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Chinese is a tonal language, which diﬀerentiates it from non-tonal languages in the Western countries.
A Chinese character consists of an initial, a ﬁnal, and a tone. In the present study, the eﬀects of noise
and reverberation on the Chinese syllable, initial, ﬁnal, and tone identiﬁcation in rooms were investigated
by using simulated binaural impulse responses through auralization method. The results show that the
syllable identiﬁcation score is the lowest, the tone identiﬁcation score is the highest, and the initial identiﬁcation scores are lower than those of the ﬁnal identiﬁcation under the same reverberation time and
signal-to-noise ratio condition. The Chinese syllable, initial, and ﬁnal identiﬁcation scores increase with
the increase of signal-to-noise ratio and decrease of the reverberation time. The noise and reverberation
have insigniﬁcant eﬀects on the Chinese tone identiﬁcation scores under most room acoustical environments. The statistical relationship between the Chinese syllable articulation and phoneme articulation
had been experimentally proved under diﬀerent noise and reverberation conditions in simulated rooms.
Keywords: syllable identiﬁcation, phoneme identiﬁcation, noise, reverberation time, signal-to-noise ratio.

1. Introduction
Chinese is a tonal language, which diﬀerentiates
it from non-tonal languages in the Western countries.
Each Chinese character is equal to one syllable and
generally consists of an initial, a ﬁnal, and a tone. Initials consist of consonants or semi-vowels; ﬁnals consist
of vowels or vowels plus one of the two nasal sounds
such as [n] or [ng]. The tone is superimposed over
the entire syllable. Mandarin has four pitched tones
and a “toneless” tone. Zhang (1974) has investigated
the phonetic regularity and derived the expressions for
the relation between syllable and phoneme articulation
scores.
S =

L2
,
L2 + q12 · 2L(1 − L) + Lq12 · (1 − L)2

L = (I + F )/2,

(1)
(2)

where q12 equals 0.87, L is the phoneme articulation
scores. I, F , and S are initial, ﬁnal, and syllable articulation scores, respectively. The above relationship has
been validated by subjective Chinese speech intelligibility evaluation under diﬀerent sound pressure levels
at receiving positions, signal to noise ratios (SNRs),
and ﬁlter conditions. However, normal speech communication often occurs in environments with noise

and reverberation. Many researchers investigated the
consonant and vowel recognition in noise, reverberation, and their combined conditions, and the eﬀect of
noise and reverberation on vowel and consonant recognition for Western languages (Helfer, 1994; Peissig, Kollmeier, 1997; Paglialonga et al., 2011;
Meyer et al., 2013; Ozimek et al., 2013). For Chinese,
McLoughlin (2010) has evaluated Chinese vowel intelligibility using reproduced test signals in a noise free
environment through a headphone. Liu et al. (2010)
have investigated the relationship between Chinese
syllable identiﬁcation and SNR by using solely noise
masking in laboratory. Peng (2005a; 2005b) has studied the eﬀects of diﬀerent types of noise on Chinese
speech intelligibility using similar rhythm test lists under diﬀerent noise and reverberation conditions. Kang
(1998), Peng (2010) and Peng et al. (2011) have investigated the Chinese speech intelligibility under different objective acoustical conditions. At the same period of time, some researchers have explored the characteristics of Chinese speech perception under diﬀerent
acoustical environments (Zhang et al., 1981; Zhang,
Meng, 2013). However, from the best knowledge of the
authors, there is still a lack of publications about the
eﬀects of the room acoustical factors (i.e., noise and
reverberation) on the Chinese initial, ﬁnal, and tone
identiﬁcation.
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In the present study, 7 binaural room impulse responses (BRIRs) with diﬀerent reverberation times
(RTs) were obtained by acoustical simulation from 5
rooms with various dimensions. Chinese syllable, initial, ﬁnal, and tone identiﬁcation was conducted by using the auralization method under diﬀerent SNR and
reverberation-time conditions. The aim of the present
study is to investigate the eﬀects of noise and reverberation on Chinese syllable, initial, ﬁnal, and tone identiﬁcation. In addition, the relationship between the syllable and phoneme identiﬁcation scores has been validated.

