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This study was focused on the roles of human factors in construction accident and also dealt with the 
probabilities of fours levels of injury. We used an empirical Bayesian method and the human factors 
analysis and classification system framework to analyze the probability distributions of the severity of 
accidents of high risk operations in hydropower construction. Accident severity in four levels of injury 
was modeled: severe injury, one death, two deaths, and three deaths. The results show the behavior 
characteristics of workers and factors influencing their operation violations. The calculation of 
posterior distributions of the levels of injury enables us to rank the factors with respect to their risk of 
injury. The study revealed that lack of the ability to determine hazards is the direct reason in many 
accidents; resource management, inadequate supervision and supervisory violations also play 
important roles in the occurrence of accidents.  
 
Key words: Empirical Bayesian analysis, human factors, work accidents, risk analysis and assessment. 

 
 
INTRODUCTION 
  
In the southwest China, there are numerous large-scale 
hydropower projects that have been built and put into 
operation. The construction projects are large-scale, with 
long construction period, and are extremely complex with 
high safety risks. At present, there are no systematic and 
thorough study on the hazards identification, risk 
evaluation and control management on the hydropower 
construction project at home and aboard. Though our 
country has built laws, technical specifications, and 
procedures, there are no related concrete contents of the 
construction   safety    hazards.    On    the    other    hand, 

strengthening the construction accident statistics work is 
an important part of the safety production. Construction 
accident statistics is the basic management work in the 
construction safety production. Statistical data are used to 
analyze the key factors of the accidents to obtain the 
cause and regulation of the accidents. 

Hazard risk assessment involves many factors, which 
is a dynamic system with interaction factors. Therefore, 
the establishment of the evaluation indicator set must be 
scientific, rational and comprehensive. This study begins 
from  the  view  of   common   hazard   identification   and  
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Figure 1. Four levels of the HFACS framework. 

 
 
 
evaluation, takes into account the characteristics of 
construction safety hazard, and deeply analyzes the main 
factors influencing hazard risk assessment. On the basis 
of the human factors analysis and classification system 
framework (HFACS), we use classical Bayesian theory to 
calculate and sort the importance degree of the factors. 
 

 
METHODOLOGY 
 
Human factors analysis and classification system framework 
(HFACS) 
 
The safety assessment structure model of high-risk operation and 
risk factors causing accidents are shown in Figure 1, which is also a 
HFACS framework (Wiegmann and Shappell, 1997, 2001). This 
study uses the HFACS framework to identify the kind of factors that 
are of most importance in the accidents.  

The HFACS framework classified the human fault factors 
involved into four levels. L1 level factors were the focus of the past 
accident investigation, which are the personnel behavior mistakes 
causing the accident (i.e construction workers unsafe behaviors). 
This level can be further divided into four categories: decision-
making mistake, skill-based errors, perception errors and violation 
operations. L2 level factors (precondition for unsafe behaviors-
potential/obvious mistakes) refer to the obvious psychological or 
environmental factors‟ influence on L1 factors, such as operation 
environment that does not meet the required conditions and are 
more likely to cause accidents. L3 level factors (unsafe supervision-
the potential mistakes) are the onsite supervision factors that lead 
to unsafe behaviors. L4 level factors  (organizational  influences-the 

potential mistakes) are described as the wrong decisions made by 
the high-level managers‟ influence on the low-level workers' 
behavior.  

In HFACS framework, the higher level can influence the adjacent 
lower level. Adjusting and replacing some factors according to the 
characteristics of construction can strengthen the framework‟s 
independence and generality; and makes it possible to quickly 
identify the key factors in the whole system. The amendment 
HFACS framework is more in line with the actual hydropower 
construction project. 

 
 
Statistical framework 

 
There are two basic concepts in Bayesian statistics: the prior 
distribution and posterior distribution.  
Prior distribution is a probability distribution of the overall 
distribution parameter θ. The fundamental idea of Bayesian School 
is that any statistical inference on the overall distribution of the 
parameter θ, in addition to samples provided by the information 
must also provide for a prior distribution. It is an indispensable 
element for making statistical inferences. They believe that the prior 
distribution does not need to have an objective basis, and can be 
partially or fully based on subjective belief (Shappell and 
Wiegmann, 2001); posterior distribution, according to the samples 
distribution and the prior distribution of the unknown parameters, 
with the method of conditional probability distribution to find out the 
conditional distribution of unknown parameters under the known 
samples. Because of this, distribution obtained after the sampling is 
called posterior distribution. The key of Bayesian inference method 
is that any inference must only rely on the posterior distribution, and 
no longer involve in sample distribution (de Lapparent, 2006). 
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The severity of the injury accident cases is divided into four levels: 
severe injury, one death, two deaths and three deaths. K indicates 
the mutually exclusive type of injury accident (that is, event space). 
Yi,j is the result of the accident type i leading to the injury type j, 
which is represented by an array of discrete random variable, 

 ',1, , kiii YYY 
.  

For all j=1, ..., K, Yi,j takes the value 1 if the severity of accident is 
the same with level j and the value 0 otherwise. A probability 
measure Pi on BY, the σ-algebra of the K elementary events, is 
associated with each other.  

)1( ,,  jiiji YPP
 is the probability that the accident i has an injury 

of type j. Therefore, we state 

that
'

,, ),,(),,1( kiiiii

id

ii PPPPMPY 
, where id stands for 

„independently distributed‟: Yi is distribution conditionally on Pi with 
a Multinomial probability distribution with parameter 1 and Pi 

(Leonard, 1977). The corresponding conditional probability density 
functions is then 
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Because there are different accident configurations, understood as 
different circumstances and consequences, there are variations of 
the probabilities of the types of injury according to many factors. 
Due to the unpredictable nature of accident, for each accident i, P i 
is random, and uses known accident model in line with the 
Bayesian analysis principle. 

In a Bayesian context, the beliefs one can have about the family 
of distributions of probabilities of the types of injury are summarized 
through prior distributions. They represent the state of knowledge 
about the individual distributions of the types of injury before 

observing the sample
)',,( 1 nyyy 

. For convenience, it is 
assumed that they all belong to the same family of probability 
distributions. A Dirichlet distribution is used because it can be mixed 
conveniently with the Multinomial distribution and it results in a 
Dirichlet posterior distribution. For all i= 1...n, 
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where   is the gamma function: 
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Using the conditional distribution (1) and the prior distribution (2), 
the joint distribution of (Yi, Pi) is defined: 
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The marginal distribution of Yi is derived using (4) by integrating 
over Pi: 
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The posterior distribution of ii yp |  is obtained using the transition 
formula of Bayes: 
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Where is a Dirichlet distribution: 
 

).,,(,| ,,1,1, KyiKiii

id

iii yDyp   
       (7) 

 
Empirical Bayesian analysis is performed in two steps: first, 
estimate the unknown hyper parameters; secondly, compute the 
posterior distributions using the estimated parameters and analyze 
the results. 

 
 
Estimation of hyper parameters 

 
As stated above, before accident occurs, construction organizations 
attempt to improve the workers‟ safety consciousness, use safety 
equipment, strengthen safety supervision and management, and 
control the probability distribution of Pi of the severity of accident. 
Also, the construction environment and accident attributes will play 
different roles when the corresponding accident happens. From the 
statistical standpoint, it means that one can explain the values of 
the shape parameters of the distributions according to some 
exogenous factors.  

Let 
p

i RXX 
 be a(p, 1) array of explanatory variables about 

observation i, and let 
)',,( 1 nXXX 

 be the full rank (n, p) matrix 
of explanatory variables about the observed sample. Let 

p

kk RKk  ,,...,1
be a (p, 1) array of (unknown) weights 

measuring the causal effects of explanatory variables on the shape 

of the probability distribution through jki  , . Measure the effects of 

the explanatory variables ix
 on the importance of the outcome j in 

the probability distribution of accident severity. kX 1,
 are 

assumed to be compact subsets of
pR . In order to maintain 

consistency with the strict positivity of the shape parameters, it is 
assumed for the rest of the paper that: 
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The only available observation we have for an individual i is that 
severe injury, one death, two deaths and three deaths. In order to 
infer on the values of the unknown hyper parameters of the model, 
the marginal probability distributions of Yi, i = 1 . . . n, are used to 
build the sample log-likelihood function of observed yi, i = 1 . . . n: 
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                    (9) 
 
Looking at (9), we see there is no objective relationship between 
the value of the log-likelihood function and the values of the 
parameters as long as we do not set further identification 

restrictions. In fact, we must choose a benchmark outcome 
*k  

which for
0* k , and all the remaining estimable parameters are 

expressed as differences with respect to *k . The maximization of 
(9) with respect to the unknown parameters gives us asymptotically 
unbiased and efficient estimates we use to compute the posterior 
probability distribution of accident severity. 

 
 
Analysis of result 

 
Hyper parameters are interpreted in the sense of their causal 
influences on the shapes and moments of probability distributions of 
the types of accident. The posterior distribution represents the state 
of knowledge concerning pi after the observations have been 
combined with the prior information. Posterior distributions 
represent our updated beliefs about probability distribution of the 
types of accident after accidents happened. 

The Bayesian estimator of the expected rate of an accident with 

injury of level j for individual i is given by the posterior mean of jip ,  
(Gwet, 2002b): 
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And the posterior variance of the distribution is 
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MODEL CALCULATION AND ANALYSIS 
 
Factors analysis  
 
Select 59 accident cases occurring in the construction 
peak period of the Xiluodu project and the Xiangjiaba 
project. The accidents are not described as name but 
serial number from 1 to 59. The statistical process is to 
determine in turn whether the HFACS factors are the 
reasons  causing  these  accidents.  In  the  59  accidents,  
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there are 28 serious injuries, 27 cases with one person 
death, 3 cases with two persons death and 1 case with 
three persons death. According to the HFACS factors, we 
get descriptive statistics of the accident frequency, as 
shown in Table 1.  
 
i) Resource management,  
ii) Organizational process,  
iii) Supervisory violations,  
iv) Failed to correct a known problem,  
v) Personal quality,  
vi) Crew management,  
vii) Operating environment,  
viii) Perceptual and decision error,  
ix) Skill-based errors,  
x) Operation violations. 
 
In Table 1, of the 59 cases, 47.46% severe injury, 45.76% 
one death, 5.08% two deaths, and 1.70% three deaths. 
 
Super parameter calculation: Super parameter can be 
calculated by formula (12): 
 

)exp( ,

'

, jiiji x  
                                      (12) 

 

Let 
p

i RXx   be an array in the [p, 1] interval, ix  is the 
full rank matrix (n, p) of the explanatory variables of the 

observed samples and ji ,
 measures the influence of 

probability distribution of the explanatory variable ix  to 
the accident severity. 

The value of 
'

ix
 is:

'

ix
=the sum of edge frequency of the 

factors in the accidents/1000. Where, the number of 1000 
means that there are ten factors and the edge frequency 
is expressed as a percentage. 

The edge frequency of the influence factors are given 
in Table 1. According to the inclusion relationship in Table 

1, we can obtain the values of 
'

ix
, ji ,

and ji ,
.(i=1,2,...,59; 

j=1,2,3,4). For example, 
'

1x  corresponding to accident 1 
is shown as follows:  

 
'

1x =(55.93+67.8+62.71+52.54+74.58+62.71+50.85+40.6
8+83.05+66.10)/1000=0.62 
 

The value of ji ,
 is:  

 

ji ,
=The sum of edge frequency of the factors 

corresponding to the injury type j in the accidents/1000. 

For example, j,1  represents the sum of edge 
frequency of the factors corresponding to the injury type j 

in the accident 1. The values of j,1  in accident 1 are 
shown as follows:  
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Table 1. All HFACS factors' edge frequency. 
 

Factors Severe injury One death Two deaths Three deaths Edge frequency 

(1) 50 42.31 7.69 0 44.07 

Not (1) 45.45 48.49 3.03 3.03 55.93 

(2) 52.5 40 5 2.5 67.8 

Not (2) 36.84 57.9 5.26 0 32.2 

(3) 54.55 40.91 4.54 0 37.29 

Not (3) 43.24 48.65 5.41 2.7 62.71 

(4) 45.16 51.61 3.23 0 52.54 

Not (4) 50 39.29 7.14 3.57 47.46 

(5) 60 33.33 6.67 0 25.42 

Not (5) 43.18 50 4.55 2.27 74.58 

(6) 54.54 40.91 4.55 0 37.29 

Not (6) 43.24 48.65 5.41 2.7 62.71 

(7) 40 53.33 6.67 0 50.85 

Not (7) 55.17 37.93 3.45 3.45 49.15 

(8) 54.17 45.83 0 0 40.68 

Not (8) 42.86 45.71 8.57 2.86 59.32 

9() 30 60 10 0 16.95 

Not (9) 51.02 42.86 4.08 2.04 83.05 

(10) 50 45 5 0 33.9 

Not (10) 46.15 46.15 5.13 2.57 66.1 

edge frequency 47.46 45.76 5.08 1.7  

 
 
 

1,1 = 
(45.45+52.50+43.24+45.16+43.18+43.24+40.00+54.17+

51.02+46.15）/1000=0.46 

2,1 = 
(48.49+40.00+48.65+51.61+50.00+48.65+53.33+45.83+

42.86+46.15）/1000=0.48 

3,1 = 

(3.03+5.26+5.41+3.23+4.55+5.41+6.67+0+4.08+5.13 ）

/1000=0.04 

4,1 = 
(3.03+2.50+2.70+0+2.27+2.70+0+0+2.04+2.57)/1000=0.
02 
 
 
The calculation of prior probability and posterior 
probability 
 
Based on the results of the super parameter calculation, 
the formulas 2 and 6, we calculated prior probability and 
posterior probability of the 59 accidents. 

Calculation results show the prior and posterior 
distribution of the accident samples. The difference 
among the prior distributions is not obvious, which 
indicates the researchers could not easily find out the 
occurring law of serious accidents based on the empirical 
prior distribution. But the posterior distribution makes up 

this shortage; it dramatically reflects the difference 
between the serious accidents and other accidents. For 
example, the number 32, 34, 39 and 46, their posterior 
distribution value is small, and the difference value 
between the posterior distribution and the prior 
distribution is negative, this feature shows that using 
Bayesian method to analyze the accident cause is 
feasible.  According to the descending order of standard 
deviation, we get Table 2. 

In accordance with the value of standard deviation, we 
sort the factors in descending order, and get the order of 
importance degree of the various factors in Table 2. It is 
the order of factors of the accident severity degree based 
on Bayesian theory under the new HFACS framework. To 
sum up the above 59 accidents, we may know the 
sample size is small, the accident is different from the 
experiment and is unrepeated, and the accident analysis 
is strong subjective. Such feature is suitable for the 
Bayesian statistical method. 
 
 
The calculation and analysis of expectation 
 
The expectation of each factor is shown in Table 3. We 
use the data in Table 3 to draw the broken line chart 
shown as Figure 2 for further analysis. We can draw the 
following conclusions from Figure 2: the expectations of 
severe injury accidents are almost over 0.3, “(5) personal 
quality”,     “(3)     supervisory     violations”,    “(6)     crew  
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Table 2. The priori probability, posteriori probability and standard deviation of each factor by the descending order of 
standard deviation. 
 

Factors Priori probability Posteriori probability Standard deviations  

(8) 9.9676 16.8422 4.861076 1 

(4) 9.9966 16.3475 4.490764 2 

(6) 9.7212 15.9816 4.426771 3 

(3) 9.6343 15.8303 4.381234 4 

(10) 9.6773 15.7449 4.290441 5 

Not (2) 9.6692 15.6051 4.197315  

(5) 9.5569 15.4921 4.19682 6 

Not (9) 10.0507 15.9222 4.151777  

Not (7) 9.8722 15.7315 4.143151  

(1) 9.6939 15.5409 4.134453 7 

Not (1) 10.1376 15.9145 4.084885  

Not (5) 10.0734 15.8378 4.076046  

(7) 10.0096 15.7677 4.071592 8 

(2) 10.0717 15.8187 4.063743 9 

Not (10) 10.0779 15.7525 4.012548  

Not (3) 10.1251 15.7021 3.943535  

Not (6) 10.0734 15.6121 3.916452  

(9) 9.4096 14.9054 3.886117 10 

Not (4) 9.8817 15.0883 3.681622  

Not (8) 9.9245 15.0009 3.589557  

 
 
 

Table 3. The expectations of the influencing factors. 
 

Factors Severe injury One death Two deaths Three deaths 

(1) 0.3193 0.2982 0.1896 0.1793 

(2) 0.3251 0.3089 0.1919 0.1839 

(3) 0.3283 0.3026 0.1993 0.1875 

(4) 0.3106 0.2924 0.1946 0.1852 

(5) 0.3383 0.313 0.1951 0.1913 

(6) 0.3279 0.2849 0.1914 0.1796 

(7) 0.3009 0.3067 0.1944 0.1791 

(8) 0.3283 0.2947 0.1908 0.1871 

(9) 0.3194 0.3181 0.1833 0.1797 

(10) 0.319 0.2561 0.1827 0.179 

 
 
 
management”, and “(8) perceptual and decision error”, 
these four factors are prone to cause serious injured; the 
expectations of one death accidents evenly distribute on 
both sides of 0.3, the value of “(10) operation violations” 
is significantly lower than other factors, but the values of 
“(9) skill-based errors”, “(5) personal quality” and “(2) 
organizational process” are relatively higher; in the cases 
of two deaths accidents, “(3) supervisory violations”, “(4) 
failed to correct a known problem” and “(5) personal 
quality” most easily induce the accidents; and in the 
cases of three deaths accidents, “(5) personal quality”, “(3) 
supervisory violations” and “(8)  perceptual  and  decision 

error” most easily result in the accidents.  
 
 
The calculation and analysis of variance 
 
The posterior variance of each factor is shown in Table 4. 
We use the data in Table 4 to draw the posterior variance 
broke line chart of the accident severity of the factors, 
shown as Figure 3. We can draw the following 
conclusions from Figure 3: the posteriori variance of each 
factor to the four types of severity smoothly distributes at 
a mean value. The severe injury  accidents  and  the  one  
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Figure 2. The expectation broke line chart of the ten factors causing the four types of accidents. 

 
 
 

Table 4. The posterior variances of the influencing factors. 
 

Factors Severe injury One death Two  deaths Three deaths 

(1) 0.0317 0.0308 0.0237 0.0224 

(2) 0.0318 0.0305 0.023 0.0224 

(3) 0.0323 0.0307 0.0234 0.0225 

(4) 0.0311 0.0317 0.0229 0.0222 

(5) 0.0329 0.0299 0.0238 0.0226 

(6) 0.0322 0.0307 0.0233 0.0225 

(7) 0.0305 0.0319 0.0233 0.0221 

(8) 0.0321 0.0311 0.0226 0.0223 

(9) 0.0298 0.0328 0.0243 0.0227 

(10) 0.0317 0.0311 0.0234 0.0225 
 
 
 

0.02

0.022

0.024

0.026

0.028

0.03

0.032

0.034

1 2 3 4 5 6 7 8 9 10

factors

va
lu
es

Seriously injured One death Two deaths Three deaths
 

 
Figure 3. The variance broke line chart of the ten factors causing the four types of accidents. 



 
 
 
 
death accidents are significantly different from zero in 
level 4%, and the two deaths accidents and the three 
deaths accidents are significantly different from zero in 
level 3%, which indicate the distribution consistency of 
accident severity of the samples is good. 
 
 
Conclusion 
 
Through the comparative analysis of the results 
calculated by the traditional statistical method and the 
Bayesian statistical method, we can find that the results 
calculated by the traditional statistical methods laid 
emphasis on the organizational and supervisory levels, 
and ignored the issue of workers. The results of Bayesian 
statistical method, however, appear more “humanization”. 
The proportion of the judgment and the physical state of 
the workers increases. We have referred in the above 
analysis that lack of the capacity of determining hazards 
is the direct reason in many accidents. It also conforms to 
China‟s actual situation: lack of professional skills training 
of the workers, lower average educational level. 
Meantime, in the results of Bayesian statistical analysis, 
the proportions of resource management, inadequate 
supervision and supervisory violations are relatively 
higher, which indicates the defects of management rules 
and malfeasances of managers and supervisors play an 
important role in causing of accident. Such result is the 
same with it obtained by the classical statistical analysis.  

So, Bayesian statistics method can learn from 
experience, combine historical information and sample 
likelihood function together, make a set of statistical 
method more flexible, more visual and easily understood 
than classical statistical method. Bayesian statistics 
method is widely used in the application of measurement 
model. Especially in the fewer samples, point estimate 
and interval estimate can get more accurate results than 
classical statistical method; secondly, we use Bayesian 
posterior distribution to take account of the losses caused 
by type one and  type two errors, therefore it is more of 
practical than classical statistical method; in addition, in 
dealing with the problems of redundant parameters, 
Bayesian statistics method can directly integral off 
superfluous parameters in posterior density, which is far 
more convenient than classical statistical method. 
 
 
 
 
 
 
 
 
 
 
 
 

Sun and Zhou         287 
 
 
 
Conflict of Interests  
  
The author(s) have not declared any conflict of interests. 
 
 
ACKNOWLEDGEMENT 
 
This paper is supported by the national natural science 
fund project of China (50909045, 51079078). 
 
 
REFRENCES 
 
Gwet K (2002b). Inter-rater reliability: dependency on trait prevalence 

and marginal homogeneity. In: Statistical Methods for Inter-rater 
Reliability Assessment. 

 Leonard T (1977). A Bayesian approach to some multinomial 
estimation and pretesting problems, J. Am. Stat. Association 72:869-
874. 

 de Lapparent M (2006). Empirical Bayesian analysis of accident 
severity for motorcyclists in large French urban areas. Accid. Anal. 
Prev. 38:260-268.  http://dx.doi.org/10.1016/j.aap.2005.09.001; 
PMid:16280119 

 Shappell SA, Wiegmann DA (2001). Applying reason: the human 
factors analysis and classification system (HFACS). Hum. Factors 
Aerospace. 1:59-86. 

 Wiegmann DA, Shappell SA (1997). Human error analysis of post 
accident data: applying theoretical taxonomies of human error. Int. J. 
Aviat. Psychol. 7:67-81. 
http://dx.doi.org/10.1207/s15327108ijap0701_4 

 

 
 
 
 
 
 

http://dx.doi.org/10.1016/j.aap.2005.09.001
http://dx.doi.org/10.1207/s15327108ijap0701_4


 

 

 

 
Vol. 9(9), pp. 288-292, 15 May, 2014 

DOI: 10.5897/SRE2014.5903 

Article Number: E4ED4ED44488 

ISSN 1992-2248 © 2014  

Copyright©2014 

Author(s) retain the copyright of this article 

http://www.academicjournals.org/SRE 

                             Scientific Research and Essays 
 

 
 
 
 

Full Length Research Paper 

 

Near-infrared spectra quantitative analysis for flue gas 
of thermal power plant based on wavelength selection 

 

Hui Cao1 and Yan Zhou2* 
 

1
State Key Laboratory of Electrical Insulation and Power Equipment, School of Electrical Engineering, Xi’an Jiaotong 

University, Xi’an, 710049, China. 
2
School of Energy and Power Engineering, Xi’an Jiaotong University, Xi’an 710049, China. 

 
Received 18 March, 2014; Accepted 20 March, 2014 

 

This paper proposed a near-infrared (NIR) spectra quantitative analysis method for flue gas of thermal 
power plant based on wavelength selection. For the proposed method, the self-adaptive accelerated 
particle swarm optimization is presented for determining the most representative wavelengths of NIR 
spectral signals and is combined with partial least square for predicting the various contents of the real 
flue gas dataset. The proposed method chooses the current own optimal or the current global optimal 
as the reference state randomly and accelerated updates of the flight velocity by the reference state, 
then the particle state is updated based on the new velocity self-adaptively. The experimental results of 
a real flue gas dataset verified that the proposed method has higher predictive ability and could 
overcome the premature convergence. 
 
Key words: Thermal power plant, fuel gas, near-infrared spectrum, wavelength selection, self-adaptive 
accelerated discrete particle swarm optimization. 

 
 
INTRODUCTION  
 
With regards to energy saving in a serious situation of 
coal and power energy shortages, using nature gas could 
decrease the power generation cost (Lee and Jou, 2012). 
The flue gas from the gas generating unit mainly consists 
of methane (CH4), carbon monoxide (CO) and carbon 
dioxide (CO2). The quantitative analysis of the flue gas 
could reflect the potential level of environmental pollution. 
The traditional chemical calibration analysis methods are 
usually time-expensive. Near-infrared (NIR) spectra is a 
fast nondestructive technique and has been widely used 
for analyte quantitative determination (Lillhonga and 
Geladi, 2011). Partial least square (PLS) is the most 
popular chemometric method  and  has  been  developed 

for quantitative analysis of NIR spectral data (Marcio et 
al., 2011). Since not all wavelengths in the spectrum are 
equally important model, the wavelength selection is the 
crucial step of NIR spectroscopy analysis. The most 
popular wavelength selection method is the uninformative 
variable elimination by PLS (UVE-PLS) and are better 
than the statistic-based wavelength selection methods 
(Centneret al., 1996). Moreover, wavelength selection 
could be deemed as a combinatorial problem, genetic 
algorithm (GA) and particle swarm optimization (PSO) 
combined with PLS are proposed for wavelength 
selection (Arakawa et al., 2011; Sorol et al., 2010). 
Nevertheless, GA and PSO may fall into the local minima.
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In this paper, we proposed the self-adaptive 
accelerated particle swarm optimization (SAAPSO) to 
realize the wavelength selection of NIR spectral for 
building the analyte quantitative model.  
 
 
THE PROPOSED METHOD 
 
A wavelength selection method based on SAAPSO is presented for 
building the concentration prediction model of flue gas. Some 
notations would be explained beforehand. The number of particles 
in the population is n and the number of dimensions of each particle 

is d, namely, d equals the number of the total wavelengths. 
k

ijv  and 

k

ijx  are the velocity and the position of the jth dimension of the ith 

particle at generation k, where  1, 2, ,i n  , 

 1,2, ,j d   and k is an integer. Moreover, pi and pg are the 

best previous performing state of the ith particle and the global best 
state, respectively.  

For SAAPSO, 
k

ijv  could be updated by 

1

2 ( )k k k

ij ij c ijv w v a r p x       , where if 
10 cr f  , then 

c ijp p , and if 
1 1cf r  , then c gjp p , pc is the reference 

state, r1 and r2 are both random number between 0 and 1, pij and pgj 
are the positions of the jth dimension of pi and pg, respectively, fc is 
the selection coefficient, w is the inertia factor and a is the 

acceleration factor. Then, 
k

ijx  could be updated by the formula (1): 

 

 1

1
1 1 exp( )

other

k

ij ijk

ij

gj

p v
x

p

 


   

 


                                     (1) 

 
where ρ is the random number between 0 and 1. 

For wavelength selection, SAAPSO uses the binary coding to 
encode the location of each particle and each dimension represents 
a wavelength, where ‘1’ or ‘0’ indicates that the wavelength is 
selected or dropped, respectively. The velocity and location of each 
particle are initialized randomly, and then the prediction model is 
built by PLS with the selected wavelengths. In addition, the root-
mean-squares error of cross-validation (RMSECV) is adopted as 
the fitness function. Aiming at minimizing the RMSECV, the optimal 
individual of SAAPSO is the solution of the problem after iterations.  

For SAAPSO, the search space could be expanded and the 
acceleration factor would ensure the convergence rate. 
Furthermore, the new location determined self-adaptively would 
overcome the local optimum. In the next section, the experiments 
results could further verify the effectiveness of the proposed method. 
 
 
EXPERIMENTAL RESULTS 
 
To evaluate the effectiveness of the proposed method, a 
real dataset obtained by measuring the NIR spectra of 
the field flue gas is used in the experiments. The dataset 
are obtained during a combustion process and includes 
106 samples and each sample consists of a spectrum for 
a mixture of CH4, CO and CO2 with the reference 
concentration obtained a gas chromatography (GC).  The 
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spectra were measured by a GASMET DX4000 Fourier 
transform infrared (FTIR) gas analyzer. The spectral 
wave number is 549.44~4238.28 cm

-1
 with a resolution of 

7.72 cm
-1

. Each spectrum contains 473 wavelengths. The 
concentration ranges of the three analytes are 0~0.4598 
ppm, 0~0.4083 ppm and 0~0.3818 ppm, respectively.  

In this study, PLS, UVE-PLS, GA combined with PLS 
(GA-PLS), PSO combined with PLS (PSO-PLS), the 
neighboring combined with PLS (NPSO-PLS) and 
SAAPSO combined with PLS (SAAPSO-PLS) are used 
for the concentrations of CH4, CO and CO2 in the gas 
dataset and compared the effectiveness of these models. 
The real dataset would be split into the calibration set and 
the validation set based on the Monte Carlo cross-
validation, namely, 80% of the samples in the dataset are 
randomly selected as the calibration set and the other 
20% are regarded as the validation set. To ensure the 
fairness of the experiment, the size of populations of GA-
PLS, PSO-PLS, NPSO-PLS and SAAPSO-PLS were all 
set to be 30 and the number of iterations is 100. Although 
GA-PLS, PSO-PLS, NPSO-PLS and SAAPSO-PLS are 
initialized randomly, the initialization conditions of them 
are kept consistent for the experiments. For GA, the 
crossover probability and the mutation probability were 
set to be 0.7 and 0.05, respectively. For PSO-PLS and 
NPSO-PLS, two learning factors were both 1.7. For PSO-
PLS, NPSO-PLS and SAAPSO-PLS, the inertia factors 
were all set to be 0.7. For NPSO-PLS, the number of 
neighbors of particle is 5. For SAAPSO-PLS, the 
selection coefficient is 0.5 and the acceleration factor is 2. 
Since these methods are based on PLS, the number of 
latent variables is determined according to the RMSECV 
with leave-one-out cross validation. For UVE-PLS, the 
latent variables are selected for each recalculation.  

Similarly, for GA-PLS, PSO-PLS, NPSO-PLS and 
SAAPSO-PLS, the latent variables are re-determined at 
each iteration. The RMSECV for the calibration set, the 
root mean-squared error of prediction (RMSEP) for the 
validation set, the determination correlation coefficient 
(R

2
), the cross-validation correlation coefficient calculated 

by with leave-one-out cross validation for the calibration 
set (R

2
cv), the squared correlation coefficient for the 

validation set (R
2
p), the number of latent variables (Nlv) 

and the compression ratio (CR) are used to assess and 
compare the predictive ability of the various models, 

where CR equals   100%t s tN N N  , Nt is the 

number of total wavelengths and Ns is the number of the 
selected wavelengths. The experiments are implemented 
in MATLAB 7.0.4 on a personal computer with an Intel i5-
2300 CPU and 3 GB of RAM. 

The analytical results are summarized in Table 1. For 
SAAPSO-PLS, the predictive ability is higher and the 
compression ratio is largest all alone for different contents. 
For CH4, R

2
 of SAAPSO-PLS are little less than those of 

UVE-PLS, GA-PLS, PSO-PLS and NPSO-PLS. For CO2, 
R

2
 of SAAPSO-PLS are little less than those of PLS, GA-

PLS, PSO-PLS,  NPSO-PLS,  R
2
cv  of  SAAPSO-PLS  are  
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Table 1. Analytical results for flue gas dataset. 
 

CH4 PLS UVE-PLS GA-PLS PSO-PLS NPSO-PLS SAAPSO-PLS 

RMSECV 103.34 74.346 57.275 59.799 63.422 55.194 

RMSEP 132.02 145.54 126.64 132.27 138.6 114.82 

R
2
 0.9975 0.9999 0.9998 0.9998 0.9998 0.9996 

R
2

cv 0.9955 0.9957 0.9986 0.9985 0.9982 0.9987 

R
2

p 0.9908 0.9907 0.9941 0.9912 0.9905 0.9942 

CR(%) 0 57.505 46.723 50.74 47.569 82.241 

Nlv 8 26 28 25 27 19 
       

CO PLS UVE-PLS GA-PLS PSO-PLS NPSO-PLS SAAPSO-PLS 

RMSECV 61.055 30.041 40.409 39.208 42.101 18.85 

RMSEP 95.483 42.005 74.162 78.901 69.259 36.562 

R
2
 0.9993 0.9999 0.9994 0.9995 0.9991 0.9999 

R
2

cv 0.9906 0.9977 0.9959 0.9961 0.9955 0.9991 

R
2

p 0.9751 0.9954 0.9844 0.9826 0.9865 0.9963 

CR(%) 0 82.875 53.066 46.934 48.203 84.355 

Nlv 21 28 27 28 24 25 
       

CO2 PLS UVE-PLS GA-PLS PSO-PLS NPSO-PLS SAAPSO-PLS 

RMSECV 44.648 36.263 31.362 33.454 34.66 30.607 

RMSEP 49.167 41.326 41.982 44.579 43.242 41.241 

R
2
 0.9996 0.9994 0.9996 0.9995 0.9996 0.9995 

R
2

cv 0.9984 0.9989 0.9992 0.9991 0.9990 0.9991 

R
2

p 0.9955 0.9970 0.9971 0.9965 0.9969 0.9970 

CR(%) 0 76.321 52.854 48.203 51.163 78.647 

Nlv 12 12 12 11 12 11 

 
 
 
little less than those of GA-PLS and PSO-PLS and R

2
p of 

SAAPSO-PLS is only less than that of GA-PLS. The 
prediction accuracy of SAAPSO-PLS is higher. 

Figure 1(a) to (c) show the scatter plots of measured 
value vs. predicted value of SAAPSO-PLS for CH4, CO 
and CO2 respectively. Because the data almost are 
positioned around the diagonal line, the prediction 
accuracy of SAAPSO-PLS model is high. Figure 1(d) and 
(f) show the iterations curves of GA-PLS, PSO-PLS, 
NPSO-PLS and SAAPSO-PLS for CH4, CO and CO2, 
respectively. At the beginning of iteration, SAAPSO-PLS 
would explore the new search area by the reference state 
determined randomly and the search efficiency would be 
limited in a certain extent. Nevertheless, because of 
including the acceleration mechanism, SAAPSO-PLS 
begins to converge after several iterations and has the 
fastest convergence rate overall. In summary, the 
experiments results verify that SAAPSO-PLS could be 
adopted for quantitative analysis of real NIR spectral data 
successfully and has a powerful predictive ability. 
 
 
Conclusion 
 
representative wavelengths and is combined with PLS for 

predicting the various contents of the real flue gas of 
thermal power plant. The proposed method has some 
advantages as follows. First, the prediction model of the 
various contents of flue gas dataset built by the proposed 
method is more accurate. Second, the proposed method 
explores new areas to avoid the premature convergence 
in a certain extent. Third, the proposed method 
accelerated finds the optimal solution with faster 
convergence speed. The experiments results verify that 
the predicative ability and the search performance of the 
proposed method. 
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Figure 1. Scatter plot of measured value vs. predicted value and iterations curves for flue gas dataset. 

 
 
 
In the paper, SAAPSO is presented for determining the 
University.  
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Transgenic Vetiveria zizanioides were anaerobic digested in a batch laboratory scale reactor at 
mesophilic conditions (30°C). Grinding and shearing, two kinds of processing methods were used. 
During total fermentation time of 80 days, the production potential of biogas were 310 mL/g·TS, 332 
mL/g·VS in the grinding processing group and 322 mL/g·TS, 349 mL/g·VS in the shearing processing 
group. The results show that the shearing processing was slightly better than the grinding processing 
for transgenic V.  zizanioides digestion. 
 
Key words: Transgenic Vetiveria zizanioides, mesophilic, anaerobic digestion, biogas production potential. 

 
 
INTRODUCTION  
 
Vetiveria zizanioides (Linn.) Nash, also referred to as 
Gramineae vetiveria, is a tall tufted, perennial, scented 
grass with an abundant network of roots. It grows 
naturally in swamp areas of Northern India, Bangladesh, 
and is probably naturalized in many parts of Southeast 
Asia. Vetiver is both xerophytes and aquatic plants, and 
can be grown in very wide pH value environment and 
various types of soil (Xu, 1999). It is widely used in 
purifying water quality, water and soil conservation, 
improvement derelict land and desert land, weave 
handicraft, etc (Jiang et al., 2008). In addition, vetiver can 
be used as the raw material of essential oil extraction, a 
huge potential for development (Mao et al., 2008; Feng et 
al., 2009; Hu et al., 2006). 

The biogas potential of the selected transgenic V. 
zizanioides in a batch anaerobic reactor was studied. The 
objective of this experiment was to assess the possibility 
of transgenic V. zizanioides as  energy  plant,  to  provide 

reference data for the construction of the biogas project 
using transgenic V. zizanioides as raw materials. 
 
 
MATERIALS AND METHODS 

 
Feedstock and Inoculums 

 
The transgenic Vetiveria zizanioides for fermentation came from 
Dongchuan of Kunming in China, introduced for preventing or 
controlling flood and reinforcing dam, mature, about 2 m, and had 
air dried naturally. Blade was bar and of hard quality. Feedstock 
was grinded and cut into pieces, in order to make fermentation 
feedstock and inoculums contact fully. Stem and leaf of transgenic V.  
zizanioides were cut into less than 1 cm of small section in 
Shearing group, stem and leaf of transgenic V. zizanioides and 
were grinded into powder fineness less than 500 mesh in grinding 
group.  

Inoculums were anaerobic activated sludge domesticated by our 
laboratory. The characteristics of the feedstock and inoculums were  
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Table 1. The characteristics of the feedstock and inoculums. 
 

Feedstock 
Inoculum 

Grinding Group Shearing group 

TS (%) VS (%) TS (%) VS (%) TS (%) VS (%) pH 

94.42 93.29 93.11 92.32 8.08 50.38 6.5-7.0 
 

TS: total solids, VS: volatile solids. 

 
 
 

Table 2. TS, VS and pH value of fermentation liquid before and after fermented and TS, VS degradation rate of fermentation liquid. 
 

Sorts Treatment TS (%) VS (%) pH 
TS degradation 

rate (%) 

VS degradation 

rate (%) 

Grinding group 
Before fermented 4.60 63.46 6.5 

36.09 6.82 
After fermented 2.94 59.13 6.5 

       

Shearing group 
Before fermented 4.88 67.88 6.5 

23.57 12.89 
After fermented 3.73 59.13 7.0 

       

Control group 
Before fermented 3.87 46.13 7.0 

51.16 0.50 
After fermented 1.89 45.90 7.0 

 

TS: total solids, VS: (volatile solids) 
 
 
 
shown in Table 1. 

According to the total solid (TS) of feedstock and inoculums, 
experimental group, including grinding group and shearing group, 
was chosen (4%) as objective fermentation concentration, mass 
fraction of inoculums set (30%) to preparation. In order to eliminate 
the gas products of inoculums and get the net gas products of 
feedstock, the control group is necessary. Three groups of devices 
in each group were used for parallel comparison. Biogas production 
from the reactors was monitored daily by water displacement 
method. The volume of water displaced from the bottle was 
equivalent to the volume of gas generated. Methane content was 
judged by observing the flame color. The reactor was mixed 
manually by means of shaking and swirling once in a day. The 
reactor was operated at mesophilic conditions (30°C) using a 
constant temperature water bath. 
 
 
RESULTS AND ANALYSIS 
 
TS, volatile solid (VS) and pH value of fermentation liquid 
before and after fermented: TS, VS and pH value of 
fermentation liquid before and after fermented and TS, 
VS decompose rate of fermentation liquid show in Table 2. 
 
 
Gas production rate 
 
In this fermentation experiment, the grinding group lasted 
for 80 days, shearing group for 77 days, and control 
group for 13 days. The definite gas production quantity 
varying with fermentation time is shown in Figure 1. 

Gas production rate varying with fermentation time was 
gotten by calculating, the result can be seen in Figure 2. 

