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ABSTRACT

This study examines the relative importance of pitch
and periodicity to Chinese speech recognition by normal-
hearing subjects listening to a cochlear implant simulation.
Three carrier band conditions were tested, each of which
provided different amounts of pitch and periodicity
information: 1) noise-band carriers for all speech segments,
2) pulse train carriers for voiced speech segments, in which
the rate followed the fundamental frequency (FO) of the
speech signal, and 3) fixed-rate (150 Hz) pulse train carriers
for voiced speech segments. The noise-band -carriers
preserved little pitch and periodicity information, as all
temporal cues were limited by the 50-Hz temporal envelope
extracted from each frequency band. The FO-controlled
pulse train carriers preserved all pitch and periodicity
information. The fixed-rate pulse train carriers preserved
periodicity information, but no pitch information. Results
showed that different carriers produced significantly
different amounts of Chinese speech recognition, with the
FO-controlled pulse train carriers producing the best
performance. These results reflect the need to deliver
adequate amounts of both pitch and periodicity information
to Chinese-speaking cochlear implant patients.

1. INTRODUCTION

The pitch and periodicity information of the glottal
wave during speech production is important for speech
understanding, especially for tonal languages such as
Chinese [1]. For example, the pitch contour allows for
identification of speakers, as well as speakers' intonation,
while periodicity information is essential for distinguishing
voiced and unvoiced speech segments.

Cochlear implants (CIs) represent speech signals by
using the temporal envelope extracted from frequency
analysis bands to modulate pulse trains delivered to
appropriate implanted electrodes. Typically, there are 8 to
24 implanted electrodes, which severely limits the spectral
resolution available to CI patients. Many researchers have
studied the perception of pitch and periodicity information
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using CI simulations with normal-hearing (NH) listeners,
thereby measuring the importance of pitch and periodicity
cues to speech recognition under conditions of reduced
spectral resolution. For English speech perception, carriers
with different amounts of pitch and periodicity information
(noise-band, fixed-rate pulse train, and FO-controlled pulse
train) all produced similar levels of recognition
performance, indicating that, for English, the contribution
of pitch and periodicity cues was relatively weak [2].

In contrast to English, Chinese is a tonal language in
which pitch patterns of vowels are lexically important.
Studies have demonstrated the importance of tonal
envelope cues in Chinese speech recognition by CI users
[3]. Different amounts of pitch and periodicity cues may
produce different levels of Chinese speech recognition in CIL.

In the present study, the effects of pitch and periodicity
information on Chinese speech recognition were measured
for normal-hearing native Chinese subjects listening to a
cochlear implant simulation. Recognition of Chinese
vowels, consonants, tones, and sentences was compared to
English speech recognition under similar speech processing
conditions. The importance of pitch and periodicity
information to Chinese speech recognition by CI users was
analyzed using Boothroyd's model [4].

2. EXPERIMENT DESIGN
2.1. Subjects

Six young adult native Chinese-speaking listeners (3
males, 3 females) participated in the study. All subjects
were normal hearing and had pure-tone thresholds better
than 20 dB HL at octave frequencies from 125 Hz to 8000
Hz in both ears.

2.2. Stimuli and Speech Processing

Speech test materials in the present study included
Chinese vowel, consonant, and sentence stimuli. Chinese
vowel and consonant stimuli were derived from the
‘Chinese Standard Database’ [5]. Five male and five female
speakers each produced 4 tones for 6 Mandarin Chinese
single-vowel syllables (/a/, /o/, /e, /i/, lu/, /ii/), resulting in a
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total of 240 vowel tokens. These vowel stimuli were used
for measuring both Chinese vowel and tone recognition.
Using the 21 Chinese initial consonants used in the
consonant recognition tests, one male and one female
speakers each produced 4 tones for /u/ in a consonant-/u/
context, thereby creating a set of 152 lexically meaningful
combinations. Chinese sentence stimuli were derived from
the Mandarin Hearing in Noise Test (HINT) sentences [6].
One male speaker produced 240 Chinese sentences of easy
to moderate difficulty; the length of the sentences was fixed
to be 10 words. The Chinese vowel and consonant stimuli
were digitized using a 16-bit A/D converter at a 16-kHz
sampling rate, while the Chinese sentence stimuli were
sampled at a 24-kHz sampling rate.

