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Abstract 
Automatic prosodic events detection and annotation are 
important for both speech understanding and natural speech 
synthesis. In this paper, the complementary model method is 
proposed to detect prosodic events. This method discards the 
independent assumption between the acoustic features and the 
lexical and syntactic features, models not only the features of 
the current syllable but also the contextual features of the 
current syllable at the model level, and realizes the 
complementarities by taking the advantages of each model. 
The experiments on Boston University Radio News Corpus 
show that the complementary model can yield 91.40% pitch 
accent detection accuracy rate, 95.19% intonational phrase 
boundaries (IPB) detection accuracy rate and 93.96% break 
index detection accuracy rate. When compared with the 
previous work, the results for pitch accent, IPB and break 
index detection are significantly better. 
Index Terms: complementary model, boosting classification 
and regression tree (CART), conditional random fields (CRFs) 

1. Introduction 
Prosody is generally used to describe aspects of a spoken 
utterance’s pronunciation which are not adequately explained 
by segmental acoustic correlates of sound units (phones). The 
prosodic information associated with a unit of speech, say, 
syllable, word, phrase, or clause, influences all the segments of 
the unit in an utterance. They are also referred to as supra-
segment that transcends the properties of local phonetic 
context. Many speech applications, such as automatic speech 
recognition, speech understanding and speech synthesis, can 
benefit from corpus annotated with prosodic information, but 
it is very expensive and time consuming to do such work 
manually, so an automatic prosodic annotation algorithm will 
be very useful for building prosodic annotation corpus.  

Many researches have been made in automatic prosodic 
events detection at both the syllable and the word level. 
Approaches typically combine lexical, syntactic features, such 
as part-of-speech, word identity and term frequency, with 
acoustic features derived from the speech waveform, such as 
duration, pitch, intensity. A variety of machine learning 
approaches have been used in order to model these acoustic, 
lexical and syntactic features. Wightman utilized decision tree 
to model acoustic evidence (such as pitch, intensity and 
duration evidence), and combined with a probabilistic model 
(bi-gram) to detect binary accent, IPB and break index. Their 
method achieved 71% for IPB detection, 84% for accent 
detection and 84% for break index detection at syllable level 
on Boston University Radio News corpus [1]. Ostendorf used 
a multilevel hierarchical model based on decision tree 
framework to predict boundary tone types. The three-way 
boundary tone classifier at intonation phrase level which is 
identified as those segments marked with a break index value 

of 4 or above on ToBI break index tier, could achieve 66.9% 
accuracy rate [2]. Chen built Gaussian mixture model (GMM) 
based on acoustic evidence and artificial neural network 
(ANN) model based on syntactic evidence in maximum 
likelihood framework to binary intonational phrase boundary 
and pitch accent detection, and achieved 90% accuracy rate for 
IPB detection and 84% accuracy rate for pitch accent detection 
at word level [3]. Ananthakrishnan and Narayanan used a 
maximum a posteriori (MAP) framework for prosodic events 
detection. They used an n-gram structure for prosodic 
language model, and utilized neural network (NN) to model 
acoustic evidence. When combined acoustic-prosodic model 
based on NN with lexical and syntactic prosodic model based 
on n-gram, they could achieve 91.61% binary prosodic phrase 
accuracy rate and 87% accent accuracy rate at syllable level 
[4]. Jeon showed that the neural network classifier achieved 
the best performance in modeling acoustic evidence, and 
support vector machines were more effective for lexical and 
syntactic evidence. The combination of the acoustic and 
syntactic models yielded 93.3% intonational phrase boundary 
(IPB) detection accuracy, 89.8% pitch accent detection 
accuracy, and 91.1% break index detection accuracy [5]. 

In this paper, we propose the complementary model, which is 
the combination of boosting classification and regression tree 
(CART) model and conditional random fields (CRFs) model, 
to detect prosodic events, which are intonational phrase 
boundary, break and pitch accent.  This method discards the 
independent assumption between the acoustic features and the 
lexical and syntactic features. This method models not only 
the features of the current syllable but also the contextual 
features of the current syllable at the model level, and realizes 
the complementarities by taking the advantages of each model. 