Gas production rate reached 85% on the 42nd day in the 
grinding group, and on 49th day reached the same level 
in the shearing group. Hence when designing biogas 
project of transgenic V. zizanioides the HRT is suggested 
to be design for 45 day which is more reasonable and 
ensure the full decomposition of the raw materials, 
reduce the investment cost and shorten the payback 
time. 
 
 
Analysis on gas production potential 
 
Biogas production potential of transgenic Vetiveria 
zizanioides in anaerobic digestion were statistically 
analyzed, the results are as shown in Table 3. In order to 
further evaluate biogas production potential of transgenic 
V. zizanioides, we compared its potential with other 
materials fermented at the same temperature, and show 
the result in Table 4. Cellulose and hemicellulose content 
is high and matter of sugar and fat kind content is low in 
botanic fermentation material, which digested difficultly 
and had a long fermentation period. Similar to this kind of 
materials, the result of transgenic V. zizanioides 
fermentation to produce biogas appears ideal. From  
Table  3,  compared with the traditional fermentation 
materials, dung and straws, TS gas production rate is 
0.75 times of pig manure, and much better than straws. 
Compared with Eupatorium adenophorum Spreng, a kind 
of energy plant, the gas production potential is 4.86 times. 
Therefore, transgenic V. zizanioides is a very good  
methane fermentation raw materials and  a  good  energy
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Figure 1. Curve of gas production varying with fermentation time. 
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Figure 2. Curve of gas production rate varying with fermentation time. 

 
 
 

Table 3. Biogas production potential of transgenic Vetiveria zizanioides in anaerobic digestion. 
 

Sorts 

Net gas 
production 

(mL) 

TS gas 
production rate 

(mL/g·TS) 

VS gas production 
rate  

(mL/g·TS) 

Tank volume gas 
production rate 

(mL/mL·d) 

Raw material gas 
production 

(mL/g) 

Grinding Group 1950 310 332 0.06 293 

Shearing Group 2000 322 349 0.06 300 
 

TS: total solids, VS: volatile solids. 

 
 
 

plant (Hu et al., 2008; Yang et al., 2011; Zhang et al., 
2004).  
 
 

Conclusion 
 
In the experiment of anaerobic digestion to produce  

biogas by transgenic Vetiveria zizanioides, the production 
potential of biogas were 310 mL/g•TS and 332 mL/g•VS 
of the grinding processing group, and 322 mL/g•TS and 
349 mL/g•VS of the shearing processing group. From the 
gas production and VS degradation rate two advantages 
can be judged that vetiver fermentation shearing 
processing is slightly better than the grinding processing.
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Table 4. Gas production potential of different raw materials. 
 

Fermentation material 
Fermentation 

time (day) 
TS gas production 
potential (mL/g·TS) 

TS gas production 
potential multiple 

Reference 

Transgenic Vetiveria zizanioides 80 316 1.00 - 

Vetiveria zizanioides 90 471 0.67 HU et al. (2008) 

Pig dung - 420 0.75 ZHANG et al. (2004) 

Wheat straw 70 207 1.53 FENG et al. (2009) 

Bean straw 70 269 1.17 FENG et al. (2009) 

Eupatorium adenophorum Spreng 80 65 4.86 HU et al. (2006) 

Dianthus caryophllus straw 32 266 1.19 YANG et al. (2011) 
 

TS (total solids) gas production potential multiple is the ratio of the gas production potential of tobacco residues into the gas production potential of 
other fermentation materials. 

 
 
 

Transgenic V. zizanioides fermentation lasted for 80 
days. Gas production rate by different processing 
reached 85% respectively on the 42nd day and 49th day, 
hence when designing biogas project of transgenic V. 
zizanioides the HRT is suggested to design for 45 days. 

The biogas potential of anaerobic digestion of 
transgenic V. zizanioides can achieve the gas potential of 
excrement kind material, and much better than the straw 
materials. In addition to purifying water quality, water and 
soil conservation, improvement derelict land and desert 
land, transgenic V. zizanioides is a very good methane 
fermentation raw materials and a good energy plant. 
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Old town is like living fossil which has accumulated rich historical connotations; the one carrying the 
history of a region’s political, economic, cultural and ecological changes as well as the formative art 
created by collective labors and wisdoms of generations. The preservation of ancient Chinese 
dwellings and old towns began late; many historical architectures and traditional country fairs are 
forcibly removed during the transformation of old cities and towns, thus ancient towns with their 
original historical looks are becoming less and less. In comparison, the preservation and development 
of old western towns started earlier than China; with rich experience, they offer good examples for 
China, especially the successful developing way: eco-tourism. By comparing the preservation and 
development of traditional Chinese towns’ landscape features to that of western ones, this paper points 
out that the future development of old towns rely on proper handling of the relation between preserving 
and the feasibility of renewing, so as to maintain the landscape features of old towns in the course of 
sustainable development. 
 
Key words: Traditional Changzhen, landscape environment, sustainable development, preservation. 

 
 
INTRODUCTION 
 
Traditional Changzhen as carrier of a particular region’s 
history and culture embodies a specific nature, 
geography and ecology, as well as a society, history and 
culture; their forms and features are made up by 
thousands years history, the precious heritage left by our 
ancestors. To research landscape features of old town, to 
protect them and make good use of them is significant 
and practical for the maintenance of historical context 
and local traits. 

 It is hard to trace when  and  where  the  names  of  old 

Chinese towns began. Looking up Encyclopedia of Cihai 
or Etymology, we can know “Chang” means fair or place 
where people gather together (Ci, 1979a), “Zheng” 
means town or fair (Ci, 1979b), an industrial and 
commercial resident area smaller than city. Changzhen in 
China is where country fair locates, the population and 
commercial center of countryside level in terms of 
geography and politics.  

The function of traditional Chinese Changzhen as fair is 
weakened after long history, instead, they represent more  
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cultural deposit through their architectural styles, layouts 
of streets and lanes, monuments and former dwellings, 
national and folk features; the cultural transmission 
interweaving tangible heritage with intangible, static  
heritage with dynamic (Liu, 2008), the living fossil of 
Chinese historical and cultural context (Shen, 2007).  

The traditional Changzhen mentioned in this paper 
refers to those small towns which enjoy some history and 
traditional culture characters. The phenomena of old town 
developing, traveling or applying for world heritage site, 
etc. are the reflection of its value. 
 
 
RESEARCH SIGNIFICANCE OF TRADITIONAL 
CHANGZHEN’S LANDSCAPE FEATURES 
 
The landscape features of a small town are the 
comprehensive product of local nature, history and 
humanities; they can be fast changed by factors of 
natural disasters like earthquake, flood, tsunamis, mud-
rock flow, volcanic eruption, etc., and political evolution, 
cultural exchange, vandalism, etc. The 5.12 Wenchuan 
earthquake which happened in Sichuan province and the 
secondary geological disasters after earthquake like 
large-scale landslides, ground collapse, surface 
dislocation, mud-rock flow and barrier-lakes, etc. ruined 
the only autonomous county of Qiang minority in China. 
The loss was serious such that lots of material carriers of 
Qiang culture disappeared or were heavily damaged; 
some of the inheritors (performers) of intangible heritage 
are even dead (Wu, 2009). From late 20

th
 century till date, 

with the fast development of urbanizing plus foreign 
culture, technology, living mode flooding into China, 
traditional styles of small towns are replaced by the 
stereotyped look under globalizing context, gradually 
driving the local traits of rural landscapes out of the 
historical stage.  

Therefore, the research of traditional Changzhen’s 
landscape features, protecting and exploiting them is 
important and pragmatic for sustaining history and culture 
as well as conserving local traits. 
 
 
PROTECTION STATE OF TRADITIONAL WESTERN 
TOWNS 
 
The historical and cultural protection in the West first 
started from Europe; in terms of preserving and 
developing old towns, comparatively speaking, it is well 
done in Europe, especially in France.  

The protection has been through stages. During the 
socially and economically underdeveloped period, natural 
damage was the main way to destroy cultural relics and 
monuments; during the initial stage of economic 
development, that is, the period of industrial revolution, 
artificial damage instead of natural damage became the 
primary way because people were  eager  to  better  their  

 
 
 
 
material condition, neglecting the spiritual need; after the 
economy reached a certain level; their focus was 
correspondingly switched to chase after colorful spiritual 
life, relics and monuments which were re-cherished and 
seemed more valuable. In between those periods, 
damages to cultural relics and monuments caused by 
construction were much more than those caused by the 
nature and wars. 

After the Second World War, more and more people 
paid attention to the relation between the nature and 
human beings, forming the modern thinking of getting 
along with the nature and coordinate developing. The 
following practices were that western countries increased 
the input in environment, improving the construction of 
urban citizens’ living condition. They would rather respect 
the nature than ruin their environmental quality for faster 
economic construction.  

Western countries have made the relevant laws and 
measures in preserving old town. The classic ones are 
“three charters and one convention” in 20

th
 century, that is, 

Athens Charter, Venice Charter, Washington Charter, and 
Convention Concerning the Protection of the World 
Cultural and Natural Heritage by UNESCO in November, 
1972. Athens Charter in 1933 is the first international 
document in conserving historic architectures. The Venice 
Charter for the Conservation and Restoration of 
Monuments and Sites in 1964 (abbreviated as Venice 
Charter) extended the idea of conservation of historic 
architectures to “a unique civilization, a meaningful 
development, a town or country setting which has 
witnessed historical events. Recommendation concerning 
the safeguarding and contemporary role of historical 
areas drawn up by UNESCO in 1976 (abbreviated as 
Nairobi Recommendation) clearly proposed the concept 
of historical areas, thus the safeguarding of historical 
architectures are not limited in their surrounding areas, 
historical streets, villages, towns and ancient towns are 
also included. Charter for the Conservation of Historic 
Towns and Urban Areas in 1987 (abbreviated as 
Washington Charter) puts the conservation of historic 
cities and towns to the first place, which is identified in 
the form of international laws and regulations (Xiong et al., 
2002); the classical European flavors are thus largely 
inherited. 
 
 
CONSERVATION STATE OF TRADITIONAL CHINESE 
CHANGZHEN (OLD TOWNS)  
 
The safeguarding of old towns and ancient dwellings in 
China is referred to the “Charter for the Conservation of 
Historic Towns and Urban Areas” adopted by ICOMOS on 
the 8

th
 general assembly held in Washington, DC, 

October, 1987. From Figure 1a and b, we can see the 
first local regulation regarding ancient dwellings in China, 
conservation regulation concerning ancient dwellings in 
Southern  Anhui  Province,   was   passed   on   the   33th  
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Figure 1. Ancient Villages in Southern Anhui – Xidi and Hongcun. (a) The outside landscape of the village. (b) The inside 
landscape of the village. 

 
 
 
Session of the 8

th
 People’s Congress Standing 

Committee of Anwei province on 21
st
 September, 1997, 

which has been carried out since 1
st
 January, 1998.  

The first step among the measures to protect ancient 
Chinese towns is to identify those famous historic towns 
and classify them into the scope of legal protection. 
According to the statistics, in China, the number of 
safeguarded historical and cultural towns, reserves, 
monuments above county level is less than 100 000 sites; 
the amount and scope are far less than those countries 
that have smaller area, shorter history and less 
population. Take England as example, its area is 130 000 
km

2
, only 1/73 of China, whereas it has 500 000 listed 

architectures and over 8000 reserves. The 
implementation of safeguarding ancient towns/villages in 
China will facilitate the preservation of historical and 
cultural heritage in larger scale, catching up the amount 
to match the status of china that has thousands years 
civilization. Historical and cultural villages and towns 
constitute the important parts among conservation 
system of Chinese heritage (Yin, 2008).  

Managers in small towns are familiar with the local 
conditions and closely related with the masses, while 
they have awareness limitation and peasant 
consciousness due to the cultural and educational 
shortage. They emphasize industrialization but depreciate 
urbanization; emphasize economic profit but ignore 
environmental and social interest; focus on their political 
“achievements” and “image projects” but neglect the 
improvement of individual quality and awareness; as well 
as pay little attention to developing and conserving 
ancient towns in long-term. 
 
 
DEVELOPED STATE OF TRADITIONAL OLD TOWNS 
IN WESTERN COUNTRIES  
 
The development of old towns concerns the relation 
between tourism, preservation and ecology. Europe 

proposed the thought of ecotourism after continuous 
exploring and comparing successes to failures. 
Ecotourism is travelling modes which cultivates tourists, 
experience and appreciate them. There are three criteria 
of ecotourism: nature based factors, education 
ingredients and continuity.  

Old towns and architectures abroad are preserved 
mainly through the ways of developing ecotourism and 
transferring the ownership of properties, etc. In West 
Europe, governments often transfer the ownership of 
castles with very favorable, even zero price, to private 
owners, on the condition of that the buyers must strictly 
abide by the standards of restoration and maintenance 
stipulated by governments, and violation of those 
standards will be punished. The Russian government 
could not afford the preservation of old architectures, 
trading more than 3000 units of old castles to 
international market in March, 2004. 

Developing and exploiting old towns as tourism are the 
ways to conserve them or to timely rescue the few 
survived ones. Tourism in France can be rated first class 
and it occupies a very important position in France’s 
economy. France is one of those countries that have 
successfully preserved and developed old towns. Their 
methods and experiences are worth our borrowing.  

First of all, they strictly comply with the regulations and 
specify the preservation of tourism resources into laws. 
According to the statistics, about 14 000 architectures 
and monuments are classified into historical sites, and 26 
000 units are on the list of reserves. Among 4000 
museums, about 1000 are governed by the nation. For 
the conservation of the tourism resources, the French 
government has laid down strict laws and policies on the 
ownership as well as safeguarding and exploiting them. 
All historical and cultural monuments in France have 
been well preserved and restored under the principle of 
repairing the antiques as their original looks.  

Secondly, they take full advantage of tourism resources 
to  development  the   tourism   industry.  At  the   time   of  
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Figure 2. Ancient city of Pingyao in Shanxi province. (a) Wall outside the city. (b) Small town outside the city gate- 
Wengcheng. (c) Inner street inside the city 

 
 
 
preserving the resources in accordance with the laws, the 
government has fully developed and exploited the 
artificial sceneries and natural landscapes. Historical and 
cultural heritages like the Louvre, Versailles, Notre Dame, 
etc. are intriguing; people fill in south France, west coast, 
Alps and the skiing resorts of Pyrenees.  

Thirdly, the government gives weight to capital 
investment and policy support. They spend over 20 billion 
franc each year on the preservation and development of 
tourism resources, among which, 2 billion franc is used 
for cultural heritage; 1.8 billion for Museums, and the rest 
for developing.  

Fourthly, there are highly developed transportation and 
service facilities. The developed transportation, fine road 
condition, majority of scenic spots accessing to highways, 
smooth traffic, service stations along roads, public 
convenience, catering, accommodations, etc. have 
brought convenience to tourists.  

Fifthly, they offer high quality service and efficiency. 
Many French hotels are chain star hotels with the 
outstanding characteristics of integration, modernization 
and computerized management mode. Practitioners in 
tourism always offer good service, the management and 
service people in hotels are dedicated to their duties and 
very professional (Zhou, 2007). 

The points mentioned above can be implemented in 
China for exploiting tourism resources of old towns, 

further constructing and developing them. They are 
practical measures worth referring to. 
 
 
DEVELOPED STATE OF TRADITIONAL CHINESE 
CHANGZHEN (OLD TOWNS) 
 
The development of traditional Chinese Changzhen (old 
towns) takes the form of tourism. From Figure 2, we can 
see the well-known ancient city of Pingyao in Shanxi 
province. Figure 3 shows the old town of Lijiang in 
Yunnan province, Ancient Villages in Southern Anhui – 
Xidi and Hongcun are on the list of world cultural heritage. 
Zhouzhuang and Tongli, the ancient towns in southern 
Yangtze, with the landscape features of small bridges and 
streams, have boomed the tourism industry in these 
regions. Behind smooth developing, the pressure ancient 
towns faced gradually came out. Tourism development 
brought problems for the preservation of old towns, 
example, over saturation of tourist capacity, fast 
increasing of tourists exceeding the capacity ancient 
towns could hold and tendency of over commercialized. 
Under the drive of economic profit, commercial networks 
were increased, featureless souvenirs flooded 
everywhere, and strong commercial air of all people 
being merchants gradually eroded the natural 
environment   and   humanistic   atmosphere   of   ancient  
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Figure 3. Old town of Lijiang in Yunnan province. (a) The Panoramic landscape of the ancient town. (b) MuFu - the 
inside landscape of the ancient town. 

 
 
 

 
 

Figure 4. Ancient town Zhouzhuang. 

 
 
 
towns. The development of tourism was not coordinate 
with the residents’ life. The gained economic profit did not 
better the residents’ living. Problems of aging building, 
incomplete infrastructure, flood and fire hazards, etc. 
affected harmoniously developing ancient towns that 
sustain the traditional styles, the unity of tourism 
development and monuments preservation. Developing 
tourism is the way to promote the value of monuments 
and offer the financial support for the preservation; 
exploiting the monuments is an important channel to 
develop tourism. Therefore, preserving and developing 
should not work against each other, but mutually promote 
and complement. Monuments as tourism can produce 
huge economic profit, but solely chasing after profit and 
ignoring the preservation, once the tourist recourse on 
monuments are ruined, it will threaten the development of 
tourism industry. Based on long-term interest, placing the 
preservation of monuments to the first position and 
developing them scientifically, tourist industry can be 
sustainable. Our  pressing  task  is  to  assess  the  tourist 

resource on monuments and ascertain the reasonable 
capacity, seek for the balance between preserving and 
tourism developing of historic sites (Zhang, 2008).  

From Figure 4, we can see Zhouzhuang as the leading 
role in terms of preserving and developing tourism 
industry among the ancient towns in Southern Yangtzethe 
has made some achievement, with the features of well 
preserved integrity and representativeness, since the 
cultivated awareness of preservation has penetrated into 
the minds of local residents. Zhouzhuang, as the pioneer 
in China, has sustained its development, and by 
constantly borrowing the mature thoughts and methods of 
planning and developing historical towns from western 
countries, it also offers a prototype which represents a 
typical Chinese style and is a set of scientific theories of 
preserving and planning ancient Chinese town. 
 
 
CONCLUSIONS 
 
Different from a single antique or monument, ancient 
towns are valuable assets for mankind representing the 
living condition in certain period and the simple dwelling 
environment created by people, thus reflecting the 
material and cultural level at that time. The main 
developing form for ancient Chinese towns is tourism with 
the purpose of making profit, but the capital used for later 
development is not much. The local governments and 
residents in ancient towns have not realized the direct 
relation between sustainable development and their lives, 
causing little awareness of and paying little addition into 
preservation of ancient towns and later development. The 
preserving and developing of ancient towns are always 
difficult to balance. In that aspect, old western towns 
started earlier than china. Their rich experience, 
especially the successful developing form - ecotourism, 
gave China inspiration. The future developing focus 
should be placed on the relation between well preserving 
them and developing  them.  Taking  preservation  as  the  
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priority, make clear of developing orientation and the 
measures of exploiting them. 
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The three-dimensional unsteady flow field in centrifugal pump under different flows was numerically 
simulated based on the commercial fluent software, using standard k-ε turbulence model, SIMPLE 
algorithm and sliding mesh technique. The characteristics of the time domain and frequency domain of 
the pressure pulsations, as well as fluctuation strength were analyzed. The varying locus of transient 
radial force vector of the centrifugal pump with time and the varying pattern of transient radial force 
with time were investigated. The results show that the frequencies of the pressure pulsations are mainly 
the blade passing frequency at the monitoring points, and the most intense pulsation appears at the 
volute tongue under the same frequency; the variation cycle of the transient radial force is the same 
with the passing cycle of the blades, and the direction of the radial force deflects anticlockwise as flow 
rate increases. At the designed flow rate, the distribution region of the radial force vector is the closest 
to the origin point and the area of the region is the smallest, with the gentlest fluctuation. 
 
Key words: Centrifugal pump, transient radial force, pressure pulsation, numerical simulation.

 
 
INTRODUCTION  
 
With the extensive application of large-scale centrifugal 
pumps in agricultural production, urban water supply and 
other fields, the requirements for the performance and 
stability of centrifugal pumps are increasing. The radial 
force greatly affects the efficiency and reliability of the 
pump, causing vibration and noise to the unit, and also 
fatigue failure to the shaft. Recently, with the 
development of the Computational Fluid Dynamics (CFD) 
and the computer technology, the unsteady numerical 
simulation is more and more widely applied in the studies 
of the characteristics of flow field (Meneveau and Katz, 
2000;  Kitano,  2005;  Barrio  et  al.,  2010;   Spence   and 

Amaral-Teixeira, 2009; González et al., 2002; Liu et al., 
2013), and the numerical calculation of the unsteady 
force generated in centrifugal pumps has become an 
effective means (Ling et al., 2013). Kitano (2005) 
performed numerical simulation to the internal flow field 
of centrifugal pumps and pointed out that the unsteady 
characteristics of the internal flow vary in a periodic 
manner, and the flow causes intense pressure pulsation 
at the impeller outlet and inside the volute (Kelder et al., 
2001; Longatte and Kueny, 2009; Wei et al., 2013). Jose 
et al. (2006) used unsteady numerical simulation to study 
the pattern that the transient radial force  on  the  impeller 
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Figure 1. Model calculation domain. 
 
 

 

 
 

Figure 2. Mesh generation. 
 
 
 
varies with time under different running conditions and 
volute tongue clearances (Adkins and Brennen, 1998; 
Brennen and Acosta, 2006; Guo and Okamoto, 2003). In 
this study, unsteady numerical calculation method is used 
to simulate the pressure pulsations of internal flow field in 
the centrifugal pump under three different running 
conditions; the characteristics of the time domain and 
frequency domain of the pressure pulsations, as well as 
their fluctuation strength are analyzed,  and  the  locus  of  

 
 
 
 
the variation of the centrifugal pump's transient radial 
force vector with time and the varying pattern of transient 
radial force with time are investigated.  
 
The basic parameters of centrifugal pump are: designed rate of flow 
Qd=1200 m3/h, rated rotation speed 
 
 
NUMERICAL CALCULATION MODEL AND METHODS 
 
Simulation model  
 
n=980 r/min, specific speed ns=220, impeller outer diameter D2=420 
mm, outlet width b2=85 mm, blade number z=7. Considering the 
complexity of the centrifugal pump structure, partitioning modeling 
is used for the convenience of mesh generation. The model 
calculation regions include the inlet pipe (1 m), the impeller, 
collector, and the outlet pipe (1 m), as shown in Figure 1. Gambit 
software is used for the mesh generation of the three-dimensional 
model, where for the impeller region and the collector region, 
unstructured tetrahedral mesh which is more adaptable to complex 
boundaries is adopted, and for the regions of the inlet pipe and the 
outlet pipe, structured hexahedral mesh is adopted; the total 
number of the meshes is about 500,000. The mesh generation of 
the pump model is shown in Figure 2. 
 
 
Numerical calculation method  
 
Based on fluent commercial software, the 3D incompressible N-S 
equation is used to describe the pump’s interior flow, and the 
standard k-ε turbulence model close equations are adopted. The 
velocity inlet boundary condition is used for the inlet, the free 
outflow condition is used for the outlet, standard wall functions are 
used for regions close to the solid wall, and the non-slip boundary 
condition is for solid wall. Results from steady constant calculations 
are used for the initial flow field of the non-steady constant 
calculations, and 0.6Qd, Qd and 1.4Qd are selected as the three 
working conditions. The non-steady constant calculation uses the 
sliding mesh model to simulate dynamic and static interfere flow 
field, forming two mesh slip planes at the inlet and outlet of the 
impeller. The impeller meshes rotate relatively to those in other fluid 
regions, without the superposition of grid nodes on both sides of the 
interface. The calculations of all the fluid regions are executed at 
the same time. Discrete equations’ solutions at each time step are 
worked out using SIMPLE algorithm. Time steps will be pushed 
forwards after calculation convergence, at the mean time, impeller 
meshes turn to a new position for new time step length calculation. 
The time step used in this paper is 1/360 of the impeller turning 
cycle (0.000170068 sec), that is, the time for the impeller to turn 1°. 
Iterative computation would stop after the data becomes relatively 
strict periodic on the monitor, and then the time-dependent curve of 
the centrifugal pump’s transient radial forces is obtained.  
 
 
NUMERICAL PREDICTION OF HYDRAULIC 
PERFORMANCE AND EXPERIMENTAL VERIFICATION 
 
To verify the accuracy of the numerical simulation, the 
value of the experimental and numerical simulation of 
hydraulic performance in centrifugal pump were 
compared. The external characteristic curve is shown in 
Figure 3. The analysis on diagram shows that the 
external characteristics curve calculated by the numerical 
calculation agrees well with test results. The relative error  
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Figure 3. Comparison of external characteristics predicted curve and test curve. 
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Figure 4. Static pressure distribution. 

 
 
 

of the head and the efficiency were 2.6 and 2.0%, 
respectively, at maximum efficiency points of numerical 
calculation results and test results. The head and 
efficiency curves predicted by unsteady numerical 
calculation tend to below the test value. The main reason 
may be due to ignoring influence of the pump chamber 
and wall roughness on the performance of the pump. 
According to the analysis of test results and unsteady 
numerical calculation results, using the grid type, the 
turbulence model, etc. can more accurately predict the 

external characteristics of centrifugal pump. 

 
 
STATIC PRESSURE DISTRIBUTION 
 
The internal pressure distribution of the centrifugal pump 
changes with the impeller rotation. Let T be the time cost 
by one rotation of the impeller, since the impeller of the 
model has 7 blades, the passing cycle for each blade is 
1/7T. Figure 4 presents the static pressure distribution of 
the impeller and volute areas under designed flow rate at 
the different time points in one blade passing cycle (1/7T).  

It can be seen that in one blade passing cycle, the 
pressure of the area around the volute tongue varies 
significantly. When the blade passes by the volute tongue, 
the pressure of the area around the volute tongue 
reaches the lowest point; and when the blade goes away 
from the volute tongue, the pressure of the area 
increases gradually. At the inlet of the volute, an apparent 
low pressure area appears in the area that the tip of the 
blade passes by. Because of the dynamic-static 
interference between the impeller and the volute, as the 
relative location of the blade with the volute tongue 
changes, the static pressure distribution inside the volute 
shows a periodic change. The discrepancy of the internal 
pressure distributions inside the flow channel at different 
times is exactly the result of the dynamic-static 
interference between the impeller and the volute. 

 
 
ANALYSIS OF PRESSURE PULSATION  
 
Eight pressure monitoring points are set along the spiral 
direction of the centrifugal pump  volute  at  the  near-wall  
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Figure 5. Pressure monitoring points. 

 
 
 
side of eight sections of the volute. The monitoring points 
are named as C1~C8, while C1 is located at the volute 
tongue. The distribution of the monitoring points is as 
shown in Figure 5.  
 
 
Analysis on the time domain of the pressure 
pulsation  
 
Figure 6 presents the time domain charts of the pressure 
variations at different monitoring points of the model 
pump under the three running conditions of 0.6Qd, Qd and 
1.4Qd. The T in the figures indicates the time it takes for 
one rotation of the impeller. It can be seen from the charts 
that the pressure fluctuations of each point have basically 
consistent forms; they all have seven peaks and seven 
troughs, but with different amplitudes. The pressures 
gradually decrease with the increase of the flow rate, the 
amplitudes of the pulsations increase as the flow rate 
increases, and the difference of the pressure pulsation 
amplitudes in different region gradually decreases with 
the increase of the flow rate. Under the running condition 
with low flow rate, the amplitudes of the pressure 
pulsations from the volute tongue to Section III decrease 
significantly, and at Section III the flow basically stabilizes, 
as shown in Figure 6(a). Under the designed running 
condition, except for the C1 point at the volute tongue, 
the pressures of the other monitoring points are close, 
with slight increase along the spiral direction of the volute; 
in particular, for C5-C8, since they are far away from the 
volute tongue, the pressure pulsations are almost 
identical for these points; at the volute tongue, due to  the  

 
 
 
 

 

(a) Q=0.6Qd 

 

(b) Q=Qd 

 

(c) Q=1.4Qd 

80000 

85000 

90000 
95000 

100000 

105000 

110000 
115000 

120000 

125000 

130000 

0 0.2 0.4 0.6 0.8 1 
t/T 

C1 
C2 
C3 
C4 
C5 
C6 
C7 
C8 

110000 

120000 

130000 

140000 

150000 

160000 

170000 

180000 

0 0.2 0.4 0.6 0.8 1 

C1 
C2 
C3 
C4 
C5 
C6 
C7 
C8 

p
/P

a 

t/T 

0 

40000 

80000 

120000 

160000 

200000 

240000 

0 0.2 0.4 0.6 0.8 1 

C1 
C2 
C3 
C4 
C5 
C6 
C7 
C8 

p
/P

a 

t/T 

p
/P

a 

 
 

Figure 6. Pressure pulsation time domain charts. 

 
 
 
complex fluid condition and the large pressure change 
gradient, the pressure of this point is quite different with 
other monitoring points, however, the pulsations are in 
pattern, the pressure change is shown in Figure 6(b). 
Under  the  running  condition  with  large  flow  rate,   the  
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Figure 7. Peak curve of the pressure pulsation. 
 
 
 
pressure pulsation amplitudes of the monitoring points 
are all large, with more disordered flow; the pulsation 
amplitude of the C1 point at the volute tongue is more 
than three times of the amplitudes of other points; the 
pressure of C2-C8 gradually decrease along the spiral 
direction of the volute, as shown in Figure 6(c). 
 
 
Contrast on the peaks of the pressure pulsations 
 
The pressure pulsation peak situation at each monitoring 
points along the spiral direction of the volute is shown in 
Figure 7. As can be seen from Figure 7, the maximum 
peak of the pressure pulsation is located in volute tongue 
position, the peaks of the pressure pulsations from the 
volute tongue to Section III sharp decline, and the peaks 
of the pressure pulsations from Section III to the volute 
outlet direction change more gentle, which accord with 
the analyzing results of the pressure pulsation time 
domain. Contrast can be seen, the peaks of pressure 
pulsations at each monitoring points under the non-
design conditions always have a higher level, significantly 
greater than the designed running condition, and towards 
the outlet of the volute, the peaks pressure pulsations 
under the running condition with large flow rate are 
maximum, the peaks of the pressure pulsations under the 
design conditions and the running condition with low flow 
rate are basically consistent. 
 
 
Analysis on the frequency domain of the pressure 
pulsation 
 
The rotation speed of the impeller is 980 r/min, then the 
rotation frequency of the principle shaft is 16.333 Hz. For 
the number of blades is z=7, the blade passing frequency 
is 114.333 Hz. Convert the pressure pulsation data of the 
monitoring points through Fast Fourier Transform (FFT), 
and then the pressure pulsation frequency domain  charts 

of the monitoring points could be obtained. Investigation 
shows that at each monitoring point, the frequency of the 
pressure pulsation is mainly blade passing frequency, 
followed by the doubled blade frequency, and under the 
same frequency the most intense pulsation appears at 
the volute tongue. The intensity of the pressure 
pulsations at each monitoring points under the blade 
passing frequency is shown in Figure 8, where the 
vertical coordinate is index coordinate. It can be seen that 
the pressure pulsation of the C1 point at the volute 
tongue is the most intense under different flow rates. With 
the increase of the flow rate, the intensity of the pressure 
pulsations of all the monitoring points increase, which 
accord with the analyzing result of the pressure pulsation 
time domain.  
 
 
ANALYSIS OF THE TRANSIENT RADIAL FORCE 
 
Variation of the transient radial join force in one 
rotation cycle of the impeller  
 
Due to the coupling effect between the blades and the 
collector, the strength and direction of the radial force on 
the impeller always change in an approximate periodic 
manner within a certain range as the impeller rotates, 
where the cycle is related to the number of the blades. At 
the flow rates of 0.6Qd, Qd, and 1.4Qd, the vector locus of 
the transient radial force on the model impeller in one 
rotation cycle T is shown in Figure 9. 

It could be seen from Figure 9 that the vector locus of 
the pump model's transient radial forces under the three 
different flow rates are significantly different. When the 
flow rate is 0.6 Qd or Qd, the locus of the transient radial 
force are in the second quadrant, and the distributed 
regions have respectively 40° and 75° angles with the y 
axis; and when the flow rate is 1.4Qd, the trail is in the 
fourth quadrant, with a 135° angle with the y axis. 
Meanwhile,  at  the  flow  rate  of  0.6Qd,   the   distributed  
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Figure 8. Intensity comparison of the pressure pulsations. 
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Figure 9. Vector locus of the transient radial force. 

 
 
 
region of the transient radial force locus is the farthest 
from the origin of the coordinate system, and the area of 
the region is the largest; at the designed flow rate, the 
distributed region of the transient radial force locus is the 
closest to the origin, with the smallest area. It is indicated 
that the radial force on the impeller is the smallest under 
the designed running condition. From the distributed 
locations of the vector locus of the transient radial forces 
under different flow rates, it can be seen that the direction 
of the radial force on the impeller changes anticlockwise 

with the increase of the flow rates.  
 
 
Variation of the transient radial join force in one 
rotation cycle of the impeller  
 
The time domain charts of the variation of the transient 
radial join force during one rotation cycle T of the impeller 
under the three running conditions of 0.6Qd, Qd and 1.4Qd 
is shown in Figure 10. It can be seen from Figure 10  that  
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Figure 10. Time domain diagram of the transient radial force on the impeller. 

 
 
 
the transient radial forces on the impeller under different 
flow rates show periodic fluctuations, with seven major 
peaks and troughs, where the number is the same with 
the number of the impeller blades and the fluctuation of 
each cycle is similar, indicating that the transient radial 
force on the impeller changes periodically with the 
rotation of the blades. The order of the three running 
conditions with small to large transient radial join forces is 
Qd, 1.4Qd, 0.6Qd, so is the order of the three running 
conditions with small to large amplitudes of the periodic 
fluctuations of the transient radial join force. Thus, the 
running condition with small flow rate is the most unstable 
with the largest transient radial force, and the designed 
running condition is the most stable with the smallest 
transient radial force.  

 
 
Conclusions 

 
The pressure in the centrifugal pump shows periodic 
pulsations as the impeller rotates, where the amplitude of 
the pressure pulsation is the largest at the volute tongue. 
The main frequency of the pressure pulsations is the 
blade passing frequency, which is 114.333 Hz, indicating 
that the dynamic-static interference between the blades 
of the impeller and the collector is the major factor 
causing the pressure pulsation.  

The radial force on the impeller of the centrifugal pump 
varies periodically during the rotation of the impeller, with 
the blade passing cycle as its varying cycle. Under non-
designed flow rates, the radial force on the impeller is 
large, and the amplitude of the  fluctuation  is  the  largest 

under the running condition with small flow rate; under 
designed flow rate, the transient radial force on the 
impeller is small, with gentle fluctuations. 
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Rotavirus and astrovirus are two kinds of water-borne pathogens that can cause severe diarrhea in 
children, infants and immunocompromised humans. Both can be present in untreated and inadequately 
treated water. Molecular methods, such as the reverse transcriptase polymerase chain reaction (RT-
PCR), have been used to detect two viral genomes in a few hours, but they cannot distinguish between 
infectious and noninfectious rotavirus and astrovirus. In our study, we developed a propidium 
monoazide-reverse transcriptase polymerase-chain reaction (PMA-RT-PCR) assay to determine the 
infectivity of these two RNA viruses. Rotavirus and astrovirus stool samples were detected by RT-PCR 
in conjunction with PMA, respectively. Stool samples inactivated with heat treatment (95°C) were 
processed at the meantime as controls. The result showed that infectious virus samples gave positive 
results, while noninfectious virus samples presented negative results. To determine the viability of 
rotavirus and astrovirus in source water, a total of five source water samples were also collected from 
different reservoirs in July, 2012. One sample showed a positive result, which meant that PMA-RT-PCR 
method can be successfully applied to the viral detection in water samples. Data obtained in this study 
suggest that pretreatment of viruses with PMA prior to RT-PCR is a reliable method for distinguishing 
between infectious and noninfectious rotavirus and astrovirus. To our knowledge, this is the first report 
of application of this technique to rotavirus and astrovirus. 
 
Key words:  Rotavirus, astrovirus, propidium monoazide (PMA), source water. 

 
 
INTRODUCTION 
 
Rotavirus and astrovirus are the main pathogens that can 
cause   severe   infection   in   the   immunocompromised 

humans  (eg. children,   old,   patient).   Infection   always 
occurs following ingestion of contaminated food,  drinking  
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water, or recreational water. Traditionally, PCR method 
was  designed  to  detect   rotavirus   and   astrovirus   for 
drinking water. Recent research showed that only viable 
pathogens are likely to pose a threat to humans (Nocker 
and Camper, 2009; Nocker et al., 2006). However, 
polymerase chain reaction (PCR) method could not 
distinguish the infectious from noninfectious virus. This 
drawback has greatly limit the application of PCR. 

In recent times, propidium monoazide-polymerase-
chain reaction PMA-PCR was reported to be an easy-to-
use alternative to PCR distinction between viable and 
nonviable cells (Nocker et al., 2006; Pan and Breidt, 
2007). Propidium monoazide, a DNA-intercalating dye, 
will enter only dead cells with compromised cell capsid 
and then covalently bind to DNA, or attach to extracellular 
DNA upon exposure to bright light (Nocker et al., 2006) 
and PMA-PCR have successfully discriminated between 
viable (or intact) and dead Bacteroidales cells (Bae and 
Wuertz, 2009), enteric virus (Parshionikar et al., 2010). 
While as far as we know, there is no report on rotavirus 
and astrovirus with PMA-PCR detection (Belliot et al., 
1997; Dubios et al., 1997). 

In this study, we developed a PMA-reverse 
transcriptase PCR (RT-PCR) assay in respect to enteric 
RNA viruses. This method was also used to determine 
the viability of rotavirus and astrovirus in source water. 
The results suggested that pretreatment of viruses with 
PMA prior to RT-PCR was a reliable method for 
distinguishing between infectious and noninfectious 
viruses that were inactivated by treatment at 95°C. To our 
knowledge, this is the first report of application of this 
technique to rotavirus and astrovirus. 
 
 
MATERIALS AND METHODS 

 
Virus strain  

 
Rotavirus and astrovirus stool sample were kindly provided by 
Professor Duan Zhaojun, Chinese Center for Disease Control and 
Prevention, which were detected as positive samples. 

 
 
Thermal inactivation of viruses 

  
1.5 ml PBS buffer (pH 7.2~7.4) was added into 100 μl stool 
specimen. Subsequently, vortex the mixture and leave it for 10 min 
followed by centrifuging at 8000 rpm for 5 min. Remove 200 μl 
supernatant to a clear and dry EP tube for dead treatment. The 
suspension was incubated at 95°C for 20 min.  

 
 
Sampling and pretreatment  

 
The pilot distribution system used in this study comprised of five 
source water reservoirs. 500 ml water was sampled by a sterile 
bottle and store at 4°C for less than 2 h before virus concentration. 
Enrichment for rotavirus and astrovirus are given in the following 
report (Haramoto et al., 2005). 

 
 
 
 
PMA preparation  

 
PMA {Phenanthridium, 3-amino-8-azido-5-[3-(diethylme-
thylammonio) propyl]-6-phenyl dichloride; Biotium, Inc.,Hayward, 
California} was reconstituted with 20% dimethyl sulfoxide to create 
a stock concentration of 1 mg/ml and stored at − 20°C in the dark. 

 
 
PMA processing  
 
Samples were treated as described by Parshionikar et al. (2010) 
with slight modifications. In the dark room, 50 μl PMA was added 
into 200 μl heat-treated and non-treated aliquot to a final 
concentration of 250 µg/ml. All the tubes were then placed on to a 
rocker for 5 min. After mixing, the tubes was placed to ice to 
prevent overheat and exposed to a 500 W halogen light at a 
distance of 20 cm for 5 min. 

