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Abstract: Using a series of digital image processing methods, such as gray stretch, median filter, threshold 
segmentation, edge extraction and detection, detect the variations of red blood cells, realize the goal of 
identifying the shapes of variable red blood cells, and good results have been achieved. In conclusion, the 
average detection rate of abnormal red blood cells is above 80 %. This inspiring and conductive method is a 
tentative/experimental research which will play a good demonstration role in further application of image 
processing and detection in medical field. Copyright © 2013 IFSA. 
 
Keywords: Image processing, Morphological, Red blood cells, Detection. 
 
 
 
1. Introduction 
 

With the development of information technology, 
image processing technology is becoming an 
essential and effective tool in scientific research. It is 
especially widely used and effective in the field of 
biomedical engineering. 

Besides CT technique of digital image processing, 
it is also widely used in medical diagnosis, such as 
chromosome analysis, cancer cell detection, etc [1-4]. 
According to geometric features obtained of the red 
blood cells, we can detect and research the 
pathological red blood cells.  

The method will play a good demonstration role 
for further application in the field of image 
processing technology in medicine. 

2. Experimental Methods 
 
2.1. Experimental Material 
 

The image samples of medical red blood cells 
(provided by people’s hospital in Nanfeng County, 
Jiangxi Province). 
 
 
2.2. Experimentation 
 
2.2.1. The Grey Image Stretching of the Red 

Blood Cells 
 

While being a way of image linear 
transformation, the grey image stretching can greatly 
improve the visual effect for us. The gray level of all 

Article number P_1529 

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 1-6 

 2 

points in the image is transformed according to linear 
transformation function, which is one dimensional 
linear function [1]. 
 

 BA fxfxf += *)(  (1) 
 

For gray level transform equations: 
 

 BAAAB fDfDfD +== *)(  (2) 
 

The parameters fA is the slope of the linear 
function, fB is the y-axis intercept, DA shows the 
grayscale of the input image, and DB shows the 
grayscale of output image. While fA>1, the contrast of 
the output image will be increased; While fA<1, the 
contrast of the output image will be reduced; while fA 
=1 and fB≠0, the gray value of all the pixels will go 
up or down, and its effect is to make the image darker 
or brighter; If fA<0, dark areas will be brighten, and 
bright areas will be darken, complementary 
operations of the images are completed by the point 
operation. In a particular case, while fA=1, fB=0, the 
output image is the same as the input figure; While 
fA=-1, fB=255, the grayscale of the input image and 
the output image is precisely reversed [5]. 

The Original Red Blood is shown in Fig. 1. 
 
 

 
 

Fig. 1. The original red blood. 
 
 

The Enhanced Image by the Gray Stretch is 
shown in Fig. 2. 
 
 

 
 

Fig. 2. Red blood cell image by gray stretch. 

2.2.2. The Mean Filter of the Red Blood  
Cell Image 

 
Median filter of image is a kind of enhancement 

technique of image spatial domain filtering [1], 
which can reflect the texture characteristics of the 
spatial image, such as physical location, shape, size, 
and so on. The mean value of all pixels in the field is 
assigned to the output corresponding pixels so as to 
achieve the purpose of smoothing. 

3×3 templates are adopted in this paper, and 
average filtering process is shown in Fig. 3. Fig. 3(a) 
shows a small part of an image, with a total of  
9 pixels. Pi (i= 0, 1... 8) shows the grey value of 
pixels; Fig. 3(b) shows a 3×3 template, and Ki (i = 0, 
1... 8) is called template coefficient; Odd numbers 
(such as 3×3, 5×5) are generally taken for the 
consideration of template size, and the median filter 
can be divided into the following steps: 

1) Make Ki (i= 0, 1... 8); 
2) Make the template roam in the image, and 

make pixels of k0 and p0 overlap in Fig. 3. Gray value 
r0 can be calculated by the next type of output image 
which is corresponding to pixel p0 (as shown in 
Fig. 3(c); 

3) All grey values of the pixels in the enhanced 
image can be obtained by calculating each pixel 
according to the type of Fig. 3(c).  

The process of the median filter can be applied to 
all the spatial filtering methods, that is to say, the 
function of the spatial filter is realized in the process 
of each pixel area through applying template 
convolution method. 

 
 

 
 

Fig. 3. Average filtering process. 
 
 

In order to remove noises, the image with a 3×3 
templates has used the smooth processing operation. 
Results are shown in Fig. 4. 
 
 

 
 

Fig. 4 (a). Red blood cell image median filter smoothing, 
the image before smoothing. 
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Fig. 4 (b). Red blood cell image median filter smoothing, 
the image after smoothing. 

 
 
2.2.3. Threshold Segmentation of Red Blood 

Cell Image 
 

Threshold segmentation is a kind of regional 
segmentation technology [2], which can make the 
image gray level split into two or more gray intervals 
according to the user specified. Then using the 
differences in the gray level between extraction of 
target objects and the background, we choose an 
appropriate threshold value. By judging whether or 
not each pixel in the image meets the requirements of 
threshold value, we determine which area the pixels 
in the image belong to, the target area or background 
region. One of the commonly used threshold 
processing method is binarization processing of the 
image. Select a threshold then convert it to black and 
white binary image, which is pretreated by image 
segmentation and edge tracing, etc. Using the 
threshold value method of human-computer 
interaction and windows applications [6], we got the 
following red blood cells threshold  
segmentation image, see Fig. 5. 
 
 
2.2.4. Image Edge Detection and Extraction 
 

Edge usually refers to the collection of those 
surrounding pixels which have a step change or roof 
change, and it is also an important characteristic on 
which image segmentation depends. The method of 
Laplace operator and Sobel operator are respectively 
used to sharpen the red blood cells [1, 7], and the 
following respective images can be got as in Fig. 6. 
 
 

 
 

Fig. 5(a). Threshold segmentation of red blood cell image 
before threshold segmentation. 

 
 

Fig. 5 (b). Threshold segmentation of red blood cell image 
after threshold segmentation. 

 
 

 
 

(a) Image before sharpening. 
 

 
 

(b) Image after sharpening. 
 

Fig. 6. Laplace sharpening processing of the red blood  
cell image. 

 

 
2.2.5. Red Blood Cell Image Processing 
 
2.2.5.1. The Geometrical Characteristics  

of the Red Blood Cell Image 
 

Normal mature red blood cells are reddish or 
orange, with the shape of a disc, the characteristics of 
concentric undertint and pale center, the diameter of 
its light coloured area is about 1/3 of the diameter of 
the red blood cells. Red blood cell image samples 
chosen for test are shown in Fig. 7, the labeled cells 
are to be detected, which are random sampling of the 
red blood cells. 
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(a) Image before sharpening. 
 

 
 

(b) Image after sharpening. 
 

Fig. 7. Sobel sharpening processing  
of the red blood cell image. 

 
 

First, the software interface of image as shown in 
Fig. 9 is processed by gray level stretch, median filter, 
threshold segmentation and prepared for the 
following extraction of the single red blood cells. 
After getting the red blood cell images with greater 
contrast which have been removed noises, the 
Windows XP system with a drawing software is used 
to extract the selected red blood cells images [6]. 
Number and arrange the selected red blood cells 
images, then a new arrangement of red blood cells 
images appears as shown in Fig. 10. 
 
 

 
 

Fig. 8. The original red blood cells. 

 
 

Fig. 9. Software interface of image processing. 
 
 

 
 

Fig. 10. Red blood cells of image selected to be detected. 
 
 
3. Results and Analysis 
 

Detect the edges of the red blood cell images 
according to the images as shown in Fig. 11, we get 
detection results of the first level (as shown  
in Fig. 12). 

In tests one, according to Fig. 12, we can see that 
red cells No. 15 and No. 17 are rectangular, not like a 
disc as normal red blood cells in medical science, 
therefore, we can conclude that the two red blood 
cells are abnormal. 

In tests two, through binarization process the 
single red blood cells are extracted, as shown in 
Fig. 13, and are prepared for the next calculation of 
geometrical characteristics of red blood cells. 
 
 

 
 

Fig. 11. Edge detection of red blood cell Image  
to be detected. 
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Fig. 12. Edge detection of the red blood cell image 
chosen. 

 
 

 
 

Fig. 13. Binarization Processing of images before red blood 
cells Detection. 

 
 

According to the binarization images in Fig. 13, 
observe the blood cells erythrocyte shallow areas, the 
cells No. 1, 3, 4, 5, 7, 8, 9, 11, 12, 13 can be observed 
with no shallow areas, or their light colored areas are 
smaller than 1/3 of the diameter of the red blood cells, 
so we can conclude that these red blood cells are 
abnormal. 

In tests three, respectively calculate the 
geometrical characteristics of the red blood cells after 
binarization processing in Fig. 14. Data aggregation 
of the red blood cell geometric characteristics is 
shown in Fig. 15. 
 
 

 
 

Fig. 14. Calculation of the red blood cell geometrical 
characteristics. 

 
 

Fig. 15. Data aggregation of red blood cells  
to geometric features. 

 
 

With the software used in this experiment, we get 
the result that the average area of the normal red 
blood cells is 830 or so, but average error range of 
red blood cells No. 20 and No. 23 is more than 100, 
so they can be regarded as abnormal red blood cells. 

Finally, the normal red blood cells detected are 
shown in Fig. 16. 
 
 

 
 

Fig. 16. the normal red blood cells image. 
 
 
4. Conclusions 
 

As we can see, the abnormal rate of the medical 
red blood cell image samples was 70 %, which was 
provided by the hospital in Fig. 8. However, the 
abnormal rate of red blood cells in the image we get 
in this experiment was 62.5 %. Therefore, we can 
basically conclude that the average detection rate of 
abnormal red blood cells in this study is more than 
80 %. 

In short, through the image processing and 
detection process, using a variety of image 
processing technologies, we completed the extraction 
of single red blood cells, realized the detection of 
abnormal red blood cells, and achieved good results. 
But for red blood cell image detection there are still 
some problems to be solved: 

1) Some of the discriminate error rates are still 
high, because only geometric features are used for 
analysis, while color, texture, the proportion of the 
internal structure factors were not considered; 

2) Errors existing in the detection process 
certainly have some effect on the experimental results; 
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3) To facilitate testing and ensure higher detection 
rate, red blood cell images without overlapping are 
selected in this study, tests for overlapping cells will 
be explored with new treatment methods in the future. 
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Abstract: Pattern recognition and computer vision technology as a long-term subject of concern, which has high 
academic value and commercial value. Adaboost is an iterative algorithm, and its core idea is to obtain some 
weak classifier with a training set of training. Finally, a much stronger classifier is obtained by combining weak 
classifiers. In this paper, we firstly introduce the basic theory of Adaboost algorithm, and then take face 
recognition as an application example, the training process and the detection process were achieved respectively 
and independently. Experimental results show the detector based on Adaboost algorithm can accurately detect 
the location of the face, regardless of their positions, scale, orientation, lighting conditions, expressions, etc., and 
it has a smaller detection error. Specifically, the detector can effectively detect multiple faces, and it also has 
much higher detection accuracy. Copyright © 2013 IFSA. 
 
Keywords: Pattern recognition, Computer vision, Face detection, Adaboost algorithm. 
 
 
 
1. Introduction 
 

Pattern detection algorithm has been developed 
over the past decades. Each detection algorithm is 
developed in a particular application context, and so 
we can analysis these few of detection methods into 
two main types: image based methods and feature 
based methods. The first method always uses 
classifiers trained statically with a given sample set. 
Then each classifier is scanned through the samples 
set. The other method locates by detecting particular 
features. Pattern detection algorithm used is both 
image based and feature based. It is image based in 
the sense that the method uses a learning algorithm to 
train the classifier with some chosen trained positive 
and negative samples. And it is also feature based 
because the lots of features chosen by the learning 
algorithm are directly related to the particular 

features. The boosting techniques improve the 
performances of base classifiers by re-weighting the 
training examples. Learning using Boosting is the 
main contribution of Pattern detection.  

The important issue of face information 
processing technology has always been the pattern 
recognition cut the field of machine vision research 
concern, is one of the important components of this 
stage based on biometric identification technology. 
What’s more, face as images and video of the most 
important visual objects, one in computer vision, 
pattern recognition, multimedia technology research 
occupies an important position. Face detection and 
retrieval of information processing of human face and 
retrieval based on content. In recent years, a very 
active direction in intelligent man-machine interface, 
it has a very wide range of applications, content-
based retrieval, the digital word video processing, 
security and other fields [1-2].  
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In recent years, face detection has made 
considerable development. Amit et al. had presented 
a method for shape detection, and then this method 
was applied to detect frontal-view faces in still 
intensity images [3]. Viola et al. proposed a new 
detection method based on the integral image features 
and Adaboost algorithm [4]. Speed and performance 
of this cascade classifier is equivalent of ANN 
method proposed by Rowley [5]. Later, Li's research 
group developed this method for multi-view face 
detection [6]. Kauth et al. proposed a blob 
representation to extract a compact, structurally 
meaningful description of multispectral satellite 
imagery. Craw et al. proposed a located method 
based on a shape template of a frontal-view face, and 
a Sobel filter is first used to extract edges. These 
edges features are grouped together to search for the 
template of a face based on several constraints. These 
above methods all have better face detection 
performance.  

Recently, many researchers started to use 
Adaboost algorithm in Pattern detection. Adaboost is 
an iterative algorithm, and its core idea is to obtain 
some weak classifier with a training set of training. 
Finally, a much stronger classifier is obtained by 
combining weak classifiers. In this paper, we firstly 
introduce the basic theory of Adaboost algorithm, 
and then the training process and the detection 
process were achieved respectively and 
independently. Experimental results show the 
detector based on Adaboost algorithm can accurately 
detect the location of the face, and it has a smaller 
detection error. Specifically, the detector can 
effectively detect multiple faces, and it also has much 
higher detection accuracy. 
 
 
2.Adaboost Algorithm 
 
2.1. Adaboost Review 
 

Adaboost algorithm is based on gray-scale 
distribution of target features, which chooses to use 
the Haar characteristics [4-7]. Haar feature is based 
on the characteristics of the integral image, and this 
feature is mainly used in the gray scale image. Its 
advantages consist of calculation simpler and faster 
extraction. Adaboost algorithm first extracts image 
Haar characteristics, and then through the training 
process to obtain Haar feature is converted into many 
weak classifiers, and finally these weak classifiers are 
optimized combination to use for face detection. 
Fig. 1 shows the flow chart of detection based on 
Adaboost algorithm.  

Integral image snapped original any point in the 
upper left pixel in the image obtained by adding the 
pixel value as the current point image. The 
accumulation of all the pixel values of the upper left 
portion of the integral image for each point (x,y) of 
the midpoint of the value of the original image (x,y): 

 ∑ ≤≤
=

00 ,
),(),(

yyxx
yxiyxii  (1) 

 
where i(x,y) is the original image, ii(x,y) is the 
integral image. Fig. 2 shows the process of 
computing integral image. Fig. 3 shows an example 
of integral image. 
 
 

 
 

Fig. 1. The flow chart of face detection based  
on Adaboost algorithm. 

 
 

  
 

(a) image data                   (b) integral image data 
 

Fig. 2. The data of the integral image. 
 
 

 
 

(a) original image              (b) integral image 
 

Fig. 3. A specific example of integral image. 
 
 

According to the characteristics of the integral 
image, the sum value of the arbitrary rectangular 
region of pixels can be calculated by using the 
formula (1) with a quick computing process and the 
computation time is fixed. The advantage of this 
feature to design Haar feature extraction and the 
machine calculation time fixed. It is because of Haar 
feature extraction speed is fast enough, it making the 
Adaboost detection algorithms has become one of the 
fastest detection algorithms. 
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As we all know, common Haar feature is 
designed according to the characteristics of regional 
gray contrast. Fig. 4 shows four types of classical 
Haar features. Haar features of this reflects the 
characteristics of the image in grayscale distribution 
characteristics bow l into the face detection problem 
which, the problem is converted into how to find a 
better Haar feature to describe the characteristics of 
the image gray distribution. Adaboost algorithm 
selects from a large number of Haar characterized the 
optimal characteristics, and convert it into the 
corresponding weak classifier classification used, so 
as to achieve the purpose of the target classification. 
Adaboost algorithm training process is to select the 
process of the weak classifiers. 
 
 

 
 

(a) feature A             (b) feature B 
 

 
 

(c) feature C             (d) feature D 
 

Fig. 4. Four types of classical Haar features. 
 
 
2.2. Training Process 
 

Each Haar feature is corresponding with one of 
the weak classifiers, but not any Haar feature can be 
better described gradation distribution of certain 
characteristics. There is a key research object to be 
solved how to select optimal Haar characteristics and 
then produce into a classifier for detection from a 
large number of Haar features in Adaboost algorithm 
training process. The requirements of the training 
sample face close-up image, but vastly different face 
shape, so the training sample selection process to take 
into account the diversity of the sample. Training 
samples need to preprocess before using to train. 
Generally speaking, training samples pre-treatment 
does not require special algorithm, but the sample 
human face gesture to try to be consistent. Fig. 5 
shows a set of training samples.  

Firstly, we can extract Haar feature for face image 
from training set. Then weak classifiers are generated 
based on features. Each Haar characteristic is 

corresponding to a weak classifier, and each weak 
classifier is based on the parameters of its 
corresponding Haar characteristics defined. By using 
the position information of the above Haar 
characterized statistical training samples can be 
obtained corresponding to the characteristic 
parameters. The weak classifiers definition formula is 
as follows:  
 

 

⎩
⎨
⎧ ≤

=
otherwise

pfpif
xh jjjj

j       0

    1
)(

θ
, (2) 

 
where the characteristic parameters pj represent 
inequality direction, θj is threshold. Weak classifiers 
can be divided into different ways according to 
statistics, the value of single-domain weak classifiers 
and dual-domain values of weak classifiers.  
 
 

 
 

Fig. 5. A set of ORL face training samples. 
 
 

As defined in the current Haar characterized by 
the statistics of the training sample average of 
positive samples and negative samples: 1+pjθ , 1−pjθ . 

So we can obtain 2/)( 11 −+ +=
pp jjp θθθ . Assume 

11 −+ >
pp jj θθ , so 1+=jp , otherwise 1−=jp . 

The output result of the weak classifiers to 1 or 0, and 
outputs 1 represents a judgment is true, that is a face 
image; on the contrary, this is false, i.e. a non-face 
image. Single weak classifier limited capacity, and 
does not handle objects, so would its group and into a 
strong classifier. 

Next, we will describe the training process. 
Adaboost algorithm training process is the selection 
of optimal weak classifiers, and given the weight of 
the process [8-9]. Fig.6 shows the training process of 
Adaboost algorithm. The specific training algorithm 
steps are as follows: 
1) Label n training samples, where m samples are 

labeled 1+=jy , and n – m non-face sample are 

labeled 1−=jy ; 
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2) Initialize the weights. The original weights of 
each face sample are set as: 

m
w

p ∗
=+ 2

1
10

, non-face 

samples are set as: 
)(2

1
10 mn

w
p −∗

=−
; 

 
 

 
 

Fig. 6. The training process of Adaboost algorithm. 
 
 
3) Select T weak classifiers (T iterations) 

a) In the t-th iteration, compute the iteration error 
sum of the j-th weak classifier as: 

∑=
−=

n

i jijijj yxhw
1

)(ε , and choose the 

minimum iterative error of weak classifiers 

)( it xh . Compute 
t

t
t ε

εβ
−

=
1

, and set 

t
t β

α 1log= , tα  is the weight of weak 

classifier; 
b) Use )( it xh  and tβ  to update all weights: 

i

pp titit ww εβ −
+ = 1
1 . If i-th sample is correct 

classification, so 0=iε ; otherwise 1=iε ; 

c) Normalize weights: 
∑ +

+
+ =

it

it
it

p

p

p w
w

w
1

1
1 ; 

d) Set 1+= tt . 
4) A strong classifier is obtained by linear 

combination of a number of weak classifiers: 
 

 

⎪
⎩

⎪
⎨

⎧
>
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=

otherwise

xh
xh t

t

          0
2
1)(  1

)(
T

1t T

1 t
t α
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Single weak classifier has poor classification 

results, and the training initial error is 0.15, followed 
by a gradual rise. So we need the combine the weak 
classifiers into a strong classifier to make better 
performance. 
 

2.3. Cascade Classifier 
 

A strong classifier can be obtained through using 
a combination of some of the weak classifiers by 
equation (3), and each strong classifier will have 
more performance to detect face. If a plurality of 
strong classifiers are cascaded together, then by the 
strong classifier at all levels of the detected object is 
the possibility of the human face is also the largest. 
According to this principle, Adaboost algorithm 
introduces a waterfall-type classification is an 
associated classifier. The flow of detection algorithm 
based on cascade classifiers as Fig. 7.  
 
 

 
 

Fig. 7. The flow of detection algorithm based  
on cascade classifiers. 

 
 

The cascade classifier combines several strong 
classifiers to grade series together, and strong 
classifier level is complex than other and strict than 
others. Detection of non-face images in the front is 
ruled out to only face images detected by the strong 
classifier at all levels. In addition, because the non-
face images are eliminated in the first few levels of 
the cascade classifier, it can speed up the detection 
speed of detection algorithm. 
 
 
3. Face Detection Based  

on Adaboost Algorithm 
 

The cascade classifier performance, in order to be 
able to use the image detection records cascade 
classifier needs to design a detection mechanism, and 
its design processing interface. In Order to be able to 
detect the size of various scales the human face, the 
need to introduce here the detection mechanism of 
the multi-scale. There are several commonly used 
scale variation methods, but in order to ensure the 
detection speed, there are two methods available: 
One method to implement scale transformation to the 
classification, and also it needs to change the field 
values of the weak classifiers. Another method is to 
sample to the image at different scales, and this 
method is simple to implement, but a little time-
consuming than the former method. 

A flow of the detection process is shown in Fig. 8. 
Adaboost algorithm based face detection processing 
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is a gradation data, so the detection of the first  
step is to be detected image is converted into  
a grayscale image. 
 
 

 
 

Fig. 8. A flow of the detection process. 
 
 

As see from Fig. 8, the second step is grayscale 
images integral image. The third step of the integral 
image detection at different scales, in different scales, 
the detection result of the merger. 

The fourth step is output after the detection results 
under different scales.  

On the same scale, when the overlapping part of 
the two sub-windows detected face, you need to 
consider whether there is the need to merge. 
According to the experimental results, we need to 
combine overlapping sub-window when the 
overlapping part of the face sub-window is over the 
current window size of 0.5. This combined method is 
to obtain averaging values. 

In addition, we also need to combine when the 
detected windows are overlapped in different scales. 
Generally in the vicinity of the location adjacent 
scales duplicate detection, this will not only lead to 
repeat testing, but also may cause unnecessary error 
detection results. 
 
 
4. Experimental Verification 
 

In this section, many experimental results are 
showed to verify the effectiveness of Adaboost 
detection algorithm. Firstly, we implement the 
detection on IMM face database. Fig. 9 shows some 
detection results on IMM face database. From Fig. 9, 
we can see that the detector can accurately detect the 
location of the face, and it has a smaller detection 
error. Then the detector is implemented on some 
network picture. Fig. 10 shows some detection results 
on faces set from network. We can also find the 
detector can accurately detect the location of the face.  

Then we verify the effectiveness of Adaboost 
detection algorithm to detect face on some images 
with multiple faces. Fig. 11 shows some detection 
results on images with multiple faces. From 
experimental results, we can easily find the detector 
can effectively detect multiple faces, and it also has 
much higher detection accuracy.  

 

 
 

Fig. 9. Detection results on IMM face database. 
 
 

 

 
 

Fig. 10. Detection results on faces set from network. 
 
 

 
 

Fig. 11. A few of faces in an image. 
 