The rest of this paper is organized as follows. In section 2, we 
provide details of the corpus. In section 3, the features used in 
prosodic events detection are introduced, including acoustic 
features, lexical and syntactic features. In section 4, the 
prosodic events detection algorithm is presented. The 
experimental results and analysis are introduced in section 5. 
The final section gives a brief summary along with future 
research directions. 

2. The corpus 
Boston University Radio News Corpus (BURNC) is a 

database of broadcast news style read speech that contains the 
ToBI-style prosodic annotations for part of data. Data 
annotated with ToBI-style labels are available for six speakers 
(f1a, f2b, f3a, m1b, m2b and m3b), which amounts to speeches 
of 3 hours. The corpus is annotated with pitch accent tones (*), 
break index (0~4), orthographic transcription, automatically 
generated and hand-corrected part-of-speech (POS) tags, pitch 
and automatic phone alignments information [6]. In BURNC 
corpus, we take binary accent, break and IPB detection. If a 
syllable is marked with accent mark *, we believe the pitch 
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accent is present, which means that the syllable is stressed. 
The break index 3 and 4 are grouped together to represent that 
there is a break. All of the IPB tones are grouped into one 
category. Table 1 lists the statistics of BURNC. 

Table 1. The statistics of Boston University Radio 
News Corpus. 

 Female Male 
f1a f2b f3a m1b m2b m3b 

#Utterances 74 164 33 72 51 24 
#Words 3993 12607 2733 5059 3608 2093 

#Syllables 6562 20700 4422 8144 5904 3354 
#Accents 2344 7061 1545 2786 2113 1094 
#Breaks 1116 3914 744 1247 986 459 
#IPBs 748 2801 437 784 657 292 

3. The features 
In this section, we introduce the acoustic, lexical and 

syntactic features utilized in prosodic events detection. In 
order to eliminate the natural variations among different 
speakers, the pitch related and intensity related features are 
normalized by utilizing z-score method. 

For every syllable, we compute the following features. 
Pitch range (4 features): maximum pitch (pthmax), minimum 

pitch (pthmin), mean pitch (pthmean) and pitch range 
(difference between maximum and minimum pitch) (pthrng). 

Pitch contour (6 features): The coefficients of 5-order 
Legendre polynomial expansion (pthCoefi,i=0,1,…,5). 

Intensity range (4 features): maximum intensity (intmax), 
minimum intensity (intmin), mean intensity (intmean) and 
intensity range (difference between maximum and minimum 
intensity) (intrng). 

Intensity contour (6 features): The coefficients of 5-order 
Legendre polynomial expansion (intCoefi, i=0,1,..,5). 

Duration (4 features): The duration of the syllable (syldur); 
the silence duration after the syllable (sildur); the ratio 
between the following syllable and the current syllable 
(durratio); the vowel duration of the syllable (voweldur). 

The lexical and syntactic related features (6 features):  The 
pos tag of the syllable (pos); the number of syntactic phrases 
the word initiates (wrdInit); the number of syntactic phrases 
the word terminates (wrdTrm); the syllable identification (ID); 
lexical stress (exist or not) (blexstress); and word boundary 
information (boundary or not) (bwrdbnd).  

For the pitch or intensity contour, we utilize the following 
method to compute expansion coefficients. 

Let us suppose ( )f t  to be the pitch or intensity contour 
(where t  represents time), then the Legendre polynomial 
expansion of ( )f t  can be approximated as 
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Legendre polynomial, na  is the coefficient of expansion 
equation. Each coefficient in expansion equation (1) represents 
a certain meaning, and models a particular aspect of the 
contour, such as 0a  stands for the mean of the segment, and 

1a  is interpreted as the slope. 
In the lexical and syntactic related features, these features—

pos, wrdInit and wrdTrm, are used for break and IPB detection. 

These features—pos, ID, blexstress and bwrdbnd, are used for 
pitch accent detection. In order to capture the context 
influence in prosodic events detection, we also compute the 
lexical and syntactic related features in the contextual 
windows. For the break and IPB detection, we choose 3 
previous and 2 next syllables of the current syllable as the 
contextual window. For pitch accent detection, we choose 2 
previous and 2 next 2 syllables of the current syllable as the 
contextual window. So we can get 42 features for the break 
and IPB detection, and 41 features for the pitch accent 
detection. 

