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ABSTRACT

This paper presents a multi-tier algorithm to extract a sentence set
from a large raw text corpus for synthesis of Mandarin speech,
taking account of varied prosodic and spectral characteristics. The
prosodic and spectral characteristics are statistically analyzed from
the text corpus and transcribed as syllable-sized unit candidates in
a multi-tier way. The unit candidates cover all of the syllables, typ-
ical phonetic and tone contexts for each syllable, and effects of the
phrase construction and sentence intonation on the syllable. The
algorithm seeks to maximize the coverage of the unit candidates
involved in the extracted sentence set. Experiments were run on a
580k-sentencecorpus including dialog and news text. A 9,479 sen-
tence set was selected out. It covers 87.7% of the primary prosodic
and spectral characteristics in statements and 61.0% of those in
questions. Also, this paper discusses the raw text corpus selection.

1. INTRODUCTION

Mandarin is a syllable-rhythmic language. There exist around
1,300 syllables. They form a regular CV structure (also known
as initial plus final) except for a few with a void consonant (or
zero initial). As a tone language, each syllable carries one of five
types of lexical tone, denoted by N(eutral), H(igh), R(ise), L(ow),
F(all), respectively, which are based on their pitch movement. A
few more words focus on the Mandarin prosody. Within the com-
plex of prosodic features, the smallest distinctive configuration
is tone. Tone is primary in that larger configurations, including
phrasal tune and sentence intonation, are specific modifications of
a string of one or more tones; the larger configurations can be pre-
dicted given the string and modifications, whereas they cannot be
predicted from the modifications alone.

Development of text-to-speech (TTS) conversion systems has been
mostly based on the concatenation of waveform units selected from
a speech corpus, e.g., [1]. It is crucial to design such a speech
corpus that self-contains all speech units and most of their varia-
tions relevant to speech naturalness [2]. There are contradictory
requirements on the corpus size. A small corpus is desired from
the viewpoint of cost and consistency of voice quality on the one
hand. A large corpus is desired on the other hand to maximize cov-
erage of the phonetic and prosodic characteristics of the language.
Coverage here is defined as the expectation of the speech units rel-
evant to speech synthesis. This paper deals with this issue using
a data-driven method to construct a concise sentence set, taking

account of the varied spectral characteristics, including the within-
syllable coarticulation and that between syllables, and the prosody,
including tone, phrasal tune and sentence intonation. Based on the
quantitative analysis results in previous work [3], the prosody in
this paper is approximately predicted from lexical tones and their
contexts with effects of the phrase construction and sentence type.

The remainder of this paper is organized as follows. Section 2
discusses the synthesis units. Section 3 outlines the multi-tier al-
gorithm. Section 4 presents the experimental result and its evalua-
tion. A summary is given in Section 5.

2. DEFINING SYNTHESIS UNITS

2.1. The syllable as basic unit

The syllable is treated as the basic unit. Syllable-sized units allow
one to perfectly model the within-syllable co-articulation, e.g., [1].
Yet, it is possible to use smaller or larger units available in a speech
corpus for synthesis. Accordingly, modeling the phonetic and tone
contexts of a basic unit is one of the key points for synthesizing
natural sounds.

2.2. Phonetic and tone contexts of the syllable

Proper phonetic and tone contexts of a syllable can embed the syl-
lable into specific spectral and prosodic environments in record-
ing. The phonetic and tone contexts for the syllable can be in-
dependently modeled by combining the phoneme and tone of the
left-neighboring syllable with those of the right-neighboring syl-
lable. For convenience, let P(��� , ��� ) and T(��� , ��� ) denote a set
of instances of phonetic and tone contexts, respectively, where� �
stands for the number of corresponding categories of the left neigh-
bor and��� for that of the categories of the right neighbor.

When focusing on the full phonetic contexts,��� takes 14 and���
takes 27. That is, there are (14� 27=) 378 possible instances in
P(14,27) for each syllable. Although not all of these instances oc-
cur in real text, some of them are still nuancesin spectral character-
istics. Based on the knowledge of acoustic phonetics, we further
reduce both� � and � � to 7 to focus on major phonetic contexts,
denoted by P(7,7). Tables 1 and 2 list the final and initial classes,
respectively.