 

In addition, we also need to combine when the 
detected windows are overlapped in different scales. 
Generally in the vicinity of the location adjacent 
scales duplicate detection, this will not only lead to 
repeat testing, but also may cause unnecessary error 
detection results. Then some experimental results 
show the combining process for different windows. 
Fig. 12 shows an example of how to merge detection 
result: Fig. 12 (a) is the result of a plurality of 
windows overlapped in the same scale; Fig. 12 (b) is 
a plurality of windows overlapped with each other at 
different scales, and Fig. 12 (c) is the final  
combining result. 
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(a) Overlap in 
same scale 

(b) Overlap in 
different scales 

(c) Combine 
results 

 
Fig. 12. Results of combining windows. 

 
 
5. Conclusions 
 

Face detection in pattern recognition and machine 
vision technology as a long-term subject of concern, 
which has high academic value and commercial 
value. The rapid development of related face 
technologies, face detection as a key step, has 
causing more and more attention of researchers and 
research. Adaboost is an iterative algorithm, and its 
core idea is to obtain some weak classifier with a 
training set of training. Finally, a much stronger 
classifier is obtained by combining weak classifiers. 
In this paper, we firstly introduce the basic theory of 
Adaboost algorithm, and then the training process 
and the detection process were achieved respectively 
and independently. Experimental results show the 
detector based on Adaboost algorithm can accurately 
detect the location of the face, and it has a smaller 
detection error. Specifically, the detector can 
effectively detect multiple faces, and it also has much 
higher detection accuracy.  
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Abstract: Image based manufacturing technique is a novel manufacturing method, which is combine of 
machining technique and machine vision technique. By using the technique, machine tools can perform cutting 
process according to what they see, which is very like that the machine tool is equipped with “eyes”. In this 
paper, some researches of author about the subject are proposed, and key techniques are included. Construction 
of image based manufacturing system is introduced briefly. The geometrical model is then built from the image 
information, in which process shape from shading with adaptive pro-processing method is used. After the model 
is built, cutting path is planed, and two cutting paths, line cutting and contour cutting, are conducted. NC 
programs are generated automatically, and machining process is then performed. Finally a prototype system 
named ImageCAM is introduced. Algorithms developed in our research are verified in the system. Copyright © 
2013 IFSA. 
 
Keywords: Image processing, Bitmap, Line cutting method, Contour cutting method, Layer cutting method, 
Shape from shading (SFS). 
 
 
 
1. Introduction 
 

Although geometrical modeling techniques is 
widely used in product developing and 
manufacturing process, some product surface can not 
still be described with CAD model. In this situation, 
the method is required to transform the surface 
information into CAD model, which can be 
processed with CAD/CAM software. Reverse 
engineering (RE) can get surface date and transform 
the data into CAD model, but some special 
measurement machines are required in RE process. 
The measurement machines are generally expensive, 
and measurement process will be time consuming. 
When only a picture of the product can be obtained, 

general RE technique can not perform copping 
process. This is the time, when machine vision based 
RE system is required which can extract three 
dimension information from one or more pictures of 
a product, and transform the information into 
geometrical model that CAD system can accept 
which is subject researched in the paper. 

The objective of machine vision is to make 
computer percept three dimension environment 
information through two dimension picture, which 
can detect not only geometric information of object, 
but also shape, position, motion of the object. Basis 
of machine vision comes from image processing, 
model identification, and artificial intelligence [1]. 
Machine vision based manufacturing technique is 
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combination of machine vision technique and 
manufacturing technique. By using machine vision, 
three dimension information of object is extracted, 
geometric model of the object is built, CNC program 
is generated and machining is conducted. How to get 
three dimension of object and built its three 
dimension model are important points of machine 
vision based manufacturing technique. Prospect of 
machine vision based manufacturing technique is 
realizing integration of measurement, modeling, and 
manufacturing process, which is very like equipping 
“eyes” to machine tools, and making machine tools to 
cope the object they see. 

Development of machine vision technology gives 
solid basis to our research. SFS method [2, 3] is an 
important method in machine vision research. 
References [4-6] develop and improve SFS method, 
make machine vision more precision. References 
[7, 8] discus the boundaries between surfaces, 
making the curve surface smoother. But there will be 
much work to do for machining a work-piece 
depending only image of an object. 

Machine vision based manufacturing technique is 
one of advanced manufacturing techniques, which is 
integration of image processing, CNC technique, 
machining technique, and can be used in such areas 
as reverse engineering, fast prototype of product, 
manufacturing of work of art.  
 
 
2. Machine Vision Based Manufacturing 

System 
 

Construction of machine vision based 
manufacturing system is shown in Fig.1, which 
consists of camera, image processing card, computer, 
and a machine tool. The camera is used to take the 
picture of the object which would be coped. The 
image processing card is used to do some pre-
processing of the picture. The task of computer is to 
build the geometrical model of the surface, get tool 
path and generate CNC program. The program is 
transferred to CNC machine tool, with which work-
piece is machined. The process is also called three 
dimension copying. The number of cameras depends 
on the machine vision method used in the system. For 
multiple eyes vision system, more than one camera 
may be used. One eye machine vision method is used 
in author’s research, so that there is only one camera 
in the system. 
 
 

 
 

Fig. 1. Construction of machine vision based 
manufacturing system. 

Single eye machine vision is a simple one of 
machine vision techniques, and also main method 
with which three-dimension information can be 
extracted from picture. Recovering three-dimension 
shape from simple picture is called shape from 
shading (SFS). SFS method is used to get three-
dimension information from picture in this research. 

SFS method is first proposed by Horn [9], which 
is main algorithm in machine vision getting three 
dimensions from camera and is based on the fact that 
the change of direction of surface leads to the change 
of gray degree in the picture of the surface. SFS 
method is an algorithm which can extract three 
dimensions information from a few pictures of the 
object, especially from one picture of the object.  

SFS method develops very fast in recent years, 
and is being applied in many fields including industry.  
Main algorithms of SFS consists of recovering three 
dimensions information using sheltered boundary 
[10], recovering three dimensions information from 
normal direction of surfaces [11], and recovering 
three dimensions information from orthogonal 
polynomials [12].  

Based on above researches, a new algorithm is 
proposed in the paper, by which three dimensions 
information can be recovered more precision than 
previous method.  
 
 
3. Modeling of Work-Piece 
 
3.1. Extracting Three-Dimension 

Information from a Picture 
 

In desired condition, grey of image will meet 
reflection map equation: 
 

( ) ( ) ( )
2222 11

1
,,

qpqp

qqpp
qpRyxI

ss

ss

++++

++
==

ρ , (1) 

 
where ( ) ⎟

⎠
⎞⎜

⎝
⎛

∂
∂

∂
∂= y

z
x

zqp ,,  is the normal direction 

of surface, ( )yxzz ,= is the equation of 

surface, ( )ss qp ,  is the direction of light source, 

( )yxI ,  is the grey of image. Shape from shading is 
then calculating normal direction of surface 
( )qp, from grey of image ( )yxI , . In order to solve 
the ill-character of reflection map equation, 
regulation method of depth continue is used. Global 
optional function is constructed: 
 

 ( ) ( )( ) ( )∑∑ +−=
yxyx

yxFqpRyxIE
,,

2 ,,, λ  (2) 

 
First item of the equation comes from Eq. (1), 

which means difference between actual grey value 
),( yxI and the one calculated from normal 

parameter p and q. Regulation condition can be 
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expressed with continue constrain condition 
),( qpF  as:  

 
( ) ( ) ( )( ) ( ) ( )( )
( ) ( )( ) ( ) ( )( )22

22

,1,,1,

,,1,,1,

yxqyxqyxpyxp

yxqyxqyxpyxpyxF

−++−++

−++−+=  

(3) 
 

Because ( )Tqp 1,,  is the normal direction of object 
surface, the value of Eq. (3) is the change rate of 
normal line direction. Therefore the smaller the value 
of second item in Eq. (2), the smoother of object 
surface is. The (x, y) in Eq. (2) is discrete coordinate 
of image, and summation region is a part of the 
image, in which all points are corresponding to the 
continue surface on same object.  

Our target is to get p(x,y) and q(x,y) which make 
the value of Eq. (2) the minimum. Making derivation 
of E in Eq. (2) to each ( )yxp ,  and ( )yxq , , and 
letting the derivation be zero, recursive formula of p 
and q will be derived: 
 

( ) ( ) ( ) ( ) ( )( )( )
tt qptttt p

RyxqyxpRyxIyxpyxp ,1 ,,,,,,
∂
∂

−+=+ η  

(4) 
 

( ) ( ) ( ) ( ) ( )( )( )
tt qptttt q

RyxqyxpRyxIyxqyxq ,1 ,,,,,,
∂
∂

−+=+ η

(5) 
 
where 11 , ++ tt qp are the values of p and q in t+1th 

time recursion, and ( )yxpt , , ( )yxqt ,  are the 
average values of p and q in the neighbor region of 
(x,y) in tth  time recursion.  
 

( ) ( ) ( ) ( ) ( )( )1,1,,1,1, 4
1 −+++−++= yxpyxpyxpyxpyxp ttttt

 
(6) 

 
( ) ( ) ( ) ( ) ( )( )1,1,,1,1, 4

1 −+++−++= yxqyxqyxqyxqyxq ttttt
 

(7) 
 

By using the recursive formula, three-dimension 
coordinate of an object can be calculated. This 
algorithm is based on continue surface, therefore 
recovered result is accurate only for single continue 
surface, for example, in Fig. 2. But for non-continue 
part on an object as the connecting part between two 
surface patch, recovered result will be very poor [13], 
for example, in Fig. 3. The reason is that total surface 
consists of several patches, although each patch is 
continuing, but boundary between the patches is not 
continued. It dose not meet the condition of above 
algorithm.  

At the boundary, normal direction of surface 
patches change greatly. Refraction of light makes 
grey values on neighbor patch are very close, and 
shape distortion of recovered surface takes place on 
the part. In order to solve the problem, SFS with 

adaptive pre-processing algorithm is developed in 
author’s research.  

 
 

 
 

(a) bitmap of hemisphere 
 

 
 

(b) geometrical model 
 

Fig. 2. Modeling of half sphere surface. 
 
 

 
 

(a) bitmap of chili pepper 
 

 
 

(b) geometrical model 
 

Fig. 3. Modeling of chili pepper. 
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3.2. SFS Algorithm with Adaptive  
Pre-processing 

 
If the attenuation character of light intensity is 

strengthened, the change of grey degree will increase, 
and recovered surface will be more like the sample 
surface. The main points of the algorithm is that the 
image is divided into some patches firstly, which is 
continue inside the patch, and non-continue between 
the patches. Then grey degree of each patch is 
reduced according to some rules. And last, sample 
surface is recovered from pre-processed patches. It is 
proved that surface recovered from pre-processed 
patches is more accurate than that recovered from 
original image.  

In order to simplify the problem, pre-processing 
of the image is turned into one dimension problem, 
and calculating process is performed line by line. 
Following is pre-processing procedure: 
1) Parameter initialization including threshold value 

of grey degree ( GREY), windows threshold value 
(FLAG), and counter(N). 

2) Reading in a line of the image, comparing grey 
degree of each point at the line with the GREY. If 
it is greater than GREY, counter N plus one, until 
it is smaller than GREY. 

3) If the grey degree of a point is smaller than 
GREY, counter N is compared with windows 
threshold FLAG. If it is smaller than FLAG, N 
pixels are processed, otherwise turning to step (2) 
until the end of the line.  

4) Scanning next line, until total image is processed.  
 
 

 
(a) chili pepper       

 

   
 (b) vase 

 
Fig. 4. Modeling by using SFS algorithm with adaptive  

pre-processing. 

If the GREY and FLAG are selected properly, 
process result will be perfect after one scan. If some 
light green are there at edge of the image, middle 
value wave filtering may be needed. After the 
processing, higher quality geometrical model can be 
built, as shown in Fig. 4. High quality geometrical 
model is the bases if high quality CNC code. 
 
 
3.3. CNC Programming Using 

Approximation Method of Polygon 
 

Cutting path can be derived through train code 
tracing to object image contour, then using adaptive 
including box (AIB) algorithm or approximation 
method of polygon. AIB method can eliminate effect 
of noise and get correct contour of work piece, which 
has been elaborated in reference [14]. Approximation 
method of polygon has higher precision, is the 
method used in this paper to generate CNC code. 
Information in image is of redundancy, 
approximation method of polygon can be used to 
descript a contour, which descriptions a curve 
contour with a polygon. In order to get proper 
approximating effect, an error index Emax is used to 
measure degree of approximation.  
 
 

 
 

Fig. 5. Error of approximation method of polygon. 
 
 

As shown in Fig. 5, assuming curve from A to B 
is approximated with line segment AB, letting 
( ) ( ) ( )NN yxyxyx ,,,,,, 2211  be coordinate of 

points on curve, ( )1,,2 −= Nidi  be distance 
from ( )ii yx ,  to line segment AB, we have: 
 

 
iNi

dE
12max max
−≤≤

=  (8) 

 
Procedure of using approximation method of 

polygon is as following: 
1) Determining start point of cutting path 1P , 

finding point maxP  that is furthest point to 1P  on 
the path. The two points divide the path into two 
segments. 
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2) Letting initial position of mP is maxP , starting 

from 1P , traversing curve from 1P to mP , find 

point iP  that has maximum error maxE . 

3) If maxE  is greater than permitting error, let iP be 

new mP and turn to step (2). 

4) Otherwise, iP is a vertex of polygon, 1P iP is a 
line segment, line CNC code (G01) is generated. 
Letting iP be new 1P , and maxP be new mP , turn 
to step (2). 

5) When iP is of coincidence to maxP , the contour 

from 1P to maxP is processed. The contour from 

maxP  to 1P  can be processed in same way. 
 
 
4. Machining Example 
 

Machine vision based manufacturing technique 
can be used to machine 2-D curve or 3-D curved 
surface. For 3-D curved surface, uncut chip is cut out 
layer after layer. Each layer is a plane curve with 
same z coordinate. In layer cutting method, 3-D 
machine can be turned into 2-D machining, therefore 
only plane cutting is discussed. This method is often 
called 2.5 axes machining in engineering. After 
geometrical model is built, CNC Programming 
process of layer cutting is as following:  
1) Determining cutting depth, which is distance 

between layers. Value of cutting depth is relevant 
with material of work piece, cutting tool material, 
and machining requirement.  

2) Determining height of cutting layer, which is z 
coordinate of cutting path of a cutting layer. 

3) Calculating the intersection region of the cutting 
plane and the curve surface which may be a single 
region or several islands, each of which has their 
lose boundary.  

4) Determining cutting path in 2-D region. 
Machining can be performed with line cutting or 
circle cutting algorithm. There are some existing 
algorithm can be referenced.  
After tool path is generated, NC code for special 

machine tool can also be generated with post 
proposing program for the machine tool. 

A prototype system ImageCAM has been 
developed in order to prove the algorithm of the 
paper, which can perform total process of machine 
vision based manufacturing including pre-processing 
of image, modeling of work piece, cutting path 
planning, and NC program generating.  CNC system 
used in the research is SKY2000-I, developed by 
SKY Co., which is based on Windows platform. The 
system has 32 bits CPU, supports normal netware, 
and Chinese operating interface, which is widely 
used in medium and small machine shops. Fig. 6 is 
the machining parameters input interface of 
ImageCAM. 

Fig. 7 show the four main stages of machining a 
water pot from a picture. Fig. 7 (a) is the orignal 
bitmap of the water pot. Fig. 7 (b) is the three 
dimensions model built from Fig. 7 (a), this is the 
most important step of machine vision based 
manufacturing process. Precision of machining 
depends greatly on the quality of the model. Fig. 7 (c) 
is the tool path of the work-piece, line cutting method 
is adapted in the research. Fig. 7 (d) is the work-piece 
machined in wax material.  
 
 

 
 

Fig. 6. Machining parameters input interface. 
 
 

 
 

Fig. 7 (a). Machining example with machine vision based 
manufacturing system – bitmap of sample 

 
 

 
 

Fig. 7 (b). Machining example with machine vision based 
manufacturing system – geometrical model. 

 
 

 
 

Fig. 7 (c). Machining example with machine vision based 
manufacturing system – tool path from CNC code/ 
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Fig. 7 (d). Machining example with machine vision based 
manufacturing system – wax work piece. 

 
 
5. Conclusions  
 

Machine vision based manufacturing technique is 
a part of intelligent manufacturing technology, which 
can find its application in many engineering regions, 
for examples, in fast prototype manufacturing, 
reverse engineering, handcraft manufacturing, etc.  

Some key techniques are researched in the paper. 
Pre-proposing method is proposed, by which high 
quality image can be gotten, combining with middle 
value filter, therefore machine quality can be 
improved. Approximation method of polygon can be 
used to generate tool path very fast. Prototype system 
ImageCAM can perform total process of machine 
vision based manufacturing including pre-processing 
of image, modeling of work piece, cutting path 
planning, and NC program generating. Which proves 
the algorithms of the paper is feasible. 

Some problems are still to be researched for the 
technique to be used in engineering. Most important 
of the problems is precision of the geometrical model 
of work piece. Simple and precision modeling 
algorithm are still looked for ward to. 
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Abstract: Because general algorithms seldom detect copy-move forgery with angle rotation and block matching 
algorithms are very time-consuming, this paper proposes a detection algorithm which is able to detect copy-
move forgery with rotation of certain angles by using the direction invariance of the circular projection vector. 
At the same time, considering the influence of random noise and brightness changes on the circular projection 
vector, circular projection vector is improved and becomes robust. In order to avoid the time-consuming, this 
algorithm also constructs a data matrix by using the circular projection vector of each image block to 
significantly reduce the dimensionality of the data requiring during principal component analysis. Its detection 
speed is obviously faster than general block matching algorithms. The experimental results show that the 
improved circular projection matching algorithm is less time consuming, able to resist a certain degree of angle 
rotation in copy-move operations, and relatively robust to the influence of random noise and illumination. 
Copyright © 2013 IFSA. 
 

Keywords: Circular projection matching, Rotation invariance, PCA, Image matching, Copy-move forgery. 
 
 
 
1. Introduction 
 

Generally, a picture is used as the strong evidence 
for describing the occurrence of a thing. With the 
rapid development of image editing software, digital 
images are easily modified and it is becoming 
increasingly easier to generate vivid images. Forged 
images are more and more frequently found in 
tabloids, magazines and mainstream media or used as 
evidence submitted to courts. Some are even used in 
scientific frauds. Therefore, it is urgent to study 
image forgery detection algorithms so as to identify 
the authenticity and integrity of images.  

Detection algorithms for digital image forgery fall 
into two types. One includes the image authentication 
based on fragile watermarking and the image 
authentication based on digital signatures, both of 
which belong to the active algorithm. Watermark or 
auxiliary information is required to be added in 
advance. In the real world, however, this information 
cannot be added to all images in advance. Another 
type is the blind detection technique, a kind of 
passive authentication. The blind detection technique 
relies on the characteristics of images to authenticate 
them. However, due to the complex authentication 
method, it has become a more challenging subject 
and also has wider potential applications. 
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There are a variety of methods for image 
forgery [9]. The copy-move forgery in the same 
image is common which copies and moves a portion 
of the image into another position so as to cover up 
persons or objects in the image. The detection 
algorithm for this kind of image forgery is a blind 
detection technique and has been proposed. Most of 
them judge the authenticity based on the 
characteristic that copy-move in images will result in 
large similar areas. Fridrich [1] first analyzed the 
exhaustive search algorithm and proposed a block 
matching detection method based on discrete cosine 
transform (DCT) which significantly improves the 
efficiency of the exhaustive search algorithm. 
Popescu [2] proposed a similar method which reduces 
the dimensionality of feature vectors by using 
principal component analysis (PCA) instead of 
discrete cosine transform. Experiments have shown 
that his algorithm is more efficient. Subsequently, 
many scholars carried out further studies on the basis 
of block matching algorithms. Wu Qiong [3] 
transformed the original image into a 1/4 similar 
image using discrete wavelets before partitioning, 
used singular value decomposition to reduce 
dimensionality and finally located according to the 
lexicographic order. Jing Li et al. [4, 10] proposed 
detection and location algorithm for image region 
duplication forgery based on phase correlation in 
order to overcome the low efficiency of block 
matching algorithms. In general, this class of 
algorithms does not resist rotation and noise and is 
time consuming. This paper mainly studies how to 
improve the anti-rotation and anti-noise of the 
algorithm and how to improve detection efficiency 
using grayscale information. This algorithm first 
divides the detected blocks by row and column, then 
calculates the improved circular projection vectors of 
the image blocks, constructs the projection data 
matrix of the image through the circular projection 
vectors of all image blocks, uses PCA to reduce the 
dimensionality of the matrix, sorts that matrix in the 
lexicographic order and finally judges whether the 
sorted adjacent image block is the image block that 
has been copied and moved by confidence distance. 
The flow chart of the algorithm is shown as Fig. 1 
below. The reminder of this paper is organized as 
follows: section 2 introduces the improved circular 
projection matching algorithm. Application of  PCA 
in the detection algorithm for image copy-move 
forgery  is presented in Section 3. Experimental 
results and conclusion are described in Section 4 and 
5 respectively. 
 
 
2. The Improved Circular Projection 

Matching Algorithm 
 
2.1. Conventional Pixel Matching Rotation 

Sensitivity Analysis 
 

Assume that f1 and f2 with the same size of m×n 
are two moved image blocks in the forged image S 

shown as Fig. 2, where f1 is the copied image block 
and f2 is the moved and pasted image block. 
Conventional matching algorithms compare the 
copied image block f1 and the pasted image block f2 
in the similarity in the gray values of the 
corresponding pixels, and take similarity as the 
criterion for relevance. It is obvious that when 
relative rotation exists between f1 and f2, 
corresponding pixels change. When the rotation angle 
is small, the algorithms can find correct matching 
positions due to the similarity between adjacent 
pixels. However, when the rotation angle is big, the 
difference of gray value increases and conventional 
matching algorithms do not work. 
 
 

 
 

Fig. 1. Flow chart of the algorithm. 
 
 

 
 

Fig. 2. The forged image S. 
 
 

The key to solving the angle matching problem 
that random angle rotation exists between the copied 
image f1 and the pasted image f2 is to find a rotation 

1f

2f
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invariant. The circular projection matching algorithm 
[5, 6] was proposed based on the isotropy and 
projection features of a circle. With this algorithm, 
the sum of the pixels in the concentric circles with 
different radiuses in the circle is calculated and taken 
as the projection data at the radius. 
 
 P(r)=∑

=

π

θ

θ
2

0
),(rT      Rr ≤≤0     , (1) 

 
where ( ) ( )22 ϕφ −+−= nmr  and R is the radius of 
the maximum inscribed circle of the image, shown  
as Fig. 3. 
 
 

 
 

Fig. 3. Circular projection vector. 
 
 

When the image rotates, the pixels on the circle 
with any radius also rotate along with the radiuses of 
the concentric circles, so P(r) remains unchanged, 
which means that it is theoretically possible to realize 
matching of random angle rotation. 
 
 
2.2. The Improved Circular Projection 

Matching Algorithm 
 

As a matter of fact, some problems will arise 
when the circular projection matching algorithm is 
used to detect the copy-move in the image, including 
changing the brightness of copied image and adding 
noise, which requires us to improve the circular 
projection matching algorithm. 
 
 
2.2.1. Noise Impact Analysis and 

Improvement 
 

Images transmitted in channels are interfered by 
different kinds of noise, including the most common 
Gaussian impulsive noise. Gaussian impulsive noise 
refers to a noise signal whose frequency spectrum 
components are uniformly distributed (white noise) 
and whose amplitudes obey the Gaussian distribution. 
It is also addible and regarded as one kind of white 
noise. Literature [8] has proved that Gaussian 
impulsive noise does not change image gray values 
and it only affects the alternating current component 
of an image. At the same time, in analyzing each 
projection vector, it is found that the bigger the radius 
of the projection vector is, the greater the cumulative 
change is. In other words, the influence of the 

alternating current component on the image increases 
with the radius. Literatures [4, 5] improve the 
algorithm by replacing the projection value with the 
grayscale average of each concentric circle. The 
component in the projection is  
 

 P1(r)= P(r)/ S(r)      , (2) 
 

where S(r) is the number of pixels included in the 
concentric circle whose radius is r. 
 