4. Prosodic events detection based on 
complementary model 

The combination of different classifiers is often utilized for 
the prosodic events detection, which can combine different 
information sources and different modeling methods, and 
compound the advantage of different models.  

In reference [5], J. H. Jeon listed the equations (2) ~ (5) that 
are often used for prosodic events detection. So we cite 
directly and list these equations below. 

The most likely sequence of prosodic events 
{ }* * * *

1 2, , nP p p p=  is  
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where { }1 2, , , nA a a a=  is the sequence of acoustic feature, 
1 2( , , , )t

i i i ia a a a=  is the acoustic feature vector corresponding 
to the syllable, { }1 2, , , nS s s s=  is the sequence of syntactic 
evidence, ( )isφ  is chosen such that it contains lexical and 
syntactic evidence from the contextual window of the current 
syllable, ( )( )log i ip p a  is the acoustic prosodic model score, 

( )( )log ( )i ip p sφ  is the lexical and syntactic prosodic model 

score, and λ  is a weighting between the acoustic prosodic and 
the lexical and syntactic-prosodic model. The acoustic 
prosodic model and the lexical and syntactic prosodic model 
can be obtained by using machine learning methods. The 
traditional modeling techniques, such as Classification and 
Regression Trees (CART), Neural Network (NN), Support 
Vector Machine (SVM), can be used to model the acoustic 
related or lexical and syntactic related features, and then apply 
equation (5) to combine the acoustic prosodic model and the 
lexical and syntactic prosodic model in order to form the final 
model. When modeling the acoustic related or lexical and 
syntactic related features, the same method or different 
methods can be utilized to model different kinds of features. 
About the combination of different classifiers, Z. Ghahramani 
explored a general framework for the Bayesian model 
combination in the context of classification. His framework 
models the relationship explicitly between each model’s output 
and the unknown true label [7]. In fact, the equation (5) is a 
specific case of classifier combination of two models. 

We all know that the acoustic-based features and the lexical-
based and syntactic features-based are not independent. In 
order to reduce the computational complexity, ( ),p P A S  has 
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been simplified to ( ) ( )p P A p P S  in equation (3). In fact, it is 
not necessary to do so. 

We can transform equation (2) into equation (8). 
 ( )* arg max ,P p P A S=  (6) 
 ( ) ( )( )arg max , (1 ) ,p P A S p P A Sλ λ= ⋅ + − ⋅  (7) 
 ( ) ( )( )1 2arg max , (1 ) ,p P A S p P A Sλ λ= ⋅ + − ⋅  (8) 
This is only a deformation of equation (2). We give 

( ),p P A Sλ ⋅  a new symbol ( )1 ,p P A Sλ ⋅ , and ( )(1 ) ,p P A Sλ− ⋅  

another new symbol ( )2(1 ) ,p P A Sλ− ⋅ . If the same method is 

used to model 1p and 2p , the method used in equation (8) is 
one type of methods, of which ensemble machine learning 
method is one [8]. If we don’t use the same method to model 

1p and 2p , and hold the hypothesis that the acoustic features 
and the lexical and syntactic features are independent, the 
equation (8) can be written as equation (5). If we take different 
methods to model 1p and 2p , and quit the hypothesis that the 
acoustic features and the lexical and syntactic features are 
independent, we can get another prosodic events detection 
method. We call this method as the complementary method, 
and 1p and 2p  as a pair of complementary model. In fact, this 
method is also the combination of different classifiers. The 
differences between this method and the one proposed by Jeon 
are that (1) This classifier combination method does not adopt 
the independent assumption between the acoustic features and 
the lexical and syntactic features; (2) This method first models 
all features, including the acoustic and the lexical and 
syntactic features, and then combines these models by 
classifier combination method, while the Jeon’s method first 
models the acoustic or lexical and syntactic information 
separately, and then combines these models by classifier 
combination method.  

