff) with a 3 dB/octave roll-off and then band-limited
to the frequency range between 80 and 6000 Hz.

C. Procedure

The experiment was performed in a sound-proof room
(Acoustic Systems, Inc.) using a PC connected to a Tucker-
Davis system 3 (Tucker Davis Technologies, Inc. Alachua,
FL). Stimuli were played to listeners monaurally through a
Sennheiser HD 250 Linear II circumaural head-phone (Senn-
heiser electronic GmbH & Co. KG, Wedemark, Germany) at
a comfortable listening level. Prior to the test, each subject
participated in a 10-min training session and listened to a set
of V and LP +V stimuli. The training session familiarized
the subjects with the testing procedure. Feedback was pro-
vided to listeners only during the training session, so that
they can get accustomed to listening to vocoded speech.

In the testing session involving vocoded Mandarin Chi-
nese speech, the subjects were asked to write down the
words they heard. Each subject participated in a total of 20
conditions (=two maskers x five SNR levels for the V
condition + two maskers x five SNR levels for the LP+V
condition). A total of 20 Mandarin sentences were used per
condition, and none of the sentences were repeated across
the conditions. The order of the test conditions was random-
ized across subjects. Subjects were given a 5-min break ev-
ery 30 min during the testing session.

The same procedure was used, after 5 months, to test
wideband Mandarin Chinese speech. The test sentences
(taken from the same database) were corrupted by the SSN
and two-talker maskers at eight SNR levels (ranging from
—14 to 0 dB), and each listener participated in a total of 16
conditions (= two maskers x eight SNR levels). Twenty sen-
tences were used per condition. The intelligibility score for
each condition was computed as the ratio between the
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number of the correctly recognized words and the total num-
ber of words contained in 20 sentences.

lll. SPEECH INTELLIGIBILITY MEASURES

Present intelligibility measures employ primarily either
temporal-envelope or spectral-envelope information to com-
pute the intelligibility index. For the temporal-envelope
based measure, we examined the performance of the normal-
ized covariance metric (NCM) measure, which is an STI-
based measure (see review in Goldsworthy and Greenberg,
2004). For the spectral-envelope based measure, we investi-
gated the coherence-based speech intelligibility index (CSII)
measure and the three-level CSII measures (CSllpigh,
CSIl,,;4, and CSIl,,,) (Kates and Arehart, 2005). The three-
level measures were computed by first dividing speech into
short-term (20 ms) segments and classifying each segment
into one of three regions according to its relative rms power.
The CSII measure is computed separately for each region.
The high-level region consisted of segments at or above the
overall rms level of the whole utterance. The mid-level
region consisted of segments ranging from the rms level to
10 dB below and the low-level region consisted of segments
ranging from rms-10 dB to rms-30 dB. We adopted the same
threshold levels (i.e., 0, —10, and —30 dB) as proposed by
Kates and Arehart (2005). The three-level CSII measures
obtained for the low-, mid-, and high-level segments were
denoted as CSll,oy, CSIlyig, and CSllyep, respectively. Fig-
ure 1 shows an example segmentation of a Mandarin-spoken
sentence based on the above rms threshold values.

The underlying hypothesis in the present study is that
measures that assess temporal envelope distortions (e.g.,

STI-based) should correlate highly with the intelligibility
of vocoded speech. This is based on the fact that vocoder
simulations preserve and convey primarily envelope infor-
mation (Shannon et al., 1995) to the listeners. Similarly, it
is hypothesized that the spectral envelope representation,
as implemented in the coherence-based indices, could also
be used to model the intelligibility of vocoded speech. This
is so because the spectral representation, as used in the
implementation of the coherence-based indices, does not
capture reliable FO information (particularly in the high
frequencies) or accurate formant frequency information.
The derived spectral envelope provides only a gross repre-
sentation of the spectrum, as that available in vocoded
speech. Assuming that the STI-based measure (NCM) uti-
lizes the same number of bands as the CSII measure, the
resulting spectral representation would be similar and con-
sequently would expect the resulting correlations of these
two measures with vocoded speech to be comparable.
Unlike the CSII measure, the NCM measure captures seg-
mental level information signifying word/syllable bounda-
ries and manner/voicing. Similar information is extracted
explicitly by the CSII measure via the three-level segmen-
tation of the utterances.