 
2.2.2. Brightness Impact Analysis  

and Improvement 
 

The gray value of each pixel of an image is 
mainly decided by the brightness of the light 
reflected by the surface of a scene, so light will 
brighten or darken the overall image, which is 
equivalent to adding a direct current component. 
Similarly, the grayscale and contrast changes can also 
be attributed to the influence of the direct current 
component or the alternating current component of an 
image. How to reduce the influence of the alternating 
current component has been discussed above. As to 
how to reduce the influence of the direct current 
component, it is required to reconstruct the circular 
projection vector and enable it to have grayscale 
translation invariance instead of averaging.  

The improvement made in literatures [5, 6] is: 
 

 
( ) ( ) ( )

R R

r 0 r 0
2 ( P( r ) / SP r P r ( rS ) )r

= =
= ∑ ∑ , (3) 

 
According to Formula (3), changes in noise and 

light intensity will result in the changes in the 
alternating current component of a circular projection 
and as a result, the gray values P(r) at different 
radiuses increase as the radius increases. In this case, 
Literatures [5, 6] adopted the idea of normalization 
for processing. 
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At the same time, considering that the main 

characteristics of a scene are concentrated on the 
center, the variable weight is used. 
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where W(r) is the variable weight vector. This paper 
uses the inconsistency correction method to reduce 
the influence of brightness based on variable weights. 
 

 

( ) ( ) ( )5 1

R

1
r 0

P ( r
P r W r P r    

)
( )

R 1
==

+
−
∑

 , (6) 

 
Equations (5) and (6) subtract an estimated direct 

current component. The difference is that Equation 
(5) directly estimates the projection of the original 
component while Equation (6) uses the projection 
data in which noise has been filtered out. 
 
 
2.2.3. Analysis of the Experimental Results  

of the Improved Circular Projection 
Matching Algorithm 

 
The improved circular projection matching 

algorithm above is verified. A point whose 
coordinate is (148, 70) is located. After the image is 
rotated by 60 degrees, the coordinate of the point 
becomes (182, 118).  

For the point (148, 70), a circular projection is 
conducted according to Formula (1). The radius of 
the circular projection is 7. The projection vector of 
the original image is P1(r) = [43  24  18.634  16.012 
14.357   13.975  13.994  13.943].  

Gaussian noise (σ =0.01) is added to the point 
(182, 118). After brightness γ  is adjusted, a circular 
projection is conducted according to Formula (5) to 
obtain the new projection vector P4(r)= [0.2181  
0.30401  0.32234  0.3046  0.27542  0.26652  0.26472  
0.261870]. 

Similarly, Gaussian noise (σ =0.01) is added to 
the point (182,118). After brightness γ  is adjusted, a 
circular projection is conducted according to Formula 
(6) to obtain the new projection vector P5(r)= 
[0.14850  0.09486  0.01871  -0.00154  0.014067 -
0.00076  -0.00656  -0.00651]. After calculations, the 
correlation coefficient between P1(r) and P4(r) is 
0.9487 and the correlation coefficient between P1(r) 
and P5(r) is 0.9701. The results show that the new 
projection vector obtained according to Equation (6) 
has better performance in rotation, noise and 
brightness change resistance. 
 
 
3. Application of PCA in the Detection 

Algorithm for Image Copy-Move 
Forgery 

 
PCA is a linear dimensionality reduction method 

based on one-dimensional vectors. It is used to find 
the best low-dimensional representation of the 
original high-dimensional data based on least mean-
square error. It can transform multiple indicators into 
a few comprehensive indicators and select a few 
important variables from multiple variables through 
linear variation so as to reduce dimensionality.  

Therefore, the first step is to move the pixel one 
by one to divide the image whose size is m × n 
(512 × 512) into L image blocks whose sizes are 
2k×2k. A circular projection is conducted for each 
image block. The grayscale function of the 2k× 2k 
image blocks is f (x, y). The circular projection of a 
pixel is the one-dimensional vector 
PT=[P(0),P(1)…P(K)]. L one-dimensional vectors are 
written into the projection feature matrix of the image 
U=[PT(1) PT(2)…PT(L)]T , where PT(i) (i=1,2…L) is 
the row vector constituted by the circular projection 
of the image block. It can be seen that the size of U  
is L×K. 

Then PCA is used to reduce the dimensionality of 
the matrix U. The steps are as follows: 

Step 1 :Normalize the projection feature matrix U. 
The data in the matrix have different natures and 
different orders of magnitude. If no normalization is 
applied, the impact of high-value indicators will 
reduce the impact of low-value indicators in the 
analysis, so that small data are ignored. As a result, 
various data will participate in the operation at 
unequal weights. There are a great many methods for 
normalization. Here the standard normal distribution 
normalization is used: 
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T T T
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where PT(i)’ is the normalized row vector and Unew is 
the matrix composed of the normalized row vectors. 

Step 2: Obtain the covariance matrix V of Unew. 
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where Vij (i=1, n, j=1, p) is the correlation 
coefficient between variables PT(i)’ and PT(j)’ and is 
calculated according to the following formula. 

 
 

Vij=

∑ ∑

∑

= =

=

−−

−−

n

k

n

k
jTkjTiTkiT

n

k
jTkjTiTkiT

pppp

pppp

1 1

22

1

)()(

))((
, 

(9) 

 
Step 3: Obtain the feature valueλ i of V and the 

feature vector ei(i=1, p) of the corresponding 
feature value. 

Step 4: Calculate the contribution and cumulative 
contribution of the principal component: 

The contribution of the principal component Wi is  
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(10) 
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and the cumulative contribution Qi is 
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Get the 1st, 2nd, …, hth principal components 

corresponding to the feature values λ 1, λ 2 λ h 

(h≤ p ) whose cumulative contribution is 85 %.  
Step 5: Construct the dimensionality reduction 

transformation matrix S with the feature vectors 
corresponding to the feature values λ 1, λ 2 λ h 
sorted in the descending order. Calculate 
U’=Unew S⋅ and complete the transformation from the 
high-dimensional U into the low-dimensional U’. 
Finally sort U’ according to the lexicographic order 
and seek out the copy-move area in combination with 
the offset confidence distance according to the sorted 
image. 
 
 
4. Experimental Results and Analysis 
 

In order to verify the validity of this algorithm, 
this paper selects 150 natural images and use 
Photoshop for copy-move. The methods for copy-
move include rotation of 0°-30°(150 images), 
rotation of 30°-60°(150 images) and rotation of 
above 60° (150 images). For the above images, 
Gaussian noise ( 01.0=σ ) is added and brightness γ =0.6 is adjusted. 

The computer configuration on which all 
experiments are conducted is CPU dual core (TM) 
2.4 GHz, a memory of 2GB and the Windows XP 
operating system. The size of the image block is 
16×16. Matlab 7 is used to program the algorithm in 
this paper and other relevant algorithms.  

First, the above forged image sample is used to 
test the resistance of the algorithm proposed in this 
paper against rotation angles. The test results are 
shown in Table 1. 

The data in the table show that the detection rate 
can exceed 93 % for copy-move forgery after rotation 
of 0°-60°. Fig. 4 and Fig. 5 are the detection results 
of a test image called “sunflower” which is copied 
and pasted after rotation of 30°and 60° respectively. 
It is shown that both can be detected correctly. 
However, when the rotation angle exceeds 60°, the 
detection rate of the algorithm proposed in this paper 
decreases sharply. The circular projection matching 
algorithm is theoretically rotation invariant. 
However, during its application on the computer, if 
the interpolation of the image block, whose rotation 
angle becomes bigger after copy, is greater when 
pasted, the projection difference between the original 
image block and that of the pasted image block will 
be greater and the detection will fail. 

 

Table 1. Test of copy-move forgery detection after rotation 
of different angles. 

 

Type of image Number 
of images Detected Detection 

rate (%) 
Rotate 0°-60° 300 280 93.3 
Rotate >60° 150 12 8.0 
 
 

 
 

(a) Original image 
 

 
 

(b) Copied and pasted image after rotation of 30° 
 

 
 

(c)  Detected image 
 

Fig. 4. Detection result of copy-move forgery  
after rotation of 30°. 

 
 

Second, comparison is made with algorithms 
proposed in literatures [2-4] in timeliness. Because 
the number of blocks is a crucial factor that affects 
the detection speed of the block matching detection 
algorithm, the partitioning methods that will obtain 
the best detection effects are considered as the 
standards in our experiments. This paper takes the 
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image with a size of 512×512 for example (the size 
of the sub-block is 16×16) and literatures [2-4] take 
the image with a size of 512×512 for example (the 
size of the sub-block is 8×8). The partitioning 
methods, number of blocks and detection time of the 
algorithms proposed in this paper and literatures [2-4] 
are listed in Table 2. According to the Table, 
detection time and number of blocks are closely 
related to the algorithms proposed in literatures [2-4]. 
In this paper, however, a data matrix is constructed 
by using circular projections before PCA is carried 
out which greatly reduces the dimensionality of the 
data requiring PCA, so that the computational speed 
of the algorithm proposed in this paper is much faster 
than the speed of general matching algorithms. 
 
 

 
 

(a) Original image 
 

 
 

(b) Copied and pasted image after rotation of 60° 
 

 
 

(c)  Detected image 
 

Fig. 5. Detection result of copy-move forgery  
after rotation of 60°. 

 

Table 2. Comparison among different algorithms. 
 

Algorithm 
Partitio-

ning 
method 

Step 
size 

Number of 
blocks 

Detecti-
on 

time(S) 

Literature [2] 
PCA & 
Block 
matching 

1 255025 231 

Literature [3] 

Wavelet & 
Singular 
value  
& Block 
matching 

1 62001 59 

Literature [4] 

Phase 
correlati-on 
& Block 
matching 

2 64009 53 

This paper 

Circular 
projection 
&PCA 
& Block 
matching 

1 255025 19 

 
 
5. Conclusions 
 

Because general algorithms seldom study copy-
move operations with angle rotation and block 
matching algorithms are very time-consuming, this 
paper proposes a detection algorithm for image copy-
move forgery based on improved circular projection 
matching and PCA. This algorithm first partitions the 
detected image by line and row, calculate the circular 
projection vectors of the image blocks, uses the 
projection vectors of all image blocks to construct a 
data matrix, reduces the dimensionality of the data 
matrix, finally sorts that matrix in the lexicographic 
order and judges whether the adjacent image block 
has been copied and pasted according to confidence 
distance. The experimental results show that this 
algorithm is able to resist a certain degree of rotation 
while reducing the influence of random noise and 
brightness change. It locates accurately, reduces 
detection time and improves detection efficiency. 
However, this algorithm still comes with some 
disadvantages. For example, if a rotation 
exceeding 60°, scaling and other geometric 
transformation occur when the same image area is 
copied, this algorithm won’t work. The next step is to 
improve the algorithm. In addition, content 
composition of different images is also a common 
form of forgery. How to detect and authenticate this 
kind of forgery is also one focus of our future study. 
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Abstract: Rice algorithm, which has been recommended by Consultative Committee for Space Data System 
(CCSDS) for space telescope image lossless compression, is studied. Due to the similarity, this algorithm is 
applied on lossless compression of X-ray digital image after improvement and a satisfying compression rate is 
obtained. Firstly, the algorithm process is presented. Later on, the compression and decompression algorithms 
are implemented on PE’s X-ray machine GECCO2505 and the flat panel detector PAXSCAN2520. Finally, the 
status of the technology is presented with its performance in X-ray digital image compression and 
decompression applications. Copyright © 2013 IFSA. 
 
Keywords: X-ray digital image, Lossless compression, Differential prediction, Non-destructive testing, Flat-
panel detector. 
 
 
 
1. Introduction 
 

The X-ray non-destructive testing system based 
on Flat-panel Detector (FPD) is widely used. Film 
and XRII-CCD detector X-ray imaging systems will 
be gradually replaced by digital imaging ones and the 
national standards will be formed. Paxscan2520 is the 
second-generation X-ray imager designed for high-
speed fluoroscopic and radiographic imaging. The 
effective imaging area is 193mm*242mm and the 
maximum frame rate is 30 fps. The digital image 
referred in this paper is totally from Paxscan2520. 

Rice algorithm [1, 2], which is proposed by 
Dr. Robert Rice in 1990s, has been recommended as 
a standard of space telescope image lossless 
compression by CCSDS. Both space telescope 
imaging system and digital FPD use precision digital 

imaging equipments, work in fatal environment, 
process and transmit data in embedded systems. Due 
to the similarity, rice algorithm is suitable to 
implement lossless compression of digital 
radiographic images [3]. 

With the continuous advancement of materials 
science, the imaging rate and area of FPD are higher 
and larger. Huge amount of data conflicts with 
narrow band. The processing efficiency and real-time 
performance is greatly affected. When performing a 
real-time testing task in the wild area without lead 
protection, remote data transmission system will be 
needed. Without compression, the data streams will 
burden the bus greatly. Compression and 
decompression boards are used to ensure the system 
performance and decrease the potential risk  
of conflict. 
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2. The Rice Algorithm 
 

A lossless source coding technique preserves 
source data accuracy and removes redundancy in the 
data source. In the decoding process, the original data 
can be reconstructed from the compressed data by 
restoring the removed redundancy. This technique is 
used to meet integrity of data. The drawback is 
generally a lower compression ratio. The rice 
algorithm fits for embedded system and assures data 
rate [4]. 
 
 
2.1. The Preprocessor and Entropy Coder 
 

The rice coder consists of two separate functional 
parts: the preprocessor and the adaptive entropy 
coder, as shown in Fig. 1. 
 
 

Preprocessor
x Adaptive entropy

coder
¦Ä

 1 2, ,..., jx x x x=  1 2δ δ ,δ ,...,δj=

y
Input data block Coded block

 
 

Fig. 1. Schematic of the rice coder. 
 
 

When coding, the code option bits must be 
added to the head of each data block to identify the 
coding scheme by the decoder. The code option 
yielding the fewest encoded bits will be chosen for 
each block by the option-select logic. The actual 
source entropy value could be lower; the source 
statistics and the effectiveness of the preprocessing 
stage determine how closely entropy can be 
approached. A theoretical expected codeword length 
is shown in Fig. 2 for various values of k, where k=0 
is the fundamental sequence (FS) option. 
 
 

 
 

Data entropy (bits/sample) 
 

Fig. 2. Performance curve for value k. 

This option selection process assures that the data 
block will be coded with the best available code 
option on the same block of data, but this does not 
necessarily imply that the source entropy lies in  
that range. 

4 binary bits is used to indicate the zero-block 
option, the no-compression option, the FS option and 
the k split-sample options. The ID bits of each data 
block have a unique length. 

The kth split-sample option takes a block of data 
samples, splits off the k least significant bits from 
each sample and encodes the remaining higher order 
bits with a simple FS codeword before appending the 
split bits to the encoded FS data stream, as shown  
in Fig. 3. 
 
 

(n-k) bits to be coded by FS codeword k split bits

MSB LSB

n-bit preprocessed sample, ¦Äi

 
 

Fig. 3. Codeword of split-sample option. 
 
 

The adaptive encoder converts preprocessed 
samples δ into an encoded bit sequence y  as shown 
in Fig. 4. The entropy coding module is a collection 
of variable-length codes operating in parallel on 
blocks of J preprocessed samples. The coding option 
achieving the highest compression is selected for 
transmission, along with an ID bit pattern used to 
identify the option to the decoder. Because a new 
compression option can be selected for each block, 
the rice algorithm can adapt to changing source 
statistics. Although the recommendation specifies 
that the parameter J be either 8 or 16 samples per 
block, the preferred value is 16 to fit the compression 
of X-ray images [5]. 
 
 

Option
zero-block

Option
2nd extension

Option
FS

Option
no-compression

Option
k=1

¡¤
¡¤

Option
k=9

Code selection
logic

ID

 1 2δ=δ ,δ ,..,δj
y

 
 

Fig. 4. The adaptive entropy coder. 
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2.2. The Two-dimensional Third Order 
Predictor 

 
The selection of a predictor should take into 

account the expected data as well as possible 
variations in the background noise and the gain of the 
sensors acquiring the data. The predictor should be 
chosen to minimize the amount of noise resulting 
from sensor non-uniformity. 

Fig. 5 shows the schematic of first-order unit-
delay predictor. Due to multi-dimensional correlation 
of X-ray images, huge redundancy will be generated 
if first-order unit-delay predictor is used. 
 
 

Unit
delay

+
_

 ( 1)ix −

Mapper i∆  δiix

 
 

Fig. 5. Schematic of first-order unit-delay predictor. 
 
 

At the frame rate 1 fps, Paxscan2520 generates 
digital images with the maximum resolution. 
Equation (1) shows that the best predicted intensity 
value of ( , )x i j is the weighed combination of  
3 neighbouring pixels. 
 

1 2 3ˆ( , ) ( , 1) ( 1, ) ( 1, 1)x i j k x i j k x i j k x i j= × − + × − + × − −
(1) 

 
Based on the predicted value ˆ( , )x i j , the 

prediction error mapper converts each prediction 
error i∆ , to an n-bit nonnegative integer δi , suitable 
for processing by the entropy coder. For most 
efficient compression by the entropy coding stage, 
the preprocessed symbols δi  should satisfy: 
 

 0 1 2 (2 1)... ... n
jp p p p p −≥ ≥ ≥ ≥ ≥ ≥  (2) 

 
where jp  is the probability that δi  equals the 
integer j . This ensures that more probable symbols 
are encoded with shorter codewords. 

Consequently, the prediction error mapping 
function: 
 

 2Δ 0 θ
δ 2 1 θ 0

otherwiseθ

i i i

i i i i

i i

⎧ ≤ ∆ ≤
⎪

= ∆ − − ≤ ∆ ≤⎨
⎪ + ∆⎩

, (3) 

 
where ˆ ˆθ min( , )i i min max ix x x x= − − , has the 

property that i jp p< whenever i j∆ > ∆ . 

2.3. Dataset Packetization 
 

The total number of encoded bits resulting from 
Losslessly compressing a fixed number of data 
samples is variable. Variable length data stream must 
be provided, which can be put into a fixed-length 
frame to be transported. Packetization is essential for 
preventing error propagation, as mentioned above; it 
also can affect the compression performance for the 
data set. To maximize the compression performance, 
packetization should be performed on several blocks 
to minimize the fraction of bits devoted to header 
overhead. However, to limit error propagation, a 
reasonable number of data blocks should be chosen 
for each packet. 

There exist other available compression 
algorithms whose performance depends on 
establishing the long-term statistics of the collection 
of sensor data. Such schemes will in general give 
good compression performance for a large amount of 
data, and poor performance for a relatively small 
amount of data. And if packetization is used as a 
means of preventing error propagation in conjunction 
with these algorithms, one would expect poor 
performance for a shorter packet and a better 
performance for a larger packet. The drawback is that 
the loss of data due to error propagation may be 
intolerable for the larger packet. 
 
 
2.4. Buffer Requirement 
 

Depending on the requirement, the variable-
length packets resulting from packing the compressed 
bit stream into CCSDS packets can be stored in a 
large on-board memory, or they can be multiplexed 
with other data packets before being stored in the 
memory device. In either case, the large-capacity 
memory device lessens the variation in the packet 
length. Subsequent readout from the memory is 
performed at a fixed rate. In other situations, the 
variable-length packets may have to be temporarily 
buffered before a direct transmission to the 
communication link. The temporary buffer serves as 
a smoothing buffer for the link. Occasionally fill bits 
are inserted in the data stream to provide a constant 
readout rate. The amount of buffer needed is a 
function of the incoming packet rate, the packet 
length statistics, and the readout rate. 

An analysis was conducted, which examined 
issues such as the maximum smoothing buffer size 
requirement when a variable-rate Multiplexing 
Protocol Data Unit (MPDU) is transmitted to ground 
within a fixedrate Virtual Channel Data Unit. In this 
analysis, the MPDU transported variable-length 
packets with compressed data whose length varied 
with Gaussian statistics. Figure 6 shows the results of 
this analysis, where the probability of buffer 
overflow decreases as the buffer size increases. 
Doubling the buffer size normally will decrease the 
probability of buffer overflow by several orders of 
magnitude. The MPDUs are shifted asynchronously 
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into the VCDU whenever they are filled, and thus the 
MPDU input to the VCDU occurs at a packet 
generation time period of tp, when it is available; ts 
represents the sampling period of the VCDU, which 
provides a constant data rate to the physical channel. 
 
 
2.5. The System 
 

The Rice system is shown in Figure 4. Notice 
there is no buffer before the encoder chip. That is 
because the Rice encoder is a truly pipelined 
architecture that runs off of the sample clock. 
Independent of image entropy, the encoder is able to 
compress data at the sample clock frequency. The 
encoder is followed by a packetizer, which 
concatenates variable length blocks into a large data 
block before transmission. Most of the function of the 
packetizer could be absorbed into the encoder chip 
with an estimated 20 % area increase. For data 
storage, all of the packetizing functions could fit on 
the chip. For satellite transmission a packet often 
includes a packet ID and packet length which require 
off chip buffering. 

The decoder runs at twice the sample frequency to 
keep up with the encoder’s encoding rate. It requires 
a FIFO and control to store data for processing. It 
will process data that is not in packets as well as 
process variable or fixed length packets. Processing 
packetized data over non-packet data has one very 
important advantage the decoder G designed so that 
any errors in transmission will not propagate to the 
next packet. 

One advantage of the Rice Algorithm over nearly 
any other adaptive technique is that if a packet were 
ever lost in transmission, the chip set would not have 
to be reset. Only that particular packet would be 
missing. Other adaptive techniques that store a 
history of scene statistics, such FS Lempel-Ziv, 
adaptive Huffman coding, or adaptive arithmetic 
coding assume that the decoder is able to decode the 
same number of pixels and so “see” the same history. 
If a packet of data were lost in these other adaptive 
techniques the decoders would be decoding with 
incorrect statistics until the encoder and decoder 
could be reset and the chips resynchronized. 
 
 
3. Functional Description 
 

The compression system intends to be used to 
read the original grayscale image data and implement 
compression and transmition [6, 7]. Fig. 6 shows the 
flowchart of the compression system. Notice that 
there is an input FIFO before the preprocessor. This 
is because the data transmitter periodically responds 
the commands sent by the workstation to synchronize 
with the terminal. The double-buffered mechanism 
makes receiving raw data and transmitting 
compressed data smooth. Independent of the image 

entropy, the encoder is able to compress data at the 
sample clock frequency. Coded data to be transmitted 
will be packed and sent to the second buffer –  
output FIFO. 

The decompression is the reverse process. The 
decoder runs at twice the sample frequency to keep 
up with the encoder’s encoding rate. It will process 
data not in packets as well as process variable or 
fixed length packets. 
 
 

Image identifier
Serial data stream

3Mbps

Input FIFO

Preprocessor

x

Option selecor

Encoder

¦Ä

Data packer

y

FPGA

Output FIFO

Data transmitter
To workstation

 
 

Fig. 6. Flowchart of the compression system. 
 
 

Bidirectional high speed cable is used to connect 
the field device and the remote workstation. Buffer is 
not necessary between them because the compression 
process costs 1.6-1.8 times more time than the 
decompression process. 
 
 
4. Implementation 
 
4.1 Hardware development 
 

Once the algorithm performance was established, 
effort for prototyping in hardware. An engineering 
prototype chipset based only on the split-sample code 
options was designed and fabricated in 1.0 u CMOS 
process. These chip set obtained over 
50 Msamples/sec processing speed at less than 
1.0 watts power consumption. However, this 
prototype encoder was designed for proof-of concept 
and required an outside packetizer to concatenate 
coded data blocks into a longer packet of bit string. 