SRR

Carvier

AN o o N e S I

Carvier

APHEPO P 0

Carrier

A

Carvier

Pre-emp)

Figure 1: Block diagram of the CIS simulation.

Figure 1 shows a block diagram of the speech
processor designed to simulate a cochlear implant fitted
with the continuous-interleaved-sampling (CIS) strategy [7].
After pre-emphasis (1¥-order Butterworth high-pass filter at
1200 Hz), the input speech signal was divided into either 2
or 4 frequency bands (depending on the test condition); the
overall input frequency range was 100 - 6000 Hz. The
corner frequencies of the analysis bands were determined
according to Greenwood’s formula [8]; all analysis filters
were 4"-order Butterworth band-pass filters. The temporal
envelope from each analysis band was extracted by half-
wave rectification and low-pass filtering (4™-order
Butterworth low-pass filter at 50 Hz), and was used to
modulate one of the three experimental carriers. The
modulated carriers were band-pass filtered by filters with
the same pass-bands as the analysis filters. The output
speech was the sum of these band-limited, modulated
carriers.

Three experimental carriers were used in the simulation,
each of which provided different amounts of pitch salience
and periodicity information. For the noise-band (NB)
carrier, pitch and periodicity information was only available
from the 50-Hz temporal envelope of each frequency band.
For the FO-controlled pulse train (FOc) carrier, a pulse train
in which the rate followed the fundamental frequency (F0)
was used for voiced speech segments, and random noise
was used for unvoiced speech segments. The FOc carrier
preserved all pitch and periodicity information. For the
fixed-rate pulse train (FR) carrier, a 150 Hz pulse train was
used for voiced speech segments, and random noise was
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used for unvoiced speech segments. In the FR carrier, only
periodicity information was preserved; pitch information
was not preserved. Both the FOc and the FR carriers may be
considered as "binary" carriers, in which voiced speech
segments were represented by periodic carriers and
unvoiced segments by random noise. Both binary carriers
used mono-phasic pulses (pulse width = 1/sampling rate of
stimulus); the pulse amplitudes were equal to the root mean
square (RMS) levels of the random noise carriers.

The pitch and periodicity information used to control
the carriers was extracted from original speech signal using
an auto-correlation method on a frame-by-frame basis. The
FO extraction method was similar to an algorithm proposed
by Markel [9], with some simplifications. To remove the
influence of formant frequencies on FO extraction, 12"-
order linear predictive (LP) analysis was performed for
each frame using the Levinson-Durbin algorithm. The
speech signal was inverse-filtered to obtain the prediction
residual, a signal with an approximately flat spectrum. The
auto-correlation of the residual signal was calculated and
the location of the auto-correlation peak within an
appropriate range (2 - 20 ms) was chosen as the pitch
period of the frame. The Voiced/Unvoiced (VUV) quality
of each frame was considered to be voiced if the normalized
level of the auto-correlation peak was beyond an empirical
threshold (0.2 in this study); otherwise, it was considered to
be unvoiced. The FO analysis frame size was adaptive; if
the normal 30 ms frame size was less than 3 times of the
immediately previous pitch period estimate, the analysis
frame size was increased to be 4 times of the immediately
previous pitch period estimate. The analysis frame shift was
fixed to be 10 ms.