Tone context focuses on two contextual tone phenomena: carry-
over and anticipatory effects. There are (5� 5=) 25 full tone con-
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Table 1. Seven final classes

Category Final
F1 i, ai, ei, ui, v, 	�
 (used with initialsz,c, s)
F2 ie, ve
F3 e,er
F4 a, ia, ua
F5 u, ao,ou, iao, iu, 	
� (with initials zh,ch,sh)
F6 o, uo
F7 an,en,ian, in, uan,uen(un),van,vn

ang,eng,ong,iang, ing, iong,uang,ueng

Table 2. Seven initial classes

Category Initial Category Initial
I1 b, d, p, t I5 z,c, s, f
I2 g, k, h I6 zh,ch,sh,r
I3 j, q, x I7 m,n, l
I4 zero initial

texts. By using the findings obtained from quantitatively analyzing
the ��� contours covering all kinds of tone combinations in poly-
syllabic words [3], either� � or � � , i.e., the number of major tone
categories of the left- and right-neighboring syllables, can take 2
or 3 to give the major tone contexts. Therefore, there exist 6 to
9 major tone contexts for the syllable depending on its tone type,
simply denoted by T(3,3). Table 3 tabulates these tone categories,
each of which is enclosed in a pair of brackets.

2.3. Syllable position in the phrase construction

The prosodic effects at the phrase level, such as normal stress and
phrasal tune, on the syllable are captured by embedding the syl-
lable at the specific position in the phrase. The syllable position
in the phrase is predicted from the phrase construction of the sen-
tence. Each sentence is first automatically segmented into lexical
words with POS (part-of-speech) tagging and then parsed for pre-
dicting its phrase construction. The parser employs probabilistic-
context-free-grammar based rules, which are directly extracted from
the Penn Chinese Treebank [4]. The syllable position in the phrase
takes the 11 values as follows.

IP : initial in the phrase
FsP : final in the short phrase (less than 5 syllables)
FlP : final in the longer phrase
IWf : initial in word located at the front of the phrase
IWb : initial in word laid at the back of the phrase
FWf : final in word located at the front of the phrase
FWb : final in word located at the back of the phrase
MWf : middle inword located at the front of the phrase
MWmf : middle inword laid at the mid-front of the phrase
MWmb : middle inword laid at the mid-back of the phrase
MWb : middle inword located at the back of the phrase

where the termword indicates a chunk that a string of one or
more lexical words are grouped together by POS-based depen-
dency analysis. It is noted that the syllable-position prediction
faces complicated problems, such as robust parsing. To suppress
effect of potential prediction errors, the 11 types of syllable po-
sition (denoted by P11) are then classified into 6 classes (P6),
namely, � IP � , � FsP� , � FlP � , � IWf, MWf� , � IWb, FWf, MWmf�
and � FWb,MWmb,MWb� . Compared with P11, P6 overlooks the

Table 3. Tone dependent major tone contexts

Category of the Tone Category of the
left-neighboring tone of unit right-neighboring tone
� H, R� , � L � , � F, N� H � H, F, N� , � R, L �� H, N � , � R� , � L, F � R � H, F, N� , � R� , � L �
� H, R, L� , � F, N� L � H, F, N� , � R� , � L �� H, R� , � F� , � L, N � F � H, F, N� , � R� , � L �
� H, R, L� , � F� , � N � N � H, R, L, F� , � N �

word boundaries and just scans the syllable positions in the phrase
in a uniform way.

2.4. Separating statements from questions

The effect of sentence intonation on the syllable is treated by sepa-
rating the statement category (abbreviated by “sta”) from the ques-
tion category (“que”). This is based on the speech fact that state-
ment intonation and question intonation produce quite different ef-
fects on the syllable [3]. In the present experiment, the syllables
belonging to the clause ending with ’?’ are treated as the question
category. The remainder are all treated as the statement category.

2.5. Multi-tier transcription of the syllable

The syllable is transcribed into unit candidates in a multi-tier way.
Each tier of transcriptions focuses on individual environments as
follows.

