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Abstract

A new model matching approach for Mandarin sylla-
ble recognition based on the Chernoff distance is pro-
posed in this paper. The recognition process is eval-
uated segment by segment instead of frame by frame
based on the Chernoff distance such that the recogni-
tion time can be reduced significantly. Besides, since
the measurement criterion, i.e. Chernoff distance,
is also derived from the Bayes theorem, competitive
recognition rates are expected to be achieved. Exper-
imental results show that compared with the phone-
based CHMM’s, more than 25 times of recognition
speed can be obtained with a 12.43% error rate re-
duction using less than # mixture numbers in the
proposed Chernoff distance based segmental proba-
bility models (CD-SPM).

1 Introduction

The recognition of all the 1345 different Mandarin
syllables is believed to be the key problem for large
vocabulary Mandarin speech recognition. Mandarin
Chinese is a tonal language[1][2]. Each Mandarin
syllable is assigned a tone and there exist 4 lexical
tones and 1 neutral tone. If the differences in tones
are disregarded, these 1345 Mandarin syllables can
be reduced to the 408 different base syllables. Be-
cause the tones can be separately recognized using
the primary pitch contour information, the recogni-
tion of all the 1345 tonal syllables can be reduced to
the recognition of the 408 base syllables.

In the preliminary experimental results, the Hid-
den Markov Model (HMM) approach has been
proved with high recognition rates for Mandarin syl-
lable recognition[1][3](4]. Instead, a Segmental Prob-
ability Model (SPM) was found very suitable for
Mandarin syllable recognition especially considering
the monosyllabic structure of Chinese language[2][5].
This model is very similar to continuous Hidden
Markov Model (CHMM) except that the state tran-
sition probabilities are deleted and the N states sim-
ply equally divide the syllable utterances. For SPM,
the segment shared approach was proposed based on
the CD INITIAL/CI FINAL structure of Mandarin
syllable[6]. Conventionally each Mandarin syllable is
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decomposed into an INITIAL/FINAL format where
INITIAL means the initial consonant of the syllable
and FINAL means the vowel or diphthong part but
including possible medial and nasal ending. There
exit 113 context dependent (CD) INITIAL’s consid-
ering the following FINAL’s and 41 context indepen-
dent (CI) FINAL’s in Mandarin syllables. In the
segment shared approach, the first few segments of
the SPM’s for the syllables having the sane CD INI-
TIAL’s share similar characteristics thus can share
the same segments of the models and so do the re-
maining segments of the models for the syllables hav-
ing the same CI FINAL’s. In this paper, a new mod-
el matching approach for the segment shared SPM
(SS-SPM) based on the Chernoff distance for Man-
darin syllable recognition is proposed and the ob-
tained model is called Chernoff distance based seg-
mental probability model (CD-SPM). The Chernoff
distance is derived from the Chernoff Bound of the
Bayes error of two probability distributions and thus
can be used to measure the similarity between these
two probability distributions[7].

In the conventional approach such as left-to-right
HMM, the similarity between a test utterance and
the models, p(O|A), is measured frame by frame with
a Viterbi searched optimal path[8][9] :

) p(OiX) = max 7r31b’x(ol)a’sxszbsn(02)“'0'!1—1516-!'1' (OT)

y ) (1)
where O=(o0y, 03, ...,0r) is the frame sequence with
T frames totally, S=s;;5...s7 is a possible state se-
quence and A=(A,B,r) is the parameters of a HMM
A where 7 is the initial state transition probability,
A=a, 4, ..., @sp_,sp is the state transition probabil-
ity sequences and B=b,,, b,,, ..., by, is the observa-
tion probability sequences. Instead, in the SPM ap-
proach, p(O|A) has the form,