 
 
Viral RNA extraction  
 
Once the exposure was completed, the viral RNA was extracted 
using a viral DNA/RNA extract kit (TIANGEN, Beijing) according to 
the manufacturer’s instruction. After the RNA was eluted into a 1.5 
ml EP tube, it was stored at -20°C, and subsequently thawed and 
analyzed by RT-PCR. 
 
 
RT-PCR 
 
Conventional RT-PCR was performed as the follows conditions. 
Primer used in this study are shown in Table 1. Briefly a single-step 
RT-PCR reaction for viruses was performed with the following 
reaction condition: 10 mM Tris–HCl (pH 8.3), 50 mM KCl, 1.5 mM 
MgCl2 , 0.2 mM dNTPs (Promega, Beijing, China), 200U M-MLV RT 
(Promega, Beijing, China), 2.5 U Ex-Taq DNA polymerase (TaKaRa, 
Dalian, China), 20U RNasin (Promega, Beijing, China), and 1 M 
each of primers. The cycling condition of rotavirus were as follows: 
an initial denaturation at 94°C for 3 min followed by 35 cycles of 1 
min at 94°C, 1 min at 53°C and 1 min at 72°C and final extension 5 
min at 72°C. And the cycling condition of Astrovirus were as follows: 
an initial denaturation at 94°C for 3 min followed by 30 cycles of 40 
s at 94°C, 1 min at 55°C and 40 s at 72°C and final extension 10 
min at 72°C. Negative and positive control samples were included. 
The PCR product was analyzed by gel electrophoresis with 
Goldview nucleic acid stain. 
 
 

RESULTS  
      
Rotavirus and astrovirus stool samples were inactivated 
thermally at 95°C for 20 min. The viable and inactivated 
viruses were then treated with PMA. RNA was extracted, 
and RT-PCR was performed. Figure 1 shows the results 
of rotavirus after PMA treatment. Inactivated rotavirus 
with PMA in line 3 showed no objective stripe in 
electrophoretogram, which suggested that PMA had 
successfully inhibited PCR reaction by cross linking with 
cDNA. However, viable rotavirus with PMA in line 5 
revealed that PMA had no effect on PCR reaction, as 
PMA could not penetrate into the intact capsid. 
Meanwhile, the contrast group in line 4 and line 5 
indicated  that  inactivated  and  viable  rotavirus   without  
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Table 1. Gene targets and primers used for relative of genomic RNA from the virus strains. 

 

Strain Gene target Primer name and sequence ( 5′–3′) Product length References 

Rotavirus 

 
VP7 

Beg9   

GGCTTTAAAAGAGA 

GAATTTCCGTCTGG 392 bp Dubios et al., 1997 

VP7-1   

GATCCTGTTGGCCATCC 
     

Astrovirus 

 
ORF 1a 

Mon340   

CGTCATTGTTTGTTGTCATACT 
289 bp Belliot et al., 1997 

Mon348   

ACATGTGCTGCTGTTACTATG 

 
 
 

     1      2      3     4      5      6 

 
 

 

 
 

Figure 1. PMA-PCR Detection for rotavirus. (1. 
Marker; 2. Negative control; 3. Noninfectious 
rotavirus with PMA treatment; 4. Noninfectious 
rotavirus without PMA treatment; 5. Infectious 
rotavirus with PMA treatment; 6. Infectious rotavirus 
without PMA treatment). 

 
 
 

PMA work as positive result as usual. The contrast 
demonstrated that only PMA could distinguish the viable  
rotavirus from inactivated one. Figure 2 shows the results 
of astrovirus after PMA treatment. Line 3, which 
represented for the inactivated astrovirus with PMA, 
displayed no objective stripe in electrophoretogram. It 
was probably because thermal treatment at 95°C for 20 

min could inactivate whole astrovirus in the tube. None 
astrovirus survived from the heating condition. Thus this 
part of astrovirus could not impede PMA permeating into 
the capsid. Nevertheless, lines 4 to 6, which revealed 
positive results, indicated that viable astrovirus could get 
a positive result in PMA-PCR  

 
    1       2       3       4       5       6 

 
 

 
 
 

Figure 2. PMA-PCR detection for astrovirus, (1. 
Marker; 2. Negative control; 3. Noninfectious 
astrovirus virus with PMA treatment; Noninfectious 
astrovirus without PMA treatment; 5. Infectious 
astrovirus with PMA treatment; 6. Infectious 
astrovirus without PMA treatment). 

 
 
 
detection. PMA-RT-PCR method was used to detect the 
enteric virus of water reservoirs in our study. Table 2 
shows that reservoir No. 2 suggested a positive results, 
which meant that PMA-PCR method successfully applied 
to the viral detection in water samples. 
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Table 2. The results of five water reservoirs enteric viral 
detection by PMA-PCR method. 
 

Water reservoir No. Rotavirus/Astrovirus 

1 -/- 

2 +/- 

3 -/- 

4 -/- 

5 -/- 
 

 “+”positive, “-”negative. 
 
 
 

DISCUSSION 
 

Rotavirus and astrovirus are typical waterborne virus that 
can cause acute diarrhea in children or infants (Prüsset 
al., 2002). There had been reported that enteric viruses 
caused a large waterborne outbreak of acute 
gastroenteritis in Finland (Maunula et al., 2008). The aim 
of this study was to validate the applicability of a PMA-
PCR live-dead distinction method to determine the 
viability of rotavirus and astrovirus. PMA is a high affinity 
photoreaction DNA binding dye, which is cell membrane-
impermeable, and thus can be selectively used to modify 
only exposed DNA from dead cells while leaving DNA 
from viable cells intact. Propidium monoazide has been 
successfully used to differentiate viable and non-viable 
bacteria in conjunction with qPCR (Nocker et al., 2006). 
This report provided more evident support on this aspect. 

In our study, PMA was added as an identifying agent 
which distinguished viable virus from nonviable virus. 
Rotavirus and astrovirus got an ideal result by PMA-PCR 
detection. The negative results of inactivated samples 
with PMA treatment demonstrated that PMA penetrated 
into the capsid and bounded to RNA which inhibited the 
following reaction, and the viable aliquot suggested PMA 
was unavailable to the intact capsid.  

Five different reservoirs are the main ones for domestic 
water. The viral contamination which is easily transported 
by water will affect the public health. Thus it is necessary 
to detect viral level in source water. However, traditional 
PCR method is not able to distinguish the survival status 
of viruses. In our research we used PMA-RT-PCR 
method to deal with this problem. The results suggested 
that PMA-PCR method could detect viable rotavirus at 
reservoir No. 2, which also revealed the contamination 
situation of this reservoir. 
 
 

Conclusion 
 

In conclusion, we developed a PMA-RT-PCR assay to 
determine the infectivity of these two RNA viruses. One 
sample showed a positive result, which meant that PMA-
RT-PCR method could be successfully applied to the viral 
detection in water samples. Data obtained in this study 
suggested that pretreatment of viruses with PMA prior to 

 
 
 
 
RT-PCR was a reliable method for distinguishing 
between infectious and noninfectious rotavirus and 

astrovirus. It could provide more information to relevant 
administrator, and this technology will attribute to more fields 
in near future. 
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Ozone pollution may cause a reduction in grain crops production. The response relationship between 
plants and Ozone is an important factor to assess the effect of Ozone pollution. In order to learn the 
effect of Ozone pollution on major grain crops in Pearl River Delta, this study used Open-top chamber 
(OTC) to fumigate the rice in the field, and researched the effects on the physical manifestations, 
physiological form and yield of rice which was fumigated by different Ozone concentrations. According 
to the experimental results, with increase in Ozone fumigation gradient, the rice was damaged 
gradually. And the height, biomass and yield of rice were reduced. By fitting concentration response 
model and dose response model, it can be estimated that the Ozone concentration and Ozone AOT40 
value for 10% rice yield loss of single cluster were 61.7 nL/L and 13.08 h nL/L respectively in this 
experimental area. 
 
Key words: Modeling, Open-top chamber (OTC), Ozone, rice, production loss, AOT40. 

 
 
INTRODUCTION 
 
With development of urbanization and living condition of 
the Chinese people, urban air pollution become more 
and more serious, especially near ground-level Ozone 
pollution problems (Zhang et al., 1998). As a strong 
oxidant (Yang, 2001), Ozone has serious harmful effects 
on   plants  (Calatayud  et  al.,  2003;  Liang  et  al.,  2010; 

Zheng et al., 2007, 2009; Fuhrer and Booker, 2003; 
Reich et al., 1986) and is threatening the yield of grain 
crops (Chameides et al., 1999; Wang et al., 2007; Chen 
et al., 2007) in China. 

Both foreign and domestic scholars have conducted 
experiments on the effect  of  Ozone  exposure  on  grain
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Table 1. Records of phenophase and time of different project. 
 

Time Phenophase Determination of project 

April 10 Reviving stage Morphologic measurement 

April 17 Tillering stage (1) Morphologic measurement 

April 29 Tillering stage (2) Morphologic and biomass measurements 

May 12 Jointing stage Morphologic and biomass measurements 

May 30 Booting stage Morphologic measurement 

June 11 Booting and heading stage Biomass measurement 

June 16 Heading stage Morphologic measurement 

June 24 Filling stage Morphologic and biomass measurement 

July 15 Mature stage Morphologic, biomass and yield measurements 

 
 
 
crops by means of laboratory control, field experiment, 
and open-top chamber (Felzer et al., 2007; Wang et al., 
1993). The effect of Ozone on grain crops are mainly 
damaging physical characteristics (Yao et al., 2007) and 
physiological adjustment system (Zheng et al., 2007) of 
grain corps, reducing plant photosynthesis efficiency 
(Zheng et al., 2009, 2007), and affecting grain crop 
biomass and yield (Zheng et al., 2009, 2007; Xie et al., 
2007). It is of significant importance to correctly assess 
the effect of Ozone pollution on grain crops. Wang and 
Guan (1995) improved the model of correlation between 
the Ozone concentration and crop loss rate, and 
assessed the effect of Ozone pollution on yield of major 
grain crops in China (Aunan et al., 2000). Scholars in 
America and Europe discovered that the effect of Ozone 
on grain crops was an accumulated result and put 
forward dose response model. United Nations Economic 
Commission for Europe (UNECE) determined that the 
critical Ozone concentration to harm grain crops is 40 
nL/L and has established an AOT40 index. The method 
to calculate AOT40 (Fuhrer et al., 1997) is as follows 
(Equation 1): 
 

  )40C(40AOT
3O     

L/nL40C
3O 

                      (1) 
 

In the formula, AOT40 is the accumulated Ozone 
concentration exposure value when hour average Ozone 

concentration is greater than 40 nL/L,( hμL /L). C0 is the 
hour average Ozone concentration value when solar 

radiation is greater than 50 Wm
-2

, (nL/L). 
 
 
MATERIALS AND METHODS 
 
Experimental region 
 
Dongguan city is selected as experimental region in Guangdong 
Province. Experimental region is located in the east of Pearl River 
Delta, the average annual temperature of Dongguan is 23.1°C with 
rich sunlight and rainfall 20 (Chen, 2005). The experimental 
material is the Yuejingsi Seed No. 2 Rice that has been widely 
planted in Pearl River Delta. These were sowed on March 7 and 
transplanted to field on March 28, 2009. The area of experimental 
field is about 2 MU. Rice seedlings were  transplanted  manually  to 

ensure they were evenly planted. 

 
 
Gradient design 

 
The fumigation device which manufactured by our team included 
octahedral cylinder OTC, ventilation, Ozone production, 
concentration control and automatic monitoring systems. The 
volume of OTC is 10 m3, air exchange frequency is greater than 
twice per minute. There are four gradients for fumigation. 

 
i) Non-filter gradient (NF): Directly connected to non-filter air. 

ii40 gradient (NF+40): Based on connecting to the air, add some 
Ozone through Ozone generator to make the Ozone concentration 
equal to atmospheric Ozone +40 nL/L. 
iii) 80 gradient (NF+80): Based on connecting to the air, add some 
Ozone to make the concentration equal to atmospheric Ozone +80 
nL/L. 
iv) 120 gradient (NF+80): Based on connecting to the air, add some 
Ozone to make the concentration equal to atmospheric Ozone 
+120 nL/L.  

 
Every gradient has three parallel OTC, and there are altogether 12 
OTC fumigation chambers. The concentrations of the four 
gradients for setting the highest value are no restriction, 80, 120 
and 160 nL/L, respectively. Fumigation was conducted from 9:00 to 
17:00 every day beginning from April 21, 2009. There are 44 days 
for fumigation.  

 
 
Measuring method and time 

 
Morphologic measurement: 10 clusters of rice were selected 
from every chamber and marked. Their heights in different 
phenophases were measured and their leaf colors observed. 

 
Biomass measurement: Three clusters of rice growing in the 
same condition were selected from each chamber to measure their 
number and weight; they were separated according to organs 
(stem, healthy leaf, withering leaf and ear) and their dry weight 
after drying at 65°C for 48 h obtained. 

 
Yield measurement: Rice of 1 m2 at every chamber in mature 
stage were selected and their number of clusters recorded. From 
their ears, we obtained their dry weight after drying at 65°C for 48 h. 
The data was analysed by SPSS13.0 statistical software. The 
measured phenophase and time of various indexes are shown at 
Table 1. 
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Table 2. Records of visible damage on rice under Ozone fumigation. 
 

Phenophase NF NF+40 NF+80 NF+120 

Reviving stage and 
tillering stage (1) 

Healthy leaves 

Tillering stage (2) Healthy leaves Healthy leaves Speckles appear on few leaves 
Speckles appear on some 
leaves 

Jointing stage Healthy leaves 
Speckles appears on few 
leaves 

Speckles appears on some 
leaves 

Speckles appears on 10% 
of the leaves 

Booting stage 
Speckles appears 
on few leaves 

Speckles appears on 
some leaves 

Speckles appears on 10% of 
the leaves 

Speckles appears on 15% 
of the leaves 

Heading stage Few leaves wither 10% of the leaves wither 15% of the leaves wither 20% of the leaves wither 

Filling stage 
10% of the leaves 
wither 

15% of the leaves wither 20% of the leaves wither 30% of the leaves wither 

Mature stage 
30% of the leaves 
wither 

50% of the leaves wither 80% of the leaves wither 90% of the leaves wither 

 
 
 

Table 3. Height of rice under Ozone fumigation(cm). 
 

Phenophase NF NF+40 NF+80 NF+120 

Reviving stage  15.1±2.8b* 15.0±2.6b 16.8±3.1a 15.7±3.3ab 

Tillering stage (1) 27.7±3.3b 30.6±4.0a 30.2±3.7a 30.6±3.7a 

Tillering stage (2) 52.2±5.4b 56.7±5.7a 54.1±4.8ab 55.2±7.3a 

Jointing stage 77.3±4.2a 76.4±5.2a 76.5±5.1a 75.1±3.1a 

Booting stage 109.3±6.3a 105.6±5.0ab 102.5±6.0bc 99.0±8.2c 

Heading stage 117.8±5.6a 118.7±6.1a 112.4±5.3b 105.4±5.5c 

Filling stage 121.8±4.8a 120.3±5.2a 112.9±4.9b 107.0±6.0c 

Mature stage 115.4±6.6a 113.3±6.3ab 106.3±13.9bc 101.1±7.6c 
 

*The letters in the figure mean the comparing results at 5% level. Different letters indicate distinctive difference 
and the same letters indicate indistinctive difference. 

 
 
 

RESULTS AND ANALYSIS 

 
Effect of Ozone on morphologic physiology of rice 

 
Leaves are important photosynthesis organs for plants 
and are playing an important role in the growth of plant. 
Constant Ozone fumigation makes obvious visible signs 
of damage on leaves. According to Table 2, in the period 
of reviving and tillering stages (1), the leaves of the rice 
at all the four gradients are peak green. In tillering stage 
2 (fumigating for 9 days), there are different signs of 
damage on leaves at different gradients. Leaves are 
healthy at NF and NF+40. There are some speckle in 
leaves at NF+80. The speckles are very obvious on rice 
leaves at NF+120. With continuity of Ozone fumigation 
and increase of concentration gradient, the 
morphological damages of the rice are becoming more 
and more serious. At NF+120 of the mature stage, most 
of the rice withered. 30% of the rice at NF withered. In 
the whole growth period, there are distinctive differences 
in morphologic damages of rice leaves at different Ozone 

fumigation gradients. 
Ozone affects rice height to certain extent. It can be 

concluded that the heights at NF+80 and NF+120 are 
distinctively greater than those at NF and NF+40 in 
reviving stage and tillering stage(1) (Table 3). In tillering 
stage(2), the heights of rice at high fumigation gradients 
is still greater than those at NF. The heights among 
gradients are no significant different in jointing stage. The 
rule begins to change in rice booting stage. The heights 
of rice at high fumigation gradients is still less than those 
at low gradients. After heading stage, rice at NF+120 is 
much less than that at other gradients; In filling stage and 
mature stage, the trend of height in different fumigation 
gradients is that: NF > NF+40> NF+ 80> NF+ 120. The 
above show that high-concentration Ozone fumigation 
has dwarfing effect on rice. The followings have the 
same rule. 
 
 

Effect of Ozone fumigation on rice biomass 
 

According   to   Table   4,   rice  biomass  does  not  have
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Table 4. Dry weight of one rice under Ozone fumigation(g). 
 

Phenophase NF NF+40 NF+80 NF+120 

Tillering stage (2) 0.44±0.17a 0.36±0.05a 0.31±0.06a 0.37±0.04a 

Jointing stage 0.58±0.15a 0.60±0.06a 0.52±0.08a 0.59±0.11a 

Booting stage 1.94±0.28a 1.90±0.37a 1.60±0.48a 1.69±0.27a 

Filling stage 3.09±0.43a 2.56±0.45b 1.86±0.35c 2.37±0.57b 

Mature stage 4.40±0.72a 3.70±1.02ab 3.46±0.49bc 2.82±0.93c 

 
 
 

 
 

Figure 1. Allocation of biomass in various organs of rice. 

 
 
 
distinctive differences at different gradients in tillering 
stage (2), jointing stage, and booting and heading stage. 
However, rice biomass declines with the increase of 
Ozone gradients after being fumigated for a certain time. 
In filling stage, rice biomass at NF is obviously higher 
than that at other gradients. The trend of rice biomass in 
different gradients is: NF > NF+40> NF+ 80> NF+ 120. 

Ozone fumigation can affect allocation of biomass in 
various organs (Figure 1). The allocation percentage of 
biomass in different organs has no significant difference 
in tillering stage (2) and jointing stage. In booting and 
heading stage, the dry weight of ear at NF+80 and 
NF+120 is higher than that at NF and NF+40. On the 
contrary, the dry weight of stem and leaf at NF+80 and 
NF+120 is lower than that at NF and NF+40. In filling 
stage, the dry weight of stem and green leaf at NF and 
NF+40 is higher than that at NF+80 and NF+120. The 
trend of weight in ear, stem and green leaf in different 
gradients is that: NF > NF+40> NF+ 80> NF+ 120. The 
high-concentration Ozone fumigation reduced the weight 
of each organ. 
 
 
Effect of Ozone fumigation on rice yield 
 
High-concentration   Ozone   fumigation   can    obviously 

decrease the single rice yield and unit area yield of grain 
crops and vegetables (Zheng et al., 2007). In experiment, 
with the increase of Ozone fumigation gradients, the yield 
of single cluster rice declines greatly. In particular, the 
effect of high Ozone fumigation gradients on rice yield is 
more obviously (Figure 2). 
 
 
Rice yield loss model assessment 
 
There are three type of models for assessing the 
relationship between Ozone pollution and yield loss, 
statistic model, mechanism model, and photochemical 
model (Zheng and Wang, 2004; Yao et al., 2007). 
Statistic model mainly includes concentration response 
model and dose response model. In reference to the 
research result (Heck et al., 1982) improved by Wang 
and Guan (1995), we establish the relation model 
between yield loss of a single cluster rice and Ozone 
pollution, the model is that: 
 
Y=aX+b 
 
In this formula, Y is yield loss percentage of single cluster 
of rice; X is the hour average concentration of Ozone in 
growth season  of  grain  crop;  a  and  b  are  regression 



 
 
 
 

 
 

Figure 2. Yield of single cluster of rice under Ozone fumigation. 

 
 
 

 
 

Figure 3. Concentration response model of yield loss of single 
cluster of rice under Ozone fumigation. 

 
 
 
coefficients. 

By fitting, the concentration response model can be 
obtained as shown in Figure 3. From the model, it can be 
learnt that the Ozone concentration which caused 10% 
yield loss of single cluster of rice is 61.7 nL/L. 

The impact of Ozone on crops is largely due to 
constant Ozone accumulation by crops. Some institutions 
of American and European put forward the concept of 
dose. When AOT40 is zero, a yield data of single cluster 
of rice can be obtained. Take this yield data as the 
reference value, we can calculate the yield loss 
percentages. The dose response model can be obtained 
as shown in Figure 4 after correcting the data by 0.2; that 
is, correction factor represented the difference between 
air chamber and field (Wang and Guan, 1995). It can be 
concluded from the figure that the AOT40 of Ozone 
which caused 10% yield loss of  single  cluster  of  rice  is 
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Figure 4. Dose response model of yield loss of single cluster of 
rice under Ozone fumigation. 

 
 
 

13.08 hμL/L. 
 
 
Conclusions 
 
In the experiment, high-concentration Ozone fumigation 
has harmful morphologic effect on rice leaves such as 
making them wither and bringing speckles to them. As a 
result, rice height decreases with increase in fumigation 
gradient. The oxidabillity of Ozone destroys the normal 
physical structure of rice leaves directly, and decreases 
activity of relevant enzymes and chloroplast pigments in 
leaves. Ozone also can affect photosynthetic efficiency of 
plants and reduce the yield of crops finally. 

Physical damage on leaves appeared firstly. It can be 
observed from tillering stage (2) to mature stage. The 
effect of Ozone fumigation on height appears later than 
physical damage. High-gradient have distinctive effect on 
crop height in booting stage. The dwarfing effect by high-
concentration Ozone has not been observed until booting 
stage. The influence of organ biomass allocation start 
from booting and heading stage. 

Effect of Ozone fumigation on rice biomass postpones 
to filling stage and eventually affects the rice yield. It can 
be concluded that the high-concentration Ozone 
fumigation on grain crops is caused by accumulation 
effect and it will have better effect using dose response 
model to predict yield loss of crops (Massman, 2004). 

Average values of atmospheric Ozone concentration 
and Ozone AOT40 surveyed in experimental area in rice 

growth season are 50 nL/L and 3.19 hμL/L, which do not 

exceed model fitted values ( 61.7 nL/L and 13.08 hμL/L). 
Also, Rice production is not seriously threatened by 
Ozone pollution in Dongguan city. 

The maximum of Ozone concentration of atmospheric 
in experimental area is 99.7 nL/L. This situation suggests 
that extremum of Ozone concentration still exceed the 
critical concentration that can cause rice yield decreasing 
by 10%. Therefore,  Ozone  pollution  in  this  area  affect 
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rice yield to certain extent and will become more and 
more serious with the development of social economy. 

In the summer of 2006, the large field comprehensive 
air quality survey experiment was conducted by Lu et al. 
(2010) in Pearl River Delta. In this survey, the average 
Ozone concentration value is 40.53 nL/L at 17 surveying 
stations that covered the whole Pearl River Delta. The 
maximum average value they surveyed is 132.18 nL/L. It 
suggests that the Ozone pollution condition is very 
severe in Pearl River Delta. The economic loss incurred 
by regional grain crop yield decline shall not be neglected. 
Therefore, studies on the effect mechanism of Ozone on 
rice should be conducted further and various research 
methods should be enriched in order to accurately and 
scientifically estimate the effect of increase of Ozone 
concentration on rice yield loss. 
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Inhalable particles and fine particulates in dust will pollute the indoor environment and endanger 
people's health. It is an important task to take effective measures to control indoor dust pollution. The 
key is to keep abreast of the dust concentration, and to monitor, control and evaluate the sources of 
indoor dust pollution. This paper analyzes the main sources and characteristics of indoor dust and 
uses dust sensor to collect dust and transform photoelectric signals. It applies micro control unit (MCU) 
to control the system and process data, and designs the dust concentration monitor. The monitor can 
be used as an independent equipment and also a combination of a variety of sensors through the serial 
port to monitor indoor environmental parameters and control environmental control facilities, thereby 
purifying indoor air. 
 
Key words: Light scattering, dust, dust sensors, micro control unit (MCU). 

 
 
INTRODUCTION 
 
Dust, known as "airborne particles", refers to the solid 
particles that can be suspended in the air (diameter ≤ 100 
um). Among them, dust with diameter <100 um is called 
"total suspended particles", named as TSP for short, 
while dust with diameter between 2.5 and 10 um is called 
“particulate matter", shortened as PM10. Dust with 
diameter <2.5 um, known as "fine particulate matter", is 
referred to as PM2.5. The harm of dust to human beings 
is related to their size and composition. Dust with 
diameter > 10 um will be blocked out from the human 
nasal cavity, while PM10 can enter the upper respiratory 
tract of the body. Particularly, after being inhaled by the 
human body, PM2.5 can directly enter the blood through 
the bronchi and  alveoli,  which  will  be  phagocytized  by 

macrophage. Their long-term stay in the alveoli will exert 
negative impact on the human cardiovascular, nervous 
system and other organs, posing threat to people’s health 
(Si et al., 2012). According to a survey, modern people 
spend up to 60 to 80% of time indoors, especially for 
infants, young children and the elderly as well as sick and 
disabled people, who stay even longer indoors. Dust in 
indoor air can be suspended in the air for a long time, 
PM10 and PM2.5 particles of small diameter permanently 
stay floating in the air. It is difficult for them to settle on 
the ground, but easy to be inhaled (Liu et al., 2009). 
Consequently, air quality of the indoor environment has 
caused great concern. Indoor dust mainly comes from 
outdoor air  containing  dust,  body  dust,  air-conditioning
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Figure 1. Structural diagram of the dust-concentration monitor. 

 
 
 
equipment, smoking, cooking and other human activities 
as well as furniture, decoration materials, printers, etc., 
which aggravates indoor environmental pollution and 
even causes PM2.5 concentration higher than outdoor 
(Liu and Lian, 2007). 

Therefore, it is an important job to take effective 
measures to control indoor dust pollution. The detection 
of indoor air dust concentration and dust diameter 
distribution directly reflect air quality. Therefore, the key is 
to keep abreast of the dust concentration, and to monitor, 
control and evaluate the sources of indoor dust pollution, 
which will encourage people to take effective measures 
to improve indoor air quality. The primary means to 
control indoor dust pollution is to develop a portable, low-
cost and rapid and effective monitoring instrument with 
real-time online detection. This paper analyzes the main 
sources and characteristics of indoor dust and uses dust 
sensor to collect dust and transform photoelectric signals. 
It applies micro control unit (MCU) to control the system, 
process data and designs the dust concentration monitor. 

 
 
DESIGN PRINCIPLE AND STRUCTURE 

 
Design principle 

 
Light scattering occurs to dust particles in the air when 
the light catches them. It is because the light will scatter 
to the surrounding due to the dust particle when certain 
wavelengths of light enter the dust area. Light scattering 
parameters are directly related to the dust concentration 
and the diameter of the dust particles, and the intensity of 
scattered light is directly proportional to the dust 
concentration. Through the measurement of the  strength 

 
 
 
 
of scatter light perpendicular to the direction of the 
incident light, the concentration of dust particles in the 

dust region can be inferred
 
(Zhao, 2012). Depending on 

the angle of scattered light of the dust particles, they are 
divided into two categories, forward scattered light and 
backward scattering light. For particles with large 
diameter, the energy distribution of the scattered light is 
more concentrated, mainly focusing on the forward 
direction. However, for particles with small diameter, the 
energy distribution of the scattered light is relatively wide. 
The smaller the particle diameter, the more uniform the 
distribution of forward scattered light and the backward 
scattered light. If the particle diameter is increased, the 
components of the forward scattered light will grow, while 
those of the backward scattered light will decrease. 
 
 
Overall design 
 
Dust concentration monitor mainly consists of a dust 
sensor, A / D conversion circuit, a wireless transmitting 
and receiving circuit, an alarm circuit, MCU (Micro Control 
Unit), reset and clock circuit, a liquid crystal display, a 
keyboard, a motor, a PWM (pulse Width Modulation) 
driver circuit and power supply circuit, etc., as shown in 
Figure 1. First, the dust particle information is converted 
into an electrical signal by the dust sensor, and after 
passing the pre-amplifier circuit of the sensor, it is 
converted to digital electrical signals by A / D conversion 
circuit, which is fed to MCU for processing and analysis. 
MCU will display processed and analyzed data through 
the LCD display, and when MCU determines dust 
concentration exceeds preset indicators, sound and light 
alarm will be given out through the sound and light alarm 
circuit. Dust concentration monitor can save the data, 
adjust and view the parameters, and adjust alarm 
intensity through the keyboard. The wireless transmitting 
and receiving circuit is used to achieve the sharing and 
real-time transmission of data and information. Leaves 
installed to the motor make it become a fan for the intake 
of air and traffic control. 
 
 
DESIGN OF KEY COMPONENTS 
 
Photoelectric detection 
 
This paper uses a dust sensor (Model GP2Y1010AU0F, 
smallest particle detection capability > 0.8 um and 
sensitivity 0.5 V/0.1 mg/m

3
) to design dust concentration 

monitor to get the dust concentration. The sensor is able 
to detect pollen, tobacco smoke and other house dust, 
mainly composed of LED (Light Emitting Diode), lens 1, 
PD (Photoelectric Diode), lens 2, the flow channel, the 
measuring chamber and electrical fan, as shown in 
Figure  2.   When   the  electrical  fans  maintain  a  stable 



 

 
 
 
 

 
 

Figure 2. Structural diagram of dust sensor. 
 
 
 

rotating speed after being powered by 30 s, external air is 
inhaled through the airflow channel to measurement 
points. LED emits strong light into the lens; when lens 1 
will change the light emitted from LED into parallel light 
launched into the flow of measurement points to form a 
beam. When every dust particle in the air stream passes 
through the measurement point, it would be scattered by 
the incident ray, producing the reflected light pulse signal. 
The reflected light pulse signal is sent through the lens 2 
to converge into stronger light pulse signal to PD, and PD 
will transform the light pulse signal into to an electric 
signal. As the photocurrent generated by PD is very weak, 
the dust sensor will pre-amplify it, outputting a 0 V ~ 5 V 
voltage signal. The voltage is inputted into MCU (Model 
ATmega2560) after being filtered, and MCU will do the 
calculation to transform the received data into the dust 
concentration information of corresponding units. 
 
 
Air traffic control 
 
With the volume of air divided by the number of dust 
particles, the monitor could be used to obtain the dust 
concentration. When the diameter of the air flow path (9 
mm) is fixed, the change of the flow rate of air per unit 
determines the systematic error of the monitor. In the 
process of air collection, set the acquisition flow and time 
and calculate the deviation between the actual air flow 
and theoretical air flow as well as its rate of change 
according to the reference input and feedback signal. 
Then it is regarded as a reference after the fuzzy 
treatment to control the fan motor by calculating the 
controlling quantity, and regulate the gas flow of fan by 
adjusting the PWM width. The DC-Micro motor with 
photoelectric encoder is selected as the fan motor 
(voltage of 5 V, no load current of 35 mA, locked-rotor 
current of 320 mA, speed of 2600 rev / min, 334 coded 
discs and output rectangular  pulses).  Output  334  pulse 
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voltage with motor running around. This pulse inputs the 
A / D conversion circuit which will then be used to convert 
the pressure signal to the digital signal and input it to 
MCU. Then MCU will generate a PWM control signal 
according to the number of feedback pulse, aiming to 
accurately control the motor speed by the motor driver 
chip (model ULN2003, input voltage 5 V, output voltage 
<50 V, output current <500 mA) as well as the air flow 
entering the dust sensor module, and achieve a constant 
flow of air collection. 
 
 
Other circuits 
 
Arduino open-source electronic platform, including 
hardware and software, originates from the open source 
code simple I / O interface version. The sensor can be 
easily connected with a variety of electronic components 
to sense the environment and feedback and affect the 
environment by controlling various devices. Arduino 
Mega control panel is adopted to control dust 
concentration monitor, and MUC on the control board 
could program by Arduino programming language, which 
is then compiled into a binary file and burned into the 
MCU. 

HCI is the basic function of the intelligent instrument, 
which is composed by the keyboard (4 × 4 matrix) and a 
liquid crystal display. LCD display module (Model MK-
D12864E, 2.9 inches with a resolution of 128 × 64) is 
connected to the system through the serial port and it 
could receive commands issued by it. The measurement 
data and system commands menu are displayed, which 
could achieve the real-time dust concentration and 
realize HCI. 

In order to realize the sharing and real-time 
transmission of data and information, there are a variety 
of communication-methods used by dust concentration 
monitor, mainly including wired serial communications 
and wireless data communications. The former one 
adopts the USB interface for charging and computer-
connection in order to ensure reliable data transmission. 
While the latter one adopts the wireless LAN technology 
and Bluetooth wireless technology to install WIFI wireless 
communication transceiver module (Model the CC1101, 
data transmission chip of 433 MHz, 868 MHz, 918 MHz, 
communication distance <500 m) and achieve wireless 
data transmission. In addition, to be connected to a smart 
phone, the reference node could also be set and the 
location information of each reference node is stored on 
the computer of the monitoring center to achieve the 
node positioning functions. 
 
 
CALIBRATION TESTS 
 
When   measuring   the   dust   concentration  using  dust 
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concentration monitor, it is necessary to take into 
consideration the monitor system error, so the parallel 
calibration method is required to improve accuracy. 
According to the height of people’s breathing, the height 
of the sample point is 1.3 ~ 1.6 m without using any air-
conditioning system, so the calibration test is carried out 
under the condition of natural ventilation. Install a Laser 
Dust Monitor next to the monitor (Model LD-5L, 
configuring the 40 mm filter sampler, cutter TSP with 
replaceable particles, PM10, PM5, PM2.5, detection 
sensitivity of 0.01 mg/m

3
, measuring range of 0.01 ~ 100 

mg/m
3
, repetitive error ± 2%, measurement accuracy 

±10%, directly-readable dust mass concentration mg/m
3
) 

when measuring the dust concentration. Record 10 sets 
of data measured by the detection system and take their 
average value as the measured value of the detection 
system. Record 10 sets of data measured by the laser 
dust monitor and take their average value as its 
measured value. Compare them to verify the accuracy 
and error of the monitor system, and extract its functional 
data. Input the data in the software as a relevant basis, 
and adjust the motor speed of the fan of dust 
concentration monitor via software until it is close to the 
measured value of the laser dust monitor. 
 
 
Conclusion 
 
The application shows that this dust concentration 
monitor are superior in many ways, including simple 
circuit structure, high integration level, easy-to-use, 
simplified detection process and operation, and low cost, 
etc. Therefore, it could be used to grasp the indoor dust 
concentration distribution and reduce the harm to us 
caused by the dust. This monitor not only can be used as 
stand-alone equipment, but also can be combined with a 
variety of sensors by the serial port integration, thus 
detecting indoor environmental parameters and 
controlling the environmental facilities to purify indoor air. 
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In the paper, through use of ANSYS software of the finite element method to establish the simulation 
analysis model about the stress of soil around the pile, we obtained the normal and shear stress curve 
when the bearing push-extend reamed have different shapes under the same loads. It qualitatively 
analyzed the influence of bearing capacity on the push-extend Multi-under-reamed pile raised by the 
different shapes of the bearing push-extend reamed, and puts forward the theoretical basis that further 
promotes application of the push-extend Multi-under-reamed Pile. 
 
Key words: Push-extend multi-under-reamed pile, shape of bearing push-extend reamed, dimension of 
diameter, bearing capacity of pile, influence. 

 
 
INTRODUCTION 
 
Based on the theoretical and experimental study of the 
effects on the pile and soil of the Push-extended Multi-
under-reamed Pile, it is further confirmed that many 
factors affect the bearing capacity of the Push-extend 
Multi-under-reamed Pile, and the situation is also more 
complex (Yongmei et al., 2013a). The main influence 
factors include: the diameter, location, height, form, 
distance and quantity of the bearing push-extend reamed, 
etc. It is difficult to provide quantitative conclusion for all 
these factors; however, we can give a qualitative 
conclusion. While researching on influence factors of  the 

bearing capacity of the pile of Push-extend Multi-under-
reamed Pile based on the theory of slip line, it was 
discovered that the shape of the bearing push-extend 
reamed has larger influence, which is one of the main 
influence factors of the bearing capacity of the pile 
(Yongmei et al., 2013a). In this paper, through theoretical 
analysis of the shape of the bearing push-extend reamed 
affecting the bearing capacity of the pile by establishing 
the finite element analysis model of the Push-extend 
Multi-under-reamed Pile, and in practical application,   it   
is   qualitatively   put   forward   that    the
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Figure 1. The perspective of unit division. 
 
 
 
determining principle of the shape of the bearing push-
extend reamed can be considered in the design and 
calculation of the Push-extend Multi-under-Pile. 
 
 
ANALYSIS OF THE SHAPE OF THE BEARING PUSH-
EXTEND REAMED AFFECTING THE BEARING 
CAPABILITY OF THE PILE BY USING FINITE 
ELEMENT METHOD 
 
The bearing capacity of the pile of Push-extend Multi-
under-reamed pile is composed of the side frictional 
resistance and the end-bearing force of pile. Due to 
existence of the bearing push-extend reamed, the soil 
under the bearing push-extend reamed produced large 
compressive stress; meanwhile, the soil on the bearing 
push-extend reamed produced tensile stress at a certain 
range; within the scope of the side frictional resistance of 
pile that does not exist simultaneously, the soil under the 
bearing push-extend reamed created slippage which led 
to a reduction in effective length of side frictional 
resistance of pile. Also the shape of the bearing push-
extend reamed makes effect on it. In order to make full 
use of the role of the side frictional resistance of pile and 
the bearing push-extend reamed, further research needs 
to be made on the shape of the bearing push-extend 
reamed affecting the bearing capability of pile. The 
following is an analysis of the shape of the bearing push-
extend reamed affecting the soil, an analysis of failure 
mechanism around pile and the bearing capacity of the 
pile through the finite element method. 
 
 
ESTABLISHMENT OF THE FINITE ELEMENT MODEL 
 
Finite element model can be set up using the 8-node 
space   units   (Yongmei   et   al.,   2013b).  The  model  is 

 
 
 
 
divided into double and single slopes of the Push-extend 
Multi-under-reamed Pile, as shown in Figure 1. Pile and 
soil around pile unit division, as well as a combination of 
pile and soil surface were elaborately distributed in the 
unit according to the stress distribution. In order to benefit 
from analysis and comparison of the calculation model, 
the establishment of the model identifies the following 
principles: 

 
The concrete pile C20 (density 2.5×10

-5 
N/mm

3
, elasticity 

modulus E=3×10
4 

N/mm
2
, Poisson’s ratio u=0.167) takes 

the soil around the pile as the foundation of cohesive soil 
(density 2.0×10

-5 
N/mm

3
, elasticity modulus E=6×10

4-2 

N/mm
2
, Poisson’s ratio u=0.3) (Yongmei et al., 2013b). 

This research focus primarily on influence of the 
bearing push-extend reamed on the soil failure 
mechanism and the bearing capacity of pile; when the 
distance of the push-extend reamed is suitable, soil 
failure above and below the push-extend reamed does 
not affect each other. Thus, when one push-extend 
reamed is set in the calculation model tentatively, the 
push-extend reamed will be located in the middle along 
the pile length. 