The NCM measure is similar to the STI (Steeneken and
Houtgast, 1980) in that it computes the STI as a weighted
sum of transmission index (TI) values determined from the
envelopes of the probe and response signals in each fre-
quency band (Goldsworthy and Greenberg, 2004). Unlike
the traditional STI measure, however, which quantifies the
change in modulation depth between the probe and response
envelopes using the modulation transfer function, the NCM
measure is based on the covariance between the probe
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(input) and response (output) envelope signals. The NCM
measure is expected to correlate highly with the intelligibil-
ity of vocoded speech due to the similarities in the NCM cal-
culation and CI processing strategies; both use information
extracted from the envelopes in a number of frequency
bands, while discarding fine-structure information (Gold-
sworthy and Greenberg, 2004). The coherence-based meas-
ures have been used extensively to assess subjective speech
quality (Arehart et al., 2007) and speech distortions intro-
duced by hearing aids (Kates, 1992; Kates and Arehart,
2005) and have been shown in the study by Ma et al. (2009)
to yield high correlations with intelligibility of noise-masked
English speech processed by various noise reduction
algorithms.

Ma et al. (2009) also proposed several signal-depend-
ent band-weighting functions (BWFs) for predicting the
intelligibility of speech corrupted by fluctuating maskers.
Unlike the band-importance functions used in the ANSI
(1997), the BWFs are dynamic in that they are computed
on a short-term basis (i.e., every 20-30 ms) and vary from
segment to segment. This was found to be necessary since
the CSII measure is computed using short-time (20-30 ms)
segments and averaged over all segments present in each
utterance. The BWFs are flexible in that they can be
designed to emphasize spectral peak (e.g., F1 and F2) and/
or valley information. To distinguish between the Ameri-
can National Standards Insitute (ANSI) band-importance
functions and our importance functions, we refer to the
band-importance functions used in our study as BWFs. The
BWFs tested in the present study are described in the Ap-
pendix. At issue is whether different BWFs should be used
for Mandarin speech and particularly whether any of the
proposed BWFs capture any useful information related to
the FO or amplitude envelope contours, which are known
to contribute to tone recognition (Whalen and Xu, 1992;
Fu and Zeng, 2000).

IV. RESULTS AND DISCUSSION

Two figures of merit were used to assess the perform-
ance of the above speech intelligibility measures, namely,
the Pearson’s correlation coefficient (r) and the standard
deviation of the prediction error (o.). The average intelligi-
bility scores obtained by NH listeners in each condition were
subjected to correlation analysis with the corresponding av-
erage values obtained in each condition by the intelligibility
measures described in Sec. III.

A. Predicting the intelligibility of vocoded Mandarin
Chinese

To assess the extent to which the modulation frequency
range (or modulation rate) influences the correlation of the
NCM measure with speech intelligibility scores, we varied
the modulation rate from 30 to 400 Hz. The results obtained
with the NCM measure for different modulation rates are
shown in Fig. 2. As can be seen, there is a notable improve-
ment in the correlation when the modulation rate increased
from 30 to 100 Hz. The correlation improved from r =0.88,
obtained when the modulation rate was 30 Hz, to r=0.94

J. Acoust. Soc. Am., Vol. 129, No. 5, May 2011
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FIG. 2. Correlation coefficients obtained with the NCM measure for differ-
ent modulation rates for predicting the intelligibility of vocoded Mandarin
Chinese. The BWF W,-(z) given in Eq. (A2) with p=0.12 was used in the
implementation of the NCM measure.

when the modulation rate was extended to 100 Hz. Increas-
ing further the modulation rate beyond 100 Hz did not seem
to improve significantly the correlation.