P(OX) = by, (01)---bs(07) (2)

where s;=i, when (i-1)x(T/N)+1 < t < ix(T/N),
1 €£1i < N. In comparison with the HMM approach
mentioned above, the optimal path is determined by
an equal alignment process such that the state tran-
sition probabilities can be deleted. Therefore, the
computation complexity in SPM approach can be re-
duced tremendously compared with HMM approach
when same model configurations are used.
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In the new modeling matching approach for the
CD-SPM proposed in this paper, the test utterance
is first equally divided into N segments due to the
monosyllabic structure of Mandarin speech and each
segment is modeled by certain reasonable probabili-
ty distribution, for example, an unimodal Gaussian
distribution. Then the similarity between the ut-
terance and the models is measured with Chernof-
f distance segment by segment instead of frame by
frame. In this way, the computation load can be
further reduced significantly because the processing
time is proportional to the segment number N instead
of the total frame number T and N « T. Exper-
imental results show that not only the recognition
speed can be greatly improved but the recognition

' rates can be well maintained. On the other hand,
a training procedure is also proposed in which the
training utterances are equally segmented and mod-
eled as in the recognition process mentioned above.
Then these probability distributions are merged us-
ing a modified version of the modified k-means (MK-
M) algorithm[10] based on the Chernoff distance.

The remainder of this paper is organized into 5
sections. In section 2, the Chernoff bound and the
corresponding Chernoff distance are discussed. The
training and recognition procedures for the CD-SPM
are proposed and evaluated in sections 3 and 4. In
section 5, the experimental results for SPM, segment
shared SPM (SS-SPM), various CHMM’s based on
different acoustic units and the CD-SPM proposed
here are compared and analyzed. Section 8 makes
the final concluding remarks.

2 Chernoff Bound

Suppose a two-class pattern recognition problem
with the two classes w; and wy. Let p;(z) be the
probability density function of class w; with the prior
probability P;. Then for a given observation sample
vector x, the class 1 which x belongs to is determined
with the higher probability p{w;|z). By Bayes theo-
rerm,

pi(e)P;
p(z)

p(wilz) = (3)
Because p(x) is independent of class i, the in-
dividual recognition error for x is reduced to
the minimum value of p;(z)P; and pa(z)P;, ie.
min(py(z) Py, pa(z)Pz). As a result, the total errors
g, called Bayes error, can thus be expressed as :

e = / min(ps(2) Py, pa(=) Py)da (4)

Using the fact,

min(py(2)P1, Pa(2) Pa) < (a(2)P)*(pa(=)P)' = (5)

where s i3 a real number between 0 and 1, Combin-
ing the eq.(4) and eq.(5), the upper bound &, of the
Bayes error ¢ of these two probability density func-
tions p1(z) and p2(z), called Chernoff bound, has the
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form,
€y = Pszl" /pi(z)p%“‘(z)d:c (6)

If these two probability density functions pi(z) and
pa(z) are normal, i.e. N(U1,%;) and N(U3,%;), where
U; and X; are the mean vector and covariance matrix
for class i respectively, e, can be simplified to

Py PireH), m
where

p(s) =

s(1— s)

(Uz—Ul)T(szl-l-(l——S)Zz)_I(Uz—Ul)
1 [521 +(1-s)22|
PR AT A

is called Chernoff distance. Note the fact that the
first term of u(s) gives the class separability due to
the mean difference while the second term gives the
class separability due to the covariance difference. If
the prior informations are disregarded, i.e. Py and P,
are assumed constant, the Bayes error only depends
on the Chernoff distance p(s). Therefore, u(s) can be
used to measure the similarity between two normal
distributions, i.e. larger u(s) implies smaller Bayes
error and then less similarity between these two nor-
mal distributions.

Suppose a frame sequence O=o0;0;3...0r, the simi-
larity between O and a model A, ie. p(A|O), can be
measured with the sum of the logarithm of individual
conditional probability p{o:|A) if the prior probabil-
ity of A is ignored, i.e. p(A|0) ~ ST, logp(o:|A).
Instead, if the frame sequence O is modeled by an
unimodal Gaussian distribution, then the similarity
between O and A can be expressed by the logarithm
of the Chernoff Bound, ie. p(AlO) ~ —pu(s). Be-
cause both of these two similarity measurements are
derived from the Bayes theorem, it can be deduced
that competitive recognition rates can be obtained.