In order to avoid the boundary condition’s influence on 
the soil in the calculation model, the scope of soil around 
pile is not too small- the dimension of diameter is 7 m and 
the depth of pile is 12 m. 

Based on the principles above, six calculation models 
are established. Main pile diameter D=500 mm, pile 
length L=5000 mm and pile top load F=300 KN, the 
diameter of push-extend reamed D=1500 mm, 2000 mm, 
2500 mm, the form of the bearing push-extend reamed 
are usually two kinds - double slope and single slope. 
The push-extend reamed is located in the middle along 
the length (as shown in Figure 1). Concrete model 
statistics are shown in Table 1. 

 
 
ANALYSIS OF CONTENT AND CALCULATION 
RESULTS OF FINITE ELEMENT 

 
Through computer simulation of the model, the contour 
map of the principal stress σx, σz and shear stress τx was 
obtained from different models and the calculation results 
sorted. The related numerical value of representative 
model was extracted to form the normal stress curve of 
soil around the pile in different shapes of the bearing 
push-extend reamed, taking the pile of the dimension of 
diameter 2000 mm as an example (as shown in Figure 2, 
the horizontal axis for the pile length, the vertical axis for 
normal stress); shear stress curve (as shown in Figure 3, 
the horizontal axis for the pile length, the vertical axis for 
shear stress); the shear stress contour map of soil 
around pile (as shown in Figures 4 and 5); the vertical 
stress curve of soil under the pile (Figure 6) and the 
vertical stress curve of soil under the bearing push-
extend reamed (as shown in Figure 7).  
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Table 1. Statistics of the basic parameters calculation model (F=300 KN). 
 

Serial number Model name 
Diameter of push-extend 

reamed D (mm) 
Form of push-extend 

reamed 

1 H153 1500 

The double slope form 2 H203 2000 

3 H253 2500 

    

4 P153 1500 

The single slope form 5 P203 2000 

6 P253 2500 

 
 
 

 

 

 

 

 

 

 

 

 

 

PH2050

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2 5.6

H203

P203

r/min 

N
/m
m
2
 

 
 

Figure 2. Normal stress curve of soil around pile (D=2000 mm). 

 
 
 
Deductions 
 
(1) About σx: It can be seen that a comparison of the 
double slope of the push-extend pile with the single slope 
of the bearing push-extend reamed pile as shown in 
Figure 2 revealed that for, near the bearing push-extend 
reamed, up the bearing push-extend reamed and under 
the push-extend reamed, the stress influence region are 
basically the same. The compressive stress under the 
bearing push-extend reamed is different within a certain 
region, but with increase in diameter of the bearing push-
extend reamed, the compressive stress value 
approaches the same gradually. 
 
(2) About τxz: It can be  seen  from  the  Figure 3  that  the 

shear stress of the single slope push-extend reamed pile 
has a high reduction. Up the bearing push-extend 
reamed, the τxz of the single slope push-extend reamed 
pile is bigger than double slope bearing push-extend 
reamed pile; but σx is tensile stress in this region, so the 
τxz does not work; under the bearing push-extend reamed, 
τxz of single slope bearing push-extend reamed pile has 
more reduction than the double slope bearing push-
extend reamed pile. 
 
(3) About σz: It can be seen from the Figures 4 and 5 that 
when the vertical stress under push-extend reamed 
under the same diameter are compared, the double slope 
bearing push-extend reamed has larger influence region 
of soil  under  the  push-extend  reamed  than  the  single
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Figure 3. Shear stress curve of soil around pile (D=2000 mm). 

 
 
 

 
 

Figure 4. The contour map of vertical stress of soil under 
the double slope push-extend reamed (D=2000 mm). 

 
 
 
slope bearing push-extend reamed. From Figures 6 and 
7, it can be seen that the σz of pile tip is basically the 
same, but under the bearing push-extend reamed, the  σz 

 
 

Figure 5. The contour map of vertical stress of soil under the 
single slope push-extend reamed (D=2000 mm). 

 
 
 
value of double slope bearing push-extend reamed is 
much larger than the single slope bearing push-extend 
reamed. 
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Figure 6. The vertical stress curve of pile tip soil. 
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Figure 7. The vertical stress curve of soil around pile. 
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Conclusions 
 
As regards selection of diameter of the bearing push-
extend reamed, some qualitative conclusions can be 
drawn as follows: 
 
(1) The bearing push-extend reamed can improve the 
end-bearing force of pile, due to the existence of the 
bearing push-extend reamed; and also make the failure 
mechanism of soil up and down the push-extend reamed 
change. Therefore, the influence on soil around pile, 
bearing capacity of pile and the shape of the bearing 
push-extend reamed is different. However, with increase 
in diameter, the difference of effect between the double 
slope bearing push-extend and single slope bearing 
push-extend reamed tends to be slight. 
(2) From the deductions, it can be seen that the double 
slope bearing push-extend reamed pile is lesser than 
single slope bearing push-extend reamed pile about the 
bearing capacity of pile under some diameter; however 
the influence region is larger. Therefore, based on 
variation of stress for different shape of bearing push-
extend reamed, when considering selecting shape of 
bearing push-extend reamed, if the distance between the 
bearing push-extend reamed is smaller, the single slope 
bearing push-extend reamed may be adopted; otherwise, 
when the distance is larger, the soil can play a significant 
role; using double slope bearing push-extend reamed will 
have better effect. 
(3) Meanwhile, considering that the forms of bearing 
push-extend reamed can be further improved, the 
development will be to change the current situation of the 
same diameter of bearing push-extend reamed as the 
diameter of gradual variation. The diameter at the top of 
pile was largest; from pile top to pile end, the diameter is 
gradually diminished. 
 
The results of the study are used in the actual design, 
helpful for the selection of the shape of the bearing push-
extend reamed, and can better determine the bearing 
capacity of single pile through use of the theory of slip 
line. It is put forward that the theoretical foundation of the 
design of the Push-extend Multi-under-reamed Pile, 
contribute to the extensive application of this technology, 
so as to create greater economical and social benefits. 
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The two-stage recursive extended least squares parameter estimation algorithm based on the auxiliary 
model of a class of closed-loop identification system model is presented in this paper. The basic idea of the 
algorithm is a combination of the auxiliary model identification ideas and the decomposition technique in 
which the closed-loop system is converted to a two-step process and each step identified model is an 
open-loop system. The more mature open-loop identification method is dealt with, the closed-loop system 
parameter identification problem is known in this way. The proposed algorithm has been proven to have 
high computational efficiency and effectiveness by the simulation examples. 
 
Key words: Auxiliary model, least squares method, closed-loop system. 
 
 
INTRODUCTION 
 
System identification in closed-loop conditions has 
always been of particular concern in the field of industrial 
applications. The main problems of using the closed-loop 
data identification system is that unpredictable noise of 
the system output signal is related to the system control 
input signal through the feedback link. It is because of the 
existence of this correlation, resulting in many classic 
identification algorithms (Landau, 2001; Ding and Chen, 
2005; de Klerk and Craig, 2002; Besterfield-Sacre et al., 
2000) (such as: the method of least squares, instrumental 
variables, correlation analysis, spectrum analysis, etc.) 
used in the identification of the closed-loop system, that 
we have a greater estimation error. In recent years, many 
closed-loop  identification algorithms have been proposed 

around the closed-loop data acquisition system 
parameters consistent unbiased estimate of the subject. 
Zhang and Feng (1995) and Ljung (1999) obtained the 
uniform convergence of the closed-loop parameters, by 
selecting the pre-data filter and compensating the noise 
covariance term. 

Van Den Hof and Schrama (1993) and Laudau and 
Karimi (1996) made full use of process control input, the 
relationship between the process output and the setting, 
a closed-loop identification algorithm-two-stage closed-
loop identification algorithm based on open-loop 
conversion was proposed. The algorithm will convert the 
closed-loop identification problem for the two open loop 
identification   problem.   By   constructing   the  no  noise
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Figure 1. Closed-loop control system structure. 
1( )r k  is the system settings, 

2 ( )r k  for the 

applied test signal, ( )u k  is the control input signal of the controlled object, ( )v k  is a random 

white noise, ( )y k  is the system output signal, 

 
 
 
pollution intermediate signal instead of the actual control 
inputs, the correlation between the noise and the control 
input was removed. Then using the existing classic open-
loop, identification algorithm can help to obtain system 
parameters consistent unbiased estimates. The algorithm 
idea is simple, convenient and does not require controller 
prior knowledge. But the original is not the final 
recognition result of the structure of the intermediate 
identification model parameters and model. 

Accordingly, two stages of the closed-loop identification 
algorithm are given in this paper. Combined with the 
auxiliary model identification ideas and decomposition 
technique, the intermediate model is decomposed into 
two subsystems, each subsystem contains a parameter 
vector. With the auxiliary model-based recursive 
extended least squares theory, using the output of the 
auxiliary model instead of unknown intermediate variable 
vector, and using the estimated residuals instead of the 
information vector unpredictable noise term, which can 
use the idea of recursive identification to estimate the 
parameters of the intermediate model. 
 
 
CLOSED-LOOP CONTROL SYSTEM MODEL 
DESCRIPTION AND IDENTIFICATION MODEL 
 
First, define the symbol, "A: = X" or "X: = A" means that A 
is equal to X. 

The symbol ( )nI I  indicate the unit matrix of dimension 

n n ,
nI  indicate n-dimensional unit column vector, 

superscript T  represents the transpose of the matrix or 
vector. 

Wherein ( )y k  is the system output signal, ( )u k  is the 

control input signal of the controlled object, ( )v k  is a 

random white noise, 
1( )r k  is the system settings, 

2 ( )r k  

for the applied test signal, ( )G z  is a mathematical model 

of the controlled object, ( )C z  is the controller.     

The   closed-loop  identification  task  is  that  using  the 

observational data sequence 
1 2[ ( ), ( ),r k r k  

( ), ( )]u k y k estimate the parameters of the controlled 

object ( )G z , and hope to get them consistent unbiased 

estimator. Known from Figure 1, the control system 
output equation can be written as: 
 

( ) ( ) ( ) ( )y k G z u k v k                                                  (1) 

  
Due to the presence of a unit feedback loops, control of 
the system equation can be written as: 
 

2 1( ) ( ) ( )[ ( ) ( )]u k r k C z r k y k                                   (2) 

 

(1) Substituting into (2), elimination system output  ( )y k  

can be obtained: 
 

1 2( ) ( ) ( ) ( )
( ) ( )

1 ( ) ( ) 1 ( ) ( )

C z r k r z C z
u k v k

C z G z C z G z


 

 
                      (3) 

 
From Equation 3, it can be seen that random white noise 

( )v k  directly related to the control input ( )u k  of 

feedback loops, which is the key that recognition results 
are biased when many identification algorithm about 
closed-loop system. Two-phase closed-loop identification 
algorithm by constructing intermediate signal no-noises 
pollution, overcome this correlation parameter 
identification which can be consistent unbiased estimate 
of the parameters.  
 
 
Two-phase closed-loop identification algorithm 
 
For convenience of description and without loss of 

generality, let 2 1( ) ( ) ( ) ( )r k r k C z r k  , Equations 2 and 

3 can be rewritten as: 
 

( ) ( ) ( ) ( )u k r k C z y k                                                  (4) 



 

 
 
 
 

1 ( )
( ) ( ) ( )

1 ( ) ( ) 1 ( ) ( )

C z
u k r k v k

C z G z C z G z
 

 
                    (5) 

 

Equation (5) into (1), elimination of the control input ( )u k , 

simplification was: 
 

( ) ( )
( ) ( ) ( )

1 ( ) ( ) 1 ( ) ( )

G z C z
y k r k v k

C z G z C z G z
 

 
                    (6) 

 
Consider the system, Equations 5 and 6 make the 

following assumptions: (1) ( )r k  is persistently exciting, 

and can be measured; (2) ( )r k  and ( )v k  are 

independent and not related in any moment. The closed-
loop identification is done in two steps, that 

1 ( ) ( ) ( ), ( ) ( )C z G z A z C z B z     at the same time. 

Shift operator polynomial ( )A z , ( )B z  and ( )G z  are the 

units 
1[ ( ) ( 1)]z z k z k   , and 

 
1 2

1 2

1 2

1 2

1 2

1 2

( ) : 1

( ) :

( ) : 1

a

a

b

b

g

g

n

n

n

n

n

n

A z a z a z a z

B z b z b z b z

G z g z g z g z

 

 

 

     

    

     

 

 

Suppose when 0k  , the ( ) 0u k  , ( ) 0y k  , the 

( ) 0V k  , and the order of 
an ,

bn , gn  are known: 

 
Step 1: In formula (5), by assuming that the conditions, 

independent of ( )r k  and ( )v k  irrelevant, and ( )u k  and 

( )r k  are measured, it can be that Equation (5) as an 

open-loop system, using the least squares identification 
unanimously unbiased estimate. The least squares 
parameter identification expression: 
 

1 ( )
( ) ( ) ( )

( ) ( )

B z
u k r k v k

A z A z
                                                 (7) 

 
Step 2: According to the recognition result of Formula (7), 
to construct a no noise pollution control input u (k), that is: 
 

1
( ) ( )

( )
u k r k

A z
                                                               (8) 

 

Equation 8 into 6, ( )u k , ( )v k  is not relevant, so 

Formula 13 can be seen as open-loop system processing, 
least squares identification can be consistent and 
unbiased estimates. Parameter identification expression: 
 

( ) 1
( ) ( ) ( )

( ) ( )

G z
y k r k v k

A z A z
                                              (9) 
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At this point, the entire closed-loop identification task is 
complete, the controlled object parameters consistent 
unbiased estimator. 

 
 
Simulation examples 

 
Consider the following closed-loop system model, 

 
1 2 1 2

1 2

1 1

1

1 2 1 2

1 2

( ) : 1 1 1.06 0.8

( ) : 1 1 0.64

( ) : 1 1 0.412 0.309

A z a z a z z z

B z b z z

G z g z g z z z

   

 

   

     

   

     

 

 
The model parameters are 

 

[1.60,0.8, 0.64,0.412, 0.309]T     

 

Simulation for the first step,  ( )r k  is selected white 

noise of zero mean and unit, the input  ( )u k  is a zero 

mean and unit variance irrelevant the measurable 

random signal sequence, and  ( )v k  is a zero mean 

and variance white noise sequence. When the noise 

variance parameters 
2 20.4  , recursive least squares 

(RLS) estimated error vs. time curve is shown in Figure 2. 
In particular, using the recursive extended least squares 
(RELS) (Duan et al., 2012; Yue et al., 2009; Yao and Ding, 
2012) algorithm simulate the first step of identification 
model for comparing the effectiveness of the proposed 
algorithm in this paper. The RELS estimated error with 
the time curve is shown in Figure 3: 

 
i. With the increase in the length of data, the parameter 
estimation errors of RLS algorithm based on the auxiliary 
model tended to be stable, but parameter estimation error 
of the RELS algorithm is very unstable. Therefore, the 
second step in terms of follow-up closed-loop 
identification is bound to generate a lot of bad influence. 
According to the recognition result of the first step, 

construction of a noise pollution control entry is ( )u k  in 

the second step. 

Simulation  ( )r k  is chose zero mean and unit white 

noise  ( )v k  is a white noise sequence of zero mean 

and variance. In the type of noise variance parameters of 
2 , RLS estimate error vs. time curve is shown in Figure 

4 . 
ii. With the increase in the length of the data, parameter 
estimation error is getting smaller and smaller, and 
gradually stabilized, reflecting the algorithm efficiency and 
stability. 
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Figure 2. Recursive least squares (RLS) method of parameter estimation error change over time k. 

 
 
 

0 500 1000 1500 2000 2500 3000
0

2

4

6

8

10

12

14

        k

  
  

  
 

 

 

The first step of RELS

 
 

Figure 3. The recursive extended least squares (RELS) method parameter estimation error changes over time. 
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Figure 4. Parameter estimation error in the second step under different noise variance. 
 
 
 

Conclusion 
 
In this paper, for the converted first step in open-loop 
subsystem with the help of the auxiliary model and 
recursive extended least squares theory, the unknown 
intermediate variable vector was used instead of the 
output of the auxiliary model identification model, vector 
unpredictable noise term was used instead of estimated 
residuals; so using the recursive identification thought, 
estimated all the parameters of the system. In the second 
step, using recognition result of the first step constructed, 
the no noise input model, and then using the recursive 
extended least squares theory derived system model 
parameters. 
 
 
Conflict of Interests 
  
The author(s) have not declared any conflict of interests. 
 
 
ACKNOWLEDGMENTS 
 
This work was supported by the National Natural Science 
Foundation of China (61263012, 61263040, 61262034), 
Postdoctoral Foundation of China (2012M510593), 
Aerospace Science Foundation (20120156001), Natural 
Science Foundation of Jiangxi Province 
(20114BAB211020, 20132BAB201025), and Science and 
Technology Research Project of the Education 
Department of Jiangxi Province (No. GJJ13302). 

REFRENCES 
 
Besterfield-Sacre M, Schuman LJ, Wolfe H, Atman CI, McGourty J, 

Miller RL, Olds BM, Rogers GM (2000). Defining the outcome: A 
framework for EC-2000, IEEE Trans. 43(2):00-110. 

de Klerk E, Craig IK (2002). An assignment to teach closed-loop system 
identification, 15th Triennial World Congress, pp. 273-278. 

Ding F, Chen TW (2005). Hierarchical gradient-based identification of 
multivariable discrete-time system. Automatica 41(2):315-325. 
http://dx.doi.org/10.1016/j.automatica.2004.10.010 

Duan HH, Jia J, Ding RF (2012). Two-stage recursive least squares 
parameter estimation algorithm for output error models." Math. 
Comput. Modell. 55(3-4):1151-1159. 
http://dx.doi.org/10.1016/j.mcm.2011.09.039 

Landau ID (2001). Identification in closed loop: A powerful design tool. 
Cont. Eng. Pract. 9(1):51-65. http://dx.doi.org/10.1016/S0967-
0661(00)00082-4 

Laudau ID, Karimi A (1996). Recursive algorithms for identification in 
closed loop a unified approach and evaluation. Proc. 35th IEEE Conf. 
2:1391-1396. 

Ljung L (1999). System Identification Theory for the User, Prentice-Hall. 
Van Den Hof PMJ, Schrama R JP (1993). An indirect method for 

transfer function estimation from closed-loop data. Automatica, 
29(6):1523-1527. http://dx.doi.org/10.1016/0005-1098(93)90015-L 

Yao GY, Ding RF (2012). Two-stage least squares based iterative 
identification algorithm for Controlled autoregressive moving average 
(CARMA) systems. Comput. Math. Appl. 63(5):975-984. 
http://dx.doi.org/10.1016/j.camwa.2011.12.002 

Yue N, Zhu FZ, Zhou Y, Ding F (2009). The autoregressive moving 
average model two-stage identification method based on RLS. Sci. 
Technol. Eng. 9(7):1918-1920. 

Zhang WX, Feng CB (1995). A bias-crrection method for indirect 
identification of closed-loop systems. Automatica 31(7):1019-1024. 
http://dx.doi.org/10.1016/0005-1098(95)00006-I 

 

 
 

http://dx.doi.org/10.1016/j.automatica.2004.10.010
http://dx.doi.org/10.1016/j.mcm.2011.09.039
http://dx.doi.org/10.1016/S0967-0661(00)00082-4
http://dx.doi.org/10.1016/S0967-0661(00)00082-4
http://dx.doi.org/10.1016/0005-1098(93)90015-L
http://dx.doi.org/10.1016/j.camwa.2011.12.002
http://dx.doi.org/10.1016/0005-1098(95)00006-I


 

 

 

 
Vol. 9(9), pp. 336-342, 15 May, 2014 

DOI: 10.5897/SRE2014.5913 

Article Number:  C6B102A44551 

ISSN 1992-2248 © 2014  

Copyright©2014 

Author(s) retain the copyright of this article 

http://www.academicjournals.org/SRE 

                             Scientific Research and Essays 
 

 
 
 
 

Full Length Research Paper 

 

Research on the topology control algorithm to 
maximize the Ad Hoc life cycle 

 

Wenbo Zhang*, Yongxin Feng, Xiaobo Tan and Lidong Fu 

 
School of Information Science and Engineering, Shenyang Ligong University, Shenyang 110159, China. 

 
Received 3 January, 2013; Accepted 24 Mar, 2014 

 

For Ad Hoc network, nodes move randomly with limited energy and self-organization; there is multi-hop 
of complex network, however, in order to extend the life cycle of Ad Hoc network effectively. This 
research was aimed at improving LEACH algorithm clustering on Ad Hoc network, constructing Ad Hoc 
network topology based on small world, making nodes that can still continue to maintain 
communication under the circumstances of communication link failure, appearance, disappearance and 
move. Namely, the work aims to improve the stability of the network topology and overall network anti-
destroying. The simulation experiment verifies the correctness and effectiveness of algorithm. 
 
Key words: Ad Hoc network, complex network, small world network, life cycle, survivability. 

 
 
INTRODUCTION 
 
In this paper, an approach for topology control to extend 
the lifetime of Ad Hoc network was studied, in order to 
synthesize various factors as far as possible to maximize 
network survival time, and to make node maintain 
communications under the circumstances such as 
appearance, disappearance, movement and 
communication link failure. There are some ways about 
survivability study as follows. Firstly, the network topology 
structure is designed in the beginning, and during the 
design, various factors that prolong the survival time of 
the network, maintain network stability and improve the 
overall performance of the network are all considered. 
Secondly, Ad Hoc network is self-organizing and multi-
hop. It has some characteristics of complex network. So 
the complex network theory could be used in Ad Hoc 
network to enhance its survivability. Finally, in order to 
maintain the stability of the network, the node or link 
failure    and    other     factors     such    as     redundancy, 

reconstruction and other measures should be considered 
(Liu et al., 2011, 2012; Mistra and Thomasinous, 2010; 
Ok et al., 2009; Ren et al., 2011; Uster and Lin, 2011). 

The Ad hoc network topology is flat. So in order to 
enhance its survivability, it should have high connectivity 
between each node, that is to say, there are many paths 
between two nodes, if one path fails, start the other one. 
To make node strong connected, it is essential to 
increase the transmission power of the node, enlarge 
transmission range of nodes and cover more nodes. But 
increasing the transmission power of the node consumes 
its energy and shorts the network lifetime, so the energy 
consumption and network survivability is contradictory. 
This paper constructs a hierarchical network, which has 
different clustering algorithms by means of cluster head 
election, and synthesizes the residual energy of node, 
mobility, deviation of node degree (cluster size) and other 
factors to cluster (Wendi et al., 2002; Xiaohua et al., 2005;  
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Figure 1. Radio energy model. 
 
 
 

Xu and Liang, 2011). 
 
 
LOW-ENERGY ADAPTIVE CLUSTERING HIERARCHY 
(LEACH), MODIFIED WEIGHTED CLUSTERING 
ALGORITHM (MWCA) CLUSTERING ALGORITHM 
ANALYSIS 
 
The process of the cluster head election 
 
At this stage, cluster head election algorithm combines 
low energy adaptive clustering hierarchical (LEACH) 
improvement algorithm in wireless sensor networks with 
an on-demand weighted clustering algorithm (WCA). That 

is, the clustering algorithm 
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The calculation method of on-demand weighted 
clustering algorithm: 
 

vvresident DcMbaEvweight //                  (2) 

 

residentEv  is the remaining energy of nodes, which was 

obtained from node energy model (Yao-Chung et al., 
2006) . 

Figure 1 shows the diagram of energy model of nodes. 
Assuming a simple model for the energy consumption of 
wireless hardware, in this model, the sending end energy 
consumption includes sending radio electronics and 
amplifier energy consumption, the receiving end energy 
consumption includes receiving radio electronic energy 
consumption as shown in Figure 1. For this description, 
there are two kinds of channel model, free space model 
(energy loss and transmission distance is proportional to 
the square) and multi-path fading model (the energy loss 
is proportional to transmission distance to the fourth 
power), conversion between the two models is based on 
the distance between the sending and  the  receiving  end, 

and power control can be set by the appropriate power 
amplifier and change the distance between the sending 
and receiving end. If the distance is less than the 

threshold value 0d , we use the free space model, 

otherwise, we use multi-path attenuation model. 
Therefore, when the distance between sending and 

receiving end is d  with a bitl   message, the radio 
energy consumption is: 
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To receive this message, the radio energy consumption: 
 

elecelecRxRx lElElE   )()(                                  (4) 

 
The energy consumption of sending and receiving end is 
the sum of the total energy consumption of the node, the 
difference of the initial energy and total energy 
consumption is the residual energy of the node. 

The vM  presents the local mobility of the node, it can 

be calculated by a set of relative mobility metric values 
from all the neighboring nodes. 

For the relative mobility metric value of node u  to node 

v : 
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  old
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,  

 

then )(uM relv  0 , it means that the two node are far 

away from each other, contrary, if new
vurx

PR


 old
vurx

PR


, it 

shows that the two nodes are close to each other. If a 

node v  has m  neighbor nodes, there are m value 
rel
vM , 

the local mobility value is the difference between the 
relative mobility value of all neighbors and 0, that is: 
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Figure 2. Local movement and relative movement.  
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calculated. If vM  0, it indicates that the node is away 

from neighbors, if vM 0, it shows the node is close to 

neighbor nodes (Figure 2).  

vD  means the difference between node degree 

(number of neighbor nodes) and the ideal degree, as the 

MdD vv  , where vd  denotes the number of 

neighbor nodes. The calculation formula of vd  is as 

follow: 
 

  range

vvVvv

v txvvdistvNd  
 '' ,,

'),()(    (5) 

 

here rangetx  represents the transmission range of the 

nodes. 

A weight  implies the combination weight of node, 

namely to the ability to act as cluster head node. For the 

weight factor ba,  and c , we set cba   in this 

thesis, and they satisfy 1 cba . Based on the 
calculation formula of combination weight, we are mainly 
considering three factors: the energy of node, the mobility 
of node (cluster stability) and the size of cluster (node 
degree). Among them, if the local mobility and the 
difference between the node degree and the ideal degree 
are small, the possibility of a node becoming cluster head 
node is big, and the stability of clusters is strong. If the 
remaining energy is large, the probability of the node 
becoming cluster head is high. Therefore, by calculating, 
it shows that we should choose the larger weight as the 
cluster head node. 
 
 

The initial stage of establishing a cluster 
 
During the initial process of creating a cluster in mobile 
Ad Hoc networks, a mobile node first starts and then 
enters into networking; and at last forms a relatively 
stable   cluster  structure  within  the  scope  of  the  entire 

network. When we initially create a cluster or a new node 
join in, through the initialization process, deciding what 
role of the node should play in. 

When a system boots, a globally unique node ID is 
given, all nodes are randomly well-distributed in a region 
with the same initial energy, the energy consumption of 
mobile nodes are not the same each round. In the first 
round, we use the LEACH algorithm, namely t = 0, during 
a short time of executing the clustering algorithm, the 
mobile node in Ad Hoc network nodes do not move. Each 
node is randomly assigned a random number, comparing 
the random number with threshold, when the random 

number is less than the nT , the node is selected as the 

cluster head node. Then, the node which was selected as 
the cluster head broadcast Hello message packet, which 
includes the serial number of the cluster head node. The 
non-cluster head nodes which received the broadcast 
message packet, choose to add to the strong signal 
clusters, according to the distance between them and the 
cluster head nodes, notify the cluster head, when cluster 
head node receives all the information added to the 
cluster, it will create a time division multiple access 
(TDMA) timing information and inform all the nodes within 
the cluster. In order to avoid the interference of signal 
from nearby cluster, the cluster head node can decide 
code division multiple access (CDMA) code of all nodes 
in the cluster, CDMA code along with the TDMA are sent 
at scheduled times, when a node within the cluster 
receives the message, it begins to enter the data 
communication phase. In this phase, each node has the 
trend to move in the cluster. We should consider this 
dynamic problem time discretization. 

Assuming that each node has different energy 
consumptions in each round, namely the node's residual 
energy is different. In order to balance the energy 
consumption of all nodes, we should select each node to 
become a cluster head periodically so that each node has 
to the opportunity to act as the cluster head. In the 
second round of the cycle, we use the on-demand 
weighted clustering algorithm to initialize the node 
information along with the weight of the node. The weight 
of the node includes the current residual energy, local  
mobility and the degrees (one-hop neighbor  node  of  the  



 

 
 
 
 
nodes), the number of cluster head and the ID 
information of the cluster heads. In addition, we also 
initialize neighbor list information of the node and the 
cluster head table information. 

The node should put its own ID, transmit and receive 
signal power into broadcast message, and broadcast to 
one-hop neighbors. When neighbor nodes receive 
broadcast message of that node, it checks its own 
neighbor list. If the node has already existed in the 
neighbor list, update is made to the information in 
neighbor list of the node with mobile information and 
update time. Node should be added, if it does not exist in 
the neighbor list. After a node transmits broadcast 
message a period of time, when assuming that it has 
received the message from all neighbors, that is to say, 
there is no new neighbor node to be added to the 
neighbor list of the node in a period of time, it begins to 
calculate its own weights. 

First through the energy model of the node, when we 

calculate weights, the residual energy residentE  is 

obtained. The node goes through its own neighbor list. 
Through the neighbor list stored in, the node receives the 
same at different times of signal power; we can figure out 

)(uM relv , along with vM . 

The total number of neighbors is extracted from the 

neighbor list, vd  is calculated and then we obtain the 

MdD vv  . According to the calculated residentE , vM , 

vD  and the importance of the three factors that are 

previously set as cba 、、  to calculate the combination 

weight of each node, each node puts combination weight 
and node ID in the node weight broadcast message, and 
broadcasts to one-hop neighbors. 

After each node receives the neighbor node weight 
message, they update their neighbor list information. 
Within a period of time, if the node does not receive the 
node weight message in the original neighbor list, the 
node should be deleted from original neighbor list; if a 
node receives weights message in original neighbor list, it 
is necessary to update the neighbor node weight; if a 
node receives weight message instead of the original 
neighbor list, we have to discard it. 

After the node sends weight message a period of time, 
if all weights in the neighbor node list are updated, the 
node determines whether its weight are larger than all the 
neighbors’ nodes or not; if the weights are equal, the 
node compares whether node ID is smaller than the 
neighbor’s. If it satisfies this condition, node sends a 
message that it acts as the cluster head, otherwise waits 
for news of neighbor nodes becoming cluster heads. 

For ordinary nodes which have not be elected as 
cluster head, if they receive the message of neighbors 
becoming cluster head, its state turn into cluster 
members, next to update their cluster head table and 
retreat from cluster  head  election.  Otherwise,  the  node  
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sets itself to the cluster head, and sends a message that 
it becomes the cluster head. If there are still nodes in the 
initial state, following the round cycle to execute cluster 
head election process until the status of all nodes turn 
into cluster head or cluster members is necessary. This 
facilitates selecting cluster head periodically so that each 
node has opportunity to become a cluster head, and thus 
the energy consumptions of nodes are more balanced. 
 
 
INTER-CLUSTER COMMUNICATION 
 
The inter-cluster communications connect cluster heads 
to form a ring network, for each node can become a 
cluster head, the nodes in ring network also periodically 
change. We construct the small world network based on 
this topology according to two properties of the small 
world network: the big clustering coefficient and the small 
shortest path. Firstly, long links were constructed; where 
N represents the number of vertex ring, the P represents 
the random connection probability, and the K is the 
number of adjacent nodes, according to the formula, the 

average path length: )(NKPf
K

N
L  , and the clustering 

coefficient 3)1(
)12(2

)1(3
p

k

k
C 






, according to the 

parameters of N, P, K (both determine the number of long 
links). The purpose is to construct the topology with the 
shortest path, while the clustering coefficient is used to 
describe the node graph or network integration group 
coefficient. The network is divided into clusters on the 
whole, and its clustering coefficient is very high. Thus on 
the whole, we construct the topology of Ad Hoc network 
based on small world network, each cluster can 
communicates with each other. The topology diagram of 
Ad Hoc networks is based on small world network (Figure 
3). 

After the cluster is created, it is essential for the 
reasonable maintenance mechanism of clusters to try to 
maintain the stability of the cluster structure, due to the 
limited energy and the natural failure or link failure and 
the mobility of the node. At the moment of the node 
failure or link failure, node can still maintain the ability of 
communication, namely to prolong the network life cycle. 
Therefore, in this paper, the maintenance of clusters are 
mainly a node joins, disappears and moves. Node joining 
makes use of network reconfiguration, in order to quickly 
start backup node to backup link if node disappears and 
the link fails. 
 
 

LOW-ENERGY ADAPTIVE CLUSTERING HIERARCHY 
(LEACH) AND MODIFIED WEIGHTED CLUSTERING 
ALGORITHM (MWCA) SIMULATIION AND ANALYSIS 
 
The simulation model comprised 50 nodes, randomly 
distributed in the range of 100 m * 100 m; the network is 
divided into 10  clusters,  namely  10  cluster  heads.  The
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Figure 3. Topology diagram of Ad Hoc networks based on small world network. 

 
 
 

 

 

 

 Round  
 

Figure 4. The diagram of election times and survival node numbers. 

 
 
 

initial energy of the nodes is 1J, the actual connection 
degree is M = 4, the total simulation time is 800 min. The 
related parameters of the small world network is set to N 
= 10, P = 0.2, K = 4 (adjacent nodes), each round of 
cycle interval is 50 s, a total of 960 rounds.  

Figure   4   shows   the  relationship  between  curve  of 

cluster heads election rounds and the remaining nodes in 
Ad Hoc network based on the small world. From Figure 4 
using the simulation of LEACH algorithm, all nodes are 
dead after 700 rounds of the cluster head election, but 
applying the LEACH and MWCA clustering algorithm we 
put forward, the life cycle of the node is 1200 rounds,  not
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Figure 5. The diagram of election times and network node residual energy percentage. 
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Figure 6. The diagram of node speed and rate of cluster head changes. 

 
 
 
because of the hasten death of nodes due to the 
excessive energy consumption of the cluster head node, 
to improve the stability of the network topology and the 
survivability of overall network, but because of the cluster 
heads election algorithm proposed in this paper considers 
the residual energy and mobility of the node and the 
maximum   number   of   nodes   for  cluster  head  nodes 

handling, to make the energy consumption of nodes in 
the network more homogeneous and stable. 

From Figures 5 and 6 shown, the LEACH algorithm 
does not consider the residual energy and mobility of 
nodes, although each node has the probability of acting 
as cluster head, individual cluster head nodes accelerate 
the death due to excessive  energy consumption.  As  the 
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node speed increases, the cluster head change rate is 
larger; if the entire cluster is not stable, maintaining the 
stability of the cluster and network topology will consume 
more energy, while the algorithm proposed in this paper 
considers the residual energy and mobility of nodes, the 
nodes which have much residual energy and low moving 
rate act as cluster head, the cluster head is more stable, 
the lifetime of all nodes in the whole network is longer, 
according to the passage above, we know that the 
LEACH and MWCA clustering algorithm in the Ad Hoc 
network based on the small world is more stable, the anti-
destroying ability of the whole Ad Hoc network is stronger. 
 
 
CONCLUSIONS 
 
In this research, the approach to hierarchical topology 
control in maximizing network lifetime of Ad Hoc network 
based on small world was put forward. In the process of 
the cluster head election, we do not only 
comprehensively consider the residual energy of the 
node, mobility of the node and the maximum number for 
cluster head node to handle, but also make use of small-
world model to maintain the stability of the node and to 
enhance the anti-destroying ability of the network. The 
simulation results show that compared with other 
clustering algorithms, the proposed clustering algorithm 
in this paper can prolong the network lifetime effectively. 
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In order to reveal the formation mechanism of hydrochemical characteristics in Tongchuan City, we 
collected and detected 39 samples of underground water. Correlation analytical method, hydrochemical 
method and ion ratio coefficient method were employed to investigate the hydrochemical 
characteristics, influencing factors and principles of changing. Results demonstrate that the main 
factors, controlling the shallow water salinization, are the SO4

2-
, NO3

-
, Cl

-
 and K

+
. The contents of SO4

2-
, 

NO3
-
 and Cl

- 
are greatly different and other indexes are relatively stable. The values of γNa/γCl 

demonstrate that the Na
+
 is released from the soil aquifer in the runoff process. There is an exchange 

between the Ca
2+

 in water and Na
+
 in soil, which leads to γNa＞γCl. As the exchange time in deep water 

is longer than that of shallow water, the exchange and adsorption of ions are more sufficient. The value 
of γNa/(γNa+γCl) demonstrates that with increasing of ground water depth, the level of cation exchange 
enhances, which leads to the dominant cation turning to Ca

2+
 from Na

+
. The value of 

γHCO3+γSO4/γCa+γMg demonstrates the shallow water is mainly from atmospheric rainfall and the 
influence of cation exchange is more obvious on deep water. The types of shallow water in Tongchuan 
City are mainly HCO3·SO4-Ca. Its classification is relatively complex. Whereas, the deep water is mainly 
HCO3-Na and the category of underground water is simple. As for shallow water, the content of alkaline 
earth metal is larger than that of alkali metal. For the deep water, the content of weak acid group is 
larger than that of strong acid group. In the region of upper reaches, the features of both shallow and 
deep waters are mainly weak acid and alkaline earth metal. The chemical composition mainly consists 
of carbonate leaching. With the flowing of underground water, the shallow water turns to be strong acid 
and alkaline earth metal and the deep water turns to be weak acid and alkali metal. 
 
Key words: Tongchuan City, underground water, hydrochemical characteristics, ion ratio coefficient method. 

 
 
INTRODUCTION 
 
The composition and distribution of hydrochemistry are 
direct proofs to study the formation and change of 
underground water. They are basic principles for 
exploitation    and    planning.    The    composition     and 

concentration distribution of hydrochemistry are formed in 
the development of geological history. Some geochemical 
conditions play important roles in the process of formation, 
such as the topographical distribution, meteorological and  
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hydrological changes, geological structures, changes of 
hydrological conditions and human activities. Through 
hydrochemical information, we can explore the features 
of occurrence environment, runoff channels and material 
exchanges, which can help us to reveal the cycle 
principles of underground water (Florian, 2011; 
Ravikumar et al., 2010). 

Tongchuan City is an industrial city with plenty of coal 
mines. Its coal and building-material industries are highly 
developed. So it is an important industrial base for energy 
and raw materials in northwest of China. In the process of 
development, there are large populations settled down. 
What is more, the scales of industry and agriculture, 
commerce and tourism have increased rapidly. These 
changes have propelled a high demand for underground 
water. However, the underground water has been 
seriously destroyed, which has affected the living water, 
industrial water and agricultural water. The study of 
underground water hydrochemistry is the main contents 
of water resources quality evaluation, which has an 
important meaning in water resources utilization and 
management together with the protection of the 
ecological environment. 

In this paper, we collected underground water with the 
principle of scientific system. Then, relative 
hydrogeochemical parameters were studied. Descriptive 
statistics, correlation analysis, ion ratio coefficient method 
and Piper diagrammatic method were employed to study 
the characteristics of spatial and temporal variability 
together with the evolution rules. We also revealed the 
hydrochemical procedure of underground water quality 
evolution, which provides scientific proof for water 
resources protection and rational development. 
 
 
MATERIALS AND METHODS 

 
Overview of the research area 

 
Tongchuan City is located in the transitional zone of Guanzhong 
Plain to loess plateau of Shanxi Province (E108°34′~109°29′, 
N34°50′~35°34′), with an area of 3882 km2. Tongchuan City has a 
warm temperate continental climate, which is dry and cold in winter 
and with scarce rain and snow. Affected by the warm moist air mass 
of Pacific Ocean, it is hot and humid with relative abundant rain in 
the summer. There are usually droughts in spring and water-logging 
in autumn. The topography of Tongchuan City is north-west high 
and south-east low, which results in the obvious difference of 
climate. The average precipitation is 555.8~709.3 mm and the 
average temperature is 8.9~12.3°C. 