Tier 1 : the � syllable-sized units (denoted by set Sn� � )
Tier 2 : unit � S��� � with major tone contexts (SnT(3,3)� � )
Tier 3 : unit � S��� � with major phonetic and tone contexts in ma-

jor positions(SnT(3,3)P6� � and SnP(7,7)P6� � )
Tier 4 : unit � S��� � under the full tone and full phonetic contexts

(SnT(5,5)� � and SnP(14,27)� � )
Tier 5 : unit � S��� � at all of the 11 positions (SnP11� � )
where ����� sta� que� and � indicates the number of syllables in-
volved in the given raw text corpus. The idea is to utilize the multi-
tier transcription of the syllable with varied environments, instead
of first-order combination of them, to reduce the number of de-
grees of freedom of the problem, facilitating data-driven selection
of a sentence set.

3. ALGORITHM OUTLINE

Let ������ � and�� !������ �#" be theith unit in set$%�&� Sn� � , SnT(3,3)� � ,
SnT(3,3)P6� � , SnP(7,7)P6� � , SnT(5,5)� � , SnP(14,27)� � , SnP11� �'� ,
�(��� sta, que� , and its relative frequency of occurrence in a given
raw text corpus, respectively, where	�)+*,�.-/-0-0�21 � (the number of
elements in$ ). By definition 354�6�/7 
 �� !���� � �#"8)9* . The coverage
of $ involved in the sentence set: is defined by;  !$<"�) 3 4 6�07 
 �� !������ �#"2=� !������ �#" , (1)

where function=� !� �� � �#"�)+* if � �� � �>�?: ; otherwise 0.

With
;  !$<" we can then calculate a measure of coverage jointly

incorporating all of the 5-tier unit candidates (henceforth, joint
coverage) in the priority ranked in the tier order as the criterion
for governing the sentence set selection. A multi-tier algorithm,
adapted from [2], is illustrated as follows for this purpose. It is
aimed in selecting a sentence set: with given set size from a given
raw text corpus and making it possible to maximize the joint cov-
erage of predicted unit candidates involved in the: .



Initialization
Initialize : by either taking an existing sentence set or randomly
extracting sentences from the corpus.

Iteration
(1) Select the next sentence@ from the raw text corpus.
(2) Select a sentenceA from : by turns.
(3) Exchangesentences@ and A , temporarily, and evaluate the stepped
joint coverageB �C , 	D)E*,�.-/-0-0�2F , before andafter the exchange, as
defined in eqs. (2) to (6), whereGH�I�KJL�NM.� .
B 
C = OQP ;  Sn� sta"�RSOUT ;  Sn� que" (2)
B �C = OQP ;  SnT(3,3)� sta"�RVOUT ;  SnT(3,3)� que" (3)
BQWC = OQPX !Y ;  SnT(3,3)P6� sta"�RZ 2*D[\Y]" ;  SnP(7,7)P6� sta"2"2RO^T_ !Y ;  SnT(3,3)P6� que"�RV 2*U[<Y]" ;  SnP(7,7)P6� que"2" (4)
BQ`C = OQPX !Y ;  SnT(5,5)� sta"�RV 2*^[<Y]" ;  SnP(14,27)� sta"2"2RO T  !Y ;  SnT(5,5)� que"�RV 2*U[<Y]" ;  SnP(14,27)� que"2" (5)
BQaC = O P ;  SnP11� sta"�RSO T ;  SnP11� que" (6)
where Y is a coefficient for balancing between prosodic and pho-
netic contexts;O P and O T are weight coefficients with the con-
strained conditionO P RSO T )b* .
(4) The evaluation is carried out in the following order. If any one
is satisfied, fix the exchange. Otherwise discard@ .
(a) B 
cHd B 
e
(b) B 
c )ZB 
e but B �cHd B �e
(c) B 
c )ZB 
e and B �c )bB �e but B WcHd B We
(d) B 
c )ZB 
e , B �c )ZB �e and B Wc )bB We but B `cHd B `e
(e) B 
c )ZB 
e , B �c )ZB �e , B Wc )ZB We and B `c )bB `e but BQac d BQae
(f) B 
c )ZB 
e , B �c )ZB �e , B Wc )ZB We , B `c )5B `e and BQac )ZBQae ,

but the number of characters in: decreases.