3 Training Procedure

As mentioned above, each Mandarin syllable is con-
ventionally decomposed into an INITIAL/FINAL
format. There exist 22 context independent (CI) INI-
TIAL’s and 41 context independent (CI) FINAL's to-
tally. These 22 CI INITIAL’s can be further expand-
ed into 113 context dependent (CD) INITIAL’s con-
sidering the beginning phoneme of the following FI-
NAL’s. Based on the CD INITIAL /CI FINAL struc-
ture of Mandarin syllables, a segment sharing con-
cept was proposed to share the segment of models for
the syllables due to similar INITIAL/FINAL charac-
teristics, i.e. the first few segments of the SPM’s rep-
resenting the INITIAL part of the syllables such that
these segments modeling the same CD INITIAL’s
can be shared together and so do the last few seg-
ments modeling the same FINAL’s. Both the equal
alignment approach and the segment sharing concept
are applied to the proposed Chernoff distance based
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models here. Suppose there are K training utter-
ances 0,0;...0k available to train the Chernoff dis-
tance based models. First all the training utterances
are first equally divided into N segments and then
labeled with the corresponding CD INITIAL’s or CI
FINAL’s. For each segment, an unimodal Gaussian
distribution is assumed to model this segment such
that the corresponding mean vector and covariance
matrix can be obtained. In this study, orly diago-
nal covariance matrix is considered. Then for each
segment representing the same CD INITIAL’s or CI
FINAL’s of the models, the Gaussian distributions
for different utterances are merged into M mixtures
using the modified version of the modified k-means
(MKM) algorithm{10] based on the Chernoff distance
criterion. In order to represent a group of normal
densities in the same cluster, an interpolation pro-
cess is evaluated with the following form :

K;
UA.; = Z’ijij (8)
ji=1
~ T
5= Z w; (U UE + %5) - Ui (9)

where K; normal distributions for cluster 1 with
mean vector and covariance matrix U;; and X,
j=1...K;, are merged to an unimodal normal distri-
bution, N{( ﬁ,,ﬁ,) w; is the weighting factor for the
j-th normal d1str1but10n and the value of w; can be
simply chosen as K‘ or selected as *Z where n; is
the original frame numbers for j-th normal distribu-
tion while n is the total frame numbers of these K;
normal distributions. In this way, the normal dis-
tributions with the lowest average Chernoff distance,
i.e. the highest similarity, can be merged into the
same mixture component. Also, because the element
to be merged is the normal distribution instead of
the sample frame vector, the computation load can
be reduced tremendously.

4 Recognition Procedure

In the recognition procedure, the test utterance is
first equally divided into N segments and each seg-
ment is modeled by an unimodal Gaussian distribu-
tion as in the training procedure. Then the minimum
Chernoff distance D,; between an unimodal Gaussian
distribution G and the model A; has the form :

D, = lg}xgxM Chernof f distance(G, Xi(7))  (10)

where A;(j) means the j-th mixture component of the
model A;. In the model matching procedure, the ac-
cumulated minimum Chernoff distances between the
N unimodal Gaussian distributions for a test utter-
ance and the Chernoff distance based model are tak-
en as the score and thus the model with the minimum
score is chosen as the correct model.

Though the recognition element is changed from
observation sample vector to probability density
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function modeled by several sample vectors, the basic
principle to measure the similarity between the test-
ing utterances and the models is still the Bayes the-
orem. In addition, the segment numbers N is much
less than the total frame numbers T, i.e. NKT, such
that the recognition time can be reduced significant-
ly. Therefore, the proposed Chernoff distance based
model can significantly speed up the recognition pro-
cess while similar recognition rate with the conven-
tional model matching approach can be achieved.