The prototype chip set was integrated into a 
communication test, which successfully demonstrated 
the transfer of losslessly compressed images in an 
end-to-end system in 1994. In this test, the 
compressed data was formatted into variable length 
CCSDS packets in the Advanced Orbiting System 
Test-bed (AOST). The coded virtual channel data 
units were transferred to the RF Simulations 
Operations Center (RFSOC) via fiber optic link, 
where data was then transmitted through the geo-
synchronous Tracking and Data Relay Satellite 



Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 26-31 

 30 

System (TDRSS) and back to the AOST via the 
White Sands Complex (WSC). 

While the engineering work was proceeding in 
the AOST, a flight version of the lossless compressor 
was designed which circumvented the need for an 
off-chip packetizer. In addition, the low-entropy code 
option was added. This new chip, the Universal 
Source Encoder for Space (USES), was targeted for 
space flight and was fabricated in a proven radiation 
hardened circuit in 1994. USES offers over 
20 Msamples/sec processing speed with 
0.1 watts/Msample/sec power consumption and input 
data quantization up to 15 bits/sample. A matching 
decoder chip was later completed in 1997. It is 
recognized that a new circuit able to take data of 
quantization at 16-bit or larger will eventually be 
needed for flight missions. Such an implementation 
without the low entropy option in radiation hardened 
field programmable gate array (FPGA) is underway. 
We are currently actively seeking opportunity to 
develop a new ASIC that will take larger than 15-bit 
input and also compress data of floating point format. 

Lately a new implementation of the lossless 
compression USES was executed to validate our 
latest space electronics development in ultra low 
power RT technique. A 3.3V RT part now can 
process up to 80 Msamples/sec at 
15 mwatts/Msample/sec, and the 0.5 V RT part 
consumes less than 0.5 mwatts/Msamples/sec 
processing speed. We expect after full radiation 
characterization, these low power chips will benefit 
most future missions. 
 
 
4.2. Software Development 
 

As part of the hardware development process, 
software module was written to crosscheck the 
correctness of hardware design. This was written in 
C language and was improved over the years that it is 
currently viable for integrating into spacecraft data 
processing module for missions that do not require 
highthroughput rate. 
 
 
5. System Performance 
 

Three algorithms are tested on the platform. The 
letters “LZW” are used to represent the Lempel-Ziv-
Welch general lossless compression algorithm. “Huf” 
represent the adaptive Huffman coding. Two 
representative 12-bit X-ray images shown in Fig. 7 
are used to describe the compression performance 
[8]. 

Table 1 shows the performance of the platform 
[9-12]. The compression ratio of the rice algorithm is 
between 1.70 and 1.83 higher than LZW algorithm 
and Huffman coding. The time consumed is few 
enough to maintain the real-time work. 

(a)A welding seam image with IQI indicator (b)A round welding seam image of a boiler pipe  
 

Fig. 7. X-ray images. 

 

 
Table 1. Platform performance. 

 
 Algorithm LZW Huf Rice 

Bits/pix, image1 8.33 6.91 6.56 Image
1 Time consumed 

(millisecond) 11.86 12.15 12.33 

Bits/pix, image2 8.95 7.50 7.02 Image
2 Time consumed 

(millisecond) 11.96 12.18 12.41 

 
 

Two high-ratio lossless and lossy compression 
algorithms are tested for comparison as shown in 
Table 2. The letters “JPEG” represent the Joint 
Photographic Experts Group which is a particular 
standard and implement of lossy image compression. 
“LZSS” represent the Lempel-Ziv-Storer-Szymanski 
lossless data compression algorithm. It is a derivative 
of LZ77. The encoding technique of LZSS is based 
on a dictionary. It attempts to replace a string of 
symbols with a reference to a dictionary location of 
the same string. 
 
 

Table 2. Performance comparison. 
 

Algorithm JPEG LZSS Rice 
Bits/pix 4.32 5.72 6.56 
Time consumed (millisecond) 48.69 27.89 12.33 

 
 

JPEG format has the highest compression ratio, 
but the real time characteristic can not be assured, 
because the consumed time is three times more than 
the rice algorithm. Fig. 8 shows that the detail of the 
key image area is lost after lossy compression. The 
LZSS algorithm narrowly meets the demand. 
However, platform complexity is greatly increased to 
establish hardware dictionaries. The compression 
ratio varies with the tube voltage [13-15]. Non-
optimal and unpredictable ratio is always obtained. 

The single frame compression time is far below 
27 ms at 1 fps when testing different steel work 
pieces. The compression ratio, the real-time 
characteristic and the image quanlity are all assured 
by rice algorithm. 
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(a) The IQI image in 16-bit TIFF format (b) The IQI image in JPEG format

 wire No.15

wire No.14

 
 

Fig. 8. Lossy compression in JPEG format. 
 
 
6. Conclusions 
 

From the experimental results, we reached the 
conclusion that the compression algorithm presented 
in this paper is suitable for real-time compression of 
grayscale images. By this algorithm, the digital 
images of welding lines are compressed at the best 
7.02. Both the rate and efficiency are assured. This 
algorithm is independent on the welding parameters 
and equipments. It has good robustness. Applying 
this algorithm to industrial site, it could help 
improving productivity and reducing labor costs. This 
method represents the future development of the 
intelligent welding. 
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Abstract: The method of color image segmentation based on Fuzzy C-Means (FCM) clustering is simple, 
intuitive and is to be implemented. However, the clustering performance is affected by the center point of 
initialization and high computation and other issues. In this research, we propose a new color image 
unsupervised segmentation method based on fuzzy clustering. This method combines advantages of the fuzzy  
C-means algorithm and unsupervised clustering algorithm. Firstly, by gradually changing clusters c, and 
according to validity measurement, it can unsupervised search for optimal clusters c; then in order to achieve 
higher accuracy of clustering effect, the distance measurement scale was improved. In our experiments, this 
method was applied to color image segmentation for three kinds of soybean diseases. The results show that this 
method can more accurately segment the lesion area from the color image, and the segmentation processing of 
soybean disease is ideal, robustness, and have a high accuracy. Copyright © 2013 IFSA. 
 
Keywords: Signal processing, FCM, Clustering, Diseases segmentation. 
 
 
 
1. Introduction 

 

As we all know, in many parts of world, soybeans 
are the main food of the people, and play an 
important role in easing the problem of hunger. But 
in recent years, due to some adverse factors such as 
natural disasters, soil erosion, fertilizer unreasonable 
lead to the occurrence of crop diseases, seriously 
affect soybean yield and quality in some areas. 
Diseases of field crops seriously threat to food 
security and the development of modern agriculture 
in China. Therefore, measure for scientific prevention 
and control of pests and diseases is important to 
ensure that the field crops have a good harvest. But 
the disease caused by the pathogen is often difficult 
to directly judge by human visual, and disease 
symptoms are influenced by a variety of factors, 
some potential information is covered with noise, 

these factors may be cause subjective misjudgment. 
Instead of human vision, computer vision can fast, 
accurate and effective in real-time diagnosis of 
disease information. With the development of image 
processing technology, it is possible to recognize 
crop diseases by image. Image recognition of crop 
disease includes image preprocessing, image 
segmentation, feature extraction and pattern 
recognition. Image segmentation is one of the key 
steps, and segmentation precision directly affects the 
reliability of feature extraction and the accuracy of 
pattern recognition. There are many methods 
currently used for image segmentation of crop 
diseases. Wang Shuwen proposed a watershed 
algorithm on cucumber leaves disease segmentation 
[1-2], but this algorithm is extremely sensitive to the 
noise in the image, and prone to split. Li Guanlin 
proposed a segmentation method based on k-means 
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hard Clustering Algorithm for color diseases image 
segmentation of grape [3-4], the algorithm requires 
constant sample classification adjustments, 
continuously calculate an adjusted new cluster 
centers, therefore, when the amount of data is very 
large, the time overhead of algorithm is very large. 
Yuan Yuan proposed crop disease leaves image 
segmentation based on Level set method [5-6], 
however, the Local Binary Fitting model for the 
segmentation of textured images cannot get good 
results. Kai Song put forward a method based on 
fuzzy c-means clustering to segment the corn 
diseases leaves [7-9], this method need to determine 
the number of clusters in advance and initialize the 
center point, slow calculation is also a problem. 
Camargo submit a method [10-11] to segment the 
crop diseases leaves, transform the RGB space to the 
HSV, I1I2I3 space, and extract H, I3a, I3b 
components, respectively threshold segmentation for 
the three components, but segmentation is  
not satisfactory. 

In this research, according to the features of 
soybean leafs which infect gray spot, black spot, leaf 
spot, a segmentation method based on unsupervised 
fuzzy clustering was proposed. Unsupervised optimal 
fuzzy clustering [12-14] is a clustering algorithm 
based on fuzzy c-means algorithm. In the case of an 
unknown number of clustering, regardless of 
clustering specific shape (spherical or oval), density, 
size, scale, and using fuzzy super volume and 
separation density functions can assess the 
effectiveness of clustering, and automatically obtain 
optimize number of clusters c and cluster centers. So 
the speed of fuzzy clustering can be increased 
significantly and achieve segmentation of color 
image of soybean disease. 

 
 

2. Method 
 
This research mainly describes an algorithm for 

detection and identification of crop diseases through 
the analysis of color images of soybean leaves. This 
algorithm was divided into three steps:  

1) Background segmentation: use Poisson matting 
technical to segment soybean disease leaves from 
background.  

2) Preprocessing: the sharpening filtering 
technology was applied to the preprocessing of 
soybean leaf lesion image, the quality of lesion image 
has improved significantly.  

3) Lesion segmentation: use unsupervised 
segmentation of fuzzy clustering from disease of the 
leaves out of the lesion area. 
 
 
2.1. Image Set 
 

All pictures in this research were obtained from 
Anhui Academy of agricultural sciences. They 
provided a number of pictures of typical soybean 

disease, for example: gray leaf spot, leaf spot, black 
spot and so on, and some of these pictures contain 
symptoms characteristics which are from the same 
strain of infection soybean disease at different stages. 
All the pictures is in JPEG format in this research. 

After acquiring the image, in order to reduce the 
speed of program operation, it is necessary to 
compress size of 2592 × 944 to size of 800 × 600 
image by the same proportion. With the purpose of 
improving the accuracy of segmentation, it is need to 
increase the contrast of the department with leaf 
disease and health, and the image was processed by 
the binarization and median filtering for binarization 
segmentation and directly after vector median 
filtering for color segmentation. 

 
 

2.2. Fuzzy C-means Clustering Algorithm 
 
Fuzzy C-means clustering (FCM) algorithm, 

which was proposed based on extending hard  
C-means (HCM) algorithm by Dunn [7, 15]. Bezked 
further promoted this work to an infinite cluster of 
vague objective function clustering, and proved the 
convergence of the algorithm [7, 16]. Fuzzy c-means 
(FCM) [17] is a method of clustering which allows 
one piece of data to belong to two or more clusters; it 
is based on minimization of the following  
objective function: 

First, clustering loss function defined by 
Membership function can be written as 
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where c is the number of the clusters, and other 
notations are described as follows. 

ix ( i =1,2,…n) is the sample consisting of n 

samples collection, c is a predetermined number of 
categories, jm  ( j  = 1, 2, . . . , c) is the prototype of 

the j  th cluster. If one pattern 
ix  belongs to the 

j  th cluster, that means the distance between 
ix  and 

jm  is smallest. The exponent parameter b is used to 

control the influence of intermediate membership 
values on the objective function, and  m1 . 

iju  is the fuzzy membership matrix. Where iju  
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Fuzzy partitioning is carried out through an 
iterative optimization of the objective function shown 

above, with the update of membership iju  and the 

cluster centers jm  by: 
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This iteration will stop when 
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where   is the termination criterion between 0 and 
1, whereas k is the iteration steps. This procedure 
converges to a local minimum or a saddle point 

of 
mJ . 

The algorithm is composed of the following steps:  

1) Initialize U= [ iju ] matrix, U (0) 

2) At k-step: calculate the centers vectors  

C (k) = [ jc ] with U (k) 
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3) Update U (k), U (k+1) 
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This iteration will stop when 
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Otherwise return to step 2. 
 
 
2.3. The Unsupervised Fuzzy Clustering 

Algorithm  
 

Fuzzy C-means clustering (FCM) algorithm, 
which was proposed based on extending hard  
C-means (HCM) algorithm by Dunn [7, 12]. Bezked 

further promoted this work to an infinite cluster of 
vague objective function clustering, and proved the 
convergence of the algorithm [7, 13]. FCM has been 
widely applied in the field of image segmentation, 
but it still existed some problems as follows. 
Convergence to a local extremum; algorithm 
performance depends on the initial cluster centers; 
required to determine the number of clusters in 
advance and large amount of calculation. 
Unsupervised optimal fuzzy clustering is a clustering 
algorithm based on fuzzy c-means algorithm. In the 
case of an unknown number of clustering, regardless 
of clustering specific shape (spherical or oval), 
density, size, scale, and using fuzzy super volume 
and separation density functions can assess the 
effectiveness of clustering, and automatically obtain 
optimize number of clusters c and cluster centers. 
The basic idea of the present method is that gradually 
increase the number of clustering (less than a 
predetermined maximum number), iteratively, in the 
process of each iteration apply validation criteria to 
evaluate the effectiveness of clustering, so as to 
obtain optimal numbers of clusters and cluster 
centers. Its specific algorithms are as follows. 

Step 1, select initial cluster centers, then set 
contrast coefficient m, maximum allowable error e 
(max) and the maximum number of cluster c(max). 

Step 2, apply the fuzzy C-means algorithm to 
cluster and receive an initial cluster model, in which 
select the Euclidean distance as type of  
distance metric. 
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where jx (j = 1, 2,. . ., N) is the J m-dimensional 

feature vectors, iv ( i  = 1, 2,. . ., 0c ) is the center of  

the i  th cluster. 
Step 3, use the fuzzy c-means clustering 

algorithm, in which should change the distance 
function as exponential distance function, as  
the following. 
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in which iP  is for all members of the sample relative 

to the sum of the i  th class of membership, namely:  
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iF  is i  th fuzzy covariance matrix, namely:  
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The step 4, calculate effectiveness of clustering, 
there are some parameters as following: 

 
1) A fuzzy hypervolume standards:  
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in which the hypervolume of i  th class is ih   
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2) Classification density: 
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where is  is the sum of membership from all the good 

sample members (the members of the high degree of 
membership) in i  th class: 
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normally, in order to avoid complicated calculation, 
used 5.0goodu , therefore, the above equation 
becomes: 
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3) Average density of separation: 
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Step 5: If this cluster is less than a predetermined 

maximum number of clusters, the number of clusters 
plus 1 and repeat from step two, or stop the 
calculation and apply effective criteria to select the 
clusters number of average separation density 
maximum as the optimized clustering model. 
 
 
3. Results 
 

20 pictures set in this study are highlighting 
3 typical soybean diseases (see Fig. 1). For the 
characteristics of the sample image of soybean 

diseases, the Poisson matting is applied to extract 
soybean leaves from complex background  
(see Fig. 2). 

 
 

 
 

(a) gray spot (b) leaf spot 
 

 
 

(c) black spot (d) gray spot (2) 
 

Fig. 1. Original image. 
 
 

 
 

 
 

Fig. 2. Segmentation of leaf. 
 
 

In this research, the input image is enhanced by 
using sharpening filter to make a blurry edge image 
and contour image in transmission and 
transformation process become clear, meanwhile the 
details become more apparent. Enhanced effects as 
shown in Fig. 3.  

According to characteristics of sample image for 
soybean disease, in case study of gray spot, leaf spot 
and black spot disease leafs, unsupervised fuzzy 
clustering method is applied to segment the lesion 
part. In order to illustrate the advantages of the 
proposed method, here are the results of the three 
methods, segmentation results as shown Fig. 4. 
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Fig. 3. Images after enhance transform. 
 
 

From the graph, we can see in Fig. 4 (a) that 
watershed algorithm is sensitive to noise in image, so 
it is very easy to cause segmentation contour offset, 
and prone to over-segmentation. From Fig. 4 (b), it is 
show Mean shift (MS) algorithm [18-20] is an 
effective statistical iterative algorithm. Mean Shift 
algorithm are influenced by bandwidth the selected 
kernel function, the speed of Calculation is slow and 
the accuracy of segmentation is not high. 
Unsupervised fuzzy clustering method can preferably 
cluster the lesion part and normal part into two 
categories, the effect of segmentation is ideal. 

After disease image segmentation, there are often 
isolated points, burr and small cavities in the image. 
In order to reduce the noise effect on the subsequent 
identification, open and close operation in 
mathematical morphology was applied in this study 
to eliminate noise. The results were shown in Fig. 5. 
It can be seen that clustering segmentation result can 
be effectively corrected by mathematical 
morphology, at the same time eliminate the effect of 
leaf venation on segmentation of regions, improve 
the accuracy of segmentation. 

 
 

4. Conclusions 
 

In this research, soybean black spot, gray leaf 
spot, leaf spot obvious symptoms of the color image 
were used as the research object, according to the 
features of three kinds of disease symptoms, a 
segmentation method based on unsupervised fuzzy 
clustering was proposed. Unsupervised optimal fuzzy 
clustering is a clustering algorithm based on fuzzy c-
means algorithm. Using unsupervised optimal fuzzy 
clustering algorithm can get the optimal number of 
clusters, while clustering model than the clustering 
model by fuzzy C-means algorithm  has been more 
reliable performance, and there is a obvious 
improvement in the clustering effect. Using this 
method for soybean disease for color image 
segmentation, mathematical morphology operations 

is applied to correct the clustering results and 
improve the accuracy of segmentation. 

 
 

 

 
 

(a) Watershed algorithm segmentation result. 
 

 
 

 
 

(b) Mean shift algorithm segmentation result. 
 

 
 

 
 

(c) Proposed method segmentation result. 
 

Fig. 4. Segmentation of spot. 
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Fig. 5. Images after mathematical morphology operations. 

 
 

The results show that this method can more 
accurately segment the lesion area from the color 
image, and segmentation processing of color image  
on soybean disease is ideal. Meanwhile the 
experiment results prove that the algorithm proposed 
in this paper is an efficient method for color images 
unsupervised segmentation. 
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Abstract: Although image linear feature is important in many applications, it is difficult to extract precisely, 
because back ground is complex and feature is not always significant. In this paper, we propose a level set based 
automatic linear feature extraction method using prior shapes. We introduce a variable shape model which 
together with the level set function for segmentation and extract linear feature dynamically indicates the region 
with which the prior shape should be compared. Our model is capable of extract linear objects from an image 
based on the image intensity as well as the prior shape. In addition, the proposed model permits translation, 
scaling and rotation of the prior shape. Moreover, a fast way is also established for the minimization of our 
functional. At last, the experiments validate our model, and a comparison with canny detector showed the 
advantage. Copyright © 2013 IFSA. 
 
Keywords: Level set, Shape model, Linear feature. 
 
 
 
1. Introduction 

 
Edge detection and line finding techniques, of 

course, have been studied since the early days of this 
field and are described in textbooks. However, in 
spite of the large amount of previous research in this 
area, and a number of comparative studies, the choice 
of algorithms suitable for complex imagery is  
not clear. 

Further, the comparisons are often limited to local 
edge detection only. Our research was motivated by 
the need for a software package for linear feature 
extraction, with adequate performance for higher-
level processing, rather than by the desire to invent 
new edge and line detection algorithms. In particular, 
we found the output of the widely used canny edge 
operator, followed by a linking step, to be not very 

satisfactory for complex satellite images which 
contain fine detail and texture. 

Here, we describe an edge detection and line 
finding technique with superior performance on a 
wide variety of images. Many of the steps in this 
process are similar to, or extensions of, previous 
methods, but we believe that our integration and 
refinements are important and different.  
We hope that this presentation will be helpful to 
other researchers attempting to implement  
similar algorithms.  

Our process of line finding consists of 
determining edge magnitude and direction by 
convolution of an image with a number of edge 
masks, of thinning and thresh holding these edge 
magnitudes, of linking the edge elements based on 
proximity and orientation, and finally, of 

Article number P_1535 

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 39-45 

 40 

approximating the linked elements by piecewise 
linear segments. 

Various governmental organizations need 
accurate, correct and up to date information for 
optimization of resource and service management. 
Photogrammetry and Remote Sensing are methods 
that produce geospatial data in extensive area with 
acceptable accuracy. In various countries of the 
world, many researches have been carried out and 
many algorithms have been introduced in order to 
decrease human operation in automatic feature 
extraction of satellite images. 

As a result, on access to a model or algorithm of 
automatic or semiautomatic extraction of this feature 
not only minimizes human role in producing large 
scale maps but also has a dramatic effect on time and 
cost of the project. Finding such an algorithm can 
also be efficient in automatic extraction of other 
features similar to curves. 

In this paper we address the problem of 
segmentation in imagery using shape-based active 
contours and level set methods. We propose a novel 
method based on the classical Chan-Vese model 
augmented with a novel deformable shape prior term, 
which constructed to be pose-invariant and to allow 
moderate deformation. It is expected to handle the 
appearance of occlusions which otherwise can make 
segmentation fail. The performance of the model is 
illustrated with experiments on real satellite  
imagery sequences. 

 
 

2. A Review for Shape Prior Level set 
 
Research into automatic feature extraction from 

imagery could be date back to the seventies. Since 
that time, technology has improved and commercial 
access to imagery has continued to expand. Destival 
(1986) described the improvements in feature 
extraction that were expected using 10 meter 
panchromatic imagery following the launch of the 
first SPOT satellite in 1986. In moderate resolution 
imagery, such as SPOT or Landsat Thematic Mapper 
(TM), linear features such as roads are often 
narrower than the spatial resolution of the satellite.  

Hemmer (1996) described this sub pixel problem 
as one of the complicating factors in extracting linear 
features using imagery from the satellite sensors 
available at that time. Wang and Zhang (2000) 
compared high spatial resolution aerial photography 
with SPOT and Landsat TM imagery for extracting 
road networks. Wang and Zhang (2000) found that 
the success of linear feature extraction was 
particularly related to spatial resolution. Their 
experimentation found that photography out-
performed the lower resolution satellite imagery 
when extracting roads in an urban environment. High 
spatial resolution imagery provides a detailed 
representation of road networks needed for many 
applications that cannot be obtained from lower 
resolution image sources (Xiong, 2001). In lower 
resolution imagery roads appear as curvilinear 

structures, while in higher resolution imagery roads 
appear as homogenous regions that satisfy certain 
shape or size constraints (Hinz, et al., 2001). Roads 
are often characterized in high spatial resolution 
imagery as elongated regions (Agouris, 2001b). 

The increased availability of high spatial 
resolution data has stimulated the development of 
techniques specifically targeted at taking advantage 
of the detail found in such imagery. For example, 
many of the techniques developed for road detection 
search for roads as pairs of edges: such techniques 
are unsuited to processing lower resolution imagery. 

There are many efforts to use aerial or satellite 
images for linear feature extraction by means of 
auxiliary information such as shadow, perceptual 
grouping based on the line segment from edge 
detection or both of them. However, auxiliary 
information is not always available, reliable, and 
precisely co-registered. The linear feature extraction 
quality varies depending on accuracy of extracted 
edges and lines. 