The resulting correlation coefficients and prediction
errors for the remaining intelligibility measures tested are
tabulated in Table II. Both the coherence-based and the NCM
measures performed relatively well (see also scatter plots in
Fig. 3), with the NCM measure yielding the highest correla-
tion (r=0.94). This high correlation was obtained after using
the signal-dependent BWF given in Eq. (A2) (Appendix).
Similar improvements with the proposed BWFs were also
noted for the coherence-based measures. The CSIly,, and
CSll,,jg measures, in particular, yielded equally high correla-
tion (r=0.91) when the BWF W, [Eq. (A4) in Appendix] was
applied (the BWF W, corresponds to the target excitation
spectrum, computed for each segment, raised to a power.).
This result differs from the outcomes reported by Arehart et
al. (2007) and Ma et al. (2009), who found that, among the
three-level CSII measures, the middle-level CSII measure
(CSIl,,,;q) yielded the highest correlation with the intelligibility
of English stimuli. The CSIlp,, measure is computed using
information extracted primarily from the high-intensity (e.g.,
vowels and semivowels) speech segments (e.g., see Fig. 1).
Hence, on this regard it is not surprising that the highest corre-
lation was observed when information extracted from the
voiced segments was included in its computation. Aside from
formant frequency (F1/F2/F3) information, these segments
carry FO contour information, which is critically needed for
lexical tone recognition (Whalen and Xu, 1992; Fu and Zeng,
2000). Note that the BWF [W, with p =4 in Eq. (A4), Appen-
dix] used in the weighted CSIly;g, measure provides more em-
phasis on the dominant low-frequency spectral peaks and less
emphasis on spectral valleys. As discussed later in Sec. IV D,
the BWF [W, with p =4 in Eq. (A4), Appendix] used in the
CSIlpie, measure captures information about the amplitude
envelope contour of the four tones.
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TABLE II. Correlation coefficients (r) and standard deviations of the prediction error (¢,) between sentence recognition scores and various intelligibility
measures for vocoded Mandarin Chinese, vocoded English, and wideband (non-vocoded) Mandarin Chinese. The modulation rate (MR) used in the implemen-

tation of the NCM measure is indicated.

Vocoded Mandarin Chinese

Non-vocoded Mandarin Chinese

Vocoded English

Intelligibility Band-weighting Band-weighting Band-weighting
measures function r (%) function r a, (%) function r a, (%)
csi ANSI 0.88 10.2 ANSI 0.90 12.6 ANSI 0.94 8.7
CSIlpign ANSI 0.74 14.5 ANSI 0.97 6.5 ANSI 0.88 12.4
CSH,ia ANSI 0.90 9.6 ANSI 0.95 8.8 ANSI 0.95 8.4
CSIoy ANSI 0.59 17.5 ANSI 0.65 21.7 ANSI 0.78 16.5
(&1 Wa,p=0.5 0.89 9.7 Wa, p=0.5 0.93 10.6 Wa,p=0.5 0.95 8.6
CSllpign Wa,p=4 0.91 9.2 Wa,p=4 0.97 72 Wa, p=0.05 0.88 12.4
CSIig Wa,p=0.5 0.91 9.1 Wa,p=0.5 0.95 8.9 Wa,p=0.5 0.95 8.2
CSIoy Wo,p=4 0.72 15.1 Wo,p=1 0.71 19.9 Wi, p=4 0.86 13.4
NCM w? p=0.12 0.94 75 w p=15 0.96 8.0 w p=15 0.96 7.1

(MR =100 Hz) (MR =100 Hz) (MR =100 Hz)

ANSI 0.85 11.5 ANSI 0.82 16.3 ANSI 0.86 13.4
(MR =12.5 Hz) (MR =12.5 Hz) (MR = 12.5Hz)

Given the high correlation obtained with the CSllyjgp
measure, we wanted to examine the influence (if any) of the
rms threshold used in its implementation. As mentioned ear-
lier, segments with relative rms level greater than 0 dB were
used in the implementation of the CSIly;g, measure (e.g., see
Fig. 1). To assess the influence of the rms threshold, we var-
ied the rms threshold from —5 to 0 dB and examined the cor-
relation of the modified CSIy,, measure with the
intelligibility scores. The results, obtained using ANSI
weights and the proposed W, BWF, are plotted in Fig. 4. As
can be seen, the correlation improved from r=0.74 (0 dB
rms threshold) to r=0.82 (—5 dB rms threshold) when the
ANSI weights are used. However, no significant improve-
ments in correlation were obtained when the proposed W,
BWF was used.