5 Experimental Results and
Discussion

The speech database used in all the experiments was
proposed by 3 speakers. For each speaker, 4 collec-
tion of all the 1345 Mandarin tonal syllables were
produced in isolation. Therefore the database con-
tains 16140 (3x1345x4) isolated syllable utterances
totally. In all the experiments, 3 collections of 1345
Mandarin syllables are used in training and 1 col-
lection is used in testing for 3 speakers respective-
ly. 14-order mel-cepstral coefficients are derived from
the power spectrum filtered by a set of 30 triangular
band-pass filters and used as feature parameters.
The experimental results for the conventional SP-
M’s, segment shared SPM’s (SS-SPM’s), various
CHMM’s based on different acoustic units and the
Chernoff distance based models proposed here are
compared as shown in Table 1 for 3 speakers average-
ly. In SPM and syllable-based CHMM, all the 408
Mandarin base-syllable (the tone disregarded) mod-
els are used. The symbol (N, M) means N states (seg-
ments) and M mixtures per state are used for each
syllable based HMM or SPM, thus the total number
of distributions are 408 xNxM. In SS-SPM’s, a seg-
ment shared concept based on CD INITIAL/CI FI-
NAL format of Mandarin syllable is applied for SPM.
The structure of the CD-SPM’s is the same as that
of the SS-SPM’s, i.e. the first few segments mod-
el the 113 INITTIAL’s while the remaining segments
model the 41 CI FINAL’s. However, the SS-SPM’s
are derived using the Lloyd algorithm based on the
BEuclidean distance while the chernoff distance based
models are derived using the modified k-means al-
gorithm based on the Chernoff distance. Also, the
INITIAL/FINAL based CHMM modeled by the 113
CD INITIAL’s and 41 CI FINAL’s are used in com-
parison. The symbol (n1,n2,M) means the first n;
states (segments) model the 113 CD INITIAL's, the
remaining n; states (segments) model the 41 CI FI-
NAL’s and each state (segment) contains M mix-
tures. Therefore the total number of distribution-
s in these models are 113xn;xM +41xny;xM. In
phone based CHMM, 149 right context dependen-
t (RCD) phone-like units are used[11]. The symbol
(N,M) means each RCD phone-like unit is modeled
by N states where each state is represented by M
mixtures such that the total number of distributions
are 149xNxM. It can be found that SPM signifi-
cantly outperforms the syllable based CHMM both
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in recognition rate and speed when the same number
of distributions are used while INITIAL/FINAL or
phone based CHMM’s can achieve similar rates but
with less number of distributions. However, the time
needed to recognize one syllable in INITIAL/FINAL
or phone based CHMM’s is more than twice of that
in SPM. It is noteworthy that the SS-SPM’s and
the CD-SPM’s can provide the best performance on
recognition rate and speed respectively. In compari-
son with these two models, nearly 3 times of recog-
nition speed can be achieved in the CD-SPM’s at
the expense of 0.75% recognition rate only. In fact,
the more frame numbers a test utterance owns, the
less computation load the CD-SPM’s need. On the
other hand, it can be noted that compared with the
phone-based CHMM’s, more than 25 times of recog-
nition speed can be achieved with a 12.43% error rate
reduction using less than £ mixture numbers in the
proposed CD-SPM’s.

6 Conclusion

This paper proposes a new model matching method
for Mandarin syllable recognition based on the Cher-
noff distance. The test utterance is divided into N
segments and each segment is modeled by an uni-
modal Gaussian distribution. Then the similarity be-
tween the test utterance and the models is measured
with the Chernoff distance segment by segment. In
this way, the recognition process can be speeded up
significantly because the recognition time is propor-
tional to segment numbers instead of frame numbers.
The experimental results for SPM, segment shared
SPM (SS-SPM), various CHMM’s based on differ-
ent acoustic units and the CD-SPM are compared
and discussed. It is noteworthy that not only the
- recognition time can be reduced tremendously but
competitive recognition rates can be achieved in the
proposed CD-SPM’s.