Active contours are powerful methods for image 
segmentation; either boundary based such as snakes 
and geodesic active contours, or region-based such as 
geodesic active region and Chan-Vese models, which 
are formulated as variational problems. Those 
variational formulations perform quite well and have 
often been applied using level sets. Active contour 
based segmentation methods often fail due to noise, 
clutter and occlusion. In order to make the 
segmentation process robust against these effects, 
shape priors have been proposed to be incorporated 
into the segmentation process. There are many works 
on shape priors segmentation in the literature. For 
example, in 2000, Leventon et al. presented a 
statistical model which incorporates shape 
information into Caselles. geometric active contours 
model [1]. Later, by taking the same segmentation 
model, Chen et al. [2] proposed a variational model, 
and established the existence of the solution to the 
energy minimization. Moreover, in [3], Cremers et 
al. presented a statistical model by combining shape 
priors into Chan-Vese model [2]. In a recent paper, 
Cremers et al. [3] proposed a variational approach in 
which, besides the level set function for 
segmentation, a new function called labeling function 
is introduced to indicate the regions in which shape 
priors should be enforced. By minimizing the 
proposed energy with respect to both the level set 
function and the labeling function, the approach 
could segment multiple independent objects and 
discriminate familiar objects from unfamiliar ones by 
means of the labeling function.  

In this paper, based on Chan-Vese model, we 
would like to propose a variational model for shape 
prior segmentation. We also introduce a labeling 
function. Basically, Our model differs from Cremers 
in several aspects. Firstly, our approach permits 
scaling, translation and rotation of prior shapes. 
Secondly, we take a different shape comparison term 
which is intrinsic to the objects and the prior shapes, 
in other words, it is independent of the domain of the 
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image. Moreover, we introduce more terms to control 
the labeling function. 

The remainder of this paper is organized as 
follows. In Sction 2, a shape representation via a 
signed distance function is discussed. We utilize this 
shape representation in this paper. 

In Section 2, we review some variational models 
on shape prior segmentation. Then, we detail our 
variational model in Section 3. The experimental 
results are presented in Section 4, which is followed 
by a conclusion in Section 5. 

 
 

3. Our Model 
 
The proposed model uses a two-stage approach. 

The first stage extracts the boundaries partially using 
a global term, then refined in the second stage using 
a local term. We define the object boundary as an 
open subset ω of Ω , where Ω  is the entire  
image space. 

Let I : nΩ → ℜ  be the intensity image function 
where 2Ω ⊂ ℜ . 

The goal of image segmentation is to partition Ω  
in order to extract disjoint regions from image I such 
that they cover Ω .The boundaries of these regions 
may be considered as curves belonging to a family in 
which time evolution is described by a level set 
equation. The main advantages of using the level set 
is that complex shaped regions can be detected and 
handled implicitly. 

In order to obtain the governing equation  
of a front evolution, we consider a  
family of parameterized closed contours 

( ) ( )( ) 2,  ,   :  [0, )x t y t tκ ∞ →ℜ , generated by evolving 
an initial contour ( ) ( )( )0 0 ,  0 ,0x yκ . 

We underline that in the curves evolution theory 
the geometric shape of the contour is determined by 
the normal component of the velocity Supposing that 

( ) ( )( ),  ,  x t y t tκ  is a moving front in the image, if we 
embed this moving front as the zero level of a 
smooth continuous scalar 3D function 

( ) ( )( ),  ,  x t y t tµ , known as the level set function, 
the implicit contour at any time t is given by 

( ) ( )( ) ( ) ( )( ){ ,  ,  ,    0}x t y t x t y t tµ = . 

By differentiating respect to t the expression 
( ) ( )( )x t , y t , t  = 0µ  the equation for the 

evolution of the level set function may be derived  
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The evolving curve C in Ω is defined as the 
boundary of ω. The background outside C denotes 
the region Ω\ω. The overall energy function should 
be defined as  

 
( ) ( )G LJ C F C F (C)α β= + ,  

 
where α  and β  are the regulating parameters. 
Initially, the algorithm sets α =1 and β =0. When 
the global term converges, the algorithm sets α =0 
and β =1 to activate the local term for the  
second stage. 
 

A. Global Term. 
The global term in is basically adopted from the 

Chan-Vese model. It divides the image into two 
statistically separated regions, which represent the 
object and the background: 
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∫
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where  ,µ λ λ1 2  ,  are the weighting factors; 

Length (C) is the length of the curve C . C1 and 2C  
are the average intensities of the areas inside and 
outside C, respectively. 

 
B. Local Term. 
Only part of the vessels can be extracted by the 

global term, since some objects are statistically 
different from the globally extracted portions due to 
non uniform illumination. We define the novel local 
term to address this problem. 

 
( ) ( )
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∫
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where 3λ  and 4λ  are the weighting factors. The 
local contrast will be more sensitive to noise with 
smaller neighborhood size. At a larger size, it will be 
less sensitive to noise and will lose fine detail. The 
local term minimizes the variance of the local 
contrast inside and outside C, and we believe the 
original assumption that the object is statistically 
different from the background, including its  
local contrast. 

Due to uneven illumination, the global term alone 
will fail to capture the objects. However, the local 
contrast between the objects and the background 
remains unchanged. Hence, by applying the local 
term, the vessel can be completely extracted. 
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C. Level Set Formulation. 
In the level set formulation, the curve C is 

represented by the zero level set of a Lipschitz 
function f. The overall energy function becomes 

( ) ( )G LJ F Fφ α φ β φ= + ( ) . We then use the Heaviside 
function H and the Dirac Delta function δ0  to 
partition the level set function. The overall energy 
function can be rewritten in terms of  
the H: 
 

( ) ( )0
Ω

J α[µ δ ( (x, y) | x, y dxdy φ φ φ= ∇∫  

( ) ( )( )2
1 0 1
Ω

 λ u x, y c H x, y dxdyφ+ −∫  

( ) 2
2 0 2
Ω

λ u x, y c (1 H)))dxdy+ − −∫  

( ) ( )( )2
3 2 3
Ω

β[λ u x, y c H x, y dxdyφ+ −∫  

( ) ( )2
4 2 4
Ω

λ u x, y c (1 H )) dxdy]φ+ − −∫  

 

 
In the traditional level set method, the 

reinitialization of the level set function is required for 
each iteration. This prevents the level set function 
from being flattened. In our algorithm, we ignore the 
reinitialization process when applying the global 
term. This helps the level set function to develop and 
grow interior contours. However, when applying the 
local term in narrow band, the reinitialization process 
is essential to correctly define the narrow band. 

None of the existing methods accounts for 
projective transformations between the prior shape 
and the shape of interest. The inability to deal with 
projective transformations is significant. In the 
presence of projectivity, neither similarity nor the 
affine model provides reasonable approximation for 
the transformation between the prior shape and the 
shape to segment. 

The novel framework presented in this paper is to 
propose and analyze a novel variational segmentation 
method for images, that can both deal with shape 
deformations and at the same time is robust to noise, 
clutter and occlusions. The proposed method is based 
on minimizing an energy functional containing the 
classical Chan-Vese functional as one part and a term 
that penalizes the deviation of the shape being 
segmented from the previous shape as a second part. 
The second part of the functional is based on a 
transformed distance map to the previous contour, 
where different transformation groups, such as 
Euclidean, similarity or affine, can be used. The main 
idea of proposed framework is: 

1. Model-based cost functional. The basic idea in 
model-based approaches is to extend data driven cost 
functional by adding another energy prior which 
favors certain contour formations. The proposed 
shape constraints E-prior affect the embedding 
surface globally. 

Given an image I(x) at domain, an interface C 
and a level set representation one can form a data-
driven cost functional towards image segmentation. 
The basic idea in model-based approaches is to 
extend this data driven cost functional by adding 
another energy prior which favors certain  
contour formations: 

 
( )t s pE E λE ( )φ φ= +   

 
The proposed shape constraints Eprior affect the 

embedding surface globally (i.e. on the entire 
domain). In the simplest case (no pose variations 
between the evolving interface and the prior model), 
such a prior term can take the following  
form using the approximations of DIRAC and 
HEAVISIDE distributions: 

 

( ) ( ) ( )( )2

p e e
Ω

E H Hφ φ φ= −∫ ,  

 
where φ  is the level set function embedding a given 
training shape (or the mean of a set of training 
shapes). Positive and negative values of φ  
correspond to object and background regions in 
respectively. The prior term is a weighted sum of the 
non overlapping positive and negative regions of φ  
and φ . At each time step, φ  is modified in image 
regions where there is inconsistency between the 
object and background areas indicated by ( )eH φ  

and ( )eH φ . 

With the above formulation the pose and location 
of the object of interest is assumed to be identical to 
the ones of the reference shape. In a realistic 
segmentation problem and in particular for automatic 
feature detection in aerial and satellite neither the 
pose nor the locations of objects are known. 
Statistical models of shape variation with respect to 
the reference frame are a simple approach to deal 
with this problem. However these methods perform 
well if and only if the underlying assumption for the 
model is supported from the data. In the case of 
curves, that are being observed in remote sensing 
imagery, the implicit assumption of statistical 
modeling using a simple Gaussian is rather 
unrealistic and a real need exists to cope with 
important variation of the priors. To this end, the 
shape term was extended to incorporate all possible 
projective transformations between the prior shape 
and the shape of interest. 

2. Decision function. In order to retain the 
favorable level set property for multiple object 
segmentation the prior energy is extended with a 
decision function which indicates the regions of the 
image where the given prior is to be enforced. The 
role of the decision function is to evolve dynamically 
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in order to select these regions in a recognition-
driven way during optimization.  

Let us now consider the general case of a larger 
number of feature shape priors (like all those of 
Fig. 1) and possibly some further independent 
unknown objects (which should therefore be 
segmented based on their intensity only). To this end, 
we employed a vector-valued labeling function  

 
( ) ( )1 kL χ [L χ , ,L (χ)]= …   

 
to wards multi-region segmentation. With the above 
k dimensional labeling formulation, able for the 
dynamic labeling of up to m = 2k regions, the cost 
functional can account for a recognition-driven 
segmentation, based on multiple competing shape 
priors where the terms associated with the two 
objects are normalized with respect to the variance of 
the respective template Contrary to the labeling 
function’s dimensionality k is not a priory fixed and 
is calculated during optimization. Let a positive 
scalar q denote the number of resulting, from the 
image-driven functional, segments. In this way, 
during optimization the number of selected regions  
m = 2k depends on the number of the possible feature 
segments and thus the k-dimensional labeling 
function L obtains incrementally multiple instances. 

3. Model variation. If divergence of the matched 
model and segmentation is greater than a tolerance, 
then the model should be deformed. There are three 
types of variations: bend, bulge and indentation. 
Simplify the segmentation then detect every edge of 
current model to find the best variation. 

 
 

4. Experiment Results 
 
We choose 2 high resolution images from 

landsat-7ETM+ of Amery ice shelf (AIS), Antarctica, 
2002.  

Fig. 1 shows the rift in AIS. 
 
 

 
 

Fig. 1. Rift lines. 
 

 
Fig. 2 shows part of coast line. Extract linear 

feature from these imagery should be meaningful, 

The rift is more than 9 kilometers inland of the 
position of the ice front after the 2007 calving event. 
When rifting is complete and a new iceberg calves 
off, the new ice front will have retreated farther up 
glacier than at any other time in its 64-year 
observational record. While such major calving 
events have occurred every 5–6 years since 1990, the 
area of the new iceberg will be at least 50 % larger 
than those previously observed at this glacier. This 
event may therefore have important implications for 
the assessment of the long term stability of Pine 
Island Glacier. While the rifting and eventual calving 
of the floating portions of glaciers are normal and 
cyclical processes, such events can also provide 
insight into how ice shelves work and how Pine 
Island Glacier in particular is responding to external 
forcing. For this rifting event an unprecedented array 
of remote sensing data sets, collected from both air 
and space, will provide a unique opportunity to 
understand the processes that govern rifting. 

 
 

 
 

Fig. 2. Coast lines. 
 
 

 
 

Fig. 3. Canny result of rift lines. 
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Fig. 4. SLSM result of rift lines. 
 
 

 
 

Fig. 5. Canny result of coast lines. 
 
 

 
 

Fig. 6. SLSM result of coast lines. 
 
 
In addition, the recognition-driven labeling 

process did detect, in an unsupervised manner, image 
feature regions and simultaneously the selected priors 
did permit the reconstruction of the familiar objects. 
The corresponding 3D plots of the two labeling 
functions are shown in the middle two rows of the 
figure. The k-dimensional labeling function allowed 
automatically multiple instances depending on the 

number of the detected segments from the data-
driven term. For example after a couple of iterations 
(second column), only one labeling function was able 
to handle the two detected segments. In algorithms 
convergence the segmentation result obtained  
with k = 2 labeling functions. Each function 
controlled which image region has been associated 
with which label configuration. Thus, by 
construction, the energy minimization leads to a 
partition of the image plane into areas of influence 
associated with each shape model. The two 
parallelepiped curves in the bottom right of the image 
were associated with the second labeling function 
and the two others with the first one. Such an 
evolution of the labeling regions (areas of influence) 
was driven by a competition between the different 
shape priors. The joint multi scale optimization of the 
transformation parameters allowed to keep track of 
the correct pose of each object. Due to such a 
formulation each location (area of influence) could 
only be associated with one shape prior and 
therefore, the algorithm is forced to decide which 
prior favors most image data. 

The extracted curves were compared with manual 
drawing curves (as ground truth), which are 
generated from the vector data from the GIS. We use 
three indexes in to evaluate the quality of lines 
extraction as follows: 

 

index of completeness I m
com

r

L
L

= ,  

 

index of correctness I m
cor

e

L
L

= ,  

 

index of quality I m
qua

ur e

L
L L

=
+

,  

 
where Lr is the total length of reference lines, Le is 
the total length of extracted lines V, Lme is the total 
length of the extracted lines that match with the 
reference lines, Lmr is the total length of the reference 
lines that match with the extracted lines,  
Lm = min(Lme, Lmr), and Lur is the total length of the 
reference lines that are unmatched with the extracted 
lines. Here, if the distance between a vertex v on the 
inscribed lines of extracted lines and the inscribed 
lines of the reference curve is less than a given 
tolerance, then the vertex v matches the reference 
curve, and vice versa. If two ends of an edge on the 
inscribed lines match the reference curve, then the 
edge matches the reference curve, and so do the 
edges on the reference curve. In this paper, the 
tolerance is the width of the curve. 
 
 

Table 1. Evaluation results of canny method. 
 
ID Com Cor % Qua 

Image 1 86 86 82 
Image 2 92 89 87 
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Table 2. Evaluation results of the proposed method. 
 
ID Com Cor % Qua 
Image 1 89 89 87 
Image 2 93 91 92 
 
 
ID is image ID, Com is percent of completeness, 

Cor is percent of correctness, Qua is Quality  
of extraction. 

Moreover, the developed algorithm was applied 
for the detection of curves to an aerial test image, 
which covers a wider area, appears complex and 
where multiple objects of different classes, 
occlusions, different texture patterns and some 
terrain height variability exists. All curves were fully 
or partly detected. Most of them have been 
recognized as different identities. The correctness of 
the detection was high at approximate 91 %, with 
completeness of 93 %. The overall quality of 
algorithms performance was at 92 %. 

 
 

5. Conclusions 
 
In the end, we have introduced a recognition-

driven variational framework which accounts for 
automatic and accurate multiple linear feature 
extraction from aerial and satellite images. The 
evolution of the decision function is driven by the 
competing shape priors and each selected image 
region is ascribed to the best fitted one. The 
functional is, also, consistent with the philosophy of 
level sets as it allows multiple independent object 
detection. The successful extraction results, the 
reliable estimation of the transformation parameters 

and the adequate performance of the dynamic 
labeling encourage future research. 
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Abstract: This paper proposed a remote sensing image classification method based on Support Vector Machine 
(SVM). Because it is a convex optimization problem, according to the properties of convex optimization we can 
know that the values of local optimal solution must be the global optimal solution, which is the other 
classification methods don’t have. In the autonomous learning classification and automatic processing aspects 
the Support Vector Machine (SVM) shows its effectiveness. In this paper it used the IKNOS remote sensing 
image and selected crops, residents, water, grass, land transportation and so on five big classes for training. The 
training results show that Support Vector Machine (SVM) has higher recognition rate in classifying the remote 
sensing image. Copyright © 2013 IFSA. 
 
Keywords: Support Vector Machine (SVM), Remote sensing image, Classification. 
 
 
 
1. Article Size and Formats 

 
Since the 1970s, with the rapid development of 

network technology, people pay more and more 
attention to computer automatic classification 
technology of remote sensing image. Also remote 
sensing technology can receive spectral information 
reflected by the ground which is a kind of passive 
remote sensing technology. Furthermore, current 
remote sensing technology is being developed in the 
direction of three multiple levels and three high 
levels. Three multiple levels are known as multiple 
perspectives, multiple sensors and multiple platforms, 
and three high refer to the high spectral resolution, 
high spatial resolution and high relative resolution. In 
recent years, facing the massive remote sensing data 
and abundant resources, how to utilize these 
resources effectively is the emergent problem that 
needs to be addressed in the study [1]. [Raise the 
question]Therefore, a large number of applications of 
remote sensing image classification based on data 
mining technology emerge and how we can classify 

and manage these remote sensing data efficiently and 
accurately become a hot point in the research of 
remote sensing image in the recent years. At present, 
many domestic scholars have a lot of researches on 
remote sensing image classification management. 
Among them, there are mainly fuzzy sets and rough 
sets method based on target decomposition, Bayesian 
classification method, neural network classification 
method, spectral angle mapping method based on 
material characteristics, I mage statistical 
characteristics, maximum likelihood method and 
minimum distance method, etc. These methods in the 
study of remote sensing image classification have 
been widely used. But when they face the high 
spectrum and spectral data, they still have many 
difficulties. In addition, they also have some defects. 
For example, the fuzzy set classification method 
needs to rely on experience or expertise to give its 
degree of membership so that there is a high 
subjectivity. As a result, the primary issue needs to be 
solved for fuzzy system is accuracy and 
comprehensibility. What’s more, when using fuzzy 
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clustering technology to cut up the remote sensing 
image, the first thing is to choose variables according 
to the problem definition and types of data. Whereas 
rough sets method is suitable for classifying problems 
indicated by data. If the method doesn’t be used in a 
right way, it may have a great impact on the 
classification results. It is hard to meet the hypothesis 
of being with independent class condition when we 
use Bayesian classification method in dealing with 
large-scale classification. At the same time, it is 
difficult to select the evaluation function for the 
method. Also, the complexity of learning and training 
in this method is relatively large. Neural network 
classification method in classification is prone to fall 
into local minimum and slow convergence speed 
phenomena and so on. Apart from the above defects, 
the traditional classifications of machine learning 
methods have a high expectation of the regularity of 
data. They are also be used under the hypothesis of 
the number of the sample is infinite. But the data that 
is classified by remote sensing image technology 
often can’t meet the above requirements. It is often 
displayed high latitudes, variability and small sample 
characteristics. For these data using traditional 
machine learning methods are hard to get ideal 
classification results. But with the continuous 
development of remote sensing technology, the 
classification of remote sensing technology is also 
put forward higher request. Therefore how to achieve 
efficient and accurate classification of remote sensing 
image management becomes the domestic and 
foreign scholar’s concern [2-3]. 

In view of this, this paper comes out with a 
research on remote sensing image based on support 
vector machine. As it is a convex optimization 
problem, the value of local optimal solution must be 
global optimal solution from the properties of convex 
optimization which is other classification methods 
doesn’t have. In addition, support vector machine 
shows its effectiveness in terms of achieving self-
learning classification and automatic processing in 
the study of image classification [4]. This paper is 
divided image classification process into three 
phases, including preprocessing, image classification 
and accuracy evaluation. (1) In the preprocessing 
phase, it is mainly to do the geometric correction for 
multispectral image and de-noise the remote sensing 
image with high resolution. Moreover, it uses the 
bilinear sampling method to select the images with 
the same resolution. In the image classification phase, 
it takes advantage of some spectrum characteristics of 
multispectral images and the best window texture 
feature to generate the training image information. It 
is necessary to normalize the training data in order to 
avoid some issues in the training process, such as 
difficulties of kernel function compute inner product; 
image feature is too big or too small issue. Before 
extract image features for training, it still need to use 
the grid search method to determine the parameters 
of the kernel function so that it can be better to let 
low dimensional space mapped to a high-dimensional 
feature space. At last, the training sample will be 

mapped to the corresponding feature space by using 
kernel function. This is what we use to get the 
classification result from SVM [5]. (3)The SVM 
classification result will be quantitative evaluate by 
means of mixed points, leakage points, recognition 
rate and other indexes. Through studied in IKNOS 
remote sensing image, crops, residents, water, grass, 
land transportation which are the five big classes are 
selected for training. Training results show that using 
support vector machine (SVM) to classify remote 
sensing image can obtain higher recognition ratio. 

 
 

2. Support Vector Machine 
 
SVM (Support vector machine, SVM) is first 

proposed by Corinna Cortes and Vapnik in 1995. It 
has its own advantages in dealing with small sample, 
nonlinear and high dimensional pattern recognition. It 
can be applied to the function fitting other machine 
learning problems. It is built in the structural risk 
minimum principle of statistical learning theory and 
the basis of VC dimension theory. According to the 
limited sample information, it can find the best 
compromise between learning ability and complexity 
And it hope to get more widely promote capacity 
from this [6-7]. 

 
 

2.1. Linear SVM 
 
The SVM evolved from the optimal classification 

of linearly separable case. The optimal classification 
requires the classification line not only can classify 
two kinds in a right way, but also can make the 
classification interval to be the biggest one. The 
training samples that are over the nearest point in the 
two classifications surface and parallel to the hyper 
planes H1 and H2 of the optimal classification are 
called support vectors. As shown in Fig. 1. 

 
 

 
 

Fig. 1. The graphical illustration of linear SVM. 
 
 

In the above figure, 1H and  2H are support 
vectors. The classification interval determined by 
hyper plane 1B , 12b and 11b  is bigger than the one 
determined by 2B , 21b  and 22b  so that 1B  is the hyper 
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plane of optimal classification. Also the plane 
determined by support vectors 1H  and 2H  is the 
optimal hyper plane. 

We suppose the sample set is 1 2( , ), ( , )l lx x x x , 
where i nx R∈ , {1, 1}, 1,iy i l= − = . Accordingly, the 
hyper plane make the positive and negative input in 
the training sample locate on either side of the hyper 
plane. Then there should be parameters ( , )w b  make 

 
1 if w x b 1

( )
1 if w x b 1

f x
• + ≥⎧

= ⎨− • + ≤ −⎩
 (1) 

 
So the optimal hyper plane should make the 

biggest interval between two classifications. That is: 
 

2

2Margin 
|| ||w

=  (2) 

 
To make it maximum, in other words, it is to 

attain the minimum of this equation: 
 

 
2|| ||( )

2
wL w =  

 
Its constraints should meet Eq. (1). Finally, the 

optimal classification issue can be expressed to the 
following constraint optimal issues: 

 
21 1( ) ( )

2 2
(( ) ) 1, 1,...,i i

w w w w

y w x b i l

Φ = = ⋅

⋅ + ≥ =
 (3) 

 
   

Define the Lagrange function:  
 

21
2

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

l

i i i
i

L w b w y x w bα α
=

= − ⋅ ⋅ + −∑ , (4) 

 
where iα  is the Lagrange multiplier. And these 
multipliers meet the condition of nonnegative. 
Therefore, through the partial derivative of these 
three parameters: 
 

1
2

1 , 1
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0
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1
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a yi ii
l
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α
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⎧
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∂⎪ =⎪∂

⎪
⎪ =∑⎨
⎪ =
⎪
⎪ = ∑⎪ =⎪
⎪

= − ⋅⎪
⎩

∑ ∑

 (5) 

Through the above equations, we can attain 
the iα that meet the constraints. And we named the 
corresponding samples whose iα are nonzero as 
support vectors. So the classification plane is 
determined by these support vectors. Support vectors 
and classification plane are shown in Fig. 2. 