Speech processed via a sinewave-vocoder was used in
the present study to evaluate the NCM and coherence-based
intelligibility measures. Given that differences in outcomes
might exist between noise-vocoded and sinewave-vocoded
speech, at least for some tasks (e.g., gender discrimination)
(Gonzalez and Oliver, 2005), it is not clear whether the
measures evaluated in the present study can be used to pre-
dict the intelligibility of noise-vocoded speech. Further stud-
ies are needed to assess that.
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B. Comparison with intelligibility prediction of
vocoded English

For comparative purposes, Table II shows the correla-
tion coefficients obtained when the same intelligibility meas-
ures were used for the prediction of the intelligibility of
vocoded English speech. This comparison is important as it
could unveil any potential language effects. That is, this
comparison will assess whether the prediction power of the
measures tested is influenced by the characteristics of the
language (Western vs tonal). The intelligibility scores used
in the correlation analysis were taken from the studies by
Chen and Loizou (2010, 2011). The speech material con-
sisted of IEEE sentences corrupted by SSN and two-talker
maskers at —5, 0, and 5 dB SNR. The speech stimuli were
processed in a total of 30 conditions using the same tone-vo-
coder and EAS-vocoder settings (e.g., filter spacing and filter
cut-off frequencies) used in this study. When comparing the
two sets of correlations for vocoded Mandarin Chinese and
vocoded English, we note the following common findings:
(1) The coherence-based measures predict equally well the
intelligibility of vocoded tonal and non-tonal languages (i.e.,
Mandarin Chinese and English), i.e., 0.90 and 0.95 for
vocoded Mandarin Chinese and vocoded English, respec-
tively; and (2) the STI-based measure (e.g., NCM) also

(c) r=0.97
100 FIG. 3. Scatter plots of recognition
(o] scores against the predicted scores
80 for vocoded Mandarin Chinese (pan-
60 els a and b) and non-vocoded Man-
darin Chinese (panel c). The W,
40 BWEF (p =4) was used in the imple-
mentation of the CSIly;,, measure,
20 and W with p=0.12 was used in
the implementation of the NCM

0 measure. The modulation rate of the
0 0.2 04 0.6 NCM measure was set to 100 Hz.
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FIG. 4. Correlation coefficients obtained with the CSlly;y, measure, imple-
mented using different rms thresholds values, for the intelligibility of
vocoded Mandarin Chinese. The CSllpe, measure was implemented using
the ANSI weights and the W, [p =4, Eq. (A4)] BWF.

correlates highly with the intelligibility scores (r >0.94) in
the two languages.

There is, however, one major difference in the out-
comes. In vocoded English, the highest correlation is
obtained with the CSII,,;4 measure, whereas in vocoded
Mandarin Chinese, the highest correlation was obtained with
the CSllp;e, measure (and the CSIly;q measure). The two
measures incorporate different phonetic segments in their
computation. The CSII,;;4 measure uses primarily weak con-
sonants and vowel/consonant transitions, while the CSIlp;,p
measure uses primarily high-energy voiced segments (e.g.,
see Fig. 1). This reflects to some extent the difference in the
importance of linguistic cues used by the English and Chi-
nese listeners for word recognition. The high-energy voiced
segments, for instance, contain FO information, which is
highly needed for the perception of tonal languages, and as
such they are more appropriate for predicting the intelligibil-
ity of Mandarin Chinese. These data suggest that the coher-
ence-based measures seem to be influenced by the
characteristics of the spoken language.

C. Predicting the intelligibility of wideband
(non-vocoded) Mandarin Chinese

Table II shows the correlation coefficients obtained for
predicting the intelligibility of wideband (non-vocoded)
Mandarin Chinese. As shown in Table II, of all the intelligi-
bility measures examined, the CSIly;,, measure yielded the
highest correlation coefficient (r=0.97), asserting once
again the emphasis on information contained in high-energy
voiced segments (e.g., vowels). This outcome was consistent
with that obtained with vocoded Mandarin Chinese using the
CSIlyien measure. That is, of the three CSII measures exam-
ined, highest correlation was obtained with the CSIl;,,, mea-
sure. Second, the STI-based measure (i.e., NCM) also
correlated well with the intelligibility scores of non-vocoded
Mandarin stimuli, i.e., r = 0.96, when a high modulation rate
(100 Hz) and the proposed BWF [Eq. (A1), Appendix] were
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FIG. 5. (a) FFT magnitude spectrum of a segment taken from the vowel /¢/
(excised from the word “head”) produced by a male talker, (b) the same
spectrum raised to the power of 0.25 [see BWF W5, Eq. (A4) in Appendix],
and (c) the same spectrum raised to the power of 4. All spectra are shown in
linear units and have been normalized by their maximum for better visual
clarity.

