
Automatic Determination of the Standard Chinese Prosodic Phrase
Boundaries by F0 Generation Model

Shehui Bu1, Zhenjie Zhuo1, Lingling Yang1, Shuichi Itahashi2 3

1 School of Computer Science & Engineering,
South China University of Technology (SCUT), Guangzhou, China

2 National Institute of Informatics (NII), Tokyo, Japan
3 National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Japan

1 bushehui@scut.edu.cn, ottocho@foxmail.com, 747024057@qq.com,
2 itabashi@nii.ac.jp, 3 s.itabashi@aist.go.jp

Abstract
We proposed an automatic method for determining the bound-
aries of prosodic phrases in real speech waves. In this method,
the dynamic programming ( DP ) and the least mean square er-
ror ( LMSE ) methods were implemented based on the F0 gen-
eration model. In order to evaluate the accuracy and validity of
this proposed method, a set of 973 standard Chinese speech sen-
tences was selected. The cumulative proportion of the estimated
prosodic phrase boundaries approached 76% when ET (0i) was
less than the average duration of the prosodic phrases. Thus, it
can be concluded that this proposed method can be used in the
practical application.
Index Terms: Fujisaki model, prosodic hierarchy, prosodic
phrase, prosodic word, dynamic programming, least mean
square error, Standard Chinese

1. Introduction
Sentence are pronounced in accordance with the specific
prosodic structures. This structure is called the prosodic hierar-
chy, and in general it can be divided into two to six levels [11].
The Standard Chinese prosodic hierarchy can be divided into
three levels: the prosodic word, the prosodic phrase and the in-
tonational phrase. The prosodic word is the basic unit of the
prosodic hierarchy, it contains a set of 2 or 3 syllables with-
out a pause. The prosodic phrase is composed of one or more
prosodic words, and it has a relatively stable intonation pattern
and accent/tone configuration mode. The intonation phrase is
a single sentence or a subsentence of a complex sentence. It is
composed of one or more prosodic phrases and is usually fol-
lowed by a long pause.

To synthesize natural and fluent speech, the TTS ( text-to-
speech ) systems require information of the prosodic hierarchy
to predict prosodic information. Therefore, prosodic hierar-
chy tagging, and especially the prosodic phrase tagging, is one
of the most important components of a speech synthesis sys-
tem. The prosodic hierarchy is determined in part by the lexical
grammatical structure. Several types of the machine learning
methods based on the large-scale data approaches were pro-
posed to the automatic prosodic hierarchy tagging, and most of
these approaches were based on the lexical grammatical struc-
ture analysis [8, 9, 13]. However, the correspondence between
the prosodic hierarchy and the lexical grammatical structure is
not complete because of factors such as the speaking style and
the ambiguity of the sentence. It is means that the prosodic hi-

erarchy label information may not match actual speech by using
these proposed methods.

According to the reference [5], the F0 contour can be re-
garded as the an “algebraic sum” of the the local tone and the
global intonation. The local tone occurs at the syllable level,
and in contrast, the global intonation can be considered to occur
at the prosodic phrase level. Furthermore, the Fujisaki model
has already been shown to be applicable to the non-tonal lan-
guages such as the Japanese, English, and others [6]. In ad-
dition, in this model the constraint requiring a positive accent
command can be relaxed by allowing negative command am-
plitudes. The model allows the interpretation of a given fun-
damental frequency contour in terms of tone commands and
phrase commands and the analysis of various tonal phenom-
ena in quantitative terms [7]. In this paper, a new approach was
proposed based on the phrase-control mechanism to determine
the prosodic phrase boundaries from the observed F0 contour,
which has already been implemented in the Japanese prosodic
analysis [1–3].

2. Prosodic Phrase Generation Model
According to the reference [7], the Fujisaki model was pro-
posed to generate the F0 contour on the logarithmic scale, i.e.
lnF0(t), as the sum of phrase components, accent/tone compo-
nents, and a baseline level lnFb. The mechanism of Standard
Chinese is illustrated schematically in Figure 1. The output fun-
damental frequency F0 as a function of time t is given by

ln
(
F̂0 (t)

)
= lnFb +

I∑
i=1

ApiGp (t− T0i)

+
J∑

j=1

[At1j {Gt (t− T1j)−Gt (t− T2j)}

+At2j {Gt (t− T2j)−Gt (t− T3j)}] ,

(1)

where

Gp(t) =

{
α2t exp(−αt) : t ≥ 0

0 : t < 0,
(2)

and

Gt(t) ={
min [1− (1 + βt) exp (−βt) , γ] : t ≥ 0
0 : t < 0.

(3)
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Figure 1: A command-response model for the process of F0 contour generation for Standard Chinese [7].