 
 
Collection and analysis of samples 

 
In August 2011, we collected 39 samples of underground water in 
Tongchuan City, which consists of 25 groups of shallow water (well 
total depth less than 30 m) and 14 groups of deep water (well total 
depth more than 100 m), which are shown in Figure 1. The 
parameters to be detected include HCO3

-, SO4
2-, NO3

-, Cl-, Ca2+, 
Na+, Mg2+, K+ and total dissolved solids (TDS). The detection of 
samples   was   carried   out   in   underground   mineral  water  and 

 
 
 
 
environmental monitoring center of the Ministry of Land and 
Resources. The equipments used are as follows: flame atomic 
absorption spectrophotometry was employed to detect the 
concentration of K+ and Na+; Ion chromatography was used to 
detect SO4

2- and Cl-; ethylenediaminetetraacetic acid (EDTA) 
titrimetry was used to study HCO3

-; Gas phase molecular 
absorption spectrometry was used to detect NO3

-; The value of TDS 
is the sum of ion concentration; we use SPSS18.0 and 
AquaChem3.7 were used to analyze the data. 
 
 
RESULTS AND DISCUSSION 
 

Descriptive statistics 
 

The negative ions of underground water in Tongchuan 
City mainly consist of HCO3

-
, SO4

2-
, NO3

-
 and Cl

- 
(as 

shown in Table 1). Especially, the concentration of HCO3
- 

is the most high (in the range from 213 to 621.7 mg/L), 
with an average value of 353.11 mg/L. The contents of 
other ions are as follows: SO4

2- 
(in the range from 13.18 

to 897 mg/L) has an average value of 221.95 mg/L; NO3
- 

(in the range from 6.98 to 482.5 mg/L) has an average 
value of 96.61 mg/L; Cl

- 
(in the range from 5.25 to 208.3 

mg/L) has an average value of 53.06 mg/L. The positive 
ions of underground water mainly consist of Ca

2+
, Na

+
, 

Mg
2+

 and K
+
. Especially, the concentration of Ca

2+ 
is most 

high (in the range from 12.71 to 457.2 mg/L), with an 
average value of 129.32 mg/L. The contents of other ions 
are as follows: Mg

2+ 
(in the range from 15.64 to 126.5 

mg/L) has an average value of 42.99 mg/L; K
+ 

(in the 

range from 0.31～31.6 mg/L) has an average value of 

3.21 mg/L. The value of TDS is in the range between 
305.8 and 2343 mg/L, with an average value of 821.59 
mg/L. For all the samples, 71.79% are fresh water and 
28.21% belong to the brackish water. From the variation 
coefficients of components, we can conclude that NO3

-
 

has the highest variation coefficients in negative ions, 
which suggests that there is a large distribution in the 
contents of NO3

-
. There are also a large variation in the 

contents of SO4
2-

 and Cl
-
. However, the variation 

coefficient of HCO3
-
 is the smallest, which suggests that 

its content is relative stable. In the four positive ions, K
+ 

has the highest variation coefficient, which suggests it 
has a wider distribution difference than others. The 
changing degree of negative ions is larger than that of 
positive ions. 

There are some differences between the hydrochemical 
characteristics of shallow water and deep water. As for 
the negative ions, the concentration of HCO3

-
 and NO3

-
 

show no obvious difference between the shallow water 
and deep water; the concentrations of SO4

2-
 and Cl

-
 are 3 

and 2 times higher than that of deep water respectively. 
Compared with deep water; the proportions of HCO3

-
 and 

NO3
- 

in negative ions are lower and the proportions of 
SO4

2-
 and Cl

-
 are higher. As for positive ions, the average 

contents of Ca
2+

, Mg
2+

 and K
+ 

are all higher than that of 
deep water. However, the concentration of Na

+ 
is lower 

than deep water. Ca
2+ 

possess the maximum  percentage
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Figure 1. Location and detailed land use regionalization of the study area [groundwater sampling sites are shown as triangles (deep 
groundwater) and circles (shallow groundwater)]. 
 
 
 

in shallow water, which is 54.86% and Na
+ 

is the 
maximum one in deep water, which is 55.47%. What is 
more, the average value of TDS in shallow water is 1 
times more than that of deep water, which suggests that 
there is a high ion content in the shallow water. 

Generally, the ion variation coefficient of shallow water 
is higher than that of deep water. Among them, K

+ 
has the 

biggest change, which suggests that there is a more 
obvious variation in shallow water than that in deep water. 
This is caused by the aquifer medium, topography, 
hydrology-weather conditions and human activities. There 
shallow water, which demonstrates that they have 
relatively stable features. Among them, HCO3

- 
has a is a 

smaller   variation   for   HCO3
-
,   Ca

2+
,   Na

+
  and  Mg

2+  
in 

maximum average value, with a minimum variation 
coefficient, which suggests that it has a higher relative 
contents and it is the main negative ions. There are 
higher variation coefficients in SO4

2-
, NO3

-
, Cl

-
 and K

+
, 

which suggests they are sensitive to the change of 
environment, with bigger change in shallow water. In 
deep water, there are bigger variation coefficient in SO4

2-
, 

NO3
-
 and Cl

-
. We can conclude that they have a bigger 

contents change and a smaller variation in shallow water. 
 
 
Correlation statistics 
 
Correlation statistics can be used to  reveal  the  similarity,
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Table 1. Summary statistics of the analytical data and groundwater samples of the study area. 
 

Groundwater 
samples 

Statistical 
evaluation 

Unit HCO3
- 

SO4
2- 

NO3
-
 Cl

-
 Ca

2+
 Na

+
 Mg

2+
 K

+
 TDS 

All samples 

Min mg/L 213 13.18 6.98 5.25 12.71 19.02 15.64 0.31 305.8 

Max mg/L 621.7 897 482.5 208.3 457.2 205.7 126.5 31.6 2343 

Mean mg/L 353.11 221.95 96.61 53.06 129.32 79.24 42.99 3.21 821.59 

S.D mg/L 76.8 226.45 116.77 51.73 96.8 43.04 27.16 5.87 448.24 

C.V % 21.75 102.03 120.86 97.5 74.85 54.31 63.17 183.02 59.43 

            

Shallow 
groundwater 

Min mg/L 224.5 21.19 9.8 5.25 24.31 19.02 20.12 0.31 305.8 

Max mg/L 488.1 854.7 482.5 208.3 331.6 155.8 126.5 31.6 1944 

Mean mg/L 355.2 266.02 92.69 63.31 153.94 72.07 50.38 4.21 924.92 

S.D mg/L 67.68 223.04 119.4 55.51 81.86 41.24 30.07 7.27 458.72 

C.V % 19.05 83.84 128.81 87.68 53.18 57.22 59.69 172.85 49.6 

            

Deep groundwater 

Min mg/L 279.2 13.18 9.3 5.25 12.71 50.24 15.64 0.77 354.4 

Max mg/L 621.7 185.5 364 64.77 90.26 205.7 41.56 1.71 695.7 

Mean mg/L 369.56 63.48 106.47 23.14 48.5 95.29 26.78 1.22 491.3 

S.D mg/L 96.46 49.13 128.54 18.36 24.04 46.11 9.74 0.29 119.74 

C.V % 26.1 77.39 120.73 79.33 49.56 48.38 36.38 23.6 24.37 
 

S.D: Standard deviation; C.V: coefficient of variation. 
 
 
 

Table 2. Correlation matrices of hydrochemical parameters of groundwater in the study area. 
 

Parameters HCO3
-
 SO4

2-
 NO3

-
 Cl

-
 Ca

2+
 Na

+
 Mg

2+
 K

+
 TDS 

Shallow groundwater 

HCO3
-
 1         

SO4
2-

 -0.07 1        

NO3
-
 -0.06 0.22 1       

Cl
-
 0.05 0.57

b 
0.16 1      

Ca
2+

 -0.09 0.92
b 

0.2 0.67
b 

1     

Na
+
 0.46

a 
0.25 0.19 0.63

b
 0.16 1    

Mg
2+

 0.13 0.84
b 

0.09 0.82
b
 0.78

b 
0.53

b 
1   

K
+
 -0.07 0.11 0.57

b 
0.27 0.18 0.17 0.08 1  

TDS 0.07 0.89
b 

0.22 0.86
b
 0.91

b 
0.53

b 
0.93

b 
0.23 1 

           

Deep groundwater 

HCO3
-
 1         

SO4
2-

 -0.19 1        

NO3
-
 0.03 -0.15 1       

Cl
-
 -0.35 0.97

b 
-0.12 1      

Ca
2+

 -0.44 0.72
a 

0.21 0.75
b 

1     

Na
+
 0.86

b 
-0.11 -0.29 -0.25 -0.65

a 
1    

Mg
2+

 0.28 0.71
a 

0.15 0.67
a 

0.46 0.2 1   

K
+
 0.15 0.47 0.07 0.38 0.55 -0.06 0.48 1  

TDS 0.56 0.68
a 

-0.11 0.56 0.23 0.56 0.87
b 

0.48 1 
 

a p<0.05; b p<0.01. 
 
 
 
dissimilarity, consistency and difference of underground 
water hydrochemical characteristics (Kshetrimayum and 
Bajpai, 2012). The Pearson correlation coefficients of 
shallow   and   deep   waters   in   Tongchuan    City    are 

calculated as shown in Table 2. In shallow water, there is 
strong positive correlation between TDS and SO4

2-
, Cl

-
, 

Ca
2+

, Na
+ 

and Mg
2+

. However, HCO3
-
, NO3

-
 and K

+ 
have 

no effects on TDS. Above results demonstrate that TDS is
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Figure 2. Scattergram of γNa/γCl values of groundwater. 
 
 
 

mainly controlled by SO4
2-

, Cl
-
, Ca

2+
, Na

+
 and Mg

2+
. There 

are perfect positive correlations between Ca
2+

, Mg
2+ 

and 
SO4

2-
, Cl

-
, which suggests that Ca

2+
 and Mg

2+ 
are mainly 

from sulfate and chlorate. There is a strong positive 
correlation between Na

+
 and Cl

-
, which suggests that Na

+
 

and Cl
-
 are mainly from chlorate. There is also positive 

correlation between K
+
 and NO3

-
, which demonstrates 

that they are from the same source (Dudeja et al., 2011). 
There is a strong positive correlation between TDS and 
Mg

2+
 and it also has some relationships with SO4

2-
. The 

effects of other indexes are relatively slight. All of the 
above results demonstrate that in the deep water TDS is 
mainly controlled by Mg

2+
 and SO4

2-
. Consistent with 

shallow water, there are perfect positive correlations 
between Ca

2+
, Mg

2+
 and SO4

2-
, Cl

- 
in deep water. Different 

from shallow water, there is no positive correlation 
between Na

+
 and Cl

-
. There is also no relationship 

between K
+ 

and other ions in deep water. 
 
 
Analysis of ion ratio coefficient 
 
In the flow field of underground water, there is an organic 
relationship among the chemical compositions. The 
coefficients of proportionality between compositions are 
often used to study some chemical problems in 
hydrological earth (Anita and Gita, 2011). The MEq 
concentration ratio (γNa/γCl) is called the genetic factor of 
underground water. It is a hydrogeochemical parameter 
to characterize the enriching of Na

+ 
(Chen et al., 2012). 

The average value of γNa/γCl for seawater is 0.85. There is 
a higher value for low salinity water (γNa/γCl>0.85) and a 
lower value for concentrated water (γNa/γCl<0.85) 
(Aghazadeh and Mogaddam, 2011). In the shallow water 
of Tongchuan City, the γNa/γCl value of γNa/γCl is in the 
range from 0.75 to 15.41, with an average value of 2.90. 
Among them, most of the samples have a γNa/γCl value of 
less than 1 (as shown in Figure 2) and only two samples 
are larger than 1. In deep water, the value of  γNa/γCl  is  in 

the range from 2.3 to 36.25, with an average value of 
13.01. The values of all samples are larger than 1. Above 
results demonstrate that in the runoff process, the water 
is hydrolyzed and acidized, which releases Na

+ 
from soil 

and aquifers (Ahmad Dar et al., 2011). There is also ion 
exchange between Ca

2+ 
from water and Na

+ 
from the soil, 

which results in γNa>γCl. The value of γNa/γCl is higher in 
deep water than that of shallow water, which may be 
caused by the long time lixiviation and replacing (Figure 
3). 

Research has demonstrated that the value of 
γNa/(γNa+γCl) could reflect the exchange of positive ions. 
When the value is larger than 0.5, it means the exchange 
of positive ions happens. After the Na of soil and aquifers 
are replaced by Ca and Mg in water, it flows into 
underground water. The value of γNa/(γNa+γCl) is in the 
range from 0.429 to 0.939, with an average value of 
0.665. Among them, there are only two samples, whose 
value of γNa/(γNa+γCl) is less than 0.5. In the deep water, 
the value of γNa/(γNa+γCl) is in the range from 0.697 to 
0.973, with an average value of 0.848. The values of all 
samples are larger than 0.5 and higher than that in 
shallow water. Above results demonstrate that there is 
different degree of cations exchange adsorption and the 
deep water has a relatively strong adsorption. This leads 
to the fact that with the increasing of depth the advantage 
ion turns to be Na

+
 from Ca

2+
. 

As seen in Figure 4, the ratio of γHCO3+γSO4 and γCa+γMg 

is close to 1. Above results demonstrate that the 
underground water is mainly from rainfall and the ions of 
Ca

2+
, Mg

2+
 and HCO3

- 
are mainly from the weathering 

dissolution of carbonate rock. The ratio of γHCO3+γSO4 and 
γCa+γMg is larger than 1:1, which demonstrates that the 
contents of Ca

2+
 and Mg

2+ 
have dramatically decreased. 

 
 
Classification of underground water 
 
According to the classification method of Shug Kalev,  the
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Figure 3. Scattergram of γNa/(γNa+γCl) values of groundwater. 
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Figure 4. Scattergram of (γHCO3+γSO4/γCa+γMg) values of groundwater. 

 
 
 
samples of underground water in Tongchuan City can be  
divided into 22 types as shown in Table 3. There are 
various categories of hydrochemical types. Among them, 
the type HCO3·SO4-Ca accounts for the largest 
proportion, which is 10.26% of the samples (4 samples). 
For other samples, HCO3-Ca·Na·Mg, HCO3-N and 
HCO3·SO4-Ca·Na·Mg accounts for 7.69% proportion (3 
samples). There are 15 kinds of water samples in shallow 
water. The type of HCO3·SO4-Ca accounts for the largest 
proportion, followed by HCO3-Ca, HCO3-Ca·Mg, 
HCO3·SO4-Ca·Na, HCO3·SO4-Ca·Na·Mg, SO4-Ca, SO4-
Ca·Mg and SO4·HCO3-Ca water types. There are 10 
kinds of water types in deep water, with type HCO3-Na as 
the largest. Then, they are HCO3-Ca·Na·Mg and HCO3-
Ca·Na type water as shown in Table 3. We can conclude 
that the types of water chemistry of shallow groundwater 
are complex and the deep water is relatively simple. 
Generally, the hydrochemical types of  shallow  water  are 

simpler than that of deep water. This is caused by the 
longer time of leaching and replacing, which makes the 
composition of water more complex. The adverse 
consequences are caused by the contamination of 
shallow water. 
 
 
Features of the hydrochemical evolution 
 
We obtained the Piper trilinear chart using software of 
‘information system of groundwater pollution 
investigation’ as seen in Figure 5. It can be concluded 
that there are obvious differences in the chart of shallow 
and deep waters. In the shallow water, the positive ions 
mainly consist of Ca

2+ 
and the concentration of Na

+
 and 

K
+
 are relative low. In deep water, the positive ions mainly 

consist of Na
+
 and K

+
. The concentration of Mg

2+
 and 

Ca
2+ 

are relative low. The negative ions of  shallow  water
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Table 3. Hydrochemical type of groundwater. 
 

Hydrochemical type Sample number Ratio (%) 

Shallow groundwater 

HCO3·SO4-Ca 4 16 

HCO3-Ca 2 8 

HCO3-Ca·Mg 2 8 

HCO3·SO4-Ca·Na 2 8 

HCO3·SO4-Ca·Na·Mg 2 8 

SO4-Ca 2 8 

SO4-Ca·Mg 2 8 

SO4·HCO3-Ca 2 8 

HCO3-Ca·Na·Mg 1 4 

HCO3·SO4-Ca·Mg 1 4 

HCO3·SO4-Na·Mg 1 4 

SO4·Cl-Ca 1 4 

SO4·Cl·HCO3-Mg·Ca 1 4 

SO4·HCO3-Ca·Mg 1 4 

SO4·HCO3-Ca·Na 1 4 

    

Deep groundwater 

HCO3-Na 3 21.43 

HCO3-Ca·Na·Mg 2 14.29 

HCO3-Ca·Na 2 14.29 

HCO3- Mg·Na·Ca 1 7.14 

HCO3- Mg·Ca·Na 1 7.14 

HCO3-Na·Mg 1 7.14 

HCO3-Na·Ca 1 7.14 

HCO3·SO4-Na·Ca·Mg 1 7.14 

HCO3·SO4-Na·Mg 1 7.14 

HCO3·SO4-Ca·Na·Mg 1 7.14 

 
 
 

 
 

Figure 5. The piper diagram for the groundwater samples. 
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mainly consist of HCO3

-
 and SO4

2-
. The concentration of 

Cl
-
 is relatively low. In deep water, the negative ions 

mainly consist of HCO3
- 
and the concentration of Cl

-
 and 

SO4
2- 

are relatively low. Along the direction of flow, the 
change of negative ions in deep water is not obvious. The 
ratio of positive ions increases and the concentration of 
Ca

2+
 and Mg

2+ 
decrease. With the increase of runoff 

channels, the Na
+
 in water-bearing media has exchanged 

with Ca
2+ 

and Mg
2+

 in water. The type of underground 
water turns to be HCO3-Na from HCO3-Mg·Ca·Na and 
HCO3-Ca·Na. Along the direction of flow, there is no 
obvious exchange in the positive ions of shallow water 
and the change of negative ions are obvious. With the 
increasing of SO4

2-
, the concentration of HCO3

- 
decreases 

and the concentration of Cl
-
 is almost the same. The 

increasing of SO4
2- 

means the contamination is more 
serious along the flow, which has a relationship with the 
city and industrial zone in the downstream region. The 
types of water turn to SO4-Ca·Mg, SO4·HCO3-Ca·Na from 
HCO3-Ca, HCO3-Ca·Mg. 

Generally, as for underground water, the containment of 
alkaline earth metal is larger than that of alkali metal. For 
the deep water, the containment of weak acid is larger 
than that of strong acid. In the upstream area, both the 
carbonate hardness of shallow and deep waters are 
higher than 50%. The feature of water is mainly weak 
acid and alkaline earth metal, which suggests that the 
formation of water is mainly from carbonate leaching. 
With the flowing of water, carbonate hardness of deep 
water becomes higher than 50% and the content of alkali 
metal is larger than alkaline earth metal. The 
underground water changes into weak acid and alkali 
metal. 
 
 
Distribution characteristics of hydrochemical type 
 
The underground water of North Ziwuling mountain area 
is mainly bedrock fissure water. The most common type 
of water is HCO3·SO4-Ca. In this area, the water is mainly 
provided by atmospheric precipitation. The runoff is 
beyond compare and the stay time is relatively short in 
aquifer. The water is easy to exchange with the 
environment and the soluble components, such as Cl

-
, 

Na
+
 and K

+
. Most of the ions are Ca

2+
, HCO3

-
 and SO4

2-
, 

which can form the water type of HCO3·SO4-Ca. The 
underground water of Qishui River Valley Area, from 
south Zhifang to stream outlet, is alluvium pore water. 
From upstream to downstream, the water type changes 
into HCO3·SO4-Ca·Na from HCO3·SO4-Ca. Especially, 
the composition of some areas are complex and the 
water type is HCO3·SO4-Ca·Na·Mg. The contents of 
negative ions are relatively stable and the concentration 
of Na

+ 
gradually increases. The value of TDS is also 

increased. The underground water of Wang River Valley, 
from south Aipu village to stream outlet, is shallow fissure 
water.  From  upstream  to  downstream,  the  water  type 

 
 
 
 
changes into SO4·HCO3-Ca·Mg from HCO3·SO4-Ca. 
There is an increase in the concentration of SO4

2-
 and 

Mg
2+

. The TDS rises from 621.1 to 1318 mg/L. The 
underground water of Guangyang River Valley, west of 
Guangyang town, is alluvium pore water. From upstream 
to downstream, the water type changes into SO4·HCO3-
Ca·Mg from HCO3-Ca. There is a gradual increase in the 
concentration of SO4

2-
 and Mg

2+
. The TDS rises from 

458.4 to 1586 mg/L. The underground water of southern 
Sichuan area is mainly alluvial pore water. Most of the 
water is deeply confined water and the water type is 
mainly HCO3-Na. The underground water of valley area is 
mainly HCO3-Ca·Na·Mg. The type of underground water 
is simplex. The TDS is in the range from 400 to 600 mg/L. 
The concentration of Na

+ 
is high, which is mainly affected 

by loess components. The water yield for gully region of 
Loess Plateau is small. The sample is relatively shortage. 
After reading papers, we know that the water type is 
mainly HCO3-Ca·Mg. There are other types, such as 
HCO3·SO4-Na·Mg, HCO3-Mg·Ca·Na, HCO3-Mg·Na·Ca 
and SO4·HCO3-Ca. The negative ions are mainly HCO3

-
. 

The sample of karst water is in relative shortage. After 
reading papers, we conclude that the water types are 
mainly HCO3·SO4-Na·Ca·Mg and HCO3·SO4-Ca·Na·Mg. 
The water type of Ju and Qishui Rivers are both 
HCO3·SO4-Ca. There are close connections between the 
water and shallow water, which is an important reason for 
the high concentration of SO4

2-
. It is also the source of 

SO4
2- 

in karst water. Recently, with the exacerbating of 
contamination, the name of some area stems from its 
region. When considering hydrogen nitrate using the 
method of Shug Kalev, there are six groups of samples 
that belongs to hydrogen nitrate types. Telling from the 
distribution, it is mainly focused on the area of southern 
Chuanyuan and the area along the QI River. The area of 
southern Chuanyuan is the main farmland area. 
Compared with loess tableland, it has more water and the 
land has more fertilizer. The pollution is more serious 
than that of loess tableland. Above factors may act as the 
reasons for the forming of hydrogen nitrate type. 
 
 
Conclusion 
 
The salinization of shallow underground water in 
Tongchuan City is determined by the SO4

2-
, NO3

-
, Cl

-
 and 

K
+
. In deep water, the contents of SO4

2-
, NO3

-
, Cl

- 
are 

largely different and other indexes are relatively stable. 
The values of γNa/γCl demonstrate that the process of 
runoff makes the Na

+ 
release from soil and aquifer and 

there is exchange between the Ca
2+ 

in water and Na
+
 in 

soil, which leads to γNa>γCl. Due to long time leaching and 
replacing, the cation exchange adsorption is very 
sufficient in deep water. This leads to a higher γNa/γCl 

value than that of shallow water. The value of γNa/(γNa+γCl) 
demonstrates that with the increasing of underwater 
depth, the cation exchange  adsorption  increases,  which 



 

 
 
 
 
leads to the advantage ion change into Na

+ 
from Ca

2+
. 

The ratio of γHCO3+γSO4 and γCa+γMg demonstrates that the 
shallow water mainly stems from rainfall and the effects 
of cation exchange are more obvious in deep water. 

The type of underground water in Tongchuan City is 
mainly HCO3·SO4-Ca. Its hydrochemical types are 
relatively complex. It is mainly HCO3-Na in deep water. 
As for the shallow water, the content of weak acid is 
larger than that of strong acid. In the upstream area, the 
shallow water mainly consists of weak acid and alkaline 
earth metal. Its components are mainly carbonated 
leaching. With the flowing of water, the shallow water 
changes into strong acid and alkaline earth metal and the 
deep water change into weak acid and alkali metal. 
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As gray color data is very important for printing quality, a method based on polynomial modeling is 
proposed to calculate the gray color data of different lightness. Firstly, the IT8.7/3 color target which 
defines input cyan-magenta-yellow-black (CMYK) signals is printed, and the corresponding CIELAB 
(Commission Internationale de l'Eclairage L*, a* and b*) values are obtained by a spectrophotometer 
with color sensors. Secondly, the polynomial regression method is used to determine the relationship 
between these two color spaces, in which the given CIELAB color’s CMY value is calculated. At last, as 
the obtained cyan-magenta-yellow (CMY) gray color may contain Chroma information due to the 
computational error, a new color target is developed to find the real gray colors based on the 
relationship above, and the final relationship between CIE-L* and CMY are obtained. In the experiment, 
the average color error is 2.65ΔE, which is below the printing error threshold, hence the proposed 
algorithm for calculating gray color data can be used in printing process. 
 
Key words: Gray balance, polynomial modeling, CIELAB (Commission Internationale de l'Eclairage L*, a* and 
b*) color, color sensors. 

 
 
INTRODUCTION 
 
The primary colors within subtractive imaging are cyan 
(C), magenta (M), yellow (Y). When combination of 
certain percentage of C, M, Y are printed, they produce 
color black (K). In printing or textile industry, cyan-
magenta-yellow-black (CMYK) is often the primary color 
where K is used to replace a quantity of C, M and Y. 
There are many advantages with color K, such as the 
high color density, good color contrast, big gamut volume, 
low cost and so on. 

When K color is used to replace certain amount of CMY, 
a black replacement algorithm is commonly  used,  which 
 

determines the correspondence between K and 
combination of C, M, and Y. Now there are mainly two 
kinds of black replacement algorithms, GCR (gray 
component replacement) and UCR (under color removal) 
(Guo et al., 2011). It is very important to determine the 
relationship between the CMY and K, because the black 
ink has no Chroma, the issues turns into finding the same 
lightness between the K color and the combination of C, 
M and Y. In color science, the CIELAB space is 
independent of the color device, thus it is often used to 
connect   the   device   color  space.  For  CMYK  printers,
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during the process of calculating gray color data, the CIE- 
L* can be selected to link the CMY and K, where the 
combination of C, M, Y colors and the K color correspond 
to CIE-L* value. 

During the conversion between CIELAB and CMY 
colors, the color targets has to be used which includes 
many color patches (Fashandi et al., 2010). For example 
the IT8.7/3 target has 928 color patches, and ECI2002 
has 1485 patches. In this paper, the former target is 
employed for gathering sample data; and then six gray 
colors with different CIELAB values are used for 
calculating CMY values; at last, taking into account the 
conversion errors, the calculated CMY values may 
present some Chroma after printing; a new gray color 
target is developed to modify the CMY values. 

In general, the process of converting colors from CMY 
to CIELAB can be defined as characterization (Lee and 
Lee, 2013), while the contrary process is often called 
calibration (Yang et al., 2012); obviously the paper mainly 
interests the latter process. Now the commonly used 
calibration algorithms are 3D interpolation (Pekkucuksen 
and Altunbasak, 2013; Liu et al., 2013; Srivastava et al., 
2010), polynomial regression (Hong et al., 2001; 
Nussbaum et al., 2011), neural network (Kang and 
Anderson, 1992; Hwang et al., 2013), Neugebauer 
equations (Morovic et al., 2012; Hebert and Hersch 
Roger, 2011), and so on. Taking into account the quantity 
of color patches, the precision and computing efficiency 
of the algorithms, polynomial regression modes is 
selected in this paper. 

 
 
POLYNOMIAL REGRESSION MODEL 

 
During the printer calibration process, the standard color target 
IT8.7/3 is firstly printed out. Among the 928 color patches most of 
them are not gray colors, hence it is hard to find the CMY patches 
which contain none Chroma information. Within the IT8.7/3 target, 
there are 216 CMY patches and each of their area coverage ranges 
within 0, 10, 20, 40, 70 and 100%; their CIELAB values can be 
measured by the spectrophotometer X-Rite 530 with color sensors. 
In experiment, the 216 color patches’ CMY and CIELAB values form 
the training sample data. Then the relationship between CIELAB 
and CMY can be obtained by polynomial regression model. 

In the process of calculating gray color data, the training sample 
data is generally less than regular color device calibration process. 
Because the polynomial regression model can obtain acceptable 
accuracy with less sample data, and it take less simulation time 
than neural network, it is used to calculate the gray color data. 

Within the polynomial regression method, the relationship 
between independent variable x and dependent variable f(x) can be 
modeled as an nth degree polynomial as below. 

 
2 3

0 1 2 3( ) ... n

nf x x x x x                          (1) 

 
where the coefficients α and the degree of x are selected 
reasonably, the complicated relationship between x and f(x) can be 
described accurately. As the CMY and CIELAB color have three 
variables respectively, the three-variable polynomials of different 
degrees are used. 
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where i+j+k≤n, αijk are the coefficients, x, y, z are the independent 
variables. For example, when the 2nd degree polynomial are 
selected, the given CIELAB color’s corresponding CMY values can 
be expressed as:  
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Therefore, when the coefficient α, β, and γ are determined, the 
CMY values can be calculated. The calculation of polynomial 
regression coefficients are usually based on the least squares 
method, which minimizes the variance of the unbiased estimators of 
the coefficients, under the conditions of the Gauss–Markov theorem. 
When enough samples are supplied, the coefficients of Equation 2 
can be calculated as below: 
 

)()( 1 VPVVU T 
                                                                   (4) 

 
where U is the coefficient matrix, P is the CMY sample data matrix, 
V is the CIELAB sample data matrix. If the sample matrix V’s size is 
m×n, where m is the number of polynomial items, n is the number 
of sample points, to ensure U can be resolved, the requirement of 
n>m must be satisfied. 
 
 
EXPERIMENTAL RESULTS 
 
In the experiment, the color target IT8.7/3 is printed out 
on a 120 g copper paper by the HP Indigo5500 printer, 
and the spectrometer X-Rite 530 is used to measure 
CIELAB values. Within the measured results for the 
sample data of 216 CMY colors, the maximal and minimal 
CIE-L* values are 94 and 21 respectively. Between these 
two lightness, another six CIELAB colors are selected to 
calculate the CMY values which form gray colors. By 
using the relationship between CMY and CIELAB 
calculated with polynomial modeling, the six gray colors’ 
CMY and CIELAB values are obtained below. 

As there are solving errors within the polynomial 
modeling, the directly calculated gray color data may be 
inconsistent with the actual gray data. For example, 
within the second gray color in Table 1, the calculated 
CMY is (70, 60, 59) for the CIELAB value (40, 0, 0), but 
when the CMY color is sent to the printer, the printed 
color’ CIELAB value is (39, -1, 0). Therefore a new testing 
target similar to GrayFinder19 is developed according the 
color data in Table 1. As shown in Figure 1, six groups of 
low-Chroma patches are arranged, and the center patch’s  

http://en.wikipedia.org/wiki/Least_squares
http://en.wikipedia.org/wiki/Variance
http://en.wikipedia.org/wiki/Bias_of_an_estimator
http://en.wikipedia.org/wiki/Estimation_theory
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Table 1. The preliminary calculated gray colors by polynomial modeling. 
 

No. CIELAB CMY 

1 (21,0,0) (100, 100,100) 

2 (40,0,0) (70,60,59) 

3 (50,0,0) (60,50,48) 

4 (60,0,0) (50,40,38) 

5 (65,0,0) (42,32,31) 

6 (75,0,0) (30,22,20) 

7 (85,0,0) (20,12,11) 

8 (94,0,0) (0,0,0) 
 
 
 

 
 

Figure 1. The gray target used for finding real gray colors. 

 
 
 
Table 2. Gray colors by reprinting and measuring. 
 

No. CIELAB CMY 

1 (21, 0, 0) (100, 100, 100) 

2 (39, 0, 0) (70, 61, 59) 

3 (49, 0, 0) (60, 52, 49) 

4 (61, 0, 0) (50, 39, 37) 

5 (65, 0, 0) (42, 31, 31) 

6 (74, 0, 0) (30, 21, 20) 

7 (86, 0, 0) (20, 11, 10) 

8 (94, 0, 0) (0, 0, 0) 

 
 
 
CMY value is from the data of Table 1. Taking the first 
group for example, the center patch’s CMY is (70, 60, 59), 
and all the patches’ C values remains unchanged, while 
the   left   patches’   M   values   are   60-1,    60-2,    60-3 

respectively, the right patches’ M values are 60+1, 60+2, 
60+3; similarly the upper patches’ Y value are 59+1, 59+2, 
59+3, and the underneath patches’ Y are 59-1, 59-2, 59-3. 

When the gray target is printed out and measured, the 
real gray colors can be found with CIE-a* =0 and CIE-
b*=0. Finally, the real gray colors’ CIE-L* and CMY are 
obtained in Table 2. 

With this gray color data above, the relationship 
between CIE-L* and CMY are determined, and any given 
lightness gray color’ CMY can be simulated. The fourth-
degree polynomial is used to calculate the CMY values 
(Figure 2). 
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Figure 2. The gray color data curves. 
 
 
 
From Equation 5, the gray data curve for lightness L* 
from 21 to 94 are described from the scattered data 
below. 

For the purpose of testing the accuracy of the obtained 
gray color data, twenty testing patches were created to 
calculate the color errors. Firstly, twenty CIELAB gray 
colors were randomly selected between the maximal and 
minimal lightness (CIE-a*=0 and CIE-b*=0); secondly, for 
the given CIE-L* values, the corresponding CMYs are 
calculated according to the Equation 5; finally, these 
CMYs are printed out and measured with the new 
CIELAB values obtained. To test the errors, the two 
groups of CIELAB values are compared using the 
CIEDE76 color difference formula. For all testing colors, 
the average error is 2.65ΔE with the maximal error 5.2ΔE. 
Because for most of the printing process, the average 
error threshold is 5ΔE, the experiment result in the paper 
is acceptable, which indicates polynomial regression 
modeling is suitable for gray color calculations. 

 
 
Conclusions 
 
The calculation of CMY gray color data is essential for 
color reproduction including scanning, proofing, and 
printing process. If the CMY gray color data is not 
accurate, the gray images will show some Chroma 
information in the highlights, mid-tones, or shadows. In 
this paper, a method of finding gray color data based on 
polynomial modeling is proposed, which can be used in 
UCR/GCR algorithms. In this experiment, 20 testing gray 
colors were used to calculate CMY values, and the  result 

shows the accuracy is acceptable. 
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This paper is mainly according to Bayesian formula and using Bayesian method to estimate parameter 
truth-values of three-parameter Weibull distribution to achieve material reliability evaluation. The 
parameter values estimated by maximum likelihood method as the prior information of Bayesian 
estimation, assume that the parameter obeys a certain distribution and let the certain distribution as the 
prior distribution of parameter, and the three-parameter Weibull distribution is known, so the posterior 
distribution function of the parameter can be obtained. According to Bayesian estimation, the maximum 
posteriori estimation is chosen as the truth-value of the estimated parameter, the lifetime data are 
substituted into the truth-value estimated function of reliability and the theoretical values of the 
reliability can be got. Case study shows that the Bayesian method has general applicability to the 
material reliability evaluation. 
 
Key words: Material lifetime, test assessment, three-parameter Weibull distribution, Bayesian method. 

 
 
INTRODUCTION 
 
Material is the foundation and the forerunner of modern 
high-new technology and industry. For example, as the 
aerospace and trains material research and innovation, 
the space industry and transportation industry etc have 
rapid development, to ensure that the components are 
reliable, high demands are put forward about material 
properties and the use efficiency. The material reliability 
research has become one of the hot issues in recent 
years. 

There are many results about the material reliability 
research at home and abroad. For examples, Kasprzyk 
(2005) mainly discussed to improve the reliability and 
performance of the non-metallic materials, enhance the 
utilization of non-metallic materials;  Johnsen  and  Nyhus 

(2007) adopted the method of reliability test to ensure 
eligibility and safety use of stainless steel materials; 
Wang et al. (2008) through research show that coating 
materials affect the reliability of the sample; Xu et al. 
(2012) by raising the casting material performance, 
optimized the casting process, to ensure the reliability of 
the casting use, which is now in the CRH2, CRH380A 
type trains of application. The material reliability method 
was used to research the above, thereby effectively 
enhancing the applicability and reliability of materials. 

Material life is the main factor that influences the 
reliability of the components used, and according to the 
material life data, to study the material use reliability is 
also very necessary. In  this  paper  with  three-parameter
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Weibull distribution as the reliability model of the material 
life, Bayesian method is used to estimate the parameters 
of three-parameter Weibull model, and then the reliability 
evaluation of material was carried out. So far, the 
effective parameter estimation methods mainly have the 
bootstrap weighted-norm method (Xia et al., 2013), 
maximum likelihood method (Yan et al., 2005), random 
number method (El-Adll, 2011), moments and probability 
weighted moment method Paul-Dario and Thomas, 2011; 
Deng et al., 2004; Zhao et al., 2010), dual-linear 
regression method (Zhuang, 1999), correlation coefficient 
optimization method (Richard and Stepnens, 1993) etc. 
Because Bayesian method (Mao, 1999) has obvious 
superiority on the basis of the theory, Sinha and Sloan 
(1988) and Qin et al. (1988) have introduced application 
of Bayesian method to the Weibull model. This paper 
mainly discussed the application of Bayesian method in 
material reliability evaluation. 
 
 
THREE-PARAMETER WEIBULL DISTRIBUTION 
 
The three-parameter Weibull distribution is defined as: 
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where,   ,,;tf  is the three-parameter Weibull 

distribution, t  is a stochastic variable of the lifetime, 

  ,,  are the Weibull parameters,   is the scale 

parameter,   is the shape parameter, and   is the 

location parameter. 
The reliability function with the three-parameter Weibull 

distribution can be expressed as: 
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where,   ,,;tR  is the reliability function with the three-

parameter Weibull distribution. 
For many products in engineering practice, the value of 

the Weibull parameter is unknown and needs to be found 
with the help of test evaluation. To this end, a lifetime 
experiment must be conducted. Assume that the lifetime 
data of a product are obtained by life tests as follows:  
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where, T  is the lifetime data vector, it  is the ith lifetime 

datum in T , i  is the sequence number of it , and n  is 

the number of the data in T . 
The lifetime data in T  are substituted into Equation (2), 

and   the   theoretical   value   of   the   reliability   can  be 

 
 
 
 
calculated by 
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where,   ,,;itR  is the theoretical value of the 

reliability. 
 
 
BAYESIAN METHOD 
 
Maximum likelihood method is a widely used analytical method in 
parameter estimation. In this paper, let the values of the parameters 
solved by maximum likelihood method as a priori information of 
Bayesian estimation, be assumed to obey a certain distribution and 
let the certain distribution be the prior distribution; meanwhile, the 
three-parameter Weibull distribution is known, the posterior 
distribution function of the parameter finally can be obtained (Mao, 
1999). 

In parameter estimation, using the maximum likelihood method to 
estimate the truth-values of parameters not only can solve the 
likelihood equations but also can directly use optimization method 
to obtain the model parameter values when the logarithmic 
likelihood function achieve the maximum. 

For complete data, the likelihood function of three-parameter 
Weibull distribution can be written as: 
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The logarithm likelihood function can be expressed as: 
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Calculate the partial differential of Equation (6) and let the partial 
differential equal to zero, so the equations can be written as follows: 
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Use the iteration method to solve the Equations (7) to (9), and the 
estimated truth-values of the three parameters by maximum 
likelihood estimation can be obtained. The values of the three 

parameters are also written as  111 ,,   . 