used. The NCM measure uses primarily temporal envelope
information and relatively no fine-structure information. Yet,
the NCM measure yielded a high correlation in predicting
the intelligibility of wideband Mandarin Chinese. This find-
ing, when taken together with the outcomes predicting the
intelligibility of wideband English (Ma et al., 2009),
vocoded English and Mandarin Chinese in Table II, suggests
that it is not necessary, in terms of predicting the intelligibil-
ity of vocoded or wideband speech, to develop measures that
incorporate fine-structure information. This is not to say that
incorporating fine-structure information is not important, but
rather that it is not necessary.

D. Analysis of a Chinese-specific BWF

The data in Table II demonstrated that the selected
BWF [W,, p=4, Eq. (A4) in Appendix] has improved sig-
nificantly the correlation of the CSIly;o, measure. This BWF
is computed by raising the short-term target excitation spec-
trum to the power 4, with its values changing from segment
to segment owing to the dynamic nature of speech. The use
of the proposed BWF improved the correlation from r =0.74
obtained when using the ANSI (1997) band-importance
function to r=0.91 obtained with the proposed W, BWF
[p=4, Eq. (A4)]. We conducted further analysis to

F. Chen and P. C. Loizou: Predicting vocoded Mandarin 3287

Downloaded 20 Jul 2011 to 129.110.5.92. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



& Tone 1 . Tone 2 = Tone 3 S Tone 4
> S o [ o
[0} [0} (0] [0}
30 ER 20 30
s s a s
£ € .5t = € .5t
< 5| < < ;5 <
0 50 100 150 200 0 100 200 0 100 200 300 0 100 200
Time (ms) Time (ms) Time (ms) Time (ms)
75 75 75 75
g 70 S 70t g 70 S 70t
[0} [0} (0] [0}
365- B65~ 565 B65~
£ 60 £ 60 £ 60 £ 60}
< < < <
55 55 55 55
0 50 100 150 200 0 100 200 0 100 200 300 0 100 200
Time (ms) Time (ms) Time (ms) Time (ms)
520 520 520 520
g/ 500 g 500 g 500 g 500
8 480} S 480} S 480 S 480
a 460 a 460 2 460 2 460
S € € €
< 40} < 40} < 440 < 440}
0 50 100 150 200 0 100 200 0 100 200 300 0 100 200
Time (ms) Time (ms) Time (ms) Time (ms)

FIG. 6. The top row shows an example waveform of a Mandarin Chinese vowel /i/ produced in four tones. The middle row shows the amplitude envelope con-
tour of the four tones and the bottom row shows the maximum of the W, BWF [p =4, Eq. (A4)] computed over time for the duration of the vowel /i/.

understand the reason behind the significant improvements
in correlation obtained with this particular BWF. Use of
p>1in the BWF [Eq. (A4)] implements an expansive func-
tion and places more emphasis on the dominant spectral
peaks while suppressing the valleys, whereas use of p <1
implements a log-compressive function and incorporates in-
formation from both spectral valleys and peaks. Figure 5
shows an example weighting function implemented with
p=0.25 and p =4 for the vowel /¢/ excised from the word
“head.” When p=4, only the first dominant peak is pre-
served, most likely reflecting information about F1. In other
instances, the peaks corresponding to F2 and F3 might also
be present in the BWF, but the valleys are always suppressed
(see Fig. 5) when p > 1. It should be noted that the proposed
BWEF used in the CSIly,;,, measure is applied primarily to the
voiced segments of the utterance, wherein the tones reside
(e.g., see Fig. 1).