The equation (2) gives the impulse response function of the
phrase-control mechanism and the equation (3) indicates the
step-response function of the tone-control mechanism. Here,
Fb is the baseline value of the fundamental frequency, I is the
number of phrase commands, and J is the number of syllables.
Api is the magnitude of the ith phrase command, At1j is the
amplitude of the first command in the jth syllable, and At2j is
the amplitude of the second command in the jth syllable. T0i

is the time of the ith phrase command, T1j is the onset time
of the first command in the jth syllable, T2j is the offset time
of the first command (and the onset of the second command
if the second command exists) in the jth syllable, and T3j is
the offset time of the second command if the second command
exists in the jth syllable. αi is the natural angular frequency
of the phrase-control mechanism for the ith phrase command,
βj is the natural angular frequency of the accent/tone control
mechanism for the jth accent command, and γ is a parameter
indicating the ceiling level of the accent component [6, 7].

Based on the definition of the impulse-response function
(2) , the phrase commands generate the global contour of an
utterance that can be considered to be the prosodic phrase com-
ponent. Therefore, the following equation (4) represents this
component:

ln
(
F̂0 (t)

)
= lnFbi +

I∑
i=1

ApiGp (t− T0i) (4)

In this study, we chose the following values for the three pa-
rameters (see [6]) : α = 3.0(rad/sec.), β = 20.0(rad/sec.),
and γ = 0.9 according to the reference [6].

3. Automatic Method for Determination of
Prosodic Phrase Boundaries

The most important task of the automatic determination meth-
ods is to determine the optimal timing T0i of the equation (4)
from the observed F0 contour.

According to references [1–3] , it is supposed that in
the i−th prosodic phrase interval [T0i, T0(i+1)], the prosodic
phrase component can be approximated by the function F̂0(t)
as shown in equation (4). Therefore, the mean square error can

be obtained by the evaluation function:

φ[T0i, T0(i+1)] =

1

|T0(i+1)−T0i| ·
T0(i+1)∑
t=T0i

{
F̂0i(t)− F0(t)

}2

w(t).
(5)

Here, w(t) is 1 when the speech being tested is voiced, other-
wise w(t) is 0. We now minimize the equation (5) with respect
to a set of parameters Api and lnFbi, This gives:

∂φ[T0i, T0(i+1)]

∂Api
= 0, (6)

∂φ[T0i, T0(i+1)]

∂ ln(Fbi)
= 0. (7)

Solving these two equations gives the parametersApi and
ln(Fbi), which are constrained to be positive.

The problem of the timing of the parameters can be solved
by using dynamic programming method [1–3]. We hypothe-
size that the observed F0 contour can be approximated by a
sequence of phrase components generated by the equation (4),
and we introduce the idea of the DP matching algorithm [2, 3],
which can be divided into two levels. Figure 2 gives a flow chart
for this algorithm.

In the first level (the phrase level), a partial interval [s, f ]
of the observed F0 contour is assumed to be the phrase interval,
where, the s and f denote the start and end points, respectively.
A reference template between positions s and f can be gener-
ated by the equation (4), where the parameters Api and lnFbi

are determined by using the LMSE method introduced above.
The distance between the reference template and the observed
F0 contour is defined to be the cumulative square error φ[s, f ].
This is obtained and stored for every partial period of the F0

contour, or more precisely, for every combination of s and f
(1 ≤ s < f ≤ N ). Here N is the total number of the observed
F0 sequences in the current phrase boundary.

In the second level (the sentence level), we assumed that
the speech sentence can be divided into I intervals, where
n0, n1, . . . , nI represent the boundaries of the phrase compo-
nents (1 ≡ n0 < n1 < n2 < n3 < · · · < nI ≡ N ), and I
is the supposed number of the phrase components. The cumu-
lative distance is defined to be

DI = φ[n0, n1] + φ[n1, n2] + · · ·+ φ[nI−1, nI ], (8)
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and the minimum of DI is defined as

GI(nI) = arg min
(ni),I

{DI} . (9)

It is obvious that the timing of the phrase boundaries
T01, T02, . . . , T0I can be detected via n0, n1, . . . , nI−1 when
the cumulative distance is the minimum GI(nI).