2. Methods
Two classrooms, two auditoriums, and a church
have been modeled using a software of ODEON. The
rooms’ geometries and dimensions are shown in Table 1. In each model, a vocal source was located at the
middle-front of the room and a receiver was located at
the middle-back of the room. The sound absorbing and
scattering coeﬃcients of the materials were assigned
according to the materials on the surfaces in the actual rooms. The sound absorption coeﬃcients of the
materials on some surfaces in two classrooms were adjusted (i.e., increase of sound absorption coeﬃcients)
to obtain a shorter RT. In total, seven reverberation
conditions were simulated. The average RTs in midfrequency 500 Hz and 1000 Hz octave bands, average
deﬁnition D50 in 500 Hz∼4000 Hz octave bands, and
speech transmission index (STI) at the receiver position in each room are shown in Table 1. The BRIRs
at the receiver positions were also obtained from the
acoustical simulation in these simulated rooms.
Table 1. Dimensions of room models and the objective
acoustical parameters at the receiver’s position.
Room
model
Classroom

rectangle

Dimension
[m3 ]
8.0×8.4×5.1

RT
D50 STI
[s]
0.4 0.90 0.84

Classroom

rectangle

8.0×8.4×5.1

1.8 0.34 0.47

Classroom

rectangle

16.0×8.4×5.1

1.4 0.43 0.53

Classroom

rectangle

16.0×8.4×5.1

2.2 0.30 0.43

Auditorium trapezoid 19.0×18.6×5.0

0.6 0.79 0.73

Auditorium trapezoid 30.8×24.0×6.0

1.0 0.58 0.63

Church

Shape

rectangle 64.5×31.2×20.7 5.0 0.21 0.34

The Mandarin phonetically balanced word lists as
speciﬁed by GB 15508-1995 were used for Chinese syllable, initial, ﬁnal, and tone identiﬁcation tests for
all testing conditions. Each list consists of 25 threesyllable rows and total 75 syllables. The syllables were
designed with consideration of balance of the level of
diﬃculty and phonemic characteristics. The three syllables in each row were randomly arranged without

related meaning and construction of combined meaningful words. The test characters were embedded in
the carrier phrases: “The – row is ×××”, where “−”
denotes the row number and “× × ×” stands for the
three syllables randomly selected from the lists. Syllables did not repeat in the tests. All speech signals
were recorded at a rate of about 4.0 words per second
with two male and two female speakers in an anechoic
chamber. The recording was edited by CoolEdit Pro.
Ten-second intervals of silence between two adjacent
carrier sentences for the listeners to write down their
solution had been inserted. The initial, ﬁnal, and tone
identiﬁcation scores are the percentage of the initials,
ﬁnals, and tones that are correctly identiﬁed in each
list by the subjects, respectively. The initial, ﬁnal, and
tone in a syllable correctly identiﬁed by the subjects
were regarded as a correct syllable. The syllable identiﬁcation score is the percentage of the correct syllable
in each list.
Based on the average speech spectrum from two
male and two female speakers, two speech-shaped noise
spectra have been developed for the use in these experiments. By using a speech-shaped noise with a frequency spectrum equivalent to the long-term speech
spectrum, the SNR was balanced for all selected frequency bands (Steeneken, Houtgast, 2002). Both
the testing word lists signals and speech-shaped noises
were convolved with simulated BRIRs obtained from
ODEON after headphone equalization, respectively.
Afterwards, the signals were mixed with various SNR
(−5 dB, 0 dB, 5 dB, 10 dB, 15 dB, and a noiseless case)
and reproduced by a headphone (Sennheiser HD580).
During the test, level adjustment was applied. The
level estimation was based on the overall A-weighted
RMS value and corrected for the eﬀect of silent periods by the application of a threshold (Steeneken,
Houtgast, 2002). Previous studies indicated that
a 70 dBA speech level was the suitable hearing level for
speech intelligibility test (Brachmanski, 2002; Peng,
2010). In the present study, the level of speech signals
was about 70dBA at the ears of the listeners for all
tests.
The subjects were undergraduate students from 19
to 24 years old. They could speak native Mandarin
and had a normal hearing ability. All the subjects were
trained and have passed a pretest that requires them
to recognize spoken words in a quiet condition with
at least 95% accuracy. Seven diﬀerent reverberation
times and six diﬀerent SNR conditions were applied.
The total of 42 test conditions were evaluated. For each
testing condition, two speech signals (one male and one
female voice) were presented. The subjects were asked
to write down the spellings of the key words that they
heard. The averages of the subjective Chinese syllable,
initial, ﬁnal, and tone identiﬁcation scores across eight
test word lists were determined accordingly for each
test condition.
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3. Results and discussions
Figure 1 shows the subjective syllable, initial, ﬁnal,
and tone identiﬁcation scores under diﬀerent RT and
SNR conditions. It can be seen from Fig. 1 that the syllable identiﬁcation score is the lowest, the tone identiﬁcation score is the highest, and the initial identiﬁcation
scores are lower than the ﬁnal identiﬁcation scores under the same reverberation and SNR conditions. The
syllable, initial, and ﬁnal identiﬁcation scores increase
with an increase of SNR and a decrease of RT, except
for the tone identiﬁcation scores. The syllable, initial,