Assumed that    is the prior distribution and  k ,,1   

are the parameters of the model,  nttt ,,1   are the 

observations of a sample, and use  t;  as the posterior 

distribution,  ;tf  is the density function of sample, so according 

to Bayesian rule, the density function of Bayesian formula can be 
expressed as: 
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Figure 1. The Distribution of parameter   of the posterior distribution in ceramic 

material case. 
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where,        dtftm 



; . 

The value MD  which makes the posterior density function 

 t;  reach the maximum value called maximum posteriori 

estimation, is also called Bayesian estimation. In this paper, the 

maximum posteriori estimation MD  is the estimated truth-value of 

the parameter . The values of the three parameters by Bayesian 

method can be written as  222 ,,    . 

 
 

CERAMIC MATERIAL CASE STUDY AND 
DISCUSSION 
 

In life tests, Duffy et al. (1993) obtained the lifetime data 
(h) of aluminum oxide ceramics, as follows (n=35): 
 
T= (307 308 322 328 328 329 331 332 335 337 343 345 
347 350 352 353 355 356 357 364 371 373 374 375 376 
376 381 385 388 395 402 411 413 415 456) 
 
The three parameters truth-values of Weibull distribution 
estimated by maximum likelihood method 

are ）（ 0086.300,9708.1,8392.69 . 

In Bayesian estimation, assume that the value of shape 
parameter   is 1.9708. It is know that   is the location 

parameter. In this case,   is the minimum lifetime and 

the scope of   is  307,0 . A suitable value of   chosed in 

the scope is 300. Only think that the scale parameter   is 

a random variable, assume the prior distribution of   is: 

 

   043.03  eC  

 

where, C  is a constant. When the prior distribution gets 

maximum value, the value of scale parameter   is 

69.8392. 
For complete data: 
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of parameter to be estimated is formulated as: 
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Where, C  is a constant that it has no relation with  . 

The maximum posteriori estimation of this distribution is 

8.69ˆ  . The distribution of   is a unimodal shape, as 

shown in Figure 1.  
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Figure 2. The theoretical value vectors of reliability in ceramic material case. 

 
 
 

The three parameters truth-values of Weibull 
distribution estimated by Bayesian method 

is ）（ 300,9708.1,8.69 . Let the values of  111 ,,  and 

 222 ,,   are substituted into the three-parameter 

Weibull reliability function respectively, then the reliability 
truth-value functions can be gotten. The theoretical value 
vectors of reliability solved by the two methods are shown 
in Figure 2. 

The SK   test values of the reliability fitting models 

respectively gotten by maximum likelihood method and 
Bayesian method are 0.0547 and 0.0542. For a given 
confidence level 01.0 , look-up table can get the 

critical value 26896.0cD . The test values of the two 

methods are less than the critical value cD  that the 

three-parameter Weibull distribution models fitted by the 
two methods are appropriate. From Figure 2, we can see 
that the theoretical values vectors of the reliability 

  ,,;itR  are obtained by the two methods are 

consistent in the overall. 
 
 

Conclusions 
 
The results of SK  test in the case studied show that 

three-parameter Weibull distrubution model fitted by 
Bayesian method is better than the model fitted by 
maximum likelihood method. And a proper fitting model is 
more beneficial to assess and improve the reliability of 
the materials. The two methods to evaluate  the  reliability 

of the material are applicable. Although Bayesian method 
based on the theory has superiority, however, both are 
specific to a proper prior distribution and the numerical 
calculation which multiple parameter models will be 
involved are of considerable complexity. 
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There are many factors leading to rolling bearing failure, and the issue of parts quality like roller error 
and inner ring error is one of the main influence factors causing premature failure of the bearing. 
Assessment for bearing parts quality can obviously eliminate or minimize the chance of potential 
failure, and can improve the service life of bearing, wear-resisting property and reliability. For the sake 
of the assessment for the rolling bearing parts quality, a new fuzzy comprehensive evaluation method of 
parts quality was brought forward to account for it. Based on fuzzy theory and mathematical statistics, 
bearing parts quality evaluation model was established. Fuzzy comprehensive evaluation can 
objectively and truly reflect the quality of the bearing parts. That we synthetically evaluate the parts 
quality by the aid of the fuzzy comprehensive evaluation model has great value in theory and practice, 
and lays a new foundation for the quality evaluation of bearing parts. Then, with the condition of poor 
information, we take type 30204 tapered roller bearing roller quality evaluation for example to illustrate 
the application of the model, and the results show that using this model to assess the quality of parts is 
feasible. 
 
Key words: Rolling bearing, parts, fuzzy theory, quality evaluation, wear-resisting property. 

 
 
INTRODUCTION 
 
Rolling bearing is an important support for shafts and 
other rotating components, and it plays an important role 
in the normal operation of the equipment (Bana et al., 
2007; Rho et al., 2005; Ju et al., 2013). It is hoped that 
information on the roller bearing performance analysis 
will be useful for the early detection of hidden danger of 
degradation and the failure of the whole product 
performance. Thus, greater attention has been paid to 
evaluate the performance of rolling bearings, with the 
help of many new findings. For example, gray chaos 
evaluation model  constructed  by  Xia  et  al.  (2010)  for  

prediction of rolling bearing friction torque; Kovarskii et al. 
(2010) assessed effectiveness of using rolling bearings in 
a low-noise electrical engineering; using fuzzy set theory 
and chaos theory, Sun et al. (2012) evaluate the rolling 
bearing vibration; Sochting et al. (2006) gave an 
evaluation of the effect of simulated launch vibration on 
the friction performance and lubrication of ball bearings; 
Zaretsky and Branzai (2005) analyzed the effect of rolling 
bearing refurbishment and restoration on bearing life and 
reliability. Yu and Yang (2011) made the fatigue failure 
analysis for  a  grease-lubricated  roller  bearing  from  an
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electric motor; and a fuzzy chaos method is proposed by  
Xia and Chen (2013) to evaluate the nonlinearly 
evolutionary process of rolling bearing performance. 

It can be seen that the primary concern in roller bearing 
analysis is mainly focused on friction torque, vibration 
and noise, life and reliability, fatigue failure, nonlinear 
dynamic characteristics, etc. (Xia et al., 2010; Kovarskii, 
et al., 2010; Sun et al., 2012; Sochting et al., 2006; 
Zaretsky and Branzai, 2005; Yu and Yang, 2011; Xia and 
Chen, 2013). 

However, so far comprehensive evaluation of the 
bearing parts quality still in a puzzle, for the fact that the 
fuzziness and uncertain relation between the quality and 
its influence factors. For this reason, a new method, viz., 
fuzzy comprehensive evaluation is proposed to evaluate 
the bearing parts quality and to lay a new foundation for 
the quality evaluation of bearing parts. Assessment for 
bearing parts quality can obviously eliminate or minimize 
the chance of potential failure, and can hence improve 
the service life of bearing, wear-resisting property etc. 
Usually, for quality evaluation of bearing parts, a certain 
factors index, viz., surface quality, dimensional accuracy 
or shape and position errors is detected. This single 
factor evaluation method cannot truly reflect the quality of 
the bearing parts. The quality of a part should be the 
comprehensive reflection of three output precision, viz., 
surface quality, dimensional accuracy or shape and 
position errors. Based on fuzzy theory (Liu et al., 2004; 
Lu and Sun (2007), this paper analyzes the parts quality 
influence factors and creates a comprehensive 
assessment model of rolling bearing parts quality. An 
experimental investigation on the roller quality of roller 
bearing is conducted to illustrate the application of the 
proposed model. 
 
 
FUZZY EVALUATION MODEL 
 
Fuzzy comprehensive evaluation (Liu et al., 2004) is an 
effective multifactor decision-making evaluation method 
for comprehensive evaluation of the product quality 
affected by many factors, which has been widely used in 
the product evaluation. Here, we develop the 
characteristics of influence factors and the establishment 
of the model. 

 
 
Factors set 

 
Factors set are the collection of all the factors affecting 
the quality of products. Fuzzy evaluation for the quality of 
rolling bearing parts needs to determine the evaluation 
factors of quality, and all of the quality evaluation factors 
constitute the set. The factors set of bearing parts quality 
can be defined as 
 

 mi uuuuU  ,,,, 21                                                     (1) 
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where ui is the ith influence of product quality, mi ,,2,1  ; 

Usually, they are roundness, convexity, roughness, base 
surface roughness, etc. 
 
 
Judgment set 
 
Fuzzy evaluation for rolling bearing parts quality needs 
evaluation level, which are parts quality processing 
requirements by national standards, mechanical 
standards or industry standards, and the parts quality 
evaluation set can be constituted by all of quality 
evaluation rating. The ith evaluation set of the bearing 
parts quality can be defined as  
 

 iJijii vvvvV ,,,,, 21                                                    (2) 

 
where vij is the judgment standard of the ith quality 
influence factors in level j, mi ,,2,1  , Jj ,,2,1  . 

 
 
Single factor evaluation 
 
Suppose that there are m factors in the quality factor set, 
through the performance test, a part’s quality data 
sequence of the ith influence factors ui can be described 
as 
 

))(,),(,),2(),1(( nukuuuu iiiii                                 (3) 

 
where i is the serial number of quality influence factors, 

mi ,,2,1  ; k is the data serial number, nk ,,2,1  ; ui(k) 

is the kth test status value of the quality influence factors. 
The composite matrix U of the quality affecting factors 
test data sequence made up of parts quality affecting 
factors sequence ui can be obtained as: 
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From Equation (2), judgment standard matrix V made up 
of the evaluation standard value of the parts quality 
influence factors can be expressed as: 
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Let vij be level evaluation standard value of the ith 
bearing parts quality influence factor in grade j (serial 
number j = 1, 2,...,J), ui (k) is the test status value. If a 
status value of rolling bearing quality influence factors 
meets the following condition (6) 

 
Jjnkmivkuv ijiji ,,2,1;,,2,1;,,2,,1)()1(   ；    (6) 

 
then the status value ui(k) corresponding to quality grade 
is level j. According to the above description, fuzzy 
transformation can be made for each influence factors of 
parts quality, and the fuzzy mapping relation can be 
defined as: 
 

)(: VFUf                                                                     (7) 

 

 )(,,,)( 21 VFrrrufu imiiii                                      (8) 

 
Fuzzy relations can be induced by the fuzzy mapping f as: 
 

ijjijif rvufvuR  ))((),(                                                 (9) 

 

nfr ijij /                                                                       (10) 

 
where fij is number of a test value of ith quality influence 
factors in the scope of level j. 

Fuzzy matrix R composed of Rf can be expressed as: 
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R can be said to be a single factor evaluation matrix. 

 
 
Weighting set 

 
The selection of the affecting factors weighting set A is 
more complex. We can consider the mathematical 
expectation (average) and dispersion scope (standard 
deviation or range) of each output factors in the test 
results, and also can consider technical requirements of 
the parts machining process. The ith influence factor 
weight can be defined as: 
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where uRi is the ith range or standard deviation of the 
quality influence factors in the n test data; umi is the 
average of the ith quality influence factors ui. 

 
 
 
 

From Equation (11), the weight set of components 
quality affecting factors can be attained as: 
 

),,,( 21 maaaA                                                            (13) 

 
 
Fuzzy comprehensive evaluation model 
 
Bearing parts quality comprehensive evaluation model 
can be defined as 
 

),,,,( 21 Jj bbbbRAB                                           (14) 

 
where “  ” is the fuzzy operator, with 
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EXPERIMENTAL INVESTIGATION 
 
Taking the roller (type 30204) as an example to illustrate 
the application of the model, and the number of the 
bearing samples is 30, viz., n=30. There are many factors 
affecting the quality of roller, in this paper mainly 
considering the processing quality parameters of angle 
error, crown diameter error parameters, namely, m = 8, 
and related symbols and their meaning are shown in 
Table 1. 

In the scene of the production, we randomly selected 30 
sets of tapered roller bearing, and measured influence 
factors status values after numbered and disassembled. 
Main technical parameters and measuring instrument are 
shown in Table 2. Then we respectively measured the 
influence factors value of roller after disassembled, and 
recorded the various influence factors measured value. 
According to bearing parts processing requirements of 
the national standard, each evaluation standard of 
influence factor, evaluation standard score 6, influence 
factors judgment set V composed of the evaluation 
standard value can be attained as 
 

 621 ,,, iii vvvV   

 
with the judgment matrix V 
  



































0070.00050.00040.00035.00030.00025.0

4000.03200.01600.01250.01000.00800.0

1600.01250.00800.00400.00250.00120.0

0000.18000.05000.03200.02000.01000.0

0000.30000.22000.18000.05000.02500.0

5000.58000.42000.49000.36000.33000.3

0040.00030.00023.00017.00010.00004.0

0180.00160.00140.00120.00090.00070.0

V  
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Table 1. symbols and meanings. 
 

Sequence number, i Symbol Meaning Unit 

1 u1 Diameter error µm 

2 u2 Angle error µm 

3 u3 Convexity µm 

4 u4 Roundness µm 

5 u5 Waviness µm 

6 u6 Roughness µm 

7 u7 Base surface roughness µm 

8 u8 Run-out error of base surface µm 

 
 
 

Table 2. Measuring instrument of parameter. 
 

Sequence number Symbol of parameter Measuring instrument Precision (µm) 

1 u1 Roller tester D744 1 

2 u2 Roller tester D744 1 

3 u3 Convexity tester ZT-1 0.1 

4 u4 Roundness tester Y9025C 0.01 

5 u5 Roundness tester Y9025C 0.01 

6 u6 Roughometer CX-1 0.001 

7 u7 Roughometer CX-1 0.001 

8 u8 Roller run-out error tester C742 1 
 
 
 

From Equations (6) to (10), fuzzy transform for the record 
test data, obtaining fuzzy matrix R 
 



































2000.04667.02000.01000.00333.00000.0

0333.09000.00667.00000.00000.00000.0

0000.00000.03667.06333.00000.00000.0

0333.01000.02000.03000.01667.02000.0

0000.00667.02333.04333.02333.00333.0

0000.04667.03667.01333.00000.00333.0

1333.01000.02333.03667.00667.01000.0

0000.00000.02333.07333.00000.00333.0

R  

 
The weight of all the factors can be calculated by 
Equation (11), thus getting weighting set A 

 
A= (0.0585, 0.1749, 0.0307, 0.1712, 0.3071, 0.0880, 
0.1057, 0.0638) 
 
From Equation (14), the comprehensive evaluation for 
roller quality can be expressed as 
 
B= (0.2000, 0.1712, 0.3000, 0.2000, 0.1057, 0.1333) 
 
According to the principle of maximum membership, 
under the given conditions, the bearing roller belongs to 
grade 3 for the consideration factors. The experimental 
investigation on the roller shows that the evaluation value 

is in very good accordance with the practice value, and 
the roller can meet the accuracy and quality requirement 
of the roller bearing. 
 
 
CONCLUSIONS 
 
Based on fuzzy theory, the paper puts forward a new 
method of rolling bearing parts quality evaluation, and 
establishes a fuzzy evaluation model; with the condition 
of poor information, the experimental investigation on 
bearing roller quality evaluation shows that the model can 
be used to evaluate bearing roller quality only with small 
samples and without any prior information of probability 
distributions. 
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This paper raises a full-order flux linkage observer for the high-power electrically excited synchronous 
motor and proposes a design for its feedback matrix based on modern control theories which ensure 
excellent dynamic and static performances of this full-order flux linkage observer. On the basis of the 
said full-order flux linkage observer, an air gap field-oriented vector control strategy for the electrically 
excited synchronous motor based on the full-order flux linkage observer has been established and it is 
possible for the electrically excited synchronous motor to operate with the unity power factor. Through 
simulation and experiments, the effectiveness of the full-order flux linkage observer as well as the 
control strategy has been further verified. 
 
Key words: Electrically excited synchronous motor, full-order flux linkage observer, air gap field-oriented vector 
control. 

 
 
INTRODUCTION 
 
As a typical AC drive motor, the electrically excited 
synchronous motor beats the asynchronous motor in 
power factor, efficiency, overload magnification and 
rotational inertia (Beliaev and Weinger, 2005). Therefore, 
the application mode of electrically excited synchronous 
motor based on IGCT three-level neutral point clamped 
inverter become the mainstream in the field of high-power 
high-performance industrial drive and thus is widely 
applied to industries such as mine hoisting, metallurgy 
and steel rolling, and marine propulsion. There are mainly 
two kinds of control of the electrically excited 
synchronous motor, that is, vector control (Szabo, 2006) 
and direct torque control (Pyrbonen, 1998; Pyrhonen et 
al., 1997).   In  order to achieve high-performance control, 

flux linkage is required for both of them. As control 
performance is largely depend on the accuracy of flux 
linkage, an accurate flux linkage model is crucial to 
control performance. In the literature (Szabo et al., 2010), 
an open-loop model is used to observe excitation, which 
is greatly influenced by the motor parameters; in the 
literature (Wu and Tan, 2010), a voltage-current model is 
adopted, with a filter for switchover to observe the flux 
linkage, but it is essentially a reduced-order model with 
limited properties. This paper raises a full-order flux 
linkage observer for the electrically excited synchronous 
motor based on the dynamic mathematical model of the 
electrically excited synchronous motor, thus making it 
possible to obtain accurate flux linkage value. 
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FULL-ORDER FLUX LINKAGE OBSERVER OF ELECTRICALLY 
EXCITED SYNCHRONOUS MOTOR MATHEMATICAL MODEL 
OF ELECTRICALLY EXCITED SYNCHRONOUS MOTOR 

 
Flux-linkage and Voltage equations: 
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Torque equation: 

 

e sd sq sq sdT i i  
 

 
 
Full-order flux linkage observer of electrically excited 
synchronous motor  

 
Based on the mathematical model, a state equation of the 
electrically excited synchronous motor is established with stator, 
rotor and damped flux linkages as state variables:  
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Where x is a state variable, u is an input variable and y is an output 
variable. Where coefficient matrixes of A, B and C are respectively 
as follows:  

A full-order state observer for the electrically excited synchronous 
motor can be established with modern control theories and on the 
basis of the state equation, as shown below:  
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Where ^ refers to the observed quantity of state and G is a 
feedback matrix. 
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Feedback matrix design for full-order flux linkage observer of 
electrically excited synchronous motor 

 
The performance of the full-order flux linkage observer depends on 
the feedback matrix. In order to obtain accurate flux linkage values, 
the feedback matrix must be designed properly. First, the form of 
the feedback matrix should be determined. As there are 5 state 
variables and 3 output variables, the feedback matrix should be a 5 
× 3 matrix; meanwhile, the system is a 5-order one, so there can be 
5 degrees of freedom for the configuration of the feedback matrix. 
The rotor flux linkage is related to intensity of rotor current, so rotor 
current errors can be independently used to correct the rotor flux 
linkage, and as the rotor current is single-phase DC, only one 
degree of freedom is required; the stator flux linkage is related to 
intensity of stator current, so stator current errors can be 
independently used to correct the stator flux linkage, and as the 
stator current is symmetrical three-phase current, two degrees of 
freedom are required; the damper current is immeasurable, so there 
is no way to correct damped flux linkage with damper current, but 
as there are two degrees of freedom left for the feedback matrix, it 
is reasonable to correct the damped flux linkage with the stator 
current. To sum up, the determined form of the feedback matrix is 
as follows:  
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Then, values of the feedback matrix should be determined. The 
feedback matrix is decisive for the pole position of the flux linkage 
observer, i.e. for the performance of the flux linkage observer. In 
order to ensure faster convergence of the flux linkage observer than 
that of the actual flux linkage, the pole of the flux linkage observer 
can be allocated K times of that of the original motor; the larger the 
K value is, the higher convergence rate the flux linkage observer 
has and the more sensitive the observer is to external disturbance. 
Therefore, selection of K  should achieve a compromise between 
the rapidity and sensitivity to disturbance and noise. Since the form 
and the pole position of the feedback matrix has been determined, 
the design method based on the modern control theory for the full-
order state observer can be used to calculate and obtain the 
feedback matrix. However, as the system is a 5-order one, 
analytical expressions of the feedback matrix are rather formidable, 
so mathematical tools such as maple and matlab can be used for 
calculation, thus to obtain the feedback matrix. 



 
 
 
 
AIR GAP FIELD-ORIENTED VECTOR CONTROL FOR THREE-
LEVEL ELECTRICALLY EXCITED SYNCHRONOUS MOTOR 
 
Air gap field-oriented mathematical model of electrically 
excited synchronous motor 
 
Voltage equation:  
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Torque equation:  
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Control of unity power factor 
 
In order to improve the system efficiency, the electrically excited 
synchronous motor generally operates at the unity power factor. 
Due to stator leakage reactance, the conventional control mode of 
ism = 0 cannot meet the requirement of the unity power factor.  

Operation at the unity power factor is to ensure in-phase of stator 
voltage and stator current, that is, 
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Substitute the equation into the above equation:  
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Rearrange the above equation:  
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As long as the magnetic component of stator current meets the 
equation, the electrically excited synchronous motor can operate at 
the unity power factor. 
 
 
Air gap field-oriented vector control based on full-order flux 
linkage observer 
 
To sum up, it is possible to develop an air gap field-oriented vector 
control strategy for the electrically excited synchronous motor 
based on the full-order flux linkage observer, and the control block 
diagram is shown in Figure 1. 
 
 
SIMULATION AND EXPERIMENTAL VERIFICATION 
 
Simulation verification 
 
According to the full-order flux linkage model of and the 
air gap field-oriented control  strategy  for  the  electrically  
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excited synchronous motor mentioned above, an air gap-
oriented vector control model of the electrically excited 
synchronous motor is established on the matlab/simulink 
simulation platform, with simulation results as follows:  

It can be seen from Figure 2 that no matter in the 
steady-state or dynamic-state process, the air gap flux 
linkage observed by the full-order flux linkage model 
stays the same as the actual flux linkage of the motor and 
the full-order flux linkage model presents high steady-
state precision and excellent dynamic-state performance, 
which indicates effectiveness and accuracy of the full-
order flux linkage model of the electrically excited 
synchronous motor.  

Figure 3 shows the simulation results of the air gap 
field-oriented vector control for the electrically excited 
synchronous motor based on the full-order flux linkage 
observer. It can be seen that the no matter in the steady-
state or dynamic-state process, the control strategy 
presents excellent performance, and the reactive power 
is zero after the control is stabilized, thus realizing unity 
power factor control of the electrically excited 
synchronous motor. 
 
 
Experimental verification 
 
To further verify the effectiveness of the control strategy, 
an experimental system for the high-power electrically 
excited synchronous motor is established. Table 1 shows 
the three-phase electrically excited synchronous motor 
parameters. 

Figure 4 shows the experimental waveforms recorded 
by the monitoring software CSR_DRIVE. It can be seen 
that the speed of the electrically excited synchronous 
motor is kept stable, thus realizing the air gas field-
oriented vector control strategy for the electrically excited 
synchronous motor and the motor presents excellent 
dynamic and static performances. Meanwhile, during this 
process, the voltage at the DC side is kept stable as well. 
Figure 5 shows the torque step response of electrically 
excited synchronous motor. It can be seen that the 
system has rapid response and small overshoot. 

Figures 6 and 7 show the waveforms of voltage and 
current of the electrically excited synchronous motor 
saved by the analysis software (Xviewer) from 
experimental data recorded by the oscilloscope 
(DLM2032). It can be seen from Figure 6 that, in the 
diode-clamped three-level circuit, the phase voltage is 
three-level, so the line voltage is five-level. The three-
level circuit system is well controlled and the current of 
the electrically excited synchronous motor is kept stable 
and symmetrical. It can be seen from Figure 7 that phase 
voltage and phase current of the electrically excited 
synchronous motor are in phase, so the power factor is 1, 
realizing the air gap field-oriented control strategy for the 
electrically excited synchronous motor based on the full-
order flux linkage observer.  
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Figure 1. Diagram of air gap field-oriented vector control for electrically excited synchronous motor based on full-order stator flux observer. 

 
 
 

 
 

Figure 2. Actual and observed values of d-axis and q-axis components of air gap flux linkage. 
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Figure 4. Waveforms of rotating speed, a-phase current and voltage at dc side of electrically excited synchronous motor. 

 
 
 

 
 

Figure 5. Waveforms of torque step response of electrically excited synchronous motor. 
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Figure 6. Waveforms of line voltage, a-phase current and b-phase current of electrically excited synchronous motor. 

 
 
 

 
 

Figure 7. Waveforms of a-phase voltage and a-phase current of electrically excited synchronous motor. 



 
 
 
 
Conclusions 
 
This paper raises a full-order flux linkage observer for the 
electrically excited synchronous motor on the basis of the 
mathematical model of the electrically excited 
synchronous motor on the d-p axis and proposes a 
design method for feedback matrix of the full-order flux 
linkage observer. The full-order flux linkage observer 
proposed in this paper can not only obtain accurate flux 
linkage values under the steady state, but also present 
excellent performance under the dynamic state, thus fully 
meeting the requirements of the high-performance control 
strategy. Based on the full-order flux linkage observer 
proposed in this paper, an air gap field-oriented control 
strategy for the electrically excited synchronous motor is 
developed and a control method for the unity power 
factor is proposed.  
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Aiming at the different characteristics of the infrared image and visible light image, the paper proposed 
a kind of fusion algorithm for the infrared image and visible light image based on non-subsampled 
contourlet transform. Firstly, the source images are made multiscale and multi-direction decomposition 
by using non-subsampled contourlet transform (NSCT). Secondly, to decomposed low frequency 
subband, a decision-making value with regional energy and variance is constructed and used in fusing 
the coefficients by choosing larger decision-making value. And for the decomposed high frequency 
subband, different fusion rules are employed for different levels. The fusion rule of selecting large 
absolute value of pixel is used for the highest level, and the fusion rule of selecting large regional 
variance based on regional energy matching degree is used to fuse the other levels. Finally, the final 
fused image is reconstructed by using the non-subsampled contourlet inverse transform. The 
experimental results have shown that the proposed algorithm can get more detail information and can 
exhibit better fusion performance. 
 
Key words: Fusion algorithm, regional energy matching degree, image fusion, non-subsampled contourlet 
transform, infrared image, visible light image, shift invariant. 

 
 
INTRODUCTION 
 
Image fusion refers to the information process of 
integrating the images or image sequence information of 
the particular scene which two or more than two sensors 
get at the same time or at the different time to generate a 
new interpretation about this scene (Lian et al., 2011). 
The fusion of the infrared image and visible light image is 
an image fusion method which has been  widely  used  in 

military and security monitoring field. The infrared image 
is generally dark, low in signal-to-noise ratio and absent 
in the sense of hierarchy. It has no color information. But 
it often has obvious target information. The visible light 
image is abundant in the spectral information, large in the 
dynamic range, relatively high in the contrast ratio and 
abundant  in  the spectral  information  (Ye et al., 2008). It  
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contains rich detailed information. But it is not easy to be 
observed on the dark background (Yang et al., 2012). To 
fuse infrared image and visible light image to improve the 
infrared target recognition and image clarity and to obtain 
more detailed and accurate information enable us to 
accurately determine the accuracy location of the heat 
source even in harsh environment, which has extensive 
practical value in the  many fields of military operations, 
electronic products testing,  resources exploration. 

At present, the image fusion based on the multiscale 
decomposition is a research hotspot. Commonly used 
methods of multi scale decomposition of the image are 
mainly pyramid transform, wavelet transform, contourlet 
transform and the nonsubsampled contourlet transform 
(NSCT) and other methods. The different resolution 
details in the decomposition structure of the pyramid 
transform are related to each other, the stability of the 
algorithm is poor. Wavelet transform overcomes the 
instability of pyramid algorithm. However,  although the 
traditional wavelet transform can efficiently handle the 
one-dimensional piecewise continuous signals, two 
dimensional wavelet base formed by the one-dimensional 
wavelet with tensor product can only obtain the 
information in the three directions of the horizontal 
direction, vertical direction and the diagonal direction,  
can not accurately describe the information of image 
edge direction, also can not represent two-dimensional 
images containing a line or surface singularity. Contourlet 
transform has the multi-resolution and time-frequency 
localization characteristic of the wavelet transform, also 
has a high directionality and anisotropy. It can well 
capture the geometric structure of two-dimensional image. 
But, because of requiring upsampling and downsampling 
operation in the transformation process, so it does not 
have the translation invariance. There is the spectrum 
aliasing phenomenon in the transformation process (Ye et 
al., 2012). NSCT not only has the wavelet multi-resolution 
and time-frequency localization characteristic of the 
wavelet transform, but also has a good directionality, 
anisotropy and translation invariance. The image 
information in any direction can be obtained. Therefore, 
this paper used the method based on NSCT to perform 
image fusion. 

 
 
NON-SUBSAMPLED CONTOURLET TRANSFORM 

 
Non-subsampled contourlet transform (NSCT) (Tang, 
2012) is a multi-scale and multi-direction decomposition 
method of the discrete image. It is presented based on 
the theory of the contourlet transform. NSCT transform 
can be divided into two parts of non-subsampled pyramid 
filter bank (NSPFB) and nonsubsampled directional filter 
bank (NSDFB). It separately performs the multi-scale 
analysis and multi-direction analysis and cancels the 
direct upsampling and downsampling operation on the 
corresponding signal component. Firstly, NSPFB is  used 
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to perform the multi-scale decomposition of the image in 
the NSCT transform process. The original image 
produces a low pass subband image and a band-pass 
subband image through a level NSPFB decomposition. 
After that, each level of NSPFB decomposition can be 
performed by the iteration of the low pass subband image. 
Then NSDFB is used to perform the direction 
decomposition of the high frequency component obtained 
by the each level of NSPFB decomposition, thus the 
subband images (coefficients) with the different scales 
and different directions are obtained. Finally, the singular 
points distributed in the same direction are connected into 
a contour segment. Among them, NSPFB decomposition 
makes NSCT with the multiscale. And to use the à Trous 
algorithm to realize NSDFB makes NSCT with the multi-
direction. The organic combination of both makes the 
NSCT with multi-scale and multi direction of contourlet 
transform, but also with translation invariance (Figure 1). 
 
 
IMAGE FUSION BASED ON NSCT 
 
The low frequency parts and high frequency parts can be 
obtained by the multi-scale decomposition of the image. 
The low frequency parts represent the approximate 
components of the image. They mainly reflect the 
average characteristics of the source image and 
include spectral information of the source image and 
most of energy information. The high frequency parts 
represent the detail components of the image, such as 
edge, line, region boundary. They descript structure 
information of the image (Sun et al., 2012). 
 
 
FUSION STEP 
 
The image fusion specific steps based on NSCT are as 
follows: 
 
(1) To respectively perform the J level NSCT 
decomposition of the infrared image I and visible light 
image V to obtain respective NSCT coefficients for each 

of the decomposed image: )(),(),,( 0,
0

jjyxCyxC I
lj

I
j








  

and 
0 , 0( , ), ( , ) ( )V V

j j lC x y C x y j j , where  yxC j ,
0

 is the 

low frequency subband coefficients,  , ,j lC x y  is the 

high frequency subband coefficients in the lth direction 
under the jth scale. 
(2) To use certain fusion rules to perform fusion 
processing on the different frequency components of 
each sub-class to obtain NSCT coefficients of the fusion 

image F:      
0 , 0, , ,F F

j j lC x y C x y j j . 

(3) To perform the NSCT inverse transform for the fused 
low frequency subband  coefficients  and  the  fused  high 
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Figure 1. Schematic diagram of NSCT. 
 
 
 
frequency direction subband coefficients under the each 
scale layer to obtain the fusion image F. 
 
 

FUSION RULES 
 

To select fusion rule is an important link in the image 
fusion, fusion rules will directly affect the quality of fusion 
results. The paper chooses the fusion rules based on the 
regional energy matching degree measure. And the high 
frequency sub-band and the low frequency sub-band are 
respectively fused. Regional energy is defined as shown 
in Equation (1). 
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in Equation (2). 
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Set  be the threshold value of the regional energy 

matching degree. Usually =0.5～1. The paper takes 0.7. 

 
 
Fusion rule for low frequency part 

 
The low frequency part is the approximate description of 
the   source  image,  containing  most  information  of  the 

source image. Its energy accounted for a larger 
proportion of total energy of image. And the regional 
variance of the image reflects the richness of the image 
information in the local region (Xue et al., 2011). 
Therefore, the fusion method of the harmony of the 
energy variance decision selection based on regional 
energy matching degree and the weighted average is 
used to select the fusion coefficients of the low  frequency 
subband. Regional variance is defined as shown in 
Equation (3). 
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Energy variance decision value is defined as shown in 
Equation (4). 
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If  , ,I VM x y  , then the weighted average is used to 

perform the fusion of low frequency coefficients. The 
fusion coefficient is shown in Equation (6).  
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Table 1. Fusion rules used in the fusion experiment. 
 

Fusion rule Lowpass subband Highpass subband 

1 Simple average Take big Absolute value 

2 Simple average Take big regional variance 

3 Energy weighted average Take big Absolute value 

4 Energy weighted average Take big regional variance 

5 The proposed method 
 
 
 

shown in Equation (7) 
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Fusion rule for high frequency part 
 

High frequency part represents the detail components of 
the image, including the source image edge details. For 
the fusion of the high frequency part, a hybrid fusion rule 
is used. Because what the low layer reflects is the coarse 
information, so the fusion method of selecting large 
regional variance based on the regional energy matching 
degree is used to maintain the relationship between the 
pixel neighborhoods better so as to make the edge lines 
more natural. Because what the high layer reflects is the 
details and there are great deal of independence among 
various information, so the fusion method of selecting 
large absolute value of pixel is used (Ye et al., 2008). The 
specific fusion rules are as follows: 
 

(1) The high frequency coefficient on the highest layer 
whose decomposition scale is J (here take J=4) of the 
fusion image is as shown in Equation (8). 
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(2) The high frequency coefficient on the (J-l) (l≥1) layer 
whose decomposition scale is (J-l) of the fusion image is 
fused by the method of selecting larger region variance 
based on the regional energy matching degree. The 

fusion rules are as follows: if  ,
,

I V
M x y  , then high 

frequency coefficient is as shown in Equation (9). 
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Where，   ,
,S

j l
V x y    is  the  regional  variance  defined  as 

previously in Equation (3). 
If  ,

,
I V

M x y  , then the  weighted average is used 

to fuse the low frequency coefficients. The coefficient 
after the fusion 
is      , 1 , 2 ,

, , ,F I V

j l j l j l
C x y qC x y q C x y  . In 

which,
1

p and
2

p are adaptive adjustment factor as shown 

in Equation (10) 
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FUSION EVALUATION INDEX AND EXPERIMENTAL 
RESULT ANALYSIS 
 

To use MATLAB 7.0 to perform programming algorithm 
based on the above theory and rule can verify the 
effectiveness of the fusion algorithm for the infrared 
image and visible light image. The method proposed in 
this paper was compared with the following several fusion 
methods as shown in Table 1. The following are the 
results of the experiments: Figure 2(a) and (b) are 
respectively for infrared source image and visible light 
image; Figure 2(c) to (g) are respectively for the fusion 
image using fusion rule 1~ 5 in Table 1. Four layer NSCT 
was adopted to perform the image decomposition in the 
experiment (Figure 1). 

To quantitatively evaluate the fusion performance of 
different fusion methods for infrared image and visible 
light image, this paper used the standard deviation, 
information entropy, average gradient and cross-entropy 
as indexes to assess the fusion method. The standard 
deviation of the image reflects the discrete degree of the 
image gray relative to the average gray value. If the 
standard deviation is large, the image gray level is 
scattered and image contrast is large. So much 
information can be seen. The information entropy reflects 
the richness of the image information. The bigger the 
information entropy is, the more abundant the information 
in the image and the better the quality of the image fusion. 
The average  gradient  reflects  the  clear  degree  of  the
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Figure 2. Infrared image and visible light image and their fusion images in different fusion rules. 

 
 
 

Table 2. Performance evaluation of image fusion. 
 

Parameter Rule 1 Rule 2 Rule 3 Rule 4 Rule 5 

Standard deviation 26.9195 24.8947 29.5481 27.7417 28.4992 

Information entropy 6.5389 6.3753 6.7255 6.5935 6.6188 

Average gradient 6.0417 5.3719 6.1263 5.4591 6.0444 

Cross entropy 0.6181 0.8970 0.8775 1.2636 0.4644 

 
 
 
image. And it can reflect the tiny detail contrasts and 
texture variation characteristics. It is a physical quantity 
describing the image clarity. The larger the 
average gradient, the clearer the image, and the more 
the information being retained. The cross entropy directly 
reflects the difference between the corresponding pixels 
of the two images. That cross entropy is smaller 
illustrates that the difference between the images is 
smaller and the information which is extracted from the 
original images by the fused image is more, therefore, the 
fusion effect is better. The comparison results are shown 
in Table 2. 

As can be seen from Table 2 that no matter from the 
information entropy, cross entropy, or from the average 
gradient and standard deviation, the fused image 
obtained by using the NSCT transform and the fusion rule 
in this paper to perform fusion of the images  is better 
than one obtained by using other fusion rules. 
 
 
CONCLUSIONS 
 
By means of the complementary information and 
redundant information provided by the infrared and visible 

light images, the noise-signal ratio of the image can 
effectively be improved and more reliable image 
information can be obtained. The experiments showed 
that the fused image obtained by using the method 
proposed in this paper has more details and better fusion 
effect. 
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The purpose of the study is to integrate technology acceptance model (TAM) and social cognitive 
theory (SCT) to explore the usage intention model of telehealth systems. A survey of valid 480 users of 
telehealth was conducted to validate the proposed model. The findings show that computer anxiety has 
negatively significant effects on computer self-efficacy. Computer self-efficacy has positively significant 
effects on perceived ease of use. Both computer self-efficacy and perceived ease of use have jointly 
significant effects on perceived usefulness. In addition, both perceived ease of use and perceived 
usefulness have positively significant effects on usage intention. This study also confirms that both 
perceived ease of use and perceived usefulness are important mediators between computer self-
efficacy and usage intention. According to the statistical results, the proposed model fits very well for 
the samples. The integrative viewpoint of this research can provide telehealth designers and managers 
of the hospital with the implication that hospitals should promote both technological aspect (perceived 
ease of use and perceived usefulness), and psychosocial aspect (self- efficacy and computer anxiety) 
simultaneously to increase rural residents’ intention of using telehealth. 
 
Key words: Technology acceptance model, social cognitive theory, telehealth system. 

 
 
INTRODUCTION 
 
Recently, technical suitability, clinical feasibility, and the 
costs of medical care services have been improved due 
to the rapid development of information-related 
technology and biomedical technology. Currently, many 
countries have attempted to apply information technology 
to telehealth and to develop other functions, such as the 
emergency notification of unusual events, medication 
reminders, physiological recording and monitoring, 
remote video, and medical consultation by combining 
medical care and information technology. It is expected 

that these will reduce medical costs, lower labor costs, 
and become one of the important potential industries. 

Technology acceptance model (TAM) is a well-accepted 
intention model for predicting and explaining IT 
(Information Technology) usage. TAM has been found 
more favorable in many studies (Venkatesh, 2000). 
Because TAM is a well-defined model, the proposed 
model of the study is based on this model to explore the 
intention to use a telehealth system in Taiwan. In addition, 
computer self-efficacy and computer anxiety of social 
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cognitive theory (SCT) (Bandura, 1977) can also provide 
good ability in predicting people’s behaviors in using new 
technology. This study is therefore aimed, on the bases of 
TAM and SCT, to discuss the behaviors of the residents 
in a rural community in using telehealth and to 
understand the factors which affect their use of telehealth, 
thus popularizing the use of telehealth in a community. 
 