In many case, training data set is linear 
inseparable. So Vapnik and others proposed to use 
generalized classification to solve this problem by 
introducing a relaxation factor. At this time, the 
object function transforms to: 

 
2

1

|| ||( )
2

N
k
i

i

wL w C ξ
=

⎛ ⎞= + ⎜ ⎟
⎝ ⎠
∑  (6) 

 
The constraints transform to: 
 

i i

i i

1 if w x b 1-
( )

1 if w x b 1if x
ξ
ξ

• + ≥⎧
= ⎨− • + ≤ − +⎩

, (7) 

 
where 0iξ ≥ is the relaxation factor, C  is the 
mistake punish component and 0C >  is the constant, 
which can be used to control the balance between the 
integral point of the machine and the complexity and 
the degree of punishment to the samples that 
distributed in wrong way.  
 
 

 
 

Fig. 2. Support vectors and classification plane. 
 
 

2.2. Non-linear SVM 
 
To solve non-linear classification problem by 

using SVM is to introduce a kernel function that 
make the non-linear sample input vector mapped to a 
high-dimensional feature space to convert non-linear 
to linear. Then we create an optimal hyper plane in 
the feature space. The classification plane after 
changed shows as below: 

 
( ) 0Tw x bφ + =  (8) 

 
The optimal equation: 
 
( )

1 ( ), ( )
21 1 1

Q
N N N

y y x xi i j i ji j
i i j

α

φ φα α α

=

−∑ ∑ ∑
= = =

 (9) 
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1
0

N

i i
i

yα
=

=∑ 0iα ≤ 1, 2, ,i N= …  (10) 

 
In Eq. (9), we should attain its maximum value 

and ( ), ( )
i j

x xφ φ  is its space inner product. Eq. (10) 
is the constraint conditions [4]. If we can construct a 
kernel function ( , )i jk x x that equals to the inner 

product ( ), ( )
i j

x xφ φ after changed in the original 
space. Now the kernel functions that widely used in 
the nonlinear classification problem are mainly the 
following three ones: 

1) Sigmoid kernel function 
 

( , )i jk x x = 2tanh[ ( ) ]iv x x t⋅ +  
 

2) Radial basis function (RBF) kernel 
 

2 2( , ) exp( | | )i ik x x x x σ= − −  
 

3) Polynomial kernel function  
 

2( , ) [( ) ]
q

i i
k x x x x t= ⋅ +  

 
 

3. Optimal Selection Methods for the 
Parameters of SVM 

 
3.1. Selection of Kernel Function 

 
Through the analysis, we found that different 

kernel functions have great influence on the 
performance of SVM. The kernel function is also one 
of the parameters can be adjusted in SVM. The 
selection of kernel function for SVM classifier can 
make a significant difference in its classification 
ability and type. Because of the kernel function, the 
parameters of the kernel and high-dimensional 
mapping space have the corresponding relationship, 
when dealing with the classification problems; we 
can only choose the appropriate kernel function and 
kernel parameters and mapping of high-dimensional 
space to make it possible to get the separator with 
good learning ability and generalization ability. This 
paper mentioned several common forms of kernel 
function in the previous researches. As RBF kernel 
has good learning ability under large sample, low 
dimension and so on circumstance, it is widely used 
accordingly. RBF kernel function is rewritten as 
shown in the above. 
 
 
3.2. Optimal Selection of Kernel Function  

 
After we selected the kernel function, we need to 

optimize the parameter of kernel function. As the 
error penalty factor C and σ  are the key factors that 
affect the performance of the SVM and these 
parameters have great impact on classification 

precision and promote ability of the SVM [6], we 
adopt RBF as our kernel function is as hard as to 
select its parameters and its error factors. When we 
select the parameters for the traditional kernel 
function, we generally use the genetic algorithm to 
achieve it. Although the algorithm showed a lot of 
advantages in solving the optimal problems, it also 
has some own shortcomings can’t be overcome, 
which is mainly showed in the following two aspects. 
On the one hand, in dealing with different problems, 
the genetic algorithm has to redesign mutation, 
selection, crossover operator, etc. On the other hand, 
the operation of the genetic algorithm is very 
complicated. Its efficiency is very low in most cases. 
Considering the above deficiencies of the genetic 
algorithm, by contrast, this paper introduces the grid 
search method for kernel parameters C and σ  
optimal selection when selecting the parameters of 
SVM. The operation of this method is easy to 
understand. So it has been widely used in the optimal 
problem. 

In this paper, we chose the grid search method for 
optimal selection of the parameters. This method 
consists of the following steps. (1) First of all, we 
have defined the scope of the selected parameters C 
and σ . Generally, the selection for 

( )5 3 15C 2 ,2 , 2− −∈  and 2 15 151/ (2 ,2,...2 )σ −∈ can 
meet the requirement based on experience. (2) Do the 
rough grids search. At first, we set the step length to 
2, so the two-dimensional coordinate system can be 
constructed based on the parameters C and σ . For 
each set of parameter values on the grid, it is a set of 
potential solution and also only represents a set of 
SVM parameters. (3) According to the K fold cross 
validation method, we can calculate the accuracy for 
all parameters in the prediction process and we can 
use the contour to draw them out, so we can get a 
contour map, and then we can to determine the 
optimal kernel parameters C  andσ . (4) In order to 
get the search results more accurate, we should also 
do a fine grid search after the rough grid search. That 
is to say, we should select an area to search in the 
painted contour map. Normally we will choose the 
higher accuracy of regional prediction. This means 
we reduce the step length for a second search. For 
example, for some given sample set, we can attain the 
optimal kernel parameters C  and σ  after we do the 
rough search using 2 as our step length. At this time, 

102 , 2C σ= =  so we can reduce the range of the grid 
search to 8 12(2 ~ 2 )C∈ , 2 5 11/ (2 ~ 2 )σ − −∈ .Then the 
search step length becomes 0.1 at this time [7].  

 
 

4. Experiments 
 

4.1. The Experiment Process 
 
In this paper, the experiment process mainly 

included data acquisition, feature extraction, data 
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processing, parameter selection and training. The 
specific operation is described in the following. The 
specific process frame is shown in Fig. 3. 

 
 

4.2. Getting Experimental Data 
 
The data used in the paper is from IKNOS remote 

sensing images, and it selected the crops, residents, 
water area, grassland, traffic land five categories to 
train. In the training process, the five types are 
labeled A, B, C, D, F and each has 1000 samples. It 
used IKNOs remote sensing images to do the 
experiment, they cover the scope extensively. The 
crops and traffic sites belong to man-made scene, 

waters and grassland belong to typical natural scene, 
at last the residents represent the most complicated 
nature objects such scenario. Because the data is from 
different angles, the database has strong 
representative and challenging. So it can be used to 
conduct a comprehensive and credible evaluation. 
Because in the process of training it selected five 
kinds of sample to do the classification, so it needs to 
construct five classifiers. During the experiment 
process it selected the RBF kernel function. The 
classification effect depends on the Kernel 
parameters and penalty factor C. In the experiment it 
used the grid search method to select the Kernel 
parameters. The sepecial operation can be seen in 
three part [1]. 

 
 

 
 

Fig. 3. SVM-based Remote Sensing Image classification process. 
 
 

4.3. Multi-window Texture Feature 
Extraction and Data Processing 

 
Because the objects on the earth have different 

spectrum, they correspond to different optimal 
texture window. So this article chooses the texture 
window to filter. In this article, we adopt the method 
based on distance to measure the separability of the 
window. Through a lot of the empirical results, it 
showed that those crops, residents, waters, grassland, 
and traffic land were selected 
as 3 3× , 5 5× , 11 11× , 13 13× , 15 15× the optimal 
classification window. Texture is the concept than 
can be seen in the analysis of the image. It refers to 
the image pixel gray level or refers to some change in 
the color. In this paper it mainly studied how to better 
access to the image texture features in order to do the 
future analysis, understanding and classification. In 
the digital image texture feature extraction it mainly 
has three ways: the texture features extraction based 
on signal process; the texture features extraction 
based on structuralization; the texture features 
extraction based on statistics. When carrying on the 
texture feature extraction the six components of 

texture feature correspond to the six properties from 
psychology Angle. They are: neat degrees, direction, 
roughness, contrast, and line direction [7]. 

In this paper it is mainly based on gray level co-
occurrence matrix texture feature to finish the feature 
extraction. In gray level co-occurrence matrix it 
studied the two pixels combination about the gray 
configuration. It is one of the most representative 
calculation methods of thesecond order statistics 
texture feature. To the decided distance d and 
direction θ . Among them in the direction θ of 
straight line, for example, such as 0 ,45 ,90 ,135° ° ° ° , 
etc. In pixel i , and then the probability can be 
normalized to ip , which can be expressed as the 
value of gray level co-occurrence matrix ( , )i j .We 
put L as the grayscale, so it can be expressed as the 
gray level co-occurrence matrix, which actually is the 
joint histogram of the two pixels. We use the gray 
level co-occurrence matrix can deduce a series of 
characteristics statistics. In this article it used the 
Haralick [8-9] and the gray level co-occurrence 
matrix to calculate the statistics. 

Extracting image texture 
feature 

Data normalization process 

Image classification based on 
spectral characteristics 

The classification based on 
single window texture

The image classification 
based on the window texture 

The selection of Kernel parameter The SVM classification 

The precision evaluation 
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In order to avoid the kernel function is inner 
product computation difficulties appeared in the 
process of training, image feature is too big or too 
small, the normalized processing to the training data. 
Before the image feature extracting for training, but 
also the grid search method is used to determine the 
parameters of the kernel function so that we can 
better to low dimensional space is mapped to high-
dimensional feature space. The last will be the 
training sample to the corresponding feature space by 
kernel function mapping, in order to get the SVM 
classification results. 

 
 

4.4. The Selection for the Kernel Parameters 
 
Because the kernel function, the Kernel 

parameters and the high dimensional mapping space 
they exist corresponding relation, in the classification 
problem we only choose the proper kernel function, 
the Kernel parameters and high dimensional mapping 
space , we could get the separator that has good 
learning ability and generalization ability. Because 
the error penalty factor C and σ are the key factors 
that affect the performance of the SVM [5]. These 
parameters will have great influence on the 
classification accuracy and generalization ability of 
SVM. This article adopted the grid search method to 
select the Kernel parameter C and σ . This operation 
of the method is simple and easy to understand, so it 
has been widely used in the optimization problem. 
The selection method of the parameter can be seen in 
3.2 above. 

 
 

4.5. The Experiment Result and Analysis 
 
The data used in the paper is from IKNOS remote 

sensing images, and it selected the crops, residents, 
water area, grassland, traffic land five categories to 
train. Because the objects on the earth have different 
spectrum, they correspond to different optimal 
texture window. Therefore, this article chose the 
texture window to filter. In this article, we adopt the 
method based on distance to measure the separability 
of the window. Through a lot of the empirical results, 
it showed that those crops, residents, waters, 
grassland, and traffic land were selected as 3 3× , 
5 5× , 11 11× , 13 13× , 15 15× the optimal 
classification window. This article used the multi-
window texture to classify the remote sensing image 
information. This paper did the multi-window texture 
feature extraction for the data collected, the 
extraction process, seen in 4.3. Then it put the remote 
sensing image characteristics based on multi-window 
texture gotten in 4.3 and parameters decided in 4.4 as 
input for training. This paper did the experiment by 
adopting the methods that are based on spectral 
characteristics, based on the single window texture 
feature and texture feature extraction method based 
on window experiment, and each experiment 

repeated 20 rounds, and the average recognition 
accuracy of each round, as the final results. Then we 
compared the predict results gotten from the methods 
that the Kernel parameter was gotten from the 
experience method and the grid search method. In 
each round experiment, from the data sample of each 
type we randomly selected the two-thirds of the 
images as the training set, and the remaining images 
as the test. This paper put the average relative error, 
the recognition rate, the mean square error (MSE) 
and the average training time as the evaluation 
standards. The average training time is about  
20 rounds experiments. 

The experimental results are shown in Table 1, 
Table 2 and Table 3 [7]. 

 
 
Table 1. The image classification results of different 

feature extraction methods. 
 

 Evaluation 
standard 

 
Extraction method  

MAPE MSE IR(%) 

Spectrum 439.26 3.2871 86.79 
Single window 

texture 11 11×  438.46 3.3049 92.77 

3 3×  436.46 3.2149 94.74 
5 5×  436.41 3.2174 95.21 

11 11×  436.49 3.2163 98.36 
13 13×  436.40 3.2147 97.41 

Multi-window 
texture 

15 15×  436.42 3.2165 94.94 
 
 
In Table 1 the experiment was based on the 

spectrum, single window texture and multi-window 
texture feature extraction method. Through the 
comparison of the three feature extraction methods, 
we can find the most effective feature extraction in 
the remote sensing image classification. The 
experimental method is shown in section 4.3, 
respectively using spectrum, single window texture 
and multi-window texture feature extraction method. 
Experimental parameters are penalty factor C and σ . 
The experimental used the mean relative error, the 
correct recognition rate and the mean square error 
(mse) as evaluation standards. We can see from the 
results in the table: (1) based on multi-window 
texture feature extraction methods for remote sensing 
image classification, its average relative error and 
mean square error (MSE) are concentrated, the 
average relative error between 436.0 ~ 436.5, the 
mean square error (MES) concentration between 
3.214 ~ 3.218. (2) based on spectrum and single 
window texture feature extraction method, the 
average relative error and the mean square error are 
large, the average relative error are 439.26 and 
438.46 respectively, and the mean square error are 
3.2871 and 3.3049 respectively. They were 
significantly higher than those under the multi-
window texture feature. (3) The identification 
accuracy of the method proposed in this paper is 
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above 95%, almost all were significantly higher than 
those based on spectrum and single window texture 
feature extraction method. The reasons for the result 
are: (1) As the objects on the earth have different 
spectra, different optimal texture window 
characteristic, it selected the multi-window texture 
feature extraction methods, which is more in line 
with the characteristics of remote sensing images. (2) 
Before the experiment it used the grid search method 
to determine the Kernel parameters so that we can 
successfully map the low dimensional space to high-
dimensional feature space. This is helpful to improve 
the recognition accuracy. (3) The combination of the 
multi-window texture feature extraction and support 
vector machine (SVM) realized the comprehensive 
utilization of remote sensing image spectral 
information and spatial information, so it can make 
the classification result have the space coherence, so 
that the average relative error and mean square error 
(MSE) showed more concentrated. 

 
 

Table 2. The comparison of classification performance. 
 

 Parameter 
determining 

method 
 

Evaluation 
standard 

Determine the 
Kernel 

parameter by 
experience 

Determine the 
Kernel 

parameter by 
grid search 

MAPE 3.4765 3.2346 
MSE 431.98 427.98 
Training time (S) 396 323 

 
 
In Table 2 it shows the predictive results gotten 

from the methods that the Kernel parameter was 
gotten from the experience method and the grid 
search method, from which we can test the 
effectiveness of the grid search method to determine 
the Kernel parameter. The experiment method is to 
use the experience method and the grid search 
method to determine the Kernel parameter. In each 
round experiment, we randomly selected the two-
thirds of the images as the training set, and the 
remaining images as the test. The experiment 
parameters are error penalty factor C, σ and window 
texture. In the experiment it used the mean relative 
error and the mean square error as the evaluation 
standards. From the results we can see the average 
relative error and the mean square error are  
3.2346 and 427.98 respectively by using the grid 
method, but under the fixed parameters they are  
4765 and 431.98. The grid search method showed 
great advantage both in the mean relative error and 
the mean square error [9].The reasons for the results 
are: (1) the grid search method selects the Kernel 
parameter of SVM according to the distribution 
information of the input data, which makes the 
support vector machine have better adaptability. (2) 
Using the grid search method to determine the Kernel 
parameters, it better can map the low dimensional 

space to high-dimensional feature space. This is 
helpful to improve the recognition accuracy. 

 
 

Table 3. The comparison of the training time. 
 

Training time Spectrum Single window 
texture 

Multi-window 
texture 

1 12.3 11.9 10.4 
2 14.6 13.4 9.6 
3 12.9 12.7 10.9 
4 13.7 11.5 9.9 
5 13.14 12.4 8.4 

Average time (s) 13.3 12.9 9.6 
 
 
In table 3, it showed the training time under the 

spectrum, single window texture and multi-window 
texture feature extraction methods, from which can 
test the efficiency of the method proposed in this 
paper. Experimental method still used support vector 
machine (SVM) classification method, adopting the 
grid search method to determine the Kernel 
parameters. In the table it showed the training time of 
the first five times and the average training time of 
the 20 rounds experiments. The experimental 
parameters are error penalty factor C,σ and window 
texture. The experiments used the training time of 
each round and the average training time as 
evaluation criteria. From the experimental results we 
can see that multi-window texture feature extraction 
show great advantage in the optimal time, which is 
less than that in the single window texture extraction 
method. But the optimization time of the single 
window texture feature extraction method is 
significantly lower than the spectrum feature 
extraction method. From the optimization time of the 
three methods, we can say the optimization time of 
the multi-window texture feature extraction method 
significantly lower than the other two methods. The 
results of the above reasons are: (1) for the multi-
window texture feature extraction methods for 
feature extraction, it is more in line with the 
characteristics of remote sensing images. (2) the 
multi-window texture feature extraction is mainly 
based on the texture feature of gray level co-
occurrence matrix to complete work. In gray level co-
occurrence matrix it studied the two pixels 
combination about the gray configuration. Through 
the matching of gray it can improve the optimization 
efficiency and accuracy. 

 
 

5. Discussion 
 
This paper presented a support vector machine 

(SVM) multi-window texture remote sensing image 
classification method. It selected IKNOS remote 
sensing images, and choose crops, residents, water 
area, grassland, traffic land five categories to train. 
Then it gave the multi-window texture feature of the 
extracted training samples. It used the grid search 
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method to determine the parameters of the kernel 
function so that it can be better to let low dimensional 
space mapped to a high-dimensional feature space. 
At last, the training sample will be mapped to the 
corresponding feature space by using kernel function. 
This is what we use to get the classification result 
from SVM. The experimental results showed that: 
based on multi-window texture feature extraction 
methods for remote sensing image classification, its 
average relative error and mean square error (MSE) 
are concentrated, and its recognition rate is 
significantly higher than those based on spectrum and 
single window texture feature extraction method. The 
SVM showed great advantage in classifying 
management, but the SVM faces great difficulties in 
constructing multiple classifier. So the construction 
of the SVM classifier is still the focus of the next 
research. 
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Abstract: With the development of urban construction, urban traffic is becoming more and more complex. And 
the status of tunnel is more important than before. As time goes on, urban road tunnel monitoring system will 
accumulate a large amount of data. To mining the knowledge from those data for urban management, the 
processing of data is necessary. This paper put forwards PCCA algorithm, which combines PCA and CLARA 
algorithms for a set of real-time environmental data collected by an intelligent tunnel monitoring system. The 
proposed algorithm is able to reduce data dimensions while analyzing data effectively. In our experimental 
results, we show that our proposed algorithm can improve the accuracy of traditional data cleaning algorithms 
and reduce their running times. In addition, the abnormal data is listed by their reasons.  
Copyright © 2013 IFSA. 
 
Keywords: PCA, CLARA dimension reduction, Processing of data. 
 
 
 
1. Introduction 

 
Benefit from the ministry of public security 

policy, such as “road traffic safety ‘twelfth five-year’ 
plan” and “road traffic technology development 
‘twelfth five-year’ plan”, 182 billion will be invested 
in intelligent transportation [1]. So far there are 
19 cities announce their intelligent transportation 
investment projects, involving 7.805 billion. Thus the 
urban tunnel becomes more and more important [2]. 
In view of the characteristics such as the narrow 
space, the insufficient light, ventilation, the bad air 
quality and so on, the tunnel monitoring system is 
particularity important in the process of  
tunnel management. 

Tunnel environment data not only reflect the 
indexes, including visibility, wild speed, temperature, 
and humidity of tunnel, but also can be used to 

analyze the abnormal situation of tunnel, including 
traffic accidents and equipment accidents. And the 
tunnel environment data is big data with high 
dimension, how to process data repetitiously and 
analyze thoroughly from the data ocean for enabling 
us to gain knowledge effectively and dig out the key 
information needed to successfully, becomes a 
research focus in data mining at the current time. In 
the whole process of data mining, data preprocessing 
time accounted for about Sixty percent, and the final 
data mining work only takes up about ten percent of 
all time. The related data is so big that it must be 
achieved through the program and algorithm.  

The purpose of data preprocessing is using 
relevant technology to extract data from various data 
sources so that find out the dirty data or clean up it. 
Common technical means include Binning smooth, 
regression and clustering. 
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Literature [3] proposes CLARA algorithm, a 
clustering algorithm for dealing with large data, 
based on dividing. This paper proposes solve the 
problem of large data by sampling. And it tells that 
the theory of CLARA is using samples to instead of 
the overall data set and getting best clustering result 
by random sampling many times for the purpose of 
deal with data by clustering. 

Literature [4] proposes to reduce dimensions with 
PCA so that cut down the amount of information for 
the purpose of analyze data conveniently. It shows 
that the PCA algorithm can perform a covariance 
matrix, correlation matrix or any weighted covariance 
matrix. And it illustrates how to eliminate the 
intensity dependence and standardized dimensionless 
variables by principal component analysis so that we 
can preprocess data by using it. 

Literature [5] analyzes the method of detecting 
isolated point in the instance. In addition, it 
introduces the related concept, the method of 
classification and the way of evaluation in detail. At 
the same time the system designs two algorithms. 
The one is based on pruning strategy while the other 
one supports vector machine and improves it. Finally 
the algorithm turns out to be suitable for dealing with 
the low dimensional data for its accuracy and high 
efficiency. The idea of this literature can be used to 
pretreat the tunnel data. 

Literature [6] proposed a new mechanism based 
on the analysis of chaotic ant colony clustering 
algorithm (CAS). Literature [7] proposes a modified 
fuzzy c-means clustering algorithm based on a use 
optimization complete strategy (OCS). Literature [8] 
in stream data use weighted clustering method of 
unsupervised anomaly detection. In order to deal with 
large amount of data. Literature [9-10] use wavelet 
transform in combination with the EMD model to 
clean data effectively, aiming at the noise of the 
traffic flow generated data. 

In the view of analyzing the data of one tunnel in 
Wuhan, which have complex formats, inconsistent 
norms and unified data parameters. Besides, the 
internal environment is terrible, the equipments are 
easy to make mistakes and damage so that abnormal 
data come into being. Literature [3] deals with the 
large data and literature [4] analysis the method to 
reduce the dimensions of the data having many 
dimensions. Furthermore, literature [5] solve the dirty 
data by analyze the isolated point. In a word, 
literature can solve a problem effectively while it 
can’t deal with the complex situation including many 
different problems. In order to solve the problem of 
this situation, the new algorithm PCCA is  
put forward.  

 
 

2. Urban Tunnel Monitoring Data 
Pretreatment and Solution 
 
The urban tunnel monitoring data can obtained a 

variety of variables by PLC devices [10], in general, 
it can be divided into vehicle inspection data and 

environmental data as the following  
Table 1. 

 
 

Table 1. Urban tunnel monitoring data sources  
and pretreatment. 

 

Data sources Data type Pretreatme
nt method

Tunnel car 
inspection data 

Time 
Traffic 

Driving speed 
Driveway occupancy rate 

Clustering 
and SOM 

Tunnel car 
environmental 

data 

Time 
Wild speed 
Temperate 
Humidity 

Light intensity 
CO concentration 

PCA or 
improved 
algorithm 

 
 
Due to the high demand for real-time, the 

collected data storage density is large. And the 
environmental data is so large that data mining must 
be after the data cleaning. Besides, the dimension has 
different reference value and has diverse effect in 
mining data. So, we should pretreat data in advance. 
This paper collect and analysis data such as CO, 
temperature, wind speed, light intensity and so on. In 
order to analysis data later, data are divided into six 
modules as the following Fig. 1, Fig. 2.  

 
 

 
 

Fig. 1. Ideal state figure of the divided of tunnel 
environment variables. 