References

[1] L.S.Lee, Chiu yu Tseng, et.al.”Golden Mandarin(T)
- A Real-Time Mandarin Speech Dictation Machine
for Chinese Language with Very Large Vocabulary”,

10]

(11]

.J.G. Wilpon, 1

IEEE Trans. on Speech and Audio Processing Vol.

1, No. 2, pp. 158-179, Apr. 1993.
L.S Lee, et.al. ”Golden Mandarin(II) - An Improved

Single-Chip Real-time Mandarin Dictation Machine
for Chinese Language with very Large Vocabulary”,
in IEEE Int. Conf. Acoust., Speech Signal Proc., pp.

503-506, Apr. 1993.
H.Y. Gu, et al, A Study on a few Relevant Prob-

lems about Machine Dictation of Mandarin Speech”,
PH.D. Dissertation, National Taiwan University,

1990.
F. Liu, Y. Lee, L. Lee,” A Direct-Concatenation Ap-

proach to Train Hidden Markov Models to Recognize
the Highly Confusing Mandarin Syllables with Very
Limited Training Data”, IEEE Trans. on Speech and
Awudio Processing, Vol. 1, pp. 113-119, Jan. 1993,
Renyuan Lyu, Jia-lin Shen, Lin-shan Lee, "A New
Approach for Mandarin Base-syllable Recognition
Based Upon Segmental Probability Model(SPM)”,
Int. Conf. Computer Proc. Oriental Lang., pp. 501-
506, 1994.

Jia-lin Shen, Hsin-min Wang, Renyuan Lyu, Lin-
shan Lee. "Incremental Speaker Adaptation Us-
ing Phonetically Balanced Training Sentences for
Mandarin Syllable Recognition Based on Segmen-
tal Probability Models”, ICSLP, pp. 443-446, 1994.

Keinosuke Fukunaga, ”Introduction to Statistical
Pattern Recognition”, Academic-Press, chapter. 3.

L.R. Rabiner, B.H. Juang, S.E. Levinson, and M.M.
Sondhi, "Recognition of isolated Digits Using Hid-
den Markov Models With Continuous Mixture Den-
sities,” AT&T Tech.J.,64(6):1211-1234, July-Aug,
1985.

L.R. Rabiner, ” A Tutorial on Hidden Markov Model-
s and selected Applications in Speech Recognition,”

Proc. IEEE,77£221:257-286, Feb. 1989,
.R. Rabiner, " A modified K-means

clustering algorithm for use in isolated word recog-
nition”, IEEE Trans. on Acoust., Speech and Signal
Proc., ASSP-33(3), pp. 587-594, June 1985.
Renyuan Lyu, Hsin-min Wang, Lin-shan Lee, "A
Comparison of different units applied to isolat-
ed/continuous Large Vocabulary Mandarin Speech
Recognition”, in Proc. Int. Conf. Computer Process-
ing of Oriental Languages, Taejon, May 1994, pp.
211-214.

model type | total number of recognition time rate
distributions | (sec/syllable in SPARC 10) | (%)

SPM G,2) 2448 0.996 90.61
segment shared SPM (1,2,3) 585 0.214 89.20
(SS-SPM) (2.2.3) 994 0.254 91.37
(2,3,3) 1047 0.226 92.37

syllable-based CHMM (3,2) 2448 3.846 79.73
INITIAL/FINAL-based | (3,3,3) 1386 2.012 88.10
CHMM (3,4,2) 1006 1.799 88.50

(3,4,3) 1509 2.337 §9.74

phone-based (2,2) 596 1.074 87.24
CHMM (2,3) 894 1.486 §8.60

(3,3) 1341 2.262 90.43

Chernoff distance (1,2,3) 585 0.047 87.90
based SPM (2,2,3) 924 0.074 90.28
(CD-SPM) (2,3,3) 1047 0.083 91.62

Table 1: The comparison of recognition rate and speed under different kinds of model configurations for various

madels
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