Termination Terminate the algorithm if a pre-defined maximal
count of exchange trials is reached.

4. EXPERIMENTAL EVALUATION

4.1. Selecting a raw text corpus

As described in the multi-tier algorithm, the coverage requirement
of a speech corpus is determined statistically from the analysis of
a representative text corpus, when given the task domains. We are
interested in two general tasks: traveling dialog and news-reading.

An experiment was run on the phrasebook (PB), a dialog text cor-
pus (around 146k sentences) collected at ATR, and three news text
corpora, PD91, PD92 and PD93, collected from People’s Dailies
from 1991 to 1993 (around 210k sentences for each in this exper-
iment), respectively. The analysis focused on the distribution of
syllables and their phonetic and tone contexts. Figure 1, for ex-
ample, shows the syllable distribution for each corpus. A few dis-
tributions of symmetrized Kullback-Leibler divergence, defined in
eq. (7), are also superimposed on this figure.f  corpus
 � corpus� "�)+[I354�/7 
  g� 
2hjigk(lnm hl,o h R8�'� hjigkpljo

h
l_m h "2q,r . (7)

Generally, the basic statistics is rather similar among PD91, PD92
and PD93, but considerably different between the news corpus and
PB. Based on this experimental result, we took PD93 (PD hence-
forth) and PB to set up a raw text corpus which includes around
580k sentences. Table 4 lists the count of unit candidates involved
in the text corpus, where #($ ) indicates the number of elements in
$ . In this table, PB is divided into two sub-corpora. One focuses
on the hotel reservation dialog (hotel-dialog, or HD), and the other
concerns traveling dialog in general (travel-dialog, or TD).

4.2. Extracting a sentence set

By use of the proposed algorithm, 9,479 sentences, including state-
ments and questions, were selected out from the raw text corpus.
Particularly, 1,680 sentences were extracted from HD, 2,966 from
TD, and 4,833 from PD. The selection was relatively sub-corpus-
depended and carried out step by step: firstly the 1,680 sentences,
secondly the 2,966 sentences, and lastly the 4,833 sentences. To
maximize the coverage, the joint coverage for extracting a sub-
set was calculated upon the ongoing: plus the subset extracted
already, if any. In the process of extracting the 2,966 sentences,
for instance,

;  !$<" was calculated upon the: plus the 1,680 sen-
tences and the�� !������ �#" for TD. In addition, weightsOsP and OUT
were fixed to make statements and questions tackled equally, whileY took 0.5 according to a preliminary experiment. The algorithm
scanned the raw text corpus 2 times.

4.3. Results and discussion

Experimental results indicated that the proposed algorithm could
select out a sentence set with the maximum coverage of the unit
candidates predicted from the text corpus. The joint coverage
monotonically increases with the increase in set size. Figure 2
shows examples of P(S� T(3,3)P6� � ) as a function of sentence set
size. Also, for a given text corpus there exist a set of relevant
sentences to yield the optimal coverage. Augmenting the optimal
coverage requires many more sentences as the desired coverage
increases. Refer to figure 2, for instance, 1,000 (or 2,000) more
sentences to be extracted merely improve P(SnT(3,3)P6� TDsta) by
0.11% (or 0.24%) from the optimal coverage 92.24%.
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Fig. 1. Distributions of Mandarin syllables.

Table 4. Count of unit candidates in the raw corpus

Category Hotel-dialog Travel-dialog People’s-daily
(sta) (que) (sta) (que) (sta) (que)

Corpus size
(sentences) 2.23k 1.16k 95.2k 48.1k 440k 7.33k

#(Sn� � ) 668 496 1115 987 1245 1032
#(SnT(3,3)� � ) 2500 1482 6954 5553 8642 5570
#(SnT(3,3)P6� � ) 5774 2771 27.9k 19.6k 47.3k 17.3k
#(SnP(7,7)P6� � ) 8966 3640 78.8k 46.6k 234k 33.8k
#(SnT(5,5)� � ) 4610 2325 22.3k 15.6k 36.2k 14.0k
#(SnP(14,27)� � ) 7874 3264 84.7k 46.0k 269k 33.8k
#(SnP11� � ) 3377 1924 9896 7874 12.7k 7513
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Table 5. Coverage of the unit candidates (%).