 
 

 
 

Fig. 2. Actual state figure of the tunnel  
environment variables. 
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Fig. 1, called as ideal state figure, means dividing 
the variables into six basic variables which divide 
collected information equally. And the six variables 
have the same effect. On the other hand, Fig. 2, 
called as actual figure, means the data change 
according to the number of equipments. The CO 
concentration and temperature changes remarkably so 
that other type data change along with them. Finally, 
the Fig. 2 is proved to be more in line with the 
simulation results.  

 
 

3. Algorithm Description 
 
In recent years, the status of data mining is 

improved. Moreover, data is the basis of data mining. 
In order to input data as the type we needed, we 
should preprocess the data. And there are many 
approaches to preprocess the data. For the purpose of 
reducing the dimension, we should preprocess with 
the PCA algorithm, then we will cluster the result and 
find out the abnormal data in order to clean up  
the data.  

 
 

3.1. Principal Component Analysis 
Description 

 
Principal component analysis is also known as 

principal component analysis. It is a multivariate 
statistical method that reduces many variables to a 
few principal components by reducing dimension. 
The principal component reflects most information of 
original variables. They usually expressed as a linear 
combination of the original variables. In order to 
make the information contained in these principal 
component non-overlapping, it demand that the 
variables are unrelated. In general, when the 
condition involves a lot of variables and relationship 
between variables are obvious, the PCA is suited. It is 
easy to grasp the main aspects of things so as to 
simplify the problems. The steps are as follows: 

Step 1: Draw random samples from overall data, 
name the observation value matrix as X. The each 
row of X corresponds to a sample of record and each 
column corresponds to a variable. 

Step 2: Calculate the sample covariance  
matrix S 

 

1

1= ( )( )
n-1

n
T

i i

i

S x x x x
=

− −∑
 

 

 
Step 3: Solve main component according to the 

sample covariance matrix S. The eigenvalues are 
1 2 ... pλ λ λ≥ ≥ ≥ , and the eigenvectors are  

t1, t2, ..., ti. The principal components are yi = tiT. 
Step 4: Calculate the contribution of each 

principal component ai 
 

1

p

i i j
j

a λ λ
=

= ∑
 

 

Step 5: Calculate the scores of principal 
component Fi 

 
1 1 2 2 ...i i i pi pF a X a X a X= + + +   

 
 

3.2. CLARA Clustering Algorithm 
Description 

 
In the clustering algorithms base on partition, k-

mean algorithm is widely used. It is an algorithm 
used to cluster according to the distances between the 
point in the data set and the clustering centers. 
However it can't suit for the large data situation. In 
order to deal with large data, Kanfman and 
Rousseeuw put forward the CLARA algorithm. 
CLARA did not find out representative objects from 
the overall data, but extract a part of samples and 
choose the representative point with the method of 
replacement. If the samples are selected in a random 
manner, the sample can represent the whole data set 
well. In order to get the better result, CLARA 
algorithm dram samples several times and chooses 
the best result as the cluster. Specific steps are  
as follows. 

Step 1: Make sure the cluster number k according 
to the concentration distribution of data. Draw 
random samples from whole data set and get the 
sample of 40+2×k objects. 

Step 2: Find out the sample center by using the 
method of PAM and calculate average dissimilarity 
degree as the threshold. 

Step 3: Find out the nearest center for each object 
in the overall data set. Then classify the object by the 
center and write down the  
cluster number.  

Step 4: Calculate the average dissimilarity degree 
of each cluster. If one is less than the minimum, the 
minimum should be replaced by it. And take the 
corresponding center as the best cluster center.  

Step 5: Repeat step 1 to 4 several times so that 
ensure that there the result less than the threshold. 

And choose the experimental result which has the 
least dissimilarity degree, according to four  
decimal places.  

 
 

3.3. Principal Clustering Component  
Analysis (PCCA) Algorithm Description 

 
Because of the situations that there are high 

dimension and the data have obvious difference in 
the different dimension, PCA is needed at first for 
reducing the dimensions. So it can carry the point of 
getting reasonable data. Then we can perform the 
CLARA cluster to find out the dirty data. Moreover, 
we can find the reason according to the distance’s 
judgment. The specific steps are as follow: 

Step 1: Pretreat the whole data set and remove 
the defect data. 
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Step 2: Use the principal component analysis in 
the whole data set and calculate the contribution in 
order to reduce the dimension. 

Step 3: Cluster the data by the CLARA algorithm 
after reducing the dimension. 

Step 4: Set the maximum and minimum values 
for all the dimension of record that is, set the limit. 

Step 5: Find out the maximum value of the 
distance between the various data in each dimension 
for each cluster center.  

 
di, j = max{|ai, j - mj|,|ai, j-nj|} (1) 

 
Step 6: According to the most value of the 

distance between each dimension data and edge, and 
the weight of each dimension to estimate reasonable 
range of the dissimilarity between the normal point 
and the cluster center, called  
distance (i): 

 

2
,

1
dis tan ( ) ( * )

l

i j j
j

ce i d Q
=

= ∑
 

(2) 

 
Step 7: According to the reasonable range 

distance (i), find out the dirty data (the corresponding 
dissimilarity is beyond the range). 

Step 8: Test the dirty data and judge the fault type 
according to the number of dimension which is 
beyond the limit (if the number is one, it means 
equipment damage, or it stands for accident). 
 
 
4. Experimental Result 
 
4.1. The Collection of Experimental Data 
 

This study uses MATLAB as the development 
tool, performing on 65535 data record with the input 
data provided in the form of EXCEL file. 

 
 

Table 2. Data structure. 
 

Column name Data type Length Null or not
ID 

Time 
CO 
VI 
FS 
GQ 
SD 
WD 

Int 
Char 

Varchar 
Varchar 
Varchar 
Varchar 
Varchar 
Varchar 

4 
20 
50 
50 
50 
50 
50 
50 

Not 
Not 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

 
 

4.2. The Experimental Evaluation 
 
4.2.1. The Average Dissimilarity 
 

This paper measure the average dissimilarity 
between the various data basing on Euclidean 
distance measurement. The meaning of average 

dissimilarity is the average value of the Euclidean 
distance between the data in the cluster and the 
corresponding cluster center. The smaller the average 
dissimilarity is, the more ideal the experimental result 
will be. 

The calculation formula of Euclidean distance is 
as follows: 

 

1

2
( , ) ( )

m

i i

i

d x y x y
=

= −∑ ,
 

(3) 

 
the m is dimension of data 
 
 
4.2.2. Silhouette 
 

Silhouette is a kind of used for evaluation of 
clustering validity evaluation index. The higher 
silhouette index shows the better clustering results 
and it also can reflect the effectiveness of the 
clustering results in the form of contour  
diagram clearly. 

For an arbitrary division X = X1�X2�...�Xk, 
global Silhouette value is defined as: 

 
1

1

k
GSu Sj

jk
= ∑

=
,
 

(4) 

 
Where k is the number of category. And Sj is the 
Silhouette value of cluster j, Sj is defined as: 

 
1

( )
1

m
Sj S i

im
∑=
=

,
 

(5) 

 
m is the sample size of cluster j. And S(i) is a quality 
measure in the sample i of the cluster j. S(i) is 
defined as: 

 
( ) ( )

max{ ( ), ( )}
b i a i

b i a i
− ,

 
(6) 

 
a(i) is the average distance between the sample i and 
other sample in the same cluster. And b(i) is the 
minimum value of the distance between  
sample i and all the samples included in the  
Cluster Xt (t = 1, 2, ..., k; t ≠ j). 

It is proved that s(i)�[-1,1]. When the value of 
s(i) is close to 1, the sample is clustered well. If the 
value of s(i) is close to 0, it indicates that the sample 
can be divided into the nearest the class. 

If the value of s (i) is close to -1, the samples 
were wrong divided. 
 
 
4.2.3. Contribution Rate 
 

The proportion of yi, which is the i of main 
component, in the total variance is called as the 
contribution rate ai. 
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1

p

i i j

j

a λ λ
=

= ∑ , the i = 1, 2, ..., p. 

 
The contribution rates of the principal component 

reflect the primitive variable information 
comprehensive ability of it. And the ability can also 
be understood as the power to explain primitive 
variable. We call the sum of the contribution rate 
from the component ahead as the cumulative 
contribution rate. It stands for the primitive variable 
formation comprehensive ability of them. According 
to the contribution rates, the Principal Component 
Analysis algorithm can be used to reduce the 
dimensionality. 
 
 
4.3. The Experimental Results and Analysis 
 
4.3.1. The Outline Figure 
 
Each point represents a record, plotted by Silhouette 
on the horizontal axis and cluster on the vertical. The 
silhouette index of the algorithm PCCA is better than 
CLARA a lot and it already very close to 1. Besides, 
it means that the clustering result is very good. 
Moreover, the negative situation turns down a lot. It 
represents the probability of misclassification become 
lower (Figs. 3-5). 
 
 
4.3.2. Contribution Rate 
 

Contribution rate reflect the original variable 
information comprehensive ability. According to the 
Table 3, the accumulating contribution rate from the 
first five comes to 91 %. It shows that the first five 
can reflect the original information well. So that we 
can reduce the dimensions in accordance with 
contribution rate, meanwhile, reduce the amount of 
information. Furthermore, it can clean up date 
effectively. 

 
 

4.3.3. Average Dissimilarity Histogram 
 

The horizontal axis of histogram (Figs. 6-8) 
shows the clustering number while the vertical axis 
shows the average dissimilarity. Comparing the 
algorithms, it turns out that the PCCA algorithm has 
the best cluster result. The result, average 
dissimilarity of each cluster is no more than 5, tells 
its quantity of no obvious abnormal point and the 
distances between point and its corresponding cluster 
center. And we can also find that all the average 
dissimilarity is small.  

 
 

4.3.4. Dirty Data Cleaning 
 
For the 65535 records from the urban tunnel 

monitoring environment data, three reasonable 
clusters can be got by using algorithm PCCA united 
PCA and CLARA. According to the different 
distances between point in the cluster and the cluster 

center, we can deal with the clustering result, find out 
the dirty data and analysis the reason of it.  

The experimental result is in the Table 4. 
 
 

 
 

Fig. 3. K-mean outline figure. 
 
 

 
 

Fig. 4. CLARA outline figure. 
 
 

 
 

Fig. 5. PCCA outline figure. 
 
 
5. Conclusions 
 

The experimental results show that use the PCCA 
algorithm to deal with the data in different 
dimensions for the environmental data which has 
large amount of data and multifarious data in 
different dimensions. Moreover, it can make a 
difference in clustering and cleaning up dirty data. 
Besides, we can mine data and get the potential 
relationship of data while finding the abnormal data 
efficiently, so that we can analysis the accident in 
tunnel conveniently. 
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Table 3. Contribution rate. 
 

Eigen values Difference Contribution rate Accumulating contribution rate 

15.0326 
7.6097 
4.3013 
2.3775 
1.8861 
0.9781 
0.5416 
0.3320 

7.4229 
3.3084 
1.9238 
0.4914 
0.9081 
0.4365 
0.2096 
0.0549 

44.2136 
22.3815 
12.6508 
6.9926 
5.5474 
2.8767 
1.5929 
0.9764 

44.2136 
66.5951 
79.2460 
86.2386 
91.7859 
94.6626 
96.2555 
97.2319 

 
 

 
 

Fig. 6. K-mean histogram. 

 
 

Fig. 7. CLARA histogram. 

 
 

Fig. 8. PCCA histogram. 
 

Table 4. Deal with dirty data. 
 

Number Cluster number Dissimilarity Reasonable range Wrong dimension Reason 
2 

2411 
2412 
2413 
8112 
42445 
42446 
42447 

...... 

1 
2 
2 
2 
3 
1 
1 
1 

...... 

19.7188 
4.4156 
4.4296 
6.9926 
5.5474 
2.8767 
1.5929 
0.9764 

...... 

4.30 
4.30 
4.30 
4.30 
4.30 
4.30 
4.30 
4.30 
...... 

1 to 3 
More than 3 
More than 3 
More than 3 

1 to 3 
More than 3 
More than 3 
More than 3 

...... 

Equipment damage 
Accident 
Accident 
Accident 

Equipment damage 
Accident 
Accident 
Accident 

...... 
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Abstract: In this paper, a framework for finding out hot source of spontaneous combustion due to oxidation 
exothermic in oil tank is introduced. Spontaneous combustion in the Oil tank has become one of the most 
serious safety problems that affect the sustainable development of economy owing to the amount of stored crude 
oil increased with the development of the petroleum industry. In order to achieve a more efficient approach to 
detect accurately self-heating source in oil tank, the framework of detection system was proposed based on 
infrared detection instrumentation. Firstly, self-heating experiments of ferrous sulfide confirmed that there was a 
typical exothermic reaction, and when the temperature reached at about 340 degrees Celsius, the maximum rate 
of temperature has been rising. After that, a numerical model for analyzing the heat transfer effect on the tank 
was built, which took evident relationship between oil tank inside and outside. The results show that there exists 
the temperature difference from the center to the surrounding on the surface of the tank where oxidation 
exothermic reaction has been occurred. Therefore, the research achievements of the framework for detecting the 
self-heating source in oil tank can provide the sufficient basis to the design and construction of the detection 
system. Copyright © 2013 IFSA. 
 
Keywords: Self-heating, Detection, Infrared Technique, Oil tank. 
 
 
 
1. Introduction 
 

Generally speaking, current production of crude 
oil contains both active sulfur and non-active sulfur, 
and reacting directly with metals are defined as active 
sulfur, as well contain elemental sulfur, hydrogen 
sulfide, low molecular weight thioalcohols and so on. 
Active sulfur can corrode iron material in many ways 
[1, 2]. Wet hydrogen sulfide at low temperature can 
react with corrosion products Fe2O3 to form ferrous 
sulfide. Ferrous sulfide was found to be self-ignited 
in 1826, i.e., pyrite mineral ore and coal with ferrous 
sulfide self-ignited easily [2]. Self-ignition has 
become one of the most serious safety problems in 
the oil tank. Self-ignition is combustion under natural 

conditions, which mainly develop through the 
process of spontaneous combustion and is frequently 
triggered by activity of depositing and taking the oil. 
Self-ignition is caused by the exothermic reaction 
becomes self-accelerating until combustion occurs. 
By the late twentieth century, as the amount of stored 
crude oil increased with the development of the 
petroleum industry, the corrosion tendency of 
petroleum processing, storage and transportation 
facilities became greater. Many accidental explosions 
and fires in oil tanks occurred around the world  
[2, 3]. 

Because of these problems, many researchers in 
different countries have devoted considerable effort 
investigating the mechanism, prediction, and 
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extinguishing of fires in oil tanks. People thought the 
accidents were the result of spontaneous ignition 
involving ferrous sulfide, which was a corrosion 
product of oil tanks. Considerable results have been 
achieved over the past years, in such areas as an 
understanding of the chemical thermo-dynamical and 
electrochemical mechanisms, Self-ignition potential 
tests, oxidation suppressants, ventilation, relevant 
measures, etc. A further simple and commonly used 
approach is to analyze temperature anomalies 
recorded at the near-surface of oil tank. However, 
little attention has been paid to the processes causing 
temperature anomalies at the surface, which plays a 
dominating role in the process of prevention of Self-
ignition. Temperature anomalies analyze is one of the 
most complex subjects in the detection of fire source. 

There are a variety of test methods currently in 
use for detection of open fires and spontaneous 
combustion (SC) based on temperature measurement 
methods [4-8]. As one of them, the infrared technique 
(IR technique) has many advantages over the 
thermocouple technique. First of all, the IR technique 
is a non-intrusive, i.e., no physical contact with the 
heat source is attained so there is no adverse effect on 
the temperatures and devices. In other words, the IR 
technique does not interfere with the flow of heat like 
thermocouples do. Second, the IR technique has a 
very fast response, making it a very useful 
instrumentation in temperature measurement. The 
disadvantage of the IR technique is that the exact 
surface emissivity should be known in order to make 
an accurate measurement. Knowing the exact surface 
emissivity is a function of surface temperature, 
surface roughness and possible phase transitions. 
Including some problems still exit about how to 
detect fire source. Considering the oil tank as a large 
volume containing a thermal source which maintains 
a constant temperature on one moment in time and 
covered by tank, some information about fire source 
will be given feedback to its surface when the oil 
tank with SC tendency emits infrared radiation. In 
this paper, the aim of this research is to present a new 
approach to detect SC of oil tank based on the IR 
scanning system. 

 
 

2. Mechanism of SC in Oil Tanks 
 
Some hydrogen sulfide of oil and trace one of 

vapor space will corrode tank that is long-term used. 
For the reason that, a layer of glial membrane, that is 
of a certain thickness, strong flexible, will be 
taken shape by ferrous sulfide generation and 
oligomers or grease come from inside of the tank, 
and attached to the tank wall. The mixture of ferrous 
sulfur colloid have been easily accumulated in the 
bottom of the tank, floating-disc, breathing-holes, 
tank walls and other parts of the tank with the 
internal floating roof moving up and down. 

According to the literature [2], the unreacted iron 
in inside layers is exposured to crude oil the 
anticorrosion layers applied in oil tanks deteriorated 

in certain small areas because of long time use and 
action of corrosion. With a thin film of water on the 
surface of iron, CO2 and H2S in oil tanks are 
dissolved in water film to make it acidic. When iron 
is oxidized to Fe2+ with the water film, it generates 
electrons which are transferred to the cathode; H2 is 
released as the result of bonding of H+ and the 
electron. Fe2+ in the water film reacts with OH－ , 
which is derived by hydrolysis, to form Fe(OH)2. The 
reaction formulae are as follows: 

 
Fe+2H2S→FeS+H2 , (1) 

 
2FeS+7/2O2→Fe2O3+SO2+370.02KJ, (2) 

 
 
2.1. SC Characteristics of Ferrous Sulfide 

 
The self-heating property of ferrous sulfide can 

reflect their propensity to spontaneous combustion 
directly. Therefore, 40~300 mesh (0.05~0.45 mm) 
ferrous sulfide were taken as experiment subjects to 
test by our laboratory bench modified, as shown in 
Fig. 1.  

 
 

Fig. 1. Schematic diagram of self-heating laboratory bench. 
1-Poisonous gas absorption bottle; 2-Stent; 3-sample of ferrous 
sulfide; 4-Slot model; 5-Automatic heating incubator; 6-Enclosing 
cover; 7-Temperature probe; 8-Humidifier; 9 -Flow meter;  
10-Buffering bottle; 11-Automatic temperature recorder;  
12-Oxygen cylinder. 
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Fig. 2. Self-heating curve of sample of ferrous sulfide 
(0.05~0.45 mm). 
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Fig. 2 shows the self-heating curve of ferrous 
sulfide which is range from 0.05 mm to 0.45 mm. 
From the curve trend, there is a typical exothermic 
reaction. When the temperature reach to about  
340 degrees Celsius, the maximum rate of 
temperature rising. The iron sulfur compounds reacts 
with oxygen in the air and an exothermic reaction 
occurs, even in ambient conditions. A problem arises 
when the rate of heat release produced by this process 
is more than is dissipated by heat transfer to the 
surroundings. The heat of reaction accumulates, the 
reaction becomes progressively faster, and thermal 
runaway take place to the point of ignition.  

 
 

3. Thermal Modeling of SC 
 
3.1. Assumed Process  

 
To analyze the influence of involved physical and 

chemical processes to resulting temperature 
anomalies along the surface of tank, thermal 
modeling of SC has been performed with partial 
differential equation of heat conduction [9]. For 
reasons of simplicity, the following assumptions are 
made: 
1) The tank surrounding fire source is 

homogeneous and isotropic. 
2) The area of fire source is small and the distance 

from the fire source to the tank surface is much 
longer than the size of the fire source, which can 
be considered as a point fire source. 

3) The heat convection inside tank is ignored. 
Fig. 3 presents the processes and heat transport 

mechanisms used here. It can be considered an 
internal heat source heat exchange with peripheral 
walls are divided into two processes, including the 
heat transfer between heat source and its surrounding 
walls and the heat convection between walls and 
atmosphere. Heat-exchange diagram as shown  
in Fig. 3. 

 
 

 
 

Fig. 3. Diagram of detection and energy flows  
in the area of fire source. 

 
 
3.2. Thermal Modeling 

 
The thermal resistance of the tank heat transfer 

conduction and surface heat convection are R1 and R2  
Among them [8]: 
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The total thermal resistance of heat transfer is 

equal to the sum of the tank thermal resistance of 
heat conductive and convective heat transfer surface 
of the tank. That is: 
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where d0 is the diameter of the heat source, m; di is 
the distance from heat source center to a certain point 
i in the surface of the tank, m; tfo is the ignition 
temperature, °C; tfi is the temperature of a certain 
point i in the tank surface, °C; tf1 is the tanks 
surrounding environment temperature, °C; λ is the 
tank material coefficient of heat conductivity, 
W/m·°C; a is the coefficient of air convection heat 
transfer, W/m2·℃; l is the length of heat source, m.  

According to Eqns. (3) and (5), capacity of heat 
transmission is: 
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According to Eqns. (5) and (6), the surface 

temperature distribution and storage tank temperature 
difference can be calculated:  
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(8) 

 
 

3.3. Temperature Difference Identification  
of Surface on Tank 

  
As the Eqn. (8) shows, the heat source heat 

transfer to the tank surface exist the difference in 
temperature, which lead to the tank surface 
temperature field change. Simulated oil tank field 
conditions, taking tf1 is 4.3 °C, around common wind 
speed v is approximately 3.1 m/s. According to 
empirical formula a=1.163+(10+6w-2) [10], 
Calculating the convective heat transfer coefficient is 
23.92. Thermal conductivity coefficient takes as 
0.036 W/m·℃ and diameter of fire takes as d0=0.2 

Infrared radiation 
thermometer 
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m. The list of parameters for calculation can be seen 
in Table 1.  

 
 

Table 1. The list of parameters for calculation. 
 

Parameters Values 
Tank surface temperature 
tf1 /°C 4.3 

Around common wind speed 
v/ (m/s) 3.1 

The convective heat transfer 
coefficient 23.92 

Thermal conductivity coefficient 
(W/m·°C) 0.036 

Diameter of fire source 
d0/m 0.2 

 
 
Fire source was taken as different depth distance 

to calculate the distribution of the tank surface 
temperature. As shown in Fig. 4, the higher 
temperature of the fire source is, the higher 
temperature away from its closest tank surface. With 
the probing depth increases, its surface temperature 
difference is less, which is according with practice, 
when the deeper of fire source location, the more 
hidden it is, which will increase the difficulty of 
detection.  
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Fig. 4. Temperature distribution on the surface of tank  
with the increasing of the detecting depth. 

 
 
From the temperature curve of different 

temperature fire source in Fig. 4, it can be found that 
the higher temperature of the fire source, the faster 
changer of temperature curve. When the probing 
depth increased, the existence possibility of detecting 
fire in theory, but which would increase the 
requirement of detection system. 

And there exists the difference in temperature 
from the center to the surrounding, on the surface of 
the tank which contains a spontaneous combustion 
fire. What’s more, both the theoretical derivation and 
the numerical simulation represent that, the tank 

which contains a spontaneous combustion fire will 
necessarily form a characteristic temperature 
distribution on the surface. As long as the chosen fire 
prospecting instrument will be able to survey the 
characteristic of temperature distribution on surface, 
the detection of the spontaneous combustion of tank 
fire will be possible. 

 
 

4. Detection Technology 
 

4.1. Principle of the Infrared Detection 
Technology 

 
Fire detection technology of infrared technique 

can scan tank surface temperature field distribution 
by infrared thermometer, and then obtain temperature 
field information of tank according to the anomalies 
of surface temperature distribution.  