Let us suppose 1λ ≠  in equation (8). We can transform 
equation (8) to equation (13): 

 ( )* arg max ,P p P A S=  (9) 
 ( ) ( )( )arg max , (1 ) ,p P A S p P A Sλ λ= ⋅ + − ⋅  (10) 
 ( ) ( )( )1 2arg max , (1 ) ,p P A S p P A Sλ λ= ⋅ + − ⋅  (11) 
 ( ) ( )1 2arg max , ,

(1 )
p P A S p P A Sλ

λ
⎛ ⎞= ⋅ +⎜ ⎟−⎝ ⎠

 (12) 

 ( ) ( )( )1 2arg max , ,w p P A S p P A S= ⋅ +  (13) 

where 
(1 )

λ
λ−

 is equal to w , ( )1 ,p P A S is equal to ( ),p P A S , 

and ( )2 ,p P A S  also substitutes ( ),p P A S . 
 “Boosting” is a general method for improving the 

performance of the learning algorithm. It is a method for 
finding a highly accurate classifier on the training set, by 
combining “weak hypotheses” [9], each of which needs only 
to be moderately accurate on the training set. It has been 
applied with great success to several benchmark machine 
learning problems by using decision trees mainly as base 
classifiers. AdaBoost is very popular and perhaps the most 
significantly historical milestone as it was the first algorithm 
that could adapt for the weak learners. Conditional Random 
Fields (CRFs) are undirected graphical models that encode a 
conditional probability distribution with a given set of features. 
CRFs are often used for labeling or parsing sequential data, 
such as natural language text [10]. We all know that no matter 
what the word or syllable is, whether it is stressed or not, it 
may depend on not only the current word or syllable features, 

but also the previous and following word or syllable features. 
Boosting methods can make use of the current syllable 
features greatly. CRFs methods can model the previous and 
following syllable features. We use Boosting classification and 
regression tree (CART) and CRFs methods to model 1p and 2p  
separately. 

5. Experiments 

5.1. Experiments setup 

In our experiments, WEKA implementation of C4.5 
algorithm classifier (J48) is used to train decision tree model 
[11]. LibSVM is used to train SVM model [12]. CRF++ 0.53 
is used to train CRFs model [13]. We create 2-layer multilayer 
perception network with a single hidden layer, in which the 
number of hidden unit in hidden layer is half of the number of 
input features, to train neural network (NN) model. The 
Boosting CART model that we used in our experiments is 
obtained by using WEKA classifier MultiBoostAB as the 
strong classifier, and select C4.5 decision tree (J48) as the 
weak classifier.  

In BURNC, we use the pitch information, duration 
information and POS tag information coming from the 
annotation. The intensity information is extracted by using the 
Praat [14]. We randomly split the utterances coming from all 
speakers in the corpus and perform 5-fold cross validation for 
prosodic events detection tasks. The final result is the average 
of the 5-fold cross validation results. 

5.2. Experimental results and analysis 

5.2.1. The acoustic prosodic model 

We use decision tree and neural network to model the 
acoustic features. The experimental results are shown in Table 
2.  

Table 2. The performance of various acoustic-
prosodic models. 

  Accuracy Rate (%) F-Measure 

NN 
Pitch accent 83.95 83.90 

Break 89.28 88.96 
IPB 93.31 93.07 

Decision 
Tree 

Pitch accent 81.45 81.38 
Break 88.84 88.44 
IPB 92.73 92.43 

From Table 2, we can find that: There are certain differences 
between the performances of decision tree model and neural 
network model. The performance of neural network model is 
slightly better. 

5.2.2. The lexical and syntactic prosodic model 

Table 3. The performance of various lexical and 
syntactic-prosodic models. 

  Accuracy Rate (%) F-Measure 

Decision 
Tree 

Pitch accent 86.34 86.52 
Break 90.85 90.76 
IPB 91.83 91.40 

SVM 
Pitch accent 84.28 84.56 

Break 87.02 84.72 
IPB 90.66 88.80 

CRFs 
Pitch accent 88.54 88.63 

Break 90.83 90.64 
IPB 92.18 91.91 
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For lexical and syntactic features, we employ three different 
classifiers: Decision tree, SVM and CRFs. 