 
LITERATURE REVIEW 
 
Telehealth 
 
Telehealth refers to the remote exchange of data between 
a patient (usually at home) and healthcare professionals 
(at a monitoring center) to assist in the management of 
an existing long-term condition (Hendy and Barlow, 2012). 
Telehealth has been considered a partial solution to the 
problems of delivering health care to remote areas as 
well as to areas underserved by health care professionals 
(Miller et al., 2003). The devices monitor vital signs of 
patients (or rural residents) including blood pressure, 
blood glucose, blood oxygen, and weight.  
 
 
Technology acceptance model (TAM) 
 
The Technology Acceptance Model (TAM) is the most 
widely applied model of user acceptance and usage. TAM 
identifies two relevant beliefs, that is, perceived ease of 
use and perceived usefulness. Perceived ease of use is 
defined as the extent to which an individual believes that 
using the system will be free of effort, while perceived 
usefulness is defined as the extent to which an individual 
believes that using the system will enhance the job 
performance. According to TAM, the behavioral intention 
is determined jointly by perceived ease of use and 
perceived usefulness. Furthermore, perceived usefulness 
is also influenced by perceived ease of use and external 
variables. TAM has been widely applied in practice, 
extended in academics, and empirically tested in the field 
of information management in the last decade 
(Venkatesh, 2000). 
 
 

Social cognitive theory (SCT), computer self-efficacy, 
computer anxiety 
 

Social Cognitive Theory (SCT) emphasizes the role of 
self-referent thinking in guiding human motivation and 
behavior. SCT is a theoretical framework for analyzing 
human motivation, thought, and action that embraces an 
interact model of causation in which behavior, cognition 
and other personal factors, and environment influences 
all operate as interacting determinants that influence 
each other bidirectionally (Bandura, 1977). 

Computer self-efficacy is a special application of the 
more general  construct  of  self-efficacy,  which  is  a  key 
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element of SCT. Compeau and Higgins (1995) defined 
computer self-efficacy as “people’s judgments about their 
abilities to use a computer system successfully”. 
According to Venkatesh (2000), computer self-efficacy is 
the important determinants of perceived ease of use. 
Some studies have also found a positive relationship 
between computer self-efficacy and perceived usefulness 
(Mathieson, 1991). 

According to SCT, anxiety is an emotional arousal that 
is caused partly by fear of aversive physiological 
reactions (Bandura, 1977). Computer anxiety refers to a 
feeling of apprehension or anxiety toward using 
computers. Computer anxiety is associated with negative 
perceptions about computers, problems in playing with 
them, and avoidance of the technology (Igbaria and Iivari, 
1995). Igbaria et al. (1996) proved that computer anxiety 
is negatively related to computer usage, perceived 
usefulness, perceived enjoyment, and social pressure. 
Also, van Raaij and Schepers (2008) have shown that 
computer anxiety has negatively direct effects on 
perceived ease of use. In addition, previous empirical 
studies have repeatedly observed the relationship 
between computer anxiety and computer self-efficacy as 
negative and strong (He and Freeman, 2010). The 
previous arguments support the proposed research 
model depicted in Figure 1. 
 
 
METHODOLOGY 
 
We adopted the Likert-type questionnaire survey for data collection, 
and examined our hypotheses by applying the structural equation 
modeling (SEM) method to validate the model. The measurement 
instruments for variables in the questionnaire were developed from 
previous studies to enhance the variability and reliability. 

The survey subjects of the questionnaire were those rural 
residents who are the end users of a telehealth system from Nantou 
County, Taiwan. The first generation of telehealth system was 
developed and installed by a community hospital in Jhushang 
township, namely Chu Shang Show Chwan Hospital in 2009. 
Recently, the new generation of telehealth system is running and 
these respondents all have used the system for at least one month 
since 2012. 
 
 
RESULTS 
 
The data analysis proceeds according to the two-step 
approach recommended by Anderson and Gerbing 
(1988). First, we assess the measurement model, which 
consists of the five latent factors, and includes the 
assessment of reliability, discriminant validity, and 
convergent validity of the scales. Second, we validate the 
structural model, which represents the series of path 
relationships linking the five constructs. 
 
 
Sample characteristics 
 
Of the recruited 500  subjects,  there  were  480  subjects



382        Sci. Res. Essay  
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 1 The Proposed Research Model 
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Figure 1. The proposed research model. 

 
 
 

Table 1. Construct reliability and convergent validity. 
 

Construct Cronbach’s α Composite reliability Average variance extracted 

Computer Self-Efficacy 0.976 0.976 0.933 

Computer Anxiety 0.975 0.975 0.929 

Perceived Ease of Use 0.992 0.991 0.983 

Perceived Usefulness 0.957 0.957 0.882 

Usage Intention 0.970 0.970 0.942 

 
 
 
who agreed to participate in the study. Of these 
respondents, 262 respondents are women (54.6%) and 
218 respondents are men (45.4%). Most of the 
respondents were 71 to 80 years of age (48.2%). Most 
respondents hold elementary school degrees (54.4%). A 
majority of the caregivers are spouses (40.2%). The 
respondents mostly suffered from at least one chronic 
disease (69.4%). 
 
 
Measurement model results 
 
To validate the measurement model, three types of 
validity were assessed: content validity, convergent 
validity, and discriminant validity. Content validity was 
done by interviewing senior system users and pilot-
testing the instrument. And the convergent validity was 
validated by examining Cronbach’s α, composite 
reliability and average variance extracted from the 
measures (Hair et al., 1998). As shown in Table 1, the 
Cronbach’s α of every subscale range from 0.957 to 
0.992 was above the acceptability value 0.7. Moreover, 
the composite reliability values, which ranged from 0.957 
to 0.991, and the average variances extracted by our 
measures, which ranged from 0.882 to 0.983, are all 
within the commonly accepted range greater than 0.5. In 
addition, all measures are significant on their path 
loadings at the level of 0.001. Therefore, the convergent 
validities of all five constructs are confirmed. 

In addition, discriminant validity can be tested among 
all    constructs   by   comparing   the   average   variance 

extracted (AVE) of each construct with the squared 
correlation of that construct and all the other constructs. 
All squared correlations between two constructs are less 
than the average variance extracted of both constructs. 
Therefore, the results confirm that the discriminant 
validity of the constructs in the study is satisfactory. 
 
 

Structural model results 
 

To validate the measurement model, we used AMOS 8.0 
to assess the analysis. As shown in the Table 2, the 
goodness-of-fit indices are within the accepted thresholds. 
Generally, these fit indexes are all greater than or equal 
to 0.9 for Goodness Of Fit Index (GFI), Adjusted 
Goodness Of Fit Index (AGFI), Normed Fit Index (NFI), 

Comparative Fit Index (CFI). Furthermore, 
2 /d.f. value is 

less than 3 and RMSEA value is less than 0.08. 
Accordingly, the summary of the overall goodness-of-fit 
indices indicate an excellent fit of the model and data. 

Table 3 illustrates the results of the structural model 
with the estimated standardized path coefficients and 
path significance among constructs (non-significant paths 
as dotted lines). As predicted, almost all proposed 
hypotheses except for H3a and H3b are supported. 
However, computer anxiety has insignificant effect on 
perceived ease of use and perceived usefulness (H3a and 
H3b). The unexpected finding can be explained that the 
residents have enough resources about telehealth 
system from the community hospital (Chu Shang Show 
Chwan Hospital), such as  explanation  sessions,  training
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Table 2. Fit Indices for the structural model. 
 

Structural model statistic Fit indexes Recommended threshold 

2 / d.f 2.988 < 3 

GFI 0.949 > 0.9 

RMSEA 0.064 < 0.08 

AGFI 0.919 > 0.9 

NFI 0.982 > 0.9 

CFI 0.988 > 0.9 

 
 
 

Table 3. Hypotheses validated results. 
 

Path Results Standardized path estimate 

H1 Computer Anxiety  Computer Self-Efficacy Supported -0.500*** 

H2a Computer Self-Efficacy  Perceived Ease of Use  Supported 0.634*** 

H2b Computer Self-Efficacy  Perceived Usefulness Supported 0.142* 

H3a Computer Anxiety  Perceived Ease of Use  Not Supported -0.062 

H3b Computer Anxiety  Perceived Usefulness Not Supported -0.050 

H4a Perceived Ease of Use  Perceived Usefulness Supported 0.331*** 

H4b Perceived Ease of Use  Usage Intention Supported 0.205*** 

H5 Perceived Usefulness  Usage Intention Supported 0.477*** 
 

*** path is significant at the 0.001 level, ** path is significant at the 0.01 level, * path is significant at the 0.05 level. 
 
 
 
courses and community volunteers. If the residents feel 
themselves unable to use the system, they may request 
the community nurses or volunteers to show the usage 
processes directly. Therefore, computer anxiety of the 
residents may not impact significantly on perceived ease 
of use and perceived usefulness of telehealth system. 
 
 
Conclusion 
 
The findings of this study suggest that both perceived 
ease of use and perceived usefulness are two important 
antecedents that directly influence behavioral intention to 
use the telehealth system. In addition, computer self-
efficacy has significantly positive effects on perceived 
ease of use, and perceived usefulness separately. 
Furthermore, both computer anxiety and computer self-
efficacy have significant impacts on usage intention 
mediated by perceived ease of use, and perceived 
usefulness. The integrative viewpoint implies that 
hospitals should promote both technological aspect 
(perceived ease of use and perceived useful), and 
psychosocial aspect (self-efficacy and computer anxiety) 
simultaneously, to increase rural residents’ intention of 
using telehealth. We believe that the integrative 
perspective of TAM and SCT applied in future studies 
should provide more valuable and informative 
contributions toward development of successful 
telehealth. 
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Based on a highly intensive mining mode of “one mine, one coalface, ten million tons”, safe and 
efficient mining technology for full-mechanized caving face of deep mine with capacity of ten million 
tons is proposed to deal with technical problems such as high ground pressure, high ground 
temperature, high water pressure and easy spontaneous combustion of coal seam in Longgu coal mine. 
The surrounding rock control technology was researched to effectively control the high ground 
pressure. The treatment and utilization technology for high temperature and heat hazard was initiated to 
lower the average temperature in main workplaces by 8 L. The treatment and utilization technology of 
high-pressure massive water gushing was adopted to ensure safe mining under the condition of 8 MPa 
water pressure in deep mine. A precautionary and preventive technology for spontaneous combustion 
of coal seam of “coal body inhibition + air-leakage control + local inerting” is proposed to stop 
spontaneous firing of coalface in high ground temperature. The research results have effectively solved 
the technical difficulties and have realized safe and efficient production for deep mine with capacity of 
ten million tons. 
 
Key words: Deep mine, high ground pressure, high ground temperature, high water pressure, easy 
spontaneous combustion. 

 
 
INTRODUCTION 
 
Among the coal reserves in China, those with the burial 
depth of over 1,000 m reach 2.95 trillion tons, which 
account for about 53% of the total. The average mining 
depth in China is increasing at a rate of 8~12 m/a. After 
the mines have been explored further deeply, mine 
production  is  generally  made more difficult due  to  high 

strata pressure, growth of water gushing, and increased 
ground temperature (Wan et al., 2013). 

Longgu coal mine covers an area of about 180 km
2
 and 

has geological reserves of 1.68 billion ton. With 2301 
coalface as its demonstration project, Longgu coal mine 
researches   the  mining  technology  for  full-mechanized
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Figure 1. ZF15000/23/43hydraulic support. 

 
 
 
caving face with capacity of ten million tons under the 
conditions of high ground pressure, high ground 
temperature, high water pressure, and easy spontaneous 
combustion, having formulated highly productive and 
efficient production technology for coalface with burial 
depth of 1,000 m to ensure coal output of ten million tons. 
 
 
TECHNICAL DIFFICULTIES 
 
Located -810 under the ground, the 2301 coalface of 
Longgu coal mine has an average burial depth of nearly 
1,000 m, inclined length of 256 m, and strike length of 
1,600 m. The main mining coal seam is No.3 coal seam, 
with coal thickness of 3.6~10.4 m (average: 9.2 m). The 
average thickness of thin bedrock on the coal seam is 
about 200 m, but there is extremely thick alluvium with an 
average thickness of 700 m on the bedrock. Long-wall 
method of full-mechanized caving is adopted, with mining 
height of 4.0 m, roof caving height of 5.2 m. 

 
(1) High ground Pressure: The burial depth of mining 
roadway project is rather deep, and the roadway is 
overlaid with thin bedrock of extremely thick alluvium, 
which makes the supporting difficult.  
(2) High ground temperature: The original rock 

temperature in the mining area is up to 46L. The air 
temperature of the coalface is even above 35 L and its 
humidity reaches 95%.  
(3) High water pressure: Aquifer is mainly the sandstone 
of roof and floor, and limestone of floor for No.3 coal 
seam, with water pressure up to 8 MPa. 
(4) Easy spontaneous combustion: Because of the 
relatively higher ground temperature, the 34-day period of 
spontaneous combustion of coal seam is shortened to 29 
days. 
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KEY TECHNOLOGY 
 
Stability control of surrounding rocks 
 
Structural features and movement law of overlying 
strata 
 
Structural features and movement law of overlying strata 
of coalface were researched by using UDEC numerical 
simulation software (Qian et al., 1994; Itasca Consulting 
Group Inc., 2003). The results showed that the stress 
concentration factor of the largest vertical stress at the 
bottom of thick alluvium is about 1.15. With its weak self-
carrying capacity, thick alluvium have integrated feature 
in the process of mining unloading, which means that the 
whole deposits sink to be tightly pressed with whole 
bearing capacity. 

For thin bedrock thicker than 120 m, though impacted 
by thick alluvium loading, its caving zone height is about 
25 m and the height of the fractured zone is about 105 m, 
which enable the bedrock to form a stable structure with 
loading capacity so that the roof face would not press in 
the form of “cut down by full thick”. The bedrock 
(fractured zone strata) can form a stable structure with 
loading capacity (Jin et al., 2013). The overlying thin 
bedrock can form a structure with loading capacity to 
transfer the pressure of surrounding rocks to the two 
sides of the mining area so as to ease the pressure of 
supports in the coalface. 
 
 
Support selection 
 
No.3 coal seam is medium hard but relatively soft coal 
seam (f = 1.44). If two-pillar full-mechanized rack is used, 
the head of the support is easy to go upward so that it is 
hard to control rib spalling and roof falling. The largest 
domestic four-pillar full-mechanized support 
ZF15000/23/43 for its working resistance is researched 
and developed since the two-pillar support is 
unreasonable for its improper position which results in 
difficulties in controlling the roof, as is shown in Figure 1. 
 
 
Roof control 
 

139 groups of sublevel top-coal carving hydraulic support 
ZF15000/23/43 are equipped on the coalface, with one 
group of transition support ZF15000/23/43 on both upper 
and lower sides, three groups and four groups of 
transition support ZFG15000/23/43F on the upper and 
lower sides respectively, and 148 groups of supports on 
the whole (Fang and Qian, 2006). 

The average first weighting interval of the main roof is 
36 m. During the period of initial weighting, the average 
circulation resistance is 13,300 kN, the support strength 
is 1.29 MPa, and the dynamic load coefficient is 1.40. 
The periodic weighting length of main roof is 19.6 m. 
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Figure 2. Centralized cooling and geothermal utilization. 
 
 
 

During the periodic weighting, the average support 
resistance is 12,751 kN, the average support strength is 
1.24 MPa, which is 85 % of the rated support strength. 
 
 

Treatment and utilization of geothermal 
 
Initiation of centralized cooling by pipes buried 
underground and geothermal utilization 
 
The underground mine installed two refrigeration units 
KM3000 with refrigeration capacity of 6,600 kW. To solve 
the difficulty in discharging condensing heat of the 
intensive refrigeration model in the mine, surface 
borehole was initiated to establish a circulation system of 
the utilization of geothermal with high temperature, which 
are mainly responsible for bringing condensing heat in 
the mine back to the surface, through which condensing 
heat in the mine is discharged by taking the used waste 
heat back to the mine for recycling after it has been 
naturally cooled by cooling tower. The utilization system 
of refrigerated waste heat was established in the cold 
water circulation system to convert harm into benefit so 
as to use the waste heat in the mine, as is shown in 
Figure 2. 

Not restricted by pipe diameter, the two refrigeration 
pipelines under the separate drilling holes can meet the 
demand of cooling in the mine; the freely selected drilling 
position and the cooling load center placed in the cooling 
chambers in the mine can greatly reduce the cold energy 
loss in the process of delivering chilled water; the 
minimum cold energy loss and the low temperature of 
water supply at the end of air cooler equipment enable 
the efficient cooling and the saving of operation cost (Du 
et al., 2013). 
 
 

Integrated optimization of various cooling models 
 
In light of the total cooling demand  of  11,000  kW  in  the 

 
 
 
 
mine, multiple mine cooling models such as the 
centralized cooling by pipes buried underground, the 
freezing and low-temperature radiation cooling and the 
cooling of water-source heat pump have been 
established and all technologies have undergone 
integrated optimization. In combination with the optimized 
wind-blowing and cooling technology for the coalface 
under the mine, the integrated utilization of all cooling 
models has effectively solved the heat hazard in the main 
mining workplaces under the mine such as the coal 
coalface, roadway heading face, roadway, chambers and 
pumping rooms, etc., having realized the comprehensive 
cooling of the whole mine and lowered the average 
temperature in the main mining workplaces by 8 L so as 
to create a good working environment in the mine. 
 
 
Treatment and utilization of high-pressure massive 
water 
 
Water drainage and pressure decrease in deep mine 
 
According to the evolution law of the water pressure of 
the mining-induced fissure and pore space, drilling 
sockets for water drainage of the limestone and 
sandstone were installed at intervals of 200 m in the No.1 
supplementary mine and the main roadways in No.2 
supplementary mine (Hu et al., 2011). There were in total 
20 drainage holes for the limestone and 10 for the 
sandstone. Meanwhile, along the transport entry and tail 
entry on 2301 coalface there are 26 drainage holes, 3 of 
which were for the limestone. The discharge amount of 
each hole was designed to be 30 m

3
/h, which enables an 

accumulative discharge amount of 900 m
3
/h for the 

limestone. 
Since its operation in November 2006, the plan of water 

drainage and pressure decrease has reduced the water 
pressure -810 m from 8 MPa to about 2.8 MPa. The 
superpositioning and drainage and decrease effects of 
group holes in the process of water drainage and 
pressure decrease are shown in Figure 3. The water 
pressure of the limestone in No.1 league roadway is 2.1 
MPa, as is shown in Figure 4. The water pressure of 
limestone and sandstone is greatly reduced and safe 
mining is strengthened. 
 
 
Quick grouting and sealing 
 

On the basis of water drainage and pressure decrease, 
quick grouting and sealing technology was used for 
water-conducting channels with local advantages in the 
process of mining and heading. Since the water outflow 
after the heading, five locations are applied grouting and 
sealing and 68 drilling holes are constructed with a total 
drilling depth of over 6,228 m, over 538 tons cement 
grouted, over 119 tons water glass, and over 60 tons 
chemical serum. 
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Figure 3. Design sketch of drained limestone. 
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Figure 4. Water pressure of limestone corresponding to water drainage and pressure decrease. 
 
 
 

The effectively decreased water pressure of the roof 
and floor of the aquifer by previous water drainage and 
pressure decrease creates a good condition for the quick 
grouting and sealing through water-conducting channels 
with local advantages to achieve good grouting effects 
and further improves the mining conditions of 1,000 m 
deep mine. The operation of water sealing is shown in 
Figure 5. 
 
 
Highly efficient water drainage system 
 
The key  for  large  water  gushing is  to  establish  highly 

efficient water drainage system. Five (5) pumps of PJ200 
× 10 were installed in the central pump room of the mine, 
while 6 pumps of PJ200 × 10 were installed in the pump 
room for expanded drainage. The water drainage pump 
can supply the largest water gushing volume of 3,150 
m

3
/h. The effective volume of -810 mine sump is 5,067 

m
3
; that of the mine sump for expanded drainage is 7,685 

m
3
; the volume for mine sump totals 12,752 m

3
. 

 
 
Recycled utilization of mine water 
 
For   integrated   treatment   of   the   mine   water,  water 
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Figure 5. Schematic diagram for operations of grouting and 
water sealing in the mine. 

 
 
 
treatment plant was established to adopt the combined 
technology of clarification, filtration and disinfection 
corresponding with the quality of the mine water and the 
requirements on the quality of outflowing water (Vosloo et 
al., 2011). Water treatment capacity is 1,000 m

3
/h. The 

quality of inflowing water with a pH value ranges from 7 
to 9, SS (suspended matter) = 300~400 mg/L, CODCr ≤ 
600 mg/L. The index for treated mine water with a pH 
value ranges from 6.55 to 8.5, SS ≤ 5 mg/L, CODCr ≤ 50 
mg/L, particle size of suspended matter (mm) ≤0.3. The 
treated mine water is used by coal preparation plants for 
water pumping, circulation water for water source heat 
pump, fire-fighting sprinkling in the mine, grouting water 
for fire-prevention, and  systematic cleaning of ground 
production. 

 
 
Prevention for spontaneous firing of coalface with 
high ground temperature 

 
Spontaneous combustion nature of coal under 
conditions of high ground temperature 

 
From the experiment on spontaneous combustion of coal 
fired 2 t by using the “XK-β type” laboratory table of coal 
spontaneous combustion at low temperatures, the 
conclusion that the spontaneous combustion period of 
tested coal sample is shortened from 34 to 29 days is 
drawn and regular patterns of fastening spontaneous 
combustion   oxidation  at  high  ground  temperature  are 

 
 
 
 
discovered. 
 
 

Distribution of “three zones” in Goaf 
 

According to the superpositioned isoline mapping of the 
thickness of suspended coal, oxygen concentration and 
air-leakage intensity distribution, a static “three zones” 
distribution in Goaf of the 2301 coalface (workface) was 
made, as is shown in Figure 6. 

When the heading speed of the coalface is less than 
87.8 m per month, there is a danger of spontaneous 
combustion in the upper gate road. The “two roads” of 
serious air leakage are important areas to prevent 
combustion (Adamus et al., 2011). 
 
 

Integrated technology for preventing and 
extinguishing fire 
 

i) Coal Body Inhibition: By experimental analyses on 
the elements and constituents of yellow mud, pulping 
effect is the best at an optimal serum proportion of 
4:5~1:1. According to the spontaneous combustion 
nature of coal on the 2301 coalface, a mobile and multi-
functional fire-proof grouting system integrating grouting, 
colloidal gel grouting, composite gel grouting and 
pressure infusion of high polymer gel is developed on the 
basis of the testing of the spontaneous combustion 
nature of coal and on-the-spot observations of “three 
zones” distribution in Goaf. 

Based on the actual need on the spot, the mobile and 
multi-functional fire-proof grouting system can prevent 
and extinguish fire by grouting such fire extinguishing 
materials as common slurry, colloidal gel, composite gel, 
and high polymer gel, etc. Without excessively long 
transport pipelines for slurry, the mobile and multi-
functional fire-proof grouting system, by which grouted 
slurry can reach the target areas quickly, and can achieve 
effects of preventing and extinguishing fire at the quickest 
speed when combined with measures of air-leakage 
control and local inerting (Boleslav and Zdeněk, 2011). 
 

ii) Air-leakage control: For each roadway heading of 40 
m, the coal sack with the carving width of about 2 m at 
the upper corner of intake entry is injected with nitrogen 
through grouting pipelines, and it takes 8 h to infuse 
nitrogen each day. 
 

iii) Local Inerting: According to the “three zones” 
distribution, optimal grouting conditions, intervals of 
nitrogen injection openings, nitrogen injection time and 
transition period of nitrogen injection openings are 
confirmed. 

Nitrogen exit should be at the spontaneous combustion 
area of oxidized risky zones of spontaneous combustion 
in Goaf. According to the “three zones” distribution, the 
shortest distance between zones of spontaneous 
combustion and coalface is 20 m and the longest distance  

http://m128.mail.qq.com/cgi-bin/mail_spam?action=check_link&spam=0&sid=Ll68g4xyb7RRR2Qq&url=https%3A%2F%2Fvpn.cumt.edu.cn%2F%2CDanaInfo%3Dapps.webofknowledge.com%2BOneClickSearch.do%3Fproduct%3DWOS%26search_mode%3DOneClickSearch%26colName%3DWOS%26SID%3D4E61Bkhp5hlf7PdpJMM%26field%3DAU%26value%3DAdamus%2C%2520A&mailid=ZL0812-I1OFODfJYbpfV3Q699eYe1c
http://www.sciencedirect.com/science/article/pii/S0016236111001724
http://www.sciencedirect.com/science/article/pii/S0016236111001724


 

Liqiang et al.         389 
 
 
 

 
 

Figure 6. Schematic diagram for “three zones” distribution in Goaf. 
 
 
 
is 120 m. The width of zones of spontaneous combustion 
of coalface is 100 m, within which the nitrogen exit should 
be placed to inject nitrogen. 
 
 
IMPLEMENTATION EFFECT 
 
The longgu coal mine was officially put into operation in 
November, 2009. The 2301 coalface began its operation 
in the morning shift on 18th, November, 2010. Its annual 
capacity has reached 10 Mt in 2011. The highest daily 
yield is 33 thousand tons, and the death rate of coal 
production of one million tons is zero. The work efficiency 
of coalface is 100.7 t per miner. The work efficiency of the 
staff in the mine is 9.3 t per miner. 
 
 
Conclusions 
 
(1) Features of support stress and support resistance are 
confirmed. Full-mechanized mining support 
ZF15000/23/43, face-end support ZTZ20000/25/50, and 
ahead support rack ZTC30000/25/50 are used to 
effectively control the coalface surrounding rock with high 
ground pressure. 
(2) Centralized cooling model by high-power pipes buried 
underground was initiated to transfer condensing heat in 
the mine to the earth’s surface for recycling and further 
utilization. The largest integrated mine cooling system in 
China was established, having realized overall cooling of 
the mine so as to meet the demand of production. 
(3) The technology of water drainage and pressure 
decrease in deep mine by  “group-hole - large  flow - long 

delaying - interfering mine” has achieved safe mining 
under the condition of 8 MPa roof and floor water 
pressure. 
(4) The precautionary and preventive technology for 
spontaneous combustion of coal seam of “coal body 
inhibition + air-leakage control + local inerting” is 
proposed to fit coalface with capacity of ten million tons in 
high ground temperature.  
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Synergistic effects of additive amount, reaction time and temperature of transglutaminase on properties 
of WPI-NaCas composite protein films were discussed by orthogonal experiments. Results indicated 
that transglutaminase (TGase) modification decreased D50 and D90 of film-forming solution particles, 
resulting in decrease in water solubility and increase in both mechanical and water barrier properties of 
films under most conditions. Compared with control sample, scanning electron microscope analysis 
indicated that cross-section of enzyme modification sample was denser and more impermeable. 
However, there was no significant difference in both thermogravimetric analysis and solution apparent 
viscosity changes for all samples. Orthogonal experiment results also showed that TGase reaction time 
was the most effective factor on tensile strength  (TS)  and water vapor permeability (WVP) properties of 
film, and the secondary, tertiary factors were reaction temperature, TGase additive amount respectively. 
Films modified by 0.1 mg/ml TGase at 50°C for 30 min exhibited the optimum mechanical and water 
barrier performance. 
 
Key words: Transglutaminase (TGase), mechanical properties, water vapor permeability (WVP), scanning 
electron microscopy analysis. 

 
 
INTRODUCTION 
 
Edible films receive great attention in recent years 
because of the increasing consumer demand for high 
quality foods, the need of food processing for new storing 
technology, dealing of non-renewable food packaging 
materials and the use of agricultural waste products for 
film-forming components (Ferreira et al., 2009; Liu et al., 
2006).

 
 Among various edible films, great interest is given 

to protein based films because of their moderate barrier 
properties of water, oil volatile components, selective  gas 

permeability and unique nutritional functions. Proteins are 
polymers with specific amino acid sequences and 
molecular structure. Depending on the sequential order of 
the amino acids, the protein will assume different 
structures along the polymer chain which will determine 
the secondary, tertiary, and quaternary structures. The 
secondary, tertiary, and quaternary structures of proteins 
can be easily modified to optimize the protein 
configuration,   protein   interactions,   and   resulting  film
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properties. Films based on proteins are edible or 
biodegradable, depending on formulation, formation 
method, and modification treatments. As long as food-
grade proteins and additives are used only protein 
changes due to heating, pH modification, salt addition, 
enzymatic modification, and water removal occur, the 
resulting film is edible (Baldwin et al., 2012). 

Whey protein isolate (WPI) obtained from whey-a co-
product of cheese-making and casein manufacture in the 
dairy industry, consists of special nutritional composition 
and exhibits good film forming characteristics, while WPI-
based films shows excellent oxygen barrier at low or 
intermediate RH (Oses et al., 2009). 

Sodium caseinate (NaCas) is one kind of soluble 
calcium phosphate compound, which contains a variety of 
amino acids and trace elements that the human body 
needs, showing good film forming properties and water 
solubility (Yu et al., 2009).

 
Caseins form films from 

aqueous solutions without further treatment due to their 
random-coil nature and their ability to hydrogen bond. 
Extensive hydrogen and electrostatic bonds and 
hydrophobic interactions facilitate the formation of 
intermolecular interactions to form casein edible films. 

WPI-NaCas based edible films show better barrier 
properties of gas, optical properties, water solubility, but 
lower mechanical properties and barrier properties of 
water vapor than polyethylene (PE) due to a synergistic 
effect (Chen and Lei, 2011). 

Transglutaminase (TGase) is a kind of bio-enzyme and 
can catalyze the formation of covalent linkage through an 
acyl-transfer reaction intra- or inter- protein molecular to 
changing structure of protein, forming high polymer and 
improving properties of protein, thereby ameliorating the 
rheology and sensory characteristics of food (Kuraishi et 
al., 2001; Mahmoud and Savello, 1993; Motoki et a., 
1987; Nielsen et al., 1995). Research also showed that 
TGase could ameliorate the properties of edible films, for 
example improving tensile strength, elongation at break 
and decreasing moisture content, water vapor 
permeability of soy protein isolate- wheat gluten edible 
film (Wang et al., 2009).

 
TGase has been used to 

decrease the solubility of the films (Carvalho and Grosso, 
2004; Yildirim and Hettiarachchy, 1998 ). However, the 
results (regarding the effect of cross-linking), using 
TGase, on the water vapor permeability (WVP) and 
mechanical properties were inconsistent, probably due to 
different protein components of the films, various 
conditions of enzymatic reaction and preparation of films. 

Our previous experiments by uniform design method 
showed that the edible WPI-NaCas films were smooth, 
transparent and showed acceptable mechanical 
properties and good barrier properties to gas higher than 
PE. The increases of WPI concentration resulted in a 
decrease in water solubility and gas barriers. Sodium 
caseinate was efficient for improving transparency and 
water solubility, though decreasing the barrier properties 
to some  extent.  The  addition  of  glycerol  provoked  an 

 
 
 
 
increase of elongation, water solubility and flexibility, 
while film tensile strength exhibited a reverse trend.  
Films prepared with 5% whey protein isolate, 2% sodium 
caseinate, 50% glycerol at 50°C showed moderate 
mechanical properties, optical properties, water solubility 
and maximum barrier properties of gas and water vapor, 
with tensile strength=5.85 MPa, elongation=101.20%, 
transparency=91.4%, gas permeability rate=49.92 cm

3
·m

-

2
·d

-1
·0.1 MPa

-1
 and water vapor permeability were 

1.252×10
-11

g·m
-1

·s
-1

·pa
-1

, (RH:10%/70%), respectively. It 
is possible that they may be alternatives to some plastics, 
as inner packaging materials for food with low water 
activity (Chen and Lei, 2011). The unfavorable properties 
of protein films are excessive water solubility and poor 
WVP compared with plastic. The possibility of using 
TGase as a modifying agent of WPI-NaCas films was 
estimated to improve their resistance to solubility and 
water vapor. 

The objective of this work was to find the influence of 
additive amount, reaction time and temperature of TGase 
on properties of WPI-NaCas films, so as to design 
biodegradable material with good mechanical and barrier 
properties, suitable for packages of many kinds of food 
products with different acidities and contents of moisture. 
 
 
MATERIALS AND METHODS 
 
Whey protein isolate (WPI, protein > 92.0%, Hilmar Company, 
California, USA) and Sodium caseinate (NaCas, with 92.9% protein, 
Murray Goulburn Company, Australia) were used as film-forming 
components. Glycerol (GLY, analytical grade, SCRC, China) was 
used as a plasticizer to improve the flexibility properties of the films. 
Transglutaminase was obtained from Dongsheng Food 
Technological Company in China. 
 
 

Orthogonal experiment of enzymatic modifications 
 
Orthogonal experiment in three factors and three levels was 
designed based on the results of single-factor experiment, with the 
unmodified experimental group as control group. Orthogonal test 
schedule was shown in Table 1. 
 
 

Films preparation  

 
WPI solution was prepared by dispersing 5 g protein powder in 100 
ml distilled water, stirring continuously at room temperature for 2 h 
with a magnetic stirring apparatus (ZNCL-T, Qiangqiang instrument 
corporation, Shanghai, China). Then the solution was placed in a 
water bath and kept at 85°C for 30 min to denature the protein and 
then cooled down to room temperature until the powders completely 
dissolved. NaCas solution was prepared by dispersing 5 g sodium 
caseinate powder in 100 ml distilled water at room temperature until 
the powders were completely dissolved. GLY was added as 30% 
(w/w) of the total polymers. The blending ratio of WPI solution and 
NaCas solution was 1:1 (v/v). WPI, NaCas and GLY were 
completely mixed, to achieving the composite protein solution. 
TGase was added into the solution with reaction parameters shown 
in Table 1, and then inactivated at 75°C for 15 min. After cooling 
down to room temperature, the composite solution was degassed 
by vacuum pump and casted on organic glass plates,  then   heated

app:ds:bio-enzyme
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app:ds:moisture%20content
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Table 1. Orthogonal test schedule. 
 

Test number 
TGase reaction 

time/min (A) 
TGase additive 

amount/mg/ml (B) 
TGase reaction 

temperature/°C (C) 

01 22.5(1) 0.10(1) 40(1) 

02 22.5(1) 0.15(2) 50(2) 

03 22.5(1) 0.20(3) 60(3) 

04 30.0(2) 0.10(1) 50(2) 

05 30.0(2) 0.15(2) 60(3) 

06 30.0(2) 0.20(3) 40(1) 

07 37.5(3) 0.10(1) 60(3) 

08 37.5(3) 0.15(2) 40(1) 

09 37.5(3) 0.20(3) 50(2) 

10 0.0 0.00 0 

 
 
 
at 50°C in air blow drying cabinet (GX-ZGF101, Hede Co. Ltd, 
shanghai, china). The films obtained were peeled from the plates 
and conditioned in a thermostatic and humidistatic chamber (GDS-
100L, Suoyate Co. Ltd., Jiangsu, China) at 50 ± 5% RH and 23 ± 
2°C for no less than 48 h prior to testing. 
 
 
Properties testing  
 
Particle size distribution  
 
Particle size distribution of film-forming solution was measured 
using laser particle analyzer (BT-9300HT, BaiTe Co. Ltd, Dandong, 
China), with optical mode, analysis mode and medium set as Mie, 
multimodal and water. Four measurements of each sample were 
taken, then calculating the average value. 
 
 
The apparent viscosity of film-forming solution 
 
The apparent viscosities of film-forming solutions were measured 
by Rheometer (Anton Paar, Austria) at 25°C, with shearing rate: 0 
to 100 rpm/s, testing system: CC27-SN23937, equipment TU1=C-
PTD200-SN80910176. Each sample was 40 ml.   
 
 
Mechanical properties 
 
Tensile  strength  (TS)  and  elongation  at  break  (EB)  were  
measured using a computer control tensile testing machine (DCP-
KZ300, CDMC Co. Ltd.,  Sichuan,  China). Samples were cut into 
15 × 100 mm pieces. According to ASTM D882-09 (ASTM, 2009), 
the initial grip separation was set at 50 mm, with cross-head speed 
500 mm/min. At least ten samples of each type of film were 
measured. Tensile strength was calculated by this formula: 
 
TS = F/S                                                     (1) 
 
Where, F is the force when the film was broken, S is the cross 
section area. 
 
 
Water solubility 
 
The method modified from Rhim (2004) was used to determine 
water solubility (WS). Samples were cut into 30 × 30 mm pieces 
and firstly dried at 105°C for 24 h in an air blow drying cabinet (GX-

ZGF101, Hede Co. Ltd., Shanghai, China) to obtain the initial 
weight w1. After drying, the films were submerged with 50 ml water 
in 100 ml breakers for 24 h at room temperature. Undissolved dry 
matters were removed from the breakers and dried at 105°C again 
until they reach a constant weigh (±0.0001 g). The final dry weight 
was taken as w2.  Each type of film was determined in triplicate. 
 
WS(%)=(w1- w2) / w1×100                                   (2) 
 
Water vapor permeability 
 
The water vapor permeability (WVP) of films was measured 
according to ASTM E398 (ASTM, 2003), standardized by a water 
permeability tester (PERMATRAN-W Model 1/50G, MOCON, USA). 
Tank pressure was set to 30 ± 2 psig (approximately 0.2 MPa). The 
100%RH test cell and saturated pad were used in correction test. 
Test mode was set to continuous, with test temperature 37.8°C, and 
RH at two sides of tested films was 10%/50% respectively. 

 
 
Thermogravimetric analysis (TGA) 

 
Thermogravimetric measurement was carried out on a 
thermogravimetric analyzer (TG209 F1, NETZSCN, Germany) in 
the temperature range 35 to 500°C at heating rate of 10 K/min. 
Mass of each tested sample was 3 to 5 mg, while flow-rate of 
sweep gas and protective gas (both were nitrogen) were 30 and 20 
ml/min, respectively. 

 
 
Scanning electron microscopy 

 
Cross-section morphologies of films were obtained by scanning 
electron microscope (S3400N, Hitachi Co. Ltd, Japan) with gold-
plating time under vacuum state, accelerating potential, 
amplification factor were 10 min, 10 kv, 2000, respectively. 
 
 
RESULTS AND DISCUSSION 
 
Particle size distribution of film-forming solutions 
 
No significant difference was observed in film-forming 
solutions of 01-09 experimental groups (Figure 1). 
However, reductions in  both  median  particle  (D50)  and
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Figure 1. Particle size dispersion of film forming solutions. 

 
 
 

Table 2. Particle size of film forming solutions. 
 

Sample number D10 D50 D90 D4.3 (um) D3.2 (um) AN (m^2/g) 

01 0.426 1.971 3.783 2.079 1.125 1.719 

02 0.401 1.960 3.776 2.067 1.109 1.744 

03 0.415 1.950 3.762 2.060 1.114 1.737 

04 0.442 1.968 3.777 2.077 1.132 1.709 

05 0.385 1.948 3.774 2.057 1.091 1.772 

06 0.428 1.961 3.769 2.070 1.123 1.721 

07 0.435 1.971 3.777 2.079 1.131 1.710 

08 0.408 1.982 3.762 2.079 1.122 1.724 

09 0.383 1.943 3.768 2.052 1.088 1.777 

10 0.417 2.080 4.305 2.271 1.136 1.702 

 
 
 
volume average diameter (D4,3) were compared with 
control group (Table 2); the reduction resulted from the 
hydrolysis or cross-linking reaction of protein, causing the 
change of particle size value by the addition of TGase in 
the film preparation process. 