and ﬁnal identiﬁcation scores increase with an increase
of SNR under the same RT conditions, or decrease with
an increase of RT under the same SNR conditions. The
syllable, initial, and ﬁnal identiﬁcation scores are lower
under longer RT and (/or) lower SNR conditions. The
tone identiﬁcation scores are less than 90% correct with
only 8 out of the 42 test conditions.
The analysis of variance has been conducted to
compare the inﬂuence of RT and SNR on syllable,
initial, ﬁnal, and tone identiﬁcation scores under the
42 test conditions. The results are given in Table 2.
It can be seen that both RT and SNR at the receiver’s

a)

b)

c)

d)

Fig. 1. Syllable, initial, ﬁnal, and tone identiﬁcation scores under diﬀerent reverberation time and SNR conditions
a) syllable, b) initial, c) ﬁnal, d) tone.
Table 2. Analysis of variance for the syllable, initial, ﬁnal, and tone identiﬁcation scores under diﬀerent
reverberation time and SNR conditions.
Factors

df

SNR

5

RT

6

SNR * RT

30

485

F(syllable)

F(initial)

F(ﬁnal)

F(tone)

320.1
(p < 0.001)
87.3
(p < 0.001)
4.1
(p < 0.001)

327.6
(p < 0.001)
89.1
(p < 0.001)
4.7
(p < 0.001)

257.3
(p < 0.001)
56.5
(p < 0.001)
5.5
(p < 0.001)