Loop over the onset frames ( s : 0 --> N - 1 )

Loop over the templates of the analysis frame 
(f : s --> N )

Loop control

Loop over the phrase segments

-Initalize the Program.
  Read original data of the F0 pattern.  
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Figure 2: Schematic diagram of dynamic programming algo-
rithm

4. Experiments
4.1. Speech Material

For our experiments, we used a Mandarin speech database ( TH-
CoSS ) for TTS systems [4]. In this database, prosodic infor-
mation, including the boundaries of the prosodic phrases, was
added manually, and this information can be used as a refer-
ence. We selected 973 sentences from those uttered by speaker
03FR00 for TTS system building. The total number of prosodic
phrases is 2073 excluding the first phrase command in each sen-
tence. The F0 values were extracted every 10ms by the Snack
Sound Toolkit [12]. We chose sentences with durations of less
than or equal to 6 second where the number of phrase com-
mands ranged from 3 to 7. In addition, the average duration of
the prosodic phrases is 186×10ms and the average duration of
the syllables is 22× 10ms

4.2. Analysis Example of a Chinese Sentence

In order to quantitatively evaluate the proposed method, a com-
parative experiment was conducted. We used the Chinese sen-
tences “zhe4kou4 / ju4ti2 / biao3xian4 wei2 | yi2ding4 bi3li4
de5 / jia4kuan3 | huo4 / huo4wu4 / shu4liang5 ” ( The trans-
lation is as follows: The discount is specifically expressed as
a certain proportion of the price or quantity of the goods. )
. The mark “|” indicates the boundary between the neighbor
two prosodic phrases , and the mark “/” indicates the boundary
between the neighbor two prosodic words. Thus, it can be ob-
served that the structure of this sentence can be divided into 3
prosodic phrases.

Figure 3 illustrates the analysis results of the proposed algo-
rithm when the number of phrases is three. The figure shows the
speech wave, syllable labels, the F0 pattern (red dots) with the
phrase components generated by the annotation of the phrase
commands (green curve), and the F0 pattern (red dots) with
the phrase components generated by the estimated phrase com-
mands (blue curve). It can be seen that the prosodic phrase com-
ponents generated by the estimated phrase commands ( blue
curve ) are similar to those generated by the annotation of the
phrase commands ( green curve ). The generated phrase com-
ponent curves can be considered the basic skeleton of the into-
nation pattern.

4.3. Accuracy of the Proposed Automatic Method for the
Prosodic Phrase Boundaries

We performed an experiment to evaluate the accuracy and valid-
ity of our method for estimating the boundaries of the prosodic
phrases. The procedure of the experiment is as follows : Given
the number of prosodic phrases indicated by the annotated
phrase times T0i, use the proposed algorithm to get the prosodic
phrase boundaries T̂0i. Then, use the following equation

ET (0i) =
∣∣∣T0i − T̂0i

∣∣∣ , (10)

to evaluate the accuracy of the proposed method.

ET(0i)

20.26%
(420)

9.98%
(207)

9.98%
(208) 8.84%

(175)
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(96) 3.57%
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Figure 4: Histogram of the ET (0i). The values above each bar
are the proportion and total number of prosodic phrase bound-
aries T0i ( in parentheses ). The unit of ET (0i) is 10ms.

Figure 4 shows the results for the 973 sentences. In this
histogram, the ET (0i) range of each bar can be regarded as the
average duration of the syllables ( 22 × 10ms ). According to
the properties of the DP algorithm, the first phrase command
T01 is fixed at the beginning of each sentence, so these com-
mands were not included in the experiment. From this figure,
we observe that: (1) As ET (0i) increases, the corresponding
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zhe2 kou4 ju4 ti2 biao3xian4 wei2 yi2 ding4 bi3 li4de5 jia4 kuan3 huo4 huo4 wu4 shu4 liang5
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Figure 3: Results of the analysis in the Chinese sentence “zhe4kou4 / ju4ti2 / biao3xian4 wei2 | yi2ding4 bi3li4 de5 / jia4kuan3 | huo4
/ huo4wu4 / shu4liang5 ” ( The discount is specifically expressed in a certain proportion of the price or quantity of the goods. ) .
Speech wave, syllable labels, F0 pattern ( red dots ) with phrase components generated by given annotation phrase commands ( green
curve ), F0 pattern ( red dots ) and the phrase components generated by the estimated phrase commands ( blue curve ) are illustrated,
respectively.

proportion gradually decreases from 20.26% to 0.24%; (2) The
cumulative proportion of the estimated prosodic phrase bound-
aries approaches 76% when ET (0i) is less than the average du-
ration of the prosodic phrase ( 186× 10ms ). We conclude that
the accuracy of our algorithm is sufficient for practical applica-
tions.

5. Conclusions and Future Works
We have introduced an automatic method to determine the
boundaries of prosodic phrases based on a revised F0 model. An
experiment was conducted using a set of 973 sentences spoken
by a native Chinese speaker. The results show that our method
is sufficiently accurate.

However, several issues require further investigation. Our
current goals are:

• to improve the algorithm to reduce the computational
time,

• to find the optimal number of prosodic phrases,
• to allow flexibility in the phrase-command start time ( so

that a time before a voice starting point is accepted ),
• to use more speakers and more sentences to verify the

performance of the algorithm.
In the future, we will work to develop a more effective algo-
rithm.
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