Several post-processing methods derived from the
physiological constraints on FO variations were employed
to fix errors such as VUV confusion, pitch doubling, and
pitch halving. For example, if a voiced frame was found to
be between two unvoiced frames (or vice-versa), the VUV
decision of the intermediate frame was reversed. Similarly,
when pitch doubling or pitch halving occurred for two
successive voiced frames, pitch values were corrected to be
the one with higher voicing degree. Finally, a S5-point
median filter was used to smooth the extracted FO contour.

2.3. Procedure

Closed-set identification tasks were used to measure
Chinese tone (4-choices), vowel (6-choices), and consonant
(21-choices) recognition. Chinese sentence recognition was
measured using an open-set paradigm. For each recognition
task, the test order of speech processing conditions was
randomized and counterbalanced across subjects. No
feedback was provided for all tests. Subjects were seated in
a double-walled sound-treated booth and listened to the
stimuli presented in free field over a single loudspeaker
(Tannoy Reveal) at 65 dBA.



3. RESULTS

Figure 2 shows Chinese speech recognition scores
obtained with the three experimental carriers, as a function
of the number of frequency bands (hereafter, the number of
channels). Panels A, B, C, and D correspond to consonant,
vowel, tone, and sentence recognition, respectively.
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Figure 2: Chinese speech recognition with experimental
carriers, as a function of the number of frequency bands.

Figure 2.A shows Chinese consonant recognition
scores obtained with different carriers, as a function of the
number of channels. Mean consonant recognition
significantly improved for all carriers as the number of
channels was increased from 2 to 4. Mean consonant
recognition also significantly improved when the binary
carriers (FOc and FR) were utilized, rather than the NB
carrier; performance improved from 41 to 55 % correct
with 2 channels, and from 60 to 73 % correct with 4
channels. A two-way analysis of variance (ANOVA)
revealed that both the number of channels [F(1,30)=44.24,
p<0.001] and the carrier type [F(2,30)=11.49, p<0.001]
significantly affected Chinese consonant recognition.
Significant differences in performance were found between
the noise band carrier and the binary carriers, but not
between the FOc and FR carriers [F(1,20)=0.12, p=0.74].

The amount of consonant features transmitted by each
experimental processor was calculated; three production-
based features of voice, manner, and place of articulation
were analyzed [10]. The transmission of all features was
enhanced by either increasing the number of channels, or by
changing from noise-band to binary carriers. However,
there was no significant difference between the amount of
feature information transmitted by the FOc and FR carriers.

Figure 2.B shows Chinese vowel recognition scores.
Vowel recognition significantly improved for all carriers as
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the number of channels was increased; performance
improved from 38 % correct with 2 channels to 56 %
correct with 4 channels. However, vowel recognition was
not significantly affected by the carrier type. A two-way
ANOVA showed that Chinese vowel recognition was
significantly dependent on the number of channels
[F(1,30)=55.05, p<0.001], but not on the carrier type
[F(2,30)=1.77, p=0.19].

Figure 2.C shows Chinese tone recognition scores. In
contrast to Chinese vowel recognition (Figure 2.B), mean
tone recognition was not significantly affected by the
number of channels; however, the carrier type greatly
affected tone recognition. The FR carrier produced the
lowest tone recognition scores (52 % correct), while the
FOc carrier produced the highest tone recognition scores (95
% correct). The NB carrier produced moderate tone
recognition scores (62 % correct). A two-way ANOVA
showed that Chinese tone recognition was significantly
affected by the carrier type [F(2,30)=240.61, p<0.001], but
not by the number of channels [F(1,30)=0.02, p=0.88].

Figure 2.D shows Chinese sentence recognition scores
(recorded as the percent of key words recognized in a set of
20 sentences). Sentence recognition significantly improved
for all carriers as the number of channels was increased.
The FOc carrier produced the highest sentence recognition
scores (33 % correct with 2 channels; 81 % correct with 4
channels). The FR carrier produced the lowest sentence
recognition scores (16 % correct with 2 channels; 46 %
correct with 4 channels). Similar to tone recognition, the
NB carrier produced moderate sentence recognition scores
(27 % correct with 2 channels; 70 % correct with 4
channels). A two-way ANOVA revealed significant effects
for both the number of channels [F(1,30)=133.14, p<0.001]
and the carrier type [F(2,30)=19.96, p<0.001].