131.1
(p < 0.001)
25.5
(p < 0.001)
4.7
(p < 0.001)
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position have signiﬁcant eﬀects on syllable, initial, ﬁnal, and tone identiﬁcation scores (p < 0.001). F value
of the SNR is more than that of the reverberation
time. This shows that the SNR has a more signiﬁcant
eﬀect on the syllable, initial, ﬁnal, and tone identiﬁcation scores than RT. There is a signiﬁcant interaction between SNR and RT for the identiﬁcation scores
(p < 0.001) but the F value of the interaction is smaller
than that of RT and SNR individually. SNR has a more
signiﬁcant impact on the syllable identiﬁcation scores
than the initial, ﬁnal, and tone identiﬁcation scores,
while RT has a more signiﬁcant impact on the initial
identiﬁcation scores than the syllable, ﬁnal, and tone
identiﬁcation scores.
Since a syllable is accepted as correct only when
all of the initial, ﬁnal, and tone in a syllable were correctly identiﬁed by the subjects, it is expected that
the syllable identiﬁcation scores are lower than the initial, ﬁnal, and tone identiﬁcation scores. It can be seen
from Figure 1 that the Chinese initial identiﬁcation
score is lower than the ﬁnal identiﬁcation score under
the same test conditions. In this study, the interfered
noise is a speech-shape noise which had a similar spectrum with the speech test signals. The masking eﬀect
of the speech-shape noise on the Chinese initial and ﬁnal mainly is a energetic masking but the energy of the
Chinese initial is lower than that of the ﬁnal. Therefore, the Chinese initial can be more easily masked by
noise as compared to the ﬁnal. On the other hand,
the initial of a syllable can be masked by the ﬁnal of
the prior syllable, which smears the speech signals due
to the reverberation eﬀect. Syllable identiﬁcation depends more on the initial than on the ﬁnial. Moreover,
in the time domain, the reverberation smears the time
gap between syllables, which also reduces the speech
intelligibility (Tillery et al., 2012). When reverberation and noise are combined, especially with long RT,
reverberation does not only strongly mask the initial,
ﬁnal, and tone, but it also enhances the noise level that
increases the masking eﬀect of noise on the initial, ﬁnal, and tone.
In Fig. 1, when the RT is 5.0 s with the SNR 0dB
and 5dB, and the SNR is −5 dB except for RT 0.4 s,
the tone identiﬁcation scores are less than 90%. This is
due to the fact that speech signal frequency, amplitude
envelope in the time domain, envelope information,
and the ﬁne signal structure in the time and frequency
domains all had the eﬀect on Chinese tone identiﬁcation (Kong, Zeng, 2006). In quiet conditions, subjects
with normal hearing may be able to recognize tones
only with the ﬁne signal structure in the time and frequency domains. In noise conditions, even though the
envelope information is more sensitive to noise than
other factors for the tone perception of speech, listeners can identify a tone by using its ﬁne signal structure
(Kong, Zeng, 2006). However, for the combination of
reverberation and noise, the ﬁne signal structure of the

tone is damaged, so that the tone identiﬁcation score is
reduced, especially under the long reverberation time
conditions. Therefore, noise and reverberation have effects on the tone identiﬁcation score under the longer
RT and lower SNR, and the score is less than 90%
correct. However, they have an insigniﬁcant eﬀect on
the tonal identiﬁcation score under other conditions.
These results were also consistent with the results by
Ma and Shen (2004).
The phoneme identiﬁcation scores can be calculated from the initial and ﬁnal identiﬁcation scores according to Eq. (2) under diﬀerent reverberation and
SNR conditions. Figure 2 shows the relationship between the measured syllable identiﬁcation scores and
calculated phoneme identiﬁcation scores from Eq. (2)
under diﬀerent RT and SNR conditions. The statistical curve described by Eq. (1) (Zhang, 1974) is also
plotted in Fig. 2. It can be seen from Fig. 2 that the
relationship between the syllable and phoneme identiﬁcation scores generally matches the results of the
theoretical curves from Zhang (1974).

Fig. 2. Relationship between the syllable and phoneme
identiﬁcation under diﬀerent reverberation and SNR
conditions.

Figure 3 shows the ﬁtting line between syllable
identiﬁcation scores under diﬀerent noise and reverberation conditions and the calculated syllable identiﬁcation score from Eq. (1). The correlation coeﬃcient was
0.99 and the standard deviation is 2.4%. The ﬁtting
equation is:
SI = SI′ − 0.9,
(3)
where SI is the Chinese syllable identiﬁcation score
measured for diﬀerent noise and reverberation conditions in this study, SI′ is the Chinese syllable articulation score calculated from Zhang (1974) by using Eq. (1). Figure 2 and Fig. 3 show the measured
Chinese syllable identiﬁcation scores accorded with
the predicted Chinese syllable articulation scores from
Eq. (1). Equation (1) can be also used for predicting
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