We next computed (over time) the amplitude of the most
dominant peak present in the BWF for each 20-ms frame and
compared that with the shape of the amplitude envelope con-
tour of the individual tones. Figure 6 shows an example of
such analysis for each of the four tones. The amplitude enve-
lope contour was computed by first re-sampling the wideband
signal to 100 Hz (thus restricting the amplitude modulations
to less than 50 Hz, Fu and Zeng, 2000), and extracting its en-
velope using the Hilbert transform. As can be seen clearly
from Fig. 6, the amplitude of the most dominant peak present
in the BWF follows closely the amplitude contour of the four
tones. In fact, the correlations between the BWF-derived con-
tour and the amplitude contour of the four tones were quite
high and varied from r=0.76 (tone 3) to r=0.94 (tone 2).
Note that the amplitude contours have been found previously
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(Whalen and Xu, 1992; Fu and Zeng, 2000) to correlate mod-
estly high with the FO contours and have been found to con-
tribute significantly to the recognition of tones 3 and 4.
Hence, we conclude that the chosen BWF [Eq. (A4), p=4]
captures effectively information about the amplitude contour,
which is known to be important for tone recognition (Fu and
Zeng, 2000). We thus attribute the improvement in the corre-
lation with the chosen BWF to the fact that this weighting
function captures information about the shape of the ampli-
tude contour of the four tones. In contrast, the BWF used for
modeling the intelligibility of vocoded English uses values of
p smaller than 1 (see Table II), thus implicating the impor-
tance of a different set of cues for English (note that the shape
of the amplitude contour carries non-significant information
about speech perception in English). On that regard, we con-
sider the proposed BWF [Eq. (A4), p =4] as appropriate, and
to some degree, tailored for Mandarin Chinese, at least when
the CSIly;e, measure is used.

V. CONCLUSIONS

The present study assessed the correlation of several
speech intelligibility measures with vocoded and non-
vocoded Mandarin Chinese. The following conclusions can
be drawn:

(1) The coherence-based measures and STI-based measures
(e.g., NCM) can be used to predict reliably vocoded
tonal language (i.e., Mandarin) recognition as well as
vocoded English recognition.

(2) The coherence-based measures seem to be influenced by
the characteristics of the spoken language. In Mandarin
Chinese, highest correlation was obtained with a weighted
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(by a segment-dependent BWF) coherence-based measure
(CSIly;gn) that included primarily information from high-
energy voiced segments (e.g., vowels). These segments
contain FO information, which is important for reliable
lexical tone recognition. In contrast, in English highest
correlation was obtained with the CSII,;q measure that
included information from weak consonants and vowel/
consonant transitions.

(3) The proposed BWFs (see Appendix) significantly
improved the correlations for the majority of the measures
tested. In particular, the BWF [W,, p =4, Eq. (A4)], which
was computed by raising the target excitation spectrum
(computed on a short-term basis) to the power 4, was
found to perform significantly better compared to the
ANSI (1997) band-importance function. Analysis of this
BWF [Eq. (A4), p =4] indicated that it captures informa-
tion about the amplitude envelope contour, which is known
to be important for tone recognition (Fu and Zeng, 2000).

(4) A higher modulation rate (100 Hz) was found to be
needed in the implementation of the STI-based measures
for maximum correlation (r=0.94) with vocoded tonal
language (Mandarin) recognition and vocoded English
recognition (Chen and Loizou, 2011). This differed from
the modulation rate used (12.5-30 Hz) for modeling
wideband English speech (Houtgast and Steeneken,
1985; Van Wijngaarden and Houtgast, 2004).
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APPENDIX

For the NCM measure, two signal-dependent BWFs
were considered (Ma et al., 2009):

Wl = (Y 20)"

W = (3 (maxlu(o) - di(0, 0 ),

t

(A

(A2)

where x;(f) and d;(f) denote the downsampled envelopes of
the clean speech and scaled masker signals, respectively, in
the ith band and p is the power exponent. The value of p was
varied from 0.12 to 1.5 in this study.

For the implementation of the coherence-based meas-
ures, two types of BWFs were considered (Ma et al., 2009):

.o . .
Wi(j.m) = {g(é’lsné) AEXUm) = DGm) - (ag)
and
W2 (ja m) = X(]v m)pv (A4)
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where X(j,m) and D(j,m) are the critical-band magnitude
spectra (excitation spectra) of the clean speech and scaled
masker signals, respectively, in the jth frequency band at the
mth frame. The power exponent p in Egs. (A3) and (A4) was
varied from 0.05 to 4 in the present study.
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