4. DISCUSSION

As the number of channels was increased, the
representation of the spectral envelope and its transitions
was enhanced. This spectral enhancement provided better
Chinese vowel and consonant recognition. However, even
with 4 channels, the spectral resolution did not provide
additional pitch and periodicity information for Chinese
tone recognition. Therefore, tone recognition was not
affected by the number of spectral channels.

The results obtained with the experimental carriers
simulate the effects of pitch and periodicity cues on
Chinese speech recognition by CI users. Chinese vowel
recognition was not affected by the carrier type, indicating
that different amounts of pitch and periodicity information
did not affect perception of the spectral envelope. In
contrast, Chinese tone recognition primarily depends on the
perception of pitch changes. The FR carrier, which
provided a flat tone perception, produced the least amount
of tone recognition. The NB carrier produced moderate tone
recognition scores, most likely due to the weak pitch



information found in the 50 Hz low-pass temporal
envelopes [3]. The FOc carrier produced almost perfect tone
recognition, because the pitch and periodicity information
was directly encoded in the carrier. When compared to
English consonant recognition [2], there was a significant
increase in Chinese consonant recognition when binary
carriers (FOc and FR) were used instead of the NB carrier.

Chinese sentence recognition is comprised of phoneme
recognition, tone recognition, and comprehension of
sentence contexts. When the number of channels was
increased from 2 to 4, Chinese sentence recognition
improved greatly, largely because of improved phoneme
recognition. By changing from the NB to FOc carrier, the
increased pitch and periodicity information produced a
further improvement in Chinese sentence recognition with 4
channels. The FR carrier produced the poorest tone
recognition and therefore contributed little to Chinese
sentence recognition, for which tone recognition is
important. The relatively weak pitch cues found in the NB
carrier produced moderate tone recognition, which was
helpful in producing moderate levels of Chinese sentence
recognition. These varying patterns in Chinese sentence
recognition were not found for English sentence recognition
[2], indicating the special importance of pitch and
periodicity information in tonal languages such as Chinese.

The relative contributions of vowel, consonant, and
tone recognition to Chinese sentence recognition may be
quantified by using a modified Boothroyd power-function
model [4], as shown in equation 1:

Ps=1—-(1-Pv"Pc" pPt")¥ (D

where Ps, Pv, Pc, and Pt represent Chinese sentence, vowel,
consonant, and tone recognition scores respectively, Wv,
We, and Wt are the weights of vowel, consonant, and tone
recognition for isolated Chinese syllable recognition, and K
is a variable that describes the context effects (the number
of isolated syllable recognition errors that cause sentence
recognition errors).
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Figure 3: The relationship between Chinese isolated
syllable recognition and word-in-sentence recognition.
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Figure 3 shows the best fitting power-function (the
solid line) relating isolated syllable recognition scores to
word-in-sentence recognition scores (best fitting r = 0.73;
parameters: Wt =0.76, Wy = 1.00, Wc = 0.77, K = 2.22); the
symbols represent experimental data. The similar weights
of Chinese tone, vowel, and consonant recognition indicate
their similar importance in Chinese speech recognition.

S. CONCLUSION

The results of the present study suggest that delivering
more pitch and periodicity information to CI users may
enhance patients’ Chinese speech perception. Encoding
pitch information in the FOc carrier provides the best tone
and sentence recognition when limited spectral resolution is
available. However, the FOc carrier is not suitable for
implementation in CI devices because of its relatively low
stimulation rates; furthermore, CI users have difficulty
tracking pitch changes produced by variable stimulation
rates. An effective pitch coding strategy in CI applications
is necessary for Chinese-speaking CI users.
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