Category Hotel-dialog Travel-dialog People’s-daily
(sta) (que) (sta) (que) (sta) (que)

P(Sn� � ) 100 100 100 99.9 100 100
P(SnT(3,3)� � ) 100 99.9 99.5 95.1 100 95.4
P(SnT(3,3)P6� � ) 99.3 97.8 92.2 76.5 97.9 80.4
P(SnP(7,7)P6� � ) 95.3 94.4 77.4 58.4 87.7 61.0
P(SnT(5,5)� � ) 99.2 98.2 91.5 79.8 97.9 84.4
P(SnP(14,27)� � ) 95.9 95.0 71.2 58.0 80.6 58.9
P(SnP11� � ) 99.7 98.7 97.0 89.1 100 91.7

Table 6. Occurrence frequency of the unit candidates (%).

Category Hotel-dialog Travel-dialog People’s-daily
(sta) (que) (sta) (que) (sta) (que)

F(Sn� � ) 100 100 100 99.4 100 100
F(SnT(3,3)� � ) 100 99.9 77.3 57.5 94.8 74.5
F(SnT(3,3)P6� � ) 99.1 97.8 47.8 27.7 60.7 43.0
F(SnP(7,7)P6� � ) 95.7 93.2 28.0 14.7 28.1 25.1
F(SnT(5,5)� � ) 99.2 97.3 48.5 30.9 60.3 50.2
F(SnP(14,27)� � ) 95.6 93.3 24.3 14.1 23.9 25.3
F(SnP11� � ) 99.4 97.7 63.5 46.8 79.9 62.6

Tables 5 shows the coverage of the unit candidates summarized in
table 4. Generally, the sentence set covers 87.7% of the primary
prosodic and spectral characteristics in statements and 61.0% of
those in questions involved in the raw text corpus, i.e., all of the
syllables with typical phonetic and tone contexts and them dis-
tributing at major syllable positions in the phrase. The multi-tier
algorithm makes it possible to give priority to shrink out the most
important unit candidates, S��� � , S� T(3,3)� � , S� T(3,3)P6� � and
S� P(7,7)P6� � , from the text corpus. At the same time, the others
can be well-balanced, too. This is also convinced by the occur-
rence frequency of unit candidates in the sentence set, listed in
table 6. F(X) indicates ratio of the number of the elements in X
involved in the set to #(X) for the sub-corpus.

Because the speech synthesis is still ongoing, we can not precisely
evaluate if the sentence set suffices to produce the varied prosodic
and spectral characteristics in the speech corpus for speech synthe-
sis. Instead, we present an analysis result, shown in figure 3, on the
distribution of the number of specific unit candidates occurring at
specific syllable positions in the clause. The clause boundary was
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judged by use of the six punctuations , ? ! ; : .. There exist al-
most 1,000 syllables (the total number of syllables is 1,245) occur
at the 	 th syllable position,	t)u*j�.-0-0-/�N*_r , in statements. In aver-
age, there are 3 to 6 instances of the unit with typical phonetic and
tone contexts at each of the 12 positions as well. Taking into con-
sideration of the bias syllable distribution, as shown in figure 1,
we believe that the sentence set is good enough for producing the
varied prosodic and specific characteristics for speech synthesis.

5. SUMMARY

This paper presented a multi-tier algorithm to select a sentence set
from a large raw text corpus, taking account of the varied phonetic
and prosodic characteristics. Compared with conventional greedy
algorithms, the proposed method introduces a multi-tier mecha-
nism in the coverage evaluation for restricting the number of de-
grees of freedom of the problem to facilitate data-driven selection.
A 9,479 sentence set was selected out from a 580k-sentence cor-
pus including dialog and news text. The analysis results indicated
that the sentence set covered all of the syllables under such lin-
guistic environments as typical phonemic and tone contexts, major
syllable positions within the phrase construction and the sentence
type. The linguistic environments in turn control the syllable with
specific prosodic and spectral environments in recording. Further
work is planned to investigate the relationship between size of the
sentence set based speech corpus and quality of synthetic speech.
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