Table 3 shows the performance of various lexical and 
syntactic prosodic models. From Table 3, we can find that: The 
CRFs model achieves relatively good results. From the 
comparison between Table 2 and Table 3, we can find the 
performance of the lexical and syntactic prosodic model is 
better than the acoustic prosodic model. 

5.2.3. The combined model 

Table 4 shows the performance of various combined models. 
The value of λ in equation (5) ranging from 0.4 to 0.9 has 
good effect, and can fuse the classification results of the 
acoustic prosodic classifier and the lexical and syntactic 
prosodic classifier. The value of λ is tuned on the training set. 
From Table 4, we can find that: (1) The combination of 
different knowledge obtains better performance than each 
alone for all classifiers. (2) The Boosting CART classifier and 
CRFs classifier can provide better classified efficiency.  

Table 4. The performance of various combined models 
and complementary model. 

  Accuracy Rate (%) F-Measure 

NN/Decision tree 
(Baseline) 

Pitch accent 87.70 87.80 
Break 91.27 91.06 
IPB 93.07 92.86 

NN/SVM 
Pitch accent 84.30 84.60 

Break 89.19 88.90 
IPB 92.49 92.20 

NN/CRFs 
Pitch accent 89.55 89.61 

Break 91.68 91.52 
IPB 93.83 93.67 

Boosting CART* 
Pitch accent 89.50 89.52 

Break 93.10 93.01 
IPB 94.56 94.41 

CRFs* 
Pitch accent 90.40 90.45 

Break 92.60 92.50 
IPB 94.62 94.51 

Boosting CART* 
+ CRFs* 

Pitch accent 91.40 91.39 
Break 93.96 93.88 
IPB 95.19 95.08 

In Table 4, Boosting CART* classifier and CRFs* classifier 
are obtained by using the acoustic, lexical and syntactic 
features, and are not obtained by weighting combination 
through equation (5). “NN/Decision tree” is the combination 
of the acoustic prosodic model based on NN and the lexical 
and syntactic prosodic model based on Decision tree by using 
equation (5). The “NN/SVM” and “NN/CRFs” are similar. 

Now, we can obtain a new classifier “Boosting CART* + 
CRFs” by weighting combination of the Boosting CART* 
classifier and CRFs* classifier according to equation (13). The 
value of λ  in equation (13) is 1. This means that the weight in 
equation (8) is 0.5. The experimental results are also listed in 
Table 4.  

From Table 4, we can find: (1) The complementary model 
achieve 91.40% pitch accent detection accuracy rate, 95.19% 
intonational phrase boundaries (IPB) detection accuracy rate 
and 93.96% break index detection accuracy rate. (2) Our 
proposed method can obtain better effect when compared with 
the baseline system. There are 3.7% improvement on pitch 
accent detection task, 2.69% improvement on break detection 
task and 2.12% improvement on intonational phrase 
boundaries detection task. (3) The model generated by using 
acoustic, lexical and syntactic features has better performance 

than the models generated by using individual type of acoustic 
or syntactic features. 

Although the experimental setting, features and data used in 
our experiment are not exactly the same as the previous Jeon’s 
work on BURNC [5], a direct comparison of results may not 
be very exact. We still compare our experimental results with 
Jeon’s. When compared with Jeon’s experimental results, our 
proposed methods have a better performance in prosodic 
events detection. For pitch accent, IPB and break detection, 
there are 1.6%, 1.89% and 2.86% improvements separately. 

6. Conclusion and discussion 
In this paper, we develop complementary model method to 

detect English prosodic events by using acoustic, lexical and 
syntactic evidence. This method discards the independent 
assumption between the acoustic features and the lexical and 
syntactic features, models not only the features of the current 
syllable but also the contextual features of the current syllable 
at the model level, and realizes the complementarities by 
taking the advantages of each model. When compared with the 
baseline system and the previous Jeon’s work, the 
complementary model can achieve better performance. In the 
future, we will refine our models and features, and exploit 
other methods to model acoustic, lexical and syntactic features. 
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