 
 
Rheology characteristics of film-forming solutions 

 
Intermediate concentration for film solutions will generally 
result in the highest cohesive strength as a compromise 
between optimal viscosity and polymer salvation. The 
functionality of the polymer is related to solvent 
characteristics. Maximum coating, solution salvation and 
polymer chain extension will produce the most efficient 
films. A high sol viscosity is a good indication of the 
adequacy of salvation and chain extension according to 
the formulation and method of preparation prior to film 
application. The apparent viscosity of WPI-NaCas 
composite   film-forming    solutions     remained    higher 

preventing deposition of solution particles at low shearing 
rates, while with the increase of shearing rates, molecule 
forces weakened and free space enlarged which directly 
caused a decrease of viscosity.  Results indicated that 
experimental samples belong to non-Newtonian fluid with 
little lower viscosity than that of control sample due to the 
effects of TGase (Figure 2). 
 
 
Effects of TGase on mechanical properties of films 
 
Except for Group 1 and 8 (lower to control group for 
inadequate reaction time and TGase addition) and Group 
9, TS of other groups significantly increased by about 

25～50% after TGase modification, which associated to 

the cross-linking reaction of protein caused by TGase, 
and forming covalent bond, thereby improving TS and 
decreasing flexibility of films (Figure 3). On the other 
hand, the elongations at break of most of the enzymatic 

modified films were about  2～3  times   higher   than  the

app:ds:hydrolysis
app:ds:particle
app:ds:size
app:ds:rheology
app:ds:flexibility


 

Qiao et al.         395 
 
 
 

 
 

Figure 2. The apparent viscosity of film solutions. 

 
 
 

 
 
Figure 3. Tensile strength of different films. 

 
 
 
control one except Group 2, 4 and 6, differently from TS 
(Figure 4). However, higher reaction temperature 
especially at 60°C allowed better improvements in both 
TS and elongation (Groups 3, 5 and 7). 

Without adequate content of TGase or experimental 
reaction condition, the cross-linking reaction did not 
germinate intra- or inter-molecular, then forming 
heteropolymer,   which    resulted    in    a    decrease    in 

mechanical properties of films. 
 
 
Effect of TGase on water solubility of films 
 
The addition of TGase resulted in a marked decrease in 
WS of WPI-NaCas films (Figure 5), from 44.51% 
(unmodified   samples)   to   28.62%    (Group 4),    which
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Figure 4. Elongation of different films.  

 
 
 

 
 

Figure 5. Water solubility of different films. 

 
 
 
corresponded to the results of Kołodziejska’ research 
(Kołodziejska and Piotrowska, 2007). This can be 
explained that cross-linking reaction of protein caused by 
TGase resulted in non exposition of hydrophilic groups, 
which decreased WS of films. And the unfolded structure 
of enzyme-heat-denatured proteins and the covalent S-S 
bonding during drying led to film insolubility in water and 
produced films that were stronger and could withstand 
higher deformations. 

Water-resistance of modified films was improved, 
however,   no   statistically   significant  difference  of  WS  

was observed from Group 1 to 9, with the lowest value of 
28.62% (Group 3) and the highest of 33.16% (Group 6). 
On the other hand, the higher enzyme reaction 
temperature and additive amount rather than enzyme 
reaction time caused further reduction in solubility of the 
films. 
 
 
WVP of films modified by TGase 
 
Protein based films generally embody poor  vapor  barrier
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Figure 6. The WVP of different films.  

 
 
 

Table 3. Scheme of range analysis. 
 

Index K A B C Major factor Optimum group 

TS 

k1 26.83 27.33 23.13 

 

ACB 

A2 C2 B3 

30 min/50°C /0.20 mg/ml 

k2 31.80 26.02 29.71 

k3 22.86 28.14 28.66 

R 8.95 2.12 6.58 

       

WVP 

k1 4.50E-12 4.47E-12 4.82E-12 

ACB 
A2 C3 B1 

30 min/60°C/0.10 mg/ml 

k2 4.38E-12 4.64E-12 4.53E-12 

k3 4.90E-12 4.67E-12 4.43E-12 

R 5.20E-13 1.96E-13 3.98E-13 

 
 
 
property, which becomes a limitation in their application. It 
was found that TGase addition reduced the moisture 

transmission coefficient of WPI-NaCas films to 1.400～
1.732 × 10

-12
g·m

-1
·s

-1
·pa

-1
, about 42% lower than that of 

unmodified films (Figure 6). Cross-linking reaction of 
protein resulted in the reduction or diminution of free 
space intra- and inter-molecular, thereby impeding the 
penetration of water vapor molecules. So, the water 
barrier properties of WPI-NaCas films were improved by 
cross-linking of the components with TGase and 
increasing hydrophobicity, which widened the practical 
applications of modified films as packaging material. 
 
 
Range analysis of orthogonal experiment 
 
TS   and  WVP  values  of  orthogonal  experiments  were 

selected as the objective parameters of range analysis for 
their significant differences and relative importance in 
properties and applications of films. Range analysis of 
orthogonal experiment results showed that reaction time 
of TGase was the most effective factor on both TS and 
WVP properties of film, and the secondary, tertiary factors 
were reaction temperature and TGase additive amount 
respectively (Table 3). Films modified by 0.1mg/ml TG at 
50°C for 30 min (being optimized technological 
parameters) as a compromise showed the largest TS with 
11.84 Mpa and the lowest WVP with 1.40×10

-12
g·m

-1
·s

-

1
·pa

-1
. 

 
 
Thermogravimetric analysis 
 
TGA    thermograms    revealing    thermal     degradation
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Figure 7. Weight loss profiles of control sample and films prepared by orthogonal test. 

 
 
 

 

 

              a                                    b 

 

 
 

Figure 8. Cross-section morphology: (a) control sample, (b) sample in group 4. 

 
 
 
behavior of composite protein films in the presence of 
transglutaminase at different levels were depicted in 
Figure 7. All films exhibited similar three main stages of 
weight loss. The first stage weight loss was observed 

approximately up to 3.95% at 35 ～ 150°C, possibly 

related to the loss of free water adsorbed in the film. The 
second stage weight loss gave a maximum degradation 

rate at 150～200°C, and was most likely associated with 

the loss of glycerol compound and structurally bound 

water. For the third stage, weight loss appeared at 200～
450°C attributed to the degradation of protein chain. The 
high temperature step caused the decomposition of more 
thermally stable structures due to crosslinking reactions 
produced during heating (Hoque et al., 2011; Martucci 
and Ruseckaite, 2009; Martucci et al., 2007; Mu et al., 
2012), when the non-covalent bonds (hydrogen bond, 
ionic bond), hydrophobic interactions and Van der Waals 
attraction   of   protein  molecules   were   destroyed  and 

oxidized into carbon dioxide, water, nitrogen oxide, sulfur 
dioxide and so on. However, no significant difference 
between control group and experimental groups was 
noticed. It was also suggested that degradation 
temperature of protein based films was relatively high 
and the temperature of 150°C could be considered as the 
critical temperature for use. 
 
 

Scanning electron microscopy analysis 
 

The results (Figure 8) showed that cross-section of 
unmodified films were relatively rough, unordered and 
porous, while those of the modified films became smooth 
and compact, which explained that enzymatic 
modification could be used to promote crystallinity and 
molecular order and caused greater changes in 
microstructure of WPI-NaCas composite films. This effect 
resulted from the decrease in  the  free  volume  between 
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polymer chains due to increasing attractive intermolecular 
forces made by the polymer network denser and more 
impermeable 
 
 
Conclusions 
 
TGase could ameliorate the properties of edible WPI-
NaCas composite films. Synergistic effects of content, 
reaction time and temperature of TGase on WPI-NaCas 
edible films by orthogonal experiments indicated that D50 
and D90 of film-forming solutions decreased by the 
enzyme modification, which also resulted in a decrease in 
water solubility and an increase in both mechanical and 
water barrier properties under proper conditions. 
Compared with control sample, scanning electron 
microscope analysis indicated that cross-section of 
enzyme modification sample was more compact and 
smooth. However, there was no significant difference in 
thermogravimetric analysis and solution apparent 
viscosity changes for all the samples. Orthogonal 
experiment results also showed that reaction time was 
the most effective factor on TS and WVP properties of 
film, and the secondary, tertiary factors were reaction 
temperature, TGase additive amount respectively. Films 
modified by 0.1 mg/ml TGase at 50°C for 30 min 
exhibited the largest TS 11.84 Mpa and lowest WVP 
1.40×10

-12
g·m

-1
·s

-1
·pa

-1
. 

Enzyme modified and denatured protein films were 
rather more water resistant, rigid and impermeable but 
less flexible and transparent. Orthogonal experiments 
showed the potential of WPI-NaCas composite films 
modifided by TGase as alternative biodegradable 
polymers for practical applications.  
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Implantation with low-energy ion beam can induce various plant biological effects including 
stimulation, damage and mutation. But the adaptive mechanism altering gene expression in response 
to this stressor in plant is not fully understood. A highly thorough and comprehensive analysis to 
investigate the general-key genes responsive to implantation with low-energy ion beam in plant is 
important to understand the diverse mechanism. We used Agilent Rice Gene Expression Microarray to 
investigate the overlap differentially expressed genes between two independent implantation 
experiments underlying three ion fluences. Our microarray data showed that 26 up-regulated overlap 
genes and 6 down-regulated overlap genes were observed. The Gene Ontology terms analysis showed 
that genes with functions including kinase, transporter, acceptor, transcription regulation were involved 
in signaling and response biological processes in rice responding to the implantation with ion beam. 
Our data also implied that ABA signal transduction pathway is involved in response to ion-beam 
implantation in rice. The RiceNet co-expressed network analysis showed the direct and indirect co-
expressed linkages among these up-regulated genes, which suggested some signal transduction 
pathways should be involved in this response and remained unclear. Our microarray data revealed the 
general and key genes responsive to the stress of implantation with low-energy ion beam during the 
rice germination. These data provide information on the candidate genes for further elucidation 
regarding the molecular mechanisms of the biological effects of ion-beam implantation and its 
application for improvement of corn. 
 
Key words:  Microarray; key genes responsive to implantation of low-energy N+ ion beam; Rice 

 
 
INTRODUCTION 
 
Low-energy ion beam as a new mutagen has been 
extensively applied to organisms for genetic 
transformation, breeding and creation of aneuploids 
(Feng et al., 2007). As  a  kind  of environmental stress, it 

can induce various biological effects including growth 
stimulation, damage, lethality, mutation (Yu, 2007). 
Numerous adaptive mechanisms in cells alter gene 
expression   in   response  to  stressors.  Many  functional
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proteins, involved in signaling pathways are responsible 
for response to environmental stresses including salinity, 
drought, submergence, temperature extremes (high and 
low temperatures); and heavy metals are identified and 
recognized (Tardif et al., 2007; Zhu, 2002). However, the 
key genes and their network responsive to implantation 
with low-energy ion beam remain not fully elucidated 
because few of these genes need to be identified and 
recognized in plant. Recently, genome expression 
analysis was used to identify the key functional genes 
involved in response to abiotic stress for its high 
throughput detection, especially the whole-genome 
microarrays (Zhou et al., 2007; Walia et al., 2007; Wang 
et al., 2007). 

Rice’s (Oryza sativa) compact genome size (≈430 Mb), 
well-established methods for genetic transformation, 
availability of high density genetic maps and whole-
genome microarrays (Jung et al., 2008), finished genome 
sequence (Matsumoto et al., 2005), and close 
relationships with other cereals, all make rice an ideal 
model system that studies plant physiology including 
tolerance of stress, development, agronomics, and 
genomics of grasses (Shimamoto and Kyozuka, 2002). In 
previous extensive studies, many research groups have 
been examining the effects of a wide variety of abiotic 
and biotic stresses in rice (Jwa et al., 2006). So, we 
selected the rice seeds as the experimental materials in 
this study. Previously, we focused on gene expression 
profiles in promoted-growth rice with germination stage 
from the seeds implanted by low-energy N

+
 beam. 

However, it was observed that various experiments with 
different-ion-fluence implantation showed the great 
divergent gene expression profiles, even different 
experimental replicates (Ya et al., 2012). So, it is difficult 
to identify and recognize the general-key functional 
genes that were ubiquitous in response to the stress of 
implantation with low-energy ion beam in rice. 

In this study, we propose a strategy to find out the 
overlap differentially expressed genes (DEGs) in rice 
among the multiple microarrays on two independent 
implantation experiments with three ion fluences. These 
DEGs should be commonly differentially expressed and 
the key role in response to the stress of implantation with 
low-energy ion beam in rice. The results enable the 
identification of genes regulating response to implantation 
with low-energy ion beam, facilitating engineering of 
pathways critical to rice tolerance. 
 
 
MATERIALS AND METHODS 

 
Rice seeds and culture 

 
Dry seeds of rice cultivar Xindao-18 (Oryza sativa L. ssp. japonica) 
were used in ion implantation experiments. After implantation with 
the ion beam, all seeds were planted on sterile medium with 0.8% 
agar (Sigma) in a climate chamber in the dark at 28°C. After the 
seeds for the microarrays had been incubated for 96 h, the 
seedlings were divided into two groups. One group was used for the  
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RNA isolation, while the other was used for investigation of the 
simplified seed vigor index from the 10-day-old seedlings grown in a 
climate chamber during a 12-h dark/12-h light cycle at 28°C. 
 
 
Implantation of low-energy N+ ion beam and investigation of 
simplified seed vigor index 
 
The low-energy ion beam implantation of seeds was performed with 
the Ion Beam Bioengineering Facility (UIL.0.512, TNV, Russia). In 
the present study, we carried out two independent implantation 
experiments for microarray. In the first implantation experiments, 
the seeds were used at 62 days after harvesting and seed moisture 
content is 7.0%; the ion fluences used for energetic N+- ion-beam 
(40 KeV) implantation were at 3×1017 N+/cm2, 6×1017 N+/cm2 and 
9×1017 N+/cm2, respectively. Controls included seeds that were in 
normal surroundings and a vacuum without ion implantation for 264 
min that was similar to the time of implantation with fluence at 
6×1017 N+/cm2. In the second implantation experiments, seeds were 
used at seven months after harvesting and its seed moisture 
content is 6.5%; the ion fluences used for implantation with low-
energy (40 KeV) N+ were at 2×1017 N+/cm2, 5×1017 N+/cm2 and 
8×1017 N+/cm2. Controls included seeds that were in normal 
surroundings and a vacuum without ion implantation for 352 min 
that was similar to the time of implantation with fluence at 8×1017 
N+/cm2. For each ion fluence implantation, three independent 
biological replicates were used. Two hundred seeds were implanted 
in each replicate. The germination rate (from 100 seeds) was 
investigated from the 7-day-old seedlings, and all the seedlings that 
were used to investigate the germination rate (from 100 seeds) 
were oven dried at 80°C for 12 h to investigate the dry weight (g). 
 
Germination rate = Number of the seedlings/total seeds×100% 
 
and 
 
Simplified seed vigor index = Drought weight of the seedlings (g) × 
Germination rate × 100. 
 
Data were pooled from three independent experiments. 
 
 
RNA extraction 
 
We mixed thirty uniformed rice seedlings underling each ion fluence 
as a sample to prepare for mixed RNAs and constructed the RNA 
pool from three biological replicates. A total of mixed RNAs were 
isolated using RNA plant reagents (Tiangen Biotech) and purified 
by use of the RNeasy Plant Kit (Qiagen). 
 
 
Agilent microarray hybridization and data analysis 
 
The Agilent Microarray hybridization (Agilent-015241 Rice Gene 
Expression Microarray) and raw data analysis were carried out by 
the Shanghai Bio Company Ltd., including the procedures for cDNA 
and cRNA synthesis, cRNA Cy3 fluorescence labeling, 
hybridization, washing, scanning (Agilent G2565BA Microarray 
Scanner System), data collection, and normalization. This 
experiment was performed three times, resulting in three biological 
replication samples for each ion fluence for the significant statistics. 

We collected the expression signals, and the present/absent calls 
from the raw data and analyzed them using the SBC Analysis 
System in one-way ANOVA (SAS, a web server, 
http://sas.ebioserivce.com), and sorted the differentially expressed 
transcripts data in Excel. Based on the statistics analysis, a 
transcript was considered significantly up-or down regulated if it met 
all of the following criteria: 

http://sas.ebioserivce.com/
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Table 1. Simplified vigor index of implanted seeds from the first implantation. 
 

Samples Germination rate*100 (Mean±STD) Vigor index (Mean±STD) P-value to T-test 

Controls 81.85±2.31 9.55±1.69  

Vacuum 84.81±2.21 12.14±0.8 0.074 

Fluence1 86.67±1.11 12.14±1.02 0.085 

Fluence2 88.89±0.00 14.52±1.36 0.017 

Fluence3 51±7.2 5.29±0.99 0.02 
 

Simplified vigor index was investigated using the 10-day rice seedlings in each independent experiment replicates. 
Fluence1 referring to 3×10

17
 N+/cm

2
; fluence 2 referring to 6×10

17
 N+/cm

2
; fluence3 referring to 9×10

17
 N+/cm

2
. STD, 

standard deviation. 

 
 
 

Table 2. Simplified vigor index of implanted seeds from the second implantation. 
 

Samples Germination rate*100 (Mean±STD) Vigor index (Mean±STD) P-value to T-test 

Controls 78.33±1.15 16.29±1.29  

Vacuum 78.0±1.73 16.68±3.51 0.82 

Fluence1 70.67±4.16 10.42±2.35 0.021 

Fluence2 72.67±3.05 11.56±2.05 0.14 

Fluence3 74.67±3.21 15.16±2.0 0.15 
 

Simplified vigor index was investigated using the 10-day rice seedlings in each independent experiment replicates. Fluence1 
referring to 2×10

17
 N+/cm

2
; fluence 2 referring to 5×10

17
 N+/cm

2
; fluence3 referring to8×10

17
 N+/cm

2
. STD, standard deviation. 

 
 
 
1) showed a statistically significant differential expression at the 
adjusted p value< 0.05; 
2) had a cut-off value at a 2-fold change; 
3) had "present" calls on all of the three replicates samples for the 
controls and/or the implantation. 
 
 
Bioinformatics analysis 
 
The annotation for the transcripts represented by the microarray 
was described according to the following databases: Agilent probe 
name (http://www.ebi.ac.uk/microarray-as/aer/lob? name= 
adss&id= 2375208716), SAS web server, and the RAP database 
(http://rapdb. dna.affrc.go.jp/). 
 
 
Detection of the key DEGs 
 
We collect overlapping DEGs in multi-microarrays for the samples 
with different ion fluence and different experimental replicates. 
 
 
RESULTS AND DISCUSSION 
 
Biological effects of the implantation with low-energy 
N

+
 ion beam 

 
In this study we investigate the biological effects of the 
implantation with low-energy N

+
 ion beam according the 

rice simplified seed vigor index. The results showed that 
energetic N

+
 (40 Kev) ion beam can produce biological 

effects of growth promotion  (Table 1, in first implantation 
with ion fluence at 6×10

17
  N

+
/cm

2
)  and  growth  inhibition 

(Table 2, in the first implantation with ion fluence at 
9×10

17
 N

+
/cm

2
, in the second implantation with ion 

fluence at 2×1017 N
+
/cm

2
). Here, we selected the sample 

that is implanted by N
+
 ion beam with fluence at 6×10

17
 

N
+
/cm

2
 in the first implantation experiment and that is 

implanted by N
+
 ion beam with fluence at 2×10

17
 N

+
/cm

2
, 

8×10
17

 N
+
/cm

2
 (a larger-fluence ion beam implantation) in 

the second implantation experiment for the micaroarrays. 
 
 
Profiles of the DEGs 
 
We detected the DEGs by comparing the expression 
signals value of the genes between the implanted 
samples and the blank control. The microarray analysis 
showed that there are 821 DEGs underlying the ion-
beam fluence at 6×10

17
 N

+
/cm

2
 in the first implantation 

experiment (Table 3); 1256 DEGs underlying the ion-
beam fluence at 2×10

17
 N

+
/cm

2
 and 1136 DEGs 

underlying the ion-beam fluence at 8×10
17

 N
+
/cm

2
 in the 

second implantation experiment (Table 4). 
The DEGs number has greater difference between the 

samples implanted by different ion fluence. It suggested 
that a single independent microarray can not reflect the 
comprehensive and general key genes responsive to the 
ion-beam implantation stress. So we considered the 
genes that were differentially expressed in all microarrays 
date underlying three ion fluence implantation as the 
comprehensive and general DEGs associated with 
response to the ion-beam implantation stress  in  rice.  By

http://www.ebi.ac.uk/microarray-as/aer/lob?%20name=%20adss&id=%202375208716
http://www.ebi.ac.uk/microarray-as/aer/lob?%20name=%20adss&id=%202375208716
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Table 3. DEGs number in the first implantation experiment. 
 

Treatment 
Up regulation  Down regulation 

Number Score of FC  Number Score of FC 

6*10
17

 vs control 351 2~21.62  470 2.0~176.89 

 
 
 

Table 4. DEGs number in the second implantation experiment. 
 

Treatment 
Up regulation  Down regulation 

Number Score of FC  Number Score of FC 

2*10
17

 vs control 780 2~38.00  476 2.0~1535.14 

8*10
17

 vs control 794 2~51.11  342 2.0~13.65 

8*10
17

 vs 2*10
17

 833 2~2087.34  1355 2.0~26.74 

 
 
 

Table 5. The up-regulated general-key DEGs. 
 

Gene ID Short Description 
FC ( p-value) 

2*1017 6*1017 8*1017 

Os01g0959100 Similar to abscisic stress ripening protein 1 4.02 4.51 4.68 

Os01g0723000 Elongation factor 2 (EF-2) 24.26 10.34 51.10 

Os01g0155000 Esterase/lipase/thioesterase 6.04 3.22 3.28 

Os01g0311800 Pectin methylesterase isoform alpha 2.67 2.0 2.44 

Os01g0660200 (Chitinase) (EC 3.2.1.14) 15.74 2.95 2.67 

Os01g0959200 Similar to abscisic stress ripening protein 1 3.54 6.60 5.31 

Os02g0787600 Ionotropic glutamate receptor 3.63 2.06 2.10 

Os03g0575200 K+ potassium transporter family protein 4.86 2.42 3.0 

Os03g0830500 PGPS/D12 19.74 2.77 2.23 

Os04g0339400 Aldo/keto reductase family protein 6.34 3.47 9.50 

Os04g0368000 Serine/threonine protein kinase 2.18 2.35 3.16 

Os04g0524500 Oligopeptide transporter 2.47 2.03 2.16 

Os05g0276500 Expansin Os-EXPA3 2.04 4.61 2.72 

Os06g0147300 Conserved hypothetical protein 3.30 3.0 2.42 

Os06g0521500 Haem peroxidase 5.02 2.40 3.0 

Os07g0493800 Protein kinase domain containing protein 3.65 2.24 2.20 

Os07g0638400 Peroxiredoxin  (B15C) 4.31 5.63 3.53 

Os07g0690900 Hytochelatin synthetase-like protein 4.54 2.71 3.56 

Os08g0136700 Protein of unknown function DUF26 7.11 2.48 14.05 

Os08g0190100 Germin-like protein (Germin-like 8) 10.17 4.38 2.80 

Os09g0367700 GST6 protein (EC 2.5.1.18) 3.50 7.15 3.08 

Os09g0483200 Ubiquitin domain containing protein 2.45 18.18 32.52 

Os10g0452300 Eggshell protein family protein 4.07 6.26 3.11 

Os11g0227200 NBS-LRR disease resistance protein homologue ; nucleotide binding / protein binding 6.68 2.32 3.11 

Os11g0482200 Pathogenic type III effector avirulence factor 5.43 2.31 2.73 

Os11g0669100 Calmodulin binding protein 5.91 2.94 2.14 
 

Short descriptions were annotated according to RAP-DB (Rice Annotation Project Database). Fold change in each gene is not expressed as 
log2. The P-value threshold of 0.05 was used for significant differential expression. 

 
 
 

comparing the microarray data between the two 
independent implantation experiments resulting in 
different biological  effect,  we  obtained  26  up-regulated 

(Table 5) and 6 down-regulated overlap general-key 
DEGs (Table 6) related to response to ion-beam 
implantation in rice. The short description  (Tables  5  and
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Table 6. The down-regulated general-key DEGs. 
 

Gene ID Short description 
Fold changes 

2*10
17

 6*10
17

 8*10
17

 

Os01g0800800 Hypothetical protein 2.13 2.23 5.26 

Os06g0654600 Protein kinase  2.10 2.0 2.60 

Os07g0543300 Glycoside hydrolase, family 14B 2.83 3.35 10.0 

Os12g0140700 Zn-finger, RING protein 2.26 2.10 2.30 

Os12g0640500 Na+/H+ antiporter-like protein 2.01 4.53 6.76 

Os12g0427600 P69F protein 11.50 2.83 5.84 
 

Short descriptions were annotated according to RAP-DB (Rice Annotation Project Database). Fold change in each 
gene is not expressed as log2. The P-value threshold of 0.05 was used for significant differential expression. 

 
 
 

Table 7. Molecular function of the up DEGs. 
 

Molecular function  Hits 

Binding 12 

Catalytic 12 

Transporter  5 

Molecular transducer  3 

Electron carrier  2 

Antioxidant 2 

Enzyme regulator 2 

Nutrient reservoir activity 2 

Transcription factor 1 

Translation regulator 1 

Structural molecule 1 

Unclassified 3 
 

Hits refer to the number of DEGs clustered into certain functional 
groups. 

 
 
 

Table 8. Biological process of the up DEGs. 
 

Biological process  Hits 

Cell process 14 

Metabolic process 12 

Response 10 

Transport 5 

Signaling 4 

Protein modification 4 

Oxidation reduction 3 

DNA recombination 1 

Microtubule-based process 1 

Nuclear mRNA splicing, via spliceosome 1 

Pollen development 1 

Regulation of transcription 1 

Translational elongation 1 
 

Hits refer to the number of DEGs clustered into certain pathways. 
 
 
 

6) showed that genes related to kinase, transporters, 
signals, resistance and so on are involved in response  to  

ion-beam implantation. 
 
 
Gene ontology terms and pathway analysis of the 
DEGs 
 
In order to investigate the functional category enrichment 
of these DEGs, we analyzed the functional features of 
these DEGs according the GO terms using the SAS 
system (a web server). One transcript could be classified 
into more than one function catalog. Results showed that 
these 26 up-regulated DEGs were classified into 11 
functional groups and one unclassified groups (Table 7), 
and were enriched into 13 biological processes (Table 8). 
The results also show an enrichment of signaling 
including kinase, transporter, transcription factor (TF) and 
so on, and these up-regulated DEGs were enriched in 
response process (38.5%, 10/26) (Table 8). It was 
indistinctly observed that genes related to antioxidant 
function and oxidation reduction process were involved in 
response to implantation, and this finding is coincident 
with many previous studies (Feng and Yu, 2006). 

The probe Os07g0638400 was involved in three KEEG 
pathways listed in Table 9. These pathways are all 
associated with phenylpropanoid which are a group of 
plant secondary metabolites derived from phenylalanine 
and having a wide variety of functions both as structural 
and signaling molecules. So we considered that 
phenylpropanoid should be an import compounds 
responsive to implantation with ion beam. 

It showed that the six down-regulated DEGs were 
classified into 8 functional groups and one unclassified 
groups according to molecular function GO term analysis 
(Table 10), and were enriched in 10 biological processes 
according to biological process GO term analysis (Table 
11). It was observed that down-regulated genes also 
showed an enrichment of signals including protein 
kinase, transporter, receptor, and transcription factor. 
However, these six down-regulated DEGs were not 
enriched into any KEEG pathways. 

Microarray technology has been used in many plants, 
and function as a powerful tool for high-thought screening 
of genes responsive to different abiotic stresses including  
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Table 9. KEEG pathway enrichment of the up-regulated DEGs. 
 

Name (Category) Hits Enrichment test p value Gene ID 

Methane metabolism (Energy metabolism) 1 0.018 Os07g0638400 

Phenylalanine metabolism (Amino acid metabolism) 1 0.018 Os07g0638400 

Phenylpropanoid biosynthesis (Biosynthesis of secondary metabolites) 1 0.0215 Os07g0638400 

 
 
 
Table 10. Molecular function of down DEGs. 
 

Molecular function  Hits 

Bingding 5 

catalytic 4 

protein kinase 1 

Transcription factor 1 

Transporter 1 

Receptor  1 

Molecular transducer 1 

Solute: Hydrogen antiporter 1 

Unclassified 1 

 
 
 
Table 11. Biological process of down DEGs. 
 

Description of biological process  Hits 

Metabolic process 4 

Cell process 4 

Biological regulation 3 

Regulation of biological process 2 

Signal transduction 1 

Regulation of transcription , DNA-dependent 1 

Transport 1 

Response 1 

Protein modification 1 

Proteolysis 1 

 
 
 
salt, ABA (abscise acid), cold, heat and drought 
(Buchanan et al., 2005; Kawaura et al., 2008; Miyama 
and Tada, 2008; Rensink et al., 2005). However, little 
knowledge of the microarray for screening the genes 
responsive to implantation with low-energy ion beam in 
plant; even the molecular mechanism of the biological 
effects induced by ion-beam implantation is not enough 
illuminate. So it is necessary to carry out the microarray 
on high-thought screening of key genes in response to 
ion-beam implantation. A biological organism is a 
complex system; meanwhile, temporal and spatial 
changes in the biological structure greatly complicate the 
studies of the interactions between energetic ions and the 
living biological targets (Feng and Yu, 2006); this 
divergent physiology of each seeds could result in 
different response  potential. In  order  to  investigate  the 

general-key genes responsive to ion-beam implantation, 
the overlapping DEGs are necessarily derived from the 
rice population in multiple ion-beam implantation 
experiments. 

In present study, a total of 32 overlap DEGs, including 
26 up-regulated and 6 down-regulated DEGs are 
observed, comprising 3.90% (32/821), 2.55% (32/1256), 
2.81% (32/1136) of the total DEGs underlying three 
independent ion-fluence implantation respectively. This 
revealed that less than 10% transcripts were overlap 
differentially expressed. These 32 overlap DEGs will 
present target genes for the study on molecular 
mechanism of biological effects induced by implantation 
with low-energy ion-beam. 

Stress-regulated proteins can be classified into two 
groups: proteins that take part in signal transduction and 
proteins that directly play a role in plant survival under 
stress conditions. Proteins of the first group include 
transcription factors, RNA-binding proteins, protein 
kinases and phosphatases (Xiong and Zhu, 2001). 10 out 
of 26 overlap up-regulated transcripts involves response 
process, and 5, 4, 4 out of the 26 up-regulated DEGs are 
related to transport, signaling, protein modification 
(including protein kinases and phosphatases) 
respectively. This finding suggested that rice responded 
to the implantation with ion beam by the unknown signals 
pathway. 

Our microarray data on the different biological effects of 
the ion-beam implantation revealed the general and key 
genes responsive to stress of implantation with the low-
energy ion beam during the rice germination. This 
suggests that the differentially expressed transcripts 
clustered into many groups were associated with the 
requirements of different events while adapting to the ion 
implantation. These data provide information on the 
candidate genes for further elucidation regarding the 
molecular mechanisms of the biological effects of ion-
beam implantation and its use for improvement of corn. 
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Measured by electrical experiments involving knitted warp and weft direction conductivity, we concrete 
analysis on the factors that affect electromagnetic shielding effectiveness of the knitted fabric. The 
influence factors of preventing electromagnetic radiation fabric shielding performance is associated 
with the organization structure and related parameters of knitted fabric. These include: organization 
type, the metal fiber content, the structure of the yarn or fabric, fabric horizontal (or vertical) electrical 
conductivity. It was found that the knitted fabric horizontal conductivity is different from the vertical 
conductivity, and the fabric transverse electrical conductivity is better than longitudinal. When knitted 
fabric electrical conductivity is good at the same condition, the shielding performance of the fabric is 
good. 
 
Key words: Conductivity, knitted fabric, organization type, shielding effectiveness. 

 
 
INTRODUCTION 
 
The weave structure of knitted and woven fabric is 
obviously different. The two different kinds of fabric 
structure weaved by the same kind of metal fiber can also 
form a metal gate or metal mesh, and the 
electromagnetic shielding performance have obvious 
differences, and the fundamental reason comes down to 
its own weaving structure (Feng, 1986; Xie, 1996; Zhu et 
al., 2012). 

Knitted fabric is braided by yarn along the lateral or 
vertical weaving string set of warp/weft, and woven fabric 
is composed of warp/weft yarns intertwined. If we analyze 
from the fabric structure, the knitted fabric weft have a 
yarn formed, and its lateral electrical conductivity is better. 
The knitted warp is only composed of a series of coil set 
between the yarn, and its longitudinal conductive 
performance is made up of string of suites coil  resistance. 
 

The knitted warp and weft direction conductivity 
influencing its shielding effectiveness can be achieved by 
resistance experiments to further study them (Wang, 
1986). 
 
 

EXPERIMENT 
 

Apparatus required 
 

Stainless steel fiber and silver fiber, the knitted fabric, single-sided 
cloth, rib fabrics, and siping fabric; Laboratory equipment include: 
special conductive metal fixture, electricity use table DT9205 etc. 
 
 

Methodology  
 

First, a certain row and columns of fabric pieces were taken along 
the knitted fabrics weft  and  warp  direction.  Thereafter,  the  fabric
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Table 1. Siping knitted fabric resistance of stainless steel fiber. 
 

Stainless steel fiber siping knitted fabric (resistance)       Average 

Lateral (weft) resistance value（ K ） 50.5 47.5 46.8 46.2 45.7 49.1 47.6 

Longitudinal (warp) resistance value ( M） 13.5 13.1 12.65 13.7 18 14.3 14.2 

 
 
 

Table 2. Siping knitted fabric resistance of stainless steel fiber. 
 

Stainless steel fiber siping knitted fabric (resistance)       Average 

Lateral(weft) resistance value（） 17.6 18.2 19.8 25.5 27 15.6 20.6 

Longitudinal (warp) resistance value（ M ） 0.567 0.595 0.523 0.691 0.642 0.587 0.601 

 
 
 

Table 3. Single-sided weft knitted fabric resistance of stainless steel fiber. 
 

Single-sided weft knitted fabric resistance of stainless steel fiber       Average 

Lateral(weft) resistance value（ K ） 27 26 24 29 30 31 27.8 

Longitudinal (warp) resistance value（ M ) 0.5 0.8 0.7 1.3 1.1 0.9 0.88 

 
 
 

was placed on both ends of the special fixture, clamping with zigzag  
bite, and tightly clamped at both ends of the knitted fabric. Finally, 
the knitted fabrics in the weft direction conductive resistance and 
warp conductive resistance were measured, averaging multiple 
measurements. 

 
 
EXPERIMENTAL RESULTS AND ANALYSIS 
 
This study was aimed at reporting the weft and warp 
direction conductivities of stainless steel fiber knitted 
fabric. 
 
Experiment 1: Stainless steel fiber knitted fabric: siping 
organization; the weft density: 32/5 cm; the warp density: 
51/5 cm. 

The knitted lateral and longitudinal length: 17.5 × 6 cm; 
the knitted longitudinal and lateral length: 17.5 × 6 cm; 
the data results are shown in Table 1. 
 

Experiment 2: stainless steel knitted fabric: siping 
organization: the lateral density: 32/5 cm; the longitudinal 
density: 51/5 cm; The knitted transverse and longitudinal 
length:6 × 6 cm; the data results are shown in Table 2.  
 

The experimental data measured in Tables 1 and 2 are 
explicit. First, the knitted fabric of siping organization 
made of stainless steel is conductive fabric, which is the 
root cause that has the function of preventing 
electromagnetic radiation. Second, the fabric as 
conductive metal gate, the horizontal and vertical 
conductivity have obvious difference. Although the size of 
the two pieces of  fabric  is  different,  it  is  clear  that  the 

lateral resistance is far less than the longitudinal 
resistance, and the two different direction resistance 
value is not in an order of magnitude. Therefore, it can be 
seen that the knitting siping transverse conductivity is 
better than that of vertical conductivity of the organization. 
This feature confirms the characteristics of the knitted 
fabric horizontal weaving yarn namely along the 
horizontal knitting set into each other. Formed by a yarn 
knitted horizontally, the resistance is relatively small; 
between the longitudinal formed by the horizontal coil 
series, the series of flat coil connection is not quite close 
together, so resistance is larger, and lateral connectivity 
weak in fabric, namely cannot form effective metal gate, 
which is the important factor that affect the fabric 
shielding effectiveness. Third, the influence of the length 
of the fabric on the resistance value is not a simple serial 
or parallel relationship, in terms of the same fabric 
structure both transverse and longitudinal, the longer the 
fabric its resistance value will be bigger. 
 

Experiment 3: Single-sided weft plain knitted fabric 
stainless steel fibers; Fabric size: 6 × 6 cm; the data is 
shown in Table 3. 
 

Experiment 4: Stainless steel fiber rib organization; 
fabric size: 6 × 6 cm; the data is shown in Table 4. 
 

When Tables 2 to 4 are viewed together,  it can be seen 
that not only stainless steel fiber knitted fabric of 
horizontal and vertical conductivity are different, but also 
the conductivity of the different knitted fabric structures 
are different. The conclusion further confirmed from the 
perspective of conductive fabric that knitted  fabric  of  the
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Table 4. Rib organization fabric resistance of stainless steel fiber. 
 

Rib organization fabric resistance of stainless steel fiber       Average 

Lateral(weft) resistance value（） 4.6 4.5 4.2 4.3 5.0 5.1 4.6 

Longitudinal (warp) resistance value（ M ） 0.442 0.482 0.445 0.437 0.547 0.397 0.458 

 
 
 
organization structure is the important factor that affects 
fabric shielding effectiveness. The knitted fabric 
resistance with different structure is unstable, so we must 
take more pieces of sample averaging measurement. 
Knitted fabric resistance value is the relationship with the 
structure of the fiber yarn and fabric structure. As for the 
knitted fabric of lateral resistance, 
 

 KR gle 8.27sin >
 KRsiping 6.20

>
 KRrib 6.4

. 
 
As for the knitted fabric longitudinal resistance, 
 

 MR gle 88.0sin >
 MRsiping 601.0

>
 MRrib 458.0

, 
 
If knitted fabrics weaved by the same kind of fiber have 
different organizational structures, both in transverse 
electrical conductivity and longitudinal conductivity, then 
single-sided fabrics are weaker than siping fabric, siping 
weaker than rib, which are determined by the absolute 
content of metal fiber formed fabrics and which have 
close relationship with the fabric to form effective metal 
gate. Each coil is a small metal grid. A completely closed 
coil is the key that the knitted fabric forms an effective 
closed loop.  
 
 
Conclusion 
 
From fabric horizontal and vertical conductivity 
experiment we can draw some conclusion. Firstly, the 
transverse conductivity of ordinary stainless steel fiber 
knitted fabric is better than that of vertical electrical 
conductivity. As knitted fabric has better electrical 
conductivity at the same condition, the shielding 
performance of the fabric is better; the closer fabric knit 
between the coil set, the more fabric interwoven point 
contacting area between, the better electrical conductivity. 
Secondly, for the same fiber, different organization 
structures imply that the knitted fabric has different 
conductivity. The conductivity of the metal fiber is better, 
and knitted fabric of vertical and horizontal conductivity 
are also better; the smaller the difference between them, 
the better in shielding properties also. 

Thirdly, the knitted fabric conductivity is associated with 
the type of fiber as well as with the fiber structure. The 
greater the absolute content of the metal fiber, the better 
the fabric conductivity, the  better  shielding  effectiveness; 

the electrical conductivity of the metal fiber filament is 
better than that of short fibers. 

In a word, to improve the electromagnetic shielding 
effectiveness and the knitted fabric metal fibre to 
continuous distribution, mutual conduction is an important 
factor. In order to further improve the shielding 
effectiveness of blended fabric, on the one hand, by 
improving the fabric tightness, increase in the density of 
the fabric articles as well as the stainless steel staple 
fiber with ordinary fibre mixing are ways to implement. 
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