The principle of the infrared detecting technique 
is that, when temperature of object is under absolute 
zero, it will make molecular vibration, radiates 
infrared electromagnetic waves automatically. It is 
well known that light has wave characteristics, and 
according to different wavelengths, they are ‘UV’, 
‘visible’ and ‘infrared light’ three categories. The 
wavelength ranges from 350-700 nm which can be 
seen is "visible light". Higher than the 700nm part is 
the ‘infrared’, less than 350 nm part is ‘Ultraviolet’, 
and the 700-1000 nm light wavelength is called 
‘near-infrared light’. The human eye can not observe 
infrared light, but the CCD camera can, as CCD's 
characteristics decide its perception of near-infrared 
light ability is better than the human eye, ‘color to 
black’ camera is the one that use CCD camera with 
near infrared light good perception, which can run 
24-hour all-weather surveillance by IR lighting, 
consequently leading to covert monitoring at night. 
But in reality there will be clear during the day time 
and blurred picture in the night. The radiation energy 
is as follows: 

 
4E Tεσ= , (9) 

 
where ε is the radiation coefficient, 0<ε<1, it is  
affected by chemical component, external status,  
and so on; σ is the Stefan-Boltzman constant,  
σ = 5.67×10-8W/(m2·k4） 

Object which radiating out heat will also absorb 
heat energy from surrounding objects. The different 
between energy radiating out and absorbing in is the 
net energy radiate out. According to Stefan-Boltzman 
Law, object’s radiation power will increase rapidly 
when temperature increase.  

From the simplified Mathematical model previous 
described, under the same temperature, the radiation 
energy of different objects are affected by radiation 
coefficient, and the radiation energy field is different. 
For the same object, the higher its temperature is, the 
stronger its radiation energy field is. The radiation 
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energy field has energy and direction, so when the oil 
tank radiates infrared waves, the related information 
of the spontaneous combustion in the tank can be fed 
back to surface on the form of field. 

 
 

4.2. Deciding the Detection Region 
 

Decide the detection region, lay the detection 
spots, the interval between two spots are commonly 
0.25-0.50 m according to the actual requirement. 
Schematic of laying the detection spots is shown in 
Fig. 5.  

 
 

4.3. Determining the Position of the 
Concealed Spontaneous Fire  
in the Oil Tank 

 
According to the mechanisms of SC in oil tanks, 

CO2 and H2S in oil tanks are dissolved in water film 
to make it acidic, when iron is oxidized to Fe2+ with 
the water film, it generates electrons which are 
transferred to the cathode; H2 is released as the result 
of bonding of H+ and the electron. Fe2+ in the water 
film reacts with OH－, which is derived by hydrolysis. 
All the reactive pathways are exothermic processes. 
So the anomalies of surface temperature distribution 
in tank can be acquired by infrared thermometer.  
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Fig. 5. Distribution of test spots on the surface on the tank. 
 
 

The purpose of infrared scanning in the tank 
surface is to confirm the position and height of 
spontaneous combustion of tank effectively 
according to the capacity of infrared radiation. In 
fact, the problem like estimation of heat source in 
heat conduction problem from temperature 
measurement is typical inverse heat conduction 
problem (IHCP). One main characteristic of heat 
conduction problem is that its mathematical definite 
solution sometimes is improperly-posed and very 
difficult to solve. The intensity of tank spontaneous 
combustion is closed to the depth of fire source and 
temperature difference on the oil tank surface, which 
is the next step of work. 

5. Detection System Design 
 
To be considered the actual situation of field and 

complex features of hot source position, the detection 
system was designed to follow the principles of real-
time imaging and carrying easily. The framework of 
the overall structure was shown in Fig. 6. Computer 
processing system is mainly responsible for showing 
infrared images, pseudo-colour conversion, image 
storage and analysis functions with real-time. After 
collecting the IR imaging signal, then we can 
transmit the IR imaging signal to the computer, and 
use the powerful data processing of portable 
computer to take on a variety of online image 
processing and improving image quality. And we can 
store the image at any time, for the purpose of 
facilitating offline treatment. 

 
 

6. Conclusions 
 
Surface temperature of oil tank is an important 

parameter in judging its oxidation and self-heating 
velocity and the temperature can be further used to 
forecast the its self-ignition. So temperature 
measurements remain an attractive approach to 
investigate self-ignition of oil tank and detect its fire 
source position using advanced equipments.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 6. Structural frame of detection system for fire source. 
 
 
Fire detection of infrared technique can scan oil 

tank surface temperature field distribution by infrared 
thermometer, and then obtain its temperature field 
information according to the anomalies of surface 
temperature distribution, so as to identify whether 
there is a fire in oil tank. Therefore, the infrared 
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thermometer can be used to measure the surface 
temperature on the tank, and the further judgment can 
be attained according to the calculation of IHCP. 
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Abstract: Rotary kiln is one of the most commonly used thermal technology equipment in metallurgical 
industry, its thermal stability is directly related to burn into the quality of the material, the gas temperature of 
inside the kiln is important influence factors of thermal system. So research the airflow temperature distribution 
inside the kiln, it’s very vital significance to understand the status of the rotary kiln in the heated, and real-time 
control the calcination condition of the materiel in rotary kiln. First, this paper used Fluent Software to make a 
comparative analysis of several different burners, founded that the flame temperature and shape of distribution 
was more reasonable when take gas as fuel with cylindrical burner, then built a finite element model of the 
rotary kiln. Finally, using the Fluent Software to simulate the flame temperature of rotary kiln cylindrical burner 
and heat flow generated by it under the condition that with different inlet velocity of fuel and air, when take gas 
and methane as fuel, We found that the velocity of fuel inlet is greater and the temperature of flame is higher in 
the condition of fully burn but we cannot get the desired flame form which means abnormal combustion when 
the velocity of fuel inlet more than 160 m/s or less than 40 m/s in the simulation experiment, the velocity of air 
inlet is greater and the temperature of flame is lower, but the air inlet velocity is too large or too small can’t get 
ideal flame form. At the same combustion condition, the flame temperature of methane combustion is relatively 
slightly higher, and the flame shape is more slender, but the high temperature flow generated by the two kinds of 
fuel is not very different. So we can substitute the methane for gas as fuel in the combustion condition is not 
very strict requirements. According to the combustion simulation for working conditions of the rotary kiln , 
realized the analysis for rotary kiln flame and the heat flow which was generated by it ,that's indicate this 
simulation method was feasibility and accuracy. Copyright © 2013 IFSA. 
 
Keywords: Flame, Combustion, Rotary kiln, Temperature field, Numerical simulation, Simulation. 
 
 
1. Introduction 

 
It is widely use boiler with the continuous 

development of metallurgical industry, the boiler 
calcination has been become an indispensable 
process in beneficiation industry, the technology of 
boiler calcination is mature. The most widely using in 

the equipment of boiler calcination is rotary kiln, due 
to the development of metallurgy technology, the 
equipment of metallurgy renewal very quick, the 
structure of rotary kiln is only by continuously 
improved to adapt to the demand of new technology, 
the working condition of rotary kiln is worse, it is 
work in high temperature for a long time. It is very 
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necessary to analysis the temperature field and stress 
field with different structures and working 
conditions, which in order to make the rotary kiln 
have the ability to adapt to the harsh conditions, have 
work state more stable, higher production efficiency 
and have a longer service life. 

Temperature control is very important in rotary 
kiln working, it is usually adjusted the rotary kiln 
burner to control the temperature, most of the burner 
is inserted from the rotary kiln head, the material is 
heated to the required temperature through the flame 
radiation and the high temperature flow is generated 
by it. The common burner consists of coal burner, gas 
burner and fuel injection, according to the different 
fuel to make corresponding selection [1]. 

Qiu Xiatao etc. [2] assumes that the materials 
calcination and the rotary kiln wall are gray body, 
divided into several small regions along the axial 
direction, the material temperature distribution more 
uniform inside each area, and think that between 
rotary kiln wall covered and the material without heat 
transfer. And then build the one dimensional 
mathematical model of rotary kiln heat transfer with 
the method of the radiation coefficient, the method is 
not only a small amount of calculation, and is 
relatively simple, it is a kind of effective method and 
practical strong in the process of build heat transfer 
mathematical model, it also can be used as the 
theoretical basis in optimization control of rotary kiln 
and the thermal simulation. 

Ma Aichun etc. [3] make alumina materials 
calcination rotary kiln as the research object, have the 
internal heat transfer paths of rotary kiln for more in-
depth analysis and research, and comprehensive 
considerate the heat conduction, convection and 
radiation heat transfer of the high temperature flue 
gas, rotary kiln wall and material bed, established the 
one-dimensional heat transfer model of alumina 
material calcination of rotary kiln in this base. The 
Runge Kutta method is adopted to the calculate the 
one dimensional heat transfer model, it is concluded 
that the temperature data on any cross section of high 
temperature airflow and materials, research the heat 
transfer law of relative movement for the sealing of 
high temperature gas and low temperature material 
inside the kiln. It can be used for the temperature 
prediction and parameter optimization of the sealed 
section of the internal rotary kiln gas and material 
with this one-dimensional model, in the case of lack 
of experimental conditions is very effective. 

Zhang Zhixiao etc. [4] also analyzes heat transfer 
process of rotary kiln, on the basis of summarizing 
the predecessors' research, focuses on the heat 
transfer mechanism between the material bed and 
cover rotary kiln wall and effects on various heat 
transfer coefficient of rotary kiln body movement. At 
present, the study of material and contact rotary kiln 
wall mainly in two aspects of the packed bed and 
transmit bed, among them with packed bed as the 
research object to create the most representative of 
the heat transfer Model is thermal Penetration Model 
(Schlunder Penetration Model), and the Model of 

heat transfer between material within the theoretical 
foundation and rotary kiln and cover rotary kiln wall 
heat transfer form is the same, so this Model can also 
be extended to the whole Model of rotary kiln heat 
transfer area. Schlunder thermal penetration model 
makes a very big improvement for Zhang Zhixiao 
and others theory in material and heat transfer 
mechanism of rotary kiln wall, their biggest 
achievement is presented for heat transfer 
mathematical relationship for material and covering 
rotary kiln wall, and on this basis to establish the 
internal heating mathematical model of heat transfer 
process of rotary kiln, compared with the published 
test data, has good alignment, and verify the accuracy 
and applicability of Schlunder thermal penetration 
model. This model is proposed to establish the 
mathematical relationship of internal heat transfer 
mechanism of rotary kiln and the heat transfer 
coefficient provide theory basis for the design of the 
internal heating type rotary kiln, and has a certain 
practical value. 

Patisson F et al. [5] for the coal decomposition 
kiln as the research object, in the transfer process of 
rotary kiln internal material, gas phase material 
within the volatile combustion kinetics of thermal 
decomposition and high temperature flue gas, kiln 
wall and material bed between the heat conduction, 
convection and radiation heat transfer, material 
particles in the flow field and calcination, 
decomposition and cooling bed in dynamic process 
have done a lot of research on the basis of analysis 
and description for whole coal decomposition of 
rotary kiln heat transfer model is established. They 
adopt the method of numerical simulation to predict 
the internal temperature distribution of rotary kiln in 
any position of axial and the content of various gas 
components and materials. In order to verify the 
applicability and effectiveness of the model, they 
measured the related data in actual industrial 
production and compared the measured temperature 
distribution inside the kiln and gases, material 
composition data with the experimental data, the 
result is consistent, indicated the applicability and 
effectiveness of the model. Then, they used the 
model to analysis of the influence of relevant 
operating parameters of rotary kiln in product 
process, and put forward improvement measures for 
the coal decomposition. 

Martins M A, et al [6] has done some research on 
the internal heat transfer process of the rotary kiln, he 
analyzed the dynamic characteristics and flow 
characteristics of the materiel phase and gas phase 
transfer process, and their effect on the influence of 
internal heat transfer process of rotary kiln. With in 
the process of rotary kiln calcination material within 
the physical and chemical reaction process is also 
considered, and the semi-empirical formula is used to 
describe the high temperature flue gas, rotary kiln 
lining and material bed between the process of heat 
conduction, convection and radiation. On this basis, 
establish one-dimensional heat transfer mathematical 
model of a rotary kiln calcination process. At the 
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same time by using numerical simulation method, 
within the rotary kiln on the material phase and gas 
phase and the axial temperature distribution of rotary 
kiln wall and rotary kiln in exhaust flue gas 
composition and its percentage is forecasted, the 
results of the predicted results with the actual 
industrial production measured are in good 
agreement. Industrial production process, the internal 
of the physical and chemical reaction is bound to 
have impact on heat transfer when the rotary kiln is 
running, the reaction process itself can not only 
accompanied by exothermic and endothermic but 
also makes phenomena of phase transfer in different 
interphase, so it is necessary to considerate the mass 
transfer process and its influence of incidental 
reaction the in analysis of the internal heat transfer 
process of rotary kiln. The model fully considered the 
influence on heat transfer for the mass transfer 
process, so that the model has a certain practical 
value, but also for future generations of research 
provides a new basis. 

Boateng A. A. and Barr P. V. [7-9] internal heat 
transfer process of rotary kiln also done A lot of 
influential works, they mainly is the study of material 
calcination internal material particle movement rule, 
the main achievement is rotary kiln internal of quasi 
three dimensional heat transfer model is established. 
First using one dimensional axial heat transfer model 
to describe the heat transfer process between different 
areas, and then on this basis, the internal particle 
movement and heat transfer is studied for the 
material, and then established the kiln body on the 
cross section of two-dimensional heat transfer model 
of the material. Considering the rotary kiln on the one 
dimensional heat transfer model and the axial cross 
section material after two-dimensional heat transfer 
model, build the quasi three dimensional heat transfer 
mathematical model of rotary kiln, the model can't 
intuitive reflect material bed temperature distribution 
in three-dimensional space, called a quasi three 
dimensional heat transfer model. Although the model 
ignores the influence of the chemical reaction in the 
kiln, but obviously improve the modeling of the 
rotary kiln, can more accurately predict the two-
dimensional temperature field distribution of rotary 
kiln wall of axial at any position and inside of 
material bed. Although their research has some 
limitations, but also for rotary kiln internal three-
dimensional heat transfer model provides an effective 
way of thinking, work laid the foundation for follow-
up study. Expected the two-dimensional temperature 
field distribution inside the bed at any position and. 
Although their research has some limitations, but also 
for rotary kiln internal three-dimensional heat 
transfer model provides an effective way of thinking, 
work laid the foundation for follow-up study. 

R. T. Bui et al. [10] on the basis of previous 
studies to establish the three-dimensional model of 
petrol coke rotary kiln, the gas phase has been added 
to the 3-D model, makes the model more robust. The 
model includes several complicated physical 
phenomena: the relative motion of the gas and 

material, heat transfer among materials, combustion, 
the heating effect of the rotary kiln wall and 
movement of material particle. Due to model factor is 
more, the model is more complex, the model adopts 
the form of tree branches, composed of several 
related child model coupling. Firstly, the gas, 
material bed, rotary kiln wall and radiation heat 
transfer model are established. And the four models 
contains a molecular model, the gas model includes 
three molecules of flow movement, fuel combustion 
and energy model, in which energy molecular model 
includes both heat conduction and thermal 
convection; Material flow bed model includes two 
molecules of flow and energy model, The enthalpy 
for reference to establish the molecular energy 
model, according to the gas composition transfer 
equation to analyze the combustion sub model. They 
using PHOENICS Software to solve the model, with 
cylindrical coordinates as coordinate system, the flow 
model is established, the model is a continuous 
equation, momentum equation and k ε−  dual 
equations of complex turbulence model; Using The 
Monte Carlo algorithm in PHOENICS Software to 
solve the radiation sub model. In the analysis of 
material bed model, think that the flue gas as the 
Newton fluid, and the viscosity is little of movement 
layer of surface material, viscosity is more of 
material at the bottom, on the basis of this hypothesis 
to solve. Based on the energy balance method, it is 
set certain boundary conditions to solve the kiln wall 
model. 

In recent years, obtained the rapid development of 
computer technology, support the development of 
computer technology related hardware problem has 
been overcome, makes the numerical simulation 
Software was used on the computer, for the precise 
calculation of rotary kiln heat transfer model and its 
simulation provides an efficient way. 

Marias F et al. [11-12] using the auxiliary of 
computer Software, the model of heat transfer in 
rotary kiln, the material movement model and the 
coupling calculation of chemical reaction model and 
so on aspects to do a lot of attempts, we have 
accumulated a wealth of practical experience. He 
made several assumptions: (1) assume that the inside 
of the rotary kiln thermal conductivity to a certain 
value; (2) there is no heat accumulation rotary kiln 
wall; (3) the material of the motion state of roll 
shape; (4) the space between the material rate for a 
certain value. On the premise of the above several 
assumptions and established a heat transfer model of 
rotary kiln by external heating the model including 
rotary kiln, the material bed and gas phase model of 
the three points. Rotary kiln model is mainly used to 
describe rotary kiln wall , gas phase and material bed 
between the heat conduction, convection and 
radiation; Material bed model is mainly used to 
analyze material movement process, material and 
material of the heat transfer process between particles 
in the decomposition process of organic compounds; 
Gas phase, and the high temperature flue gas flow 
process is complicated and containing gas radiation, 
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turbulent flow generated by the integrated process 
and combustion phenomena, Marias F using a series 
of mathematics to describe the complex flow process. 
Finally we use the Fluent and Matlab Software to 
solve the comprehensive model. Their results are 
introduced in detail in the analysis in the process of 
calculation steps, methods and method and procedure 
to realize the data exchange between the related 
Software. Through the modeling analysis and 
iteration, to predict the three dimensional temperature 
field in the rotary kiln, the distribution of gas phase in 
the composition of the three dimensional 
concentration field, the model calculated data 
compared with data obtained from Pechiney research 
structure experiment found that has good alignment, 
the accuracy of the model was verified. 

This study that simulates the flame temperature 
field was analyzed by the Software of fluent, using 
gambit Software to divide the finite element mesh, 
then into the fluent module of ANSYS in Workbench 
to make combustion simulation. 

Selected the k ε−  turbulence model in the 
analysis process, it was to analysis with chemical 
component transmission module after activated the 
energy equation. It was to start calculate after defined 
the material of fluid and boundary conditions, set the 
relaxation factor and the number of iteration, the 
calculated combustion flame temperature nephogram 
as shown in Fig. 1,the temperature, the approximate 
shape and high temperature flow distribution of the 
flame can be seen directly from the temperature 
nephogram. The advantage of taking this simulation 
method is that we can see the temperature nephogram 
everywhere of flame, so it is more persuasive to use 
this way for simulation. 

 
 

 
 

Fig. 1. Uses FLUENT Software to simulate the flame 
temperature images. 

 
 
2. Analysis the Characteristics of Flame 

which was Produced by Different 
Flame Burner 
 
There are many burner styles being used in 

industrial, in general can be divided into two 
categories that is direct and swirl, exit flow of the DC 
burner is direct jet , and the exit flow of swirl burner 
is rotating jet. The effect of swirl burner is better than 
DC burner combustion, but the structure is more 

complex and manufacturing cost is higher, so usually 
considering the needs and economic conditions to 
select the appropriate burner. 

Rotary kiln burner commonly used the coal and 
gas mixing combustion burner in the actual 
production. Its characteristics: convenient adjust, 
flexible operate, ejection velocity of each channel can 
be adjusted according to the demand in operation, it 
can obtain any degree flame in different need 
conditions and the calcination temperature is easy to 
control. Gas combustion system consists of a burner, 
control valve, adjusted the rate of flow when the gas 
through the pipeline to the control valve, then input 
the rotary kiln burner and mix with the first and 
second combustion-supporting air to burn. The 
system is flexible for the gas flow adjustment, the 
entire system consists of a hollow sleeve and a spiral 
deflector body, gas and combustion air in the burner 
channel formed dc or swirl to mix evenly, the 
combustion effect is ideal, at the same time through 
controlling the speed of the burner inlet air so that the 
flame shape can independently regulate. 

Currently the structures of rotary kiln burner are 
the following: 

1) Simple premixed burner;  
2) Cylindrical burner; 
3) Three channel burner; 
4) Four channel burner. 
The coal, gas mixed burner that is multi-channel 

burner structure. Take the same size and speed of fuel 
inlet, the flame temperature and the shape which was 
produced by four kinds of burner structure as shown 
in Fig. 2, Fig. 3, Fig. 4 and Fig. 5 respectively. 

 
 

 
 

Fig. 2. The flame temperature images  
of simple premixed burner. 

 
 

 
 

Fig. 3. The flame temperature image  
of the cylindrical burner. 
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Fig. 4. The three channel burner flame temperature images. 

 
 

Fig. 5. The four channel burner flame images. 
 

 
It can be seen from Fig. 2, the maximum 

temperature of flame which was produced by the 
simple premixed burner was up to 2730 K, but the 
flame shape was scattered and there was the 
phenomenon of flame reflux. It is difficult to control 
the flame temperature with simple premixed burner 
and the flame shape is not easy to adjust. 

As can be seen from Fig. 3 ,the cylinder 
combustion flame temperature was about 2150 K 
under the same condition of fuel imports , the flame 
shape was relatively stable, high temperature airflow 
that was produced by burner was more evenly 
distributed in the burner radial cross section and the 
temperature distribution was reasonable. 

As we can know from Fig. 4, the flame which was 
produced by the three channel burner has a hollow 
phenomenon, and the flame was shorter, airflow 
temperature was relatively low, but the flame shape 
was relatively stable. 

It can be seen from Fig. 5 the flame which was 
produced by four channel burner was filled cavity 
under the same fuel imports condition, the flame is 
not easy to control, each channel must be reasonable 
to set the fuel import conditions to get the desired 
shape of flame. So it is usually used in the pulverized 
coal combustion, which gas as fuel should not be 
used. 

Through the analysis of flame shape generated by 
the several burner structures above all, we know that 
it is more appropriate to select the cylindrical burner 
structure when the gas as fuel. 
 
 
3. The two-dimensional Model of Rotary 

Kiln Burner 
 

The study object of this paper is the heat rotary 
kiln burner of a mine which size is Φ 3M × 60m. It is 
adopts a cylindrical burner with inner diameter of Φ 
0.5 m, the external size and the boundary conditions 
of fuel inlet are schematically shown in Fig. 6, the 
center of the burner is a nozzle with a diameter of 
0.012 m. In the process of work, inject the furnace 
gas to the nozzle with a certain speed into the, the air 
into the burner with a relatively low speed from the 
periphery of the nozzle, after the internal mixing to 
burn. 

 
Fig. 6. The external size and the boundary conditions 

of fuel inlet. 
 
 

The fuel of the rotary kiln is the gas of generator 
furnace. The combustion of gas fuel is actually the 
process of fuel and oxygen occur strong chemical 
reaction. In essence, the combustion process consists 
of three stages, namely: the mixture of gas and air; 
the mix gas heat and ignition; complete chemical 
reaction and then start normal combustion. 

This study makes use of the module of 
composition transfer and gas combustion in Fluent 
Software to simulate the process of combustion [15]. 
According to the three stages of the combustion 
above, establish the two-dimensional model of rotary 
kiln burner with the Gambit Software [18] such as 
shown in Fig. 7. 

 
 

 
 

Fig. 7. Two-dimensional model of internal space  
for burner. 

 
 

The combustion is not only occurred in the inner 
burner, it will be further burn in the rotary kiln when 
fuel burn is not sufficient, therefore, it is not enough 
to reflect the true of the combustion phenomenon, 
which establish the model of single burner, the 
combustion flame may exist in the region should be 
away from the end of the flame burner within 20 m. 
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In the premise of not affecting the result of computer, 
in order to reduce the burden of computer, combine 
the burner with the rotary kiln model of segment 
(front 20 m) to analysis the flame temperature field, 
the established model as shown in Fig. 8. 

 
 

 
 

Fig. 8. Two-dimensional model of the combine  
for burner and rotary kiln. 

 
 

The temperature is relatively high which close to 
the end of burner when the rotary kiln is burning, and 
the temperature gradient changes greatly, so take the 
reasonable mesh density, which not only can show 
the temperature field of the flame, also want to 
minimize the number of mesh, and improve 
calculation efficiency. It is to achieve this goal by the 
function of mesh in Gambit Software, first meshing 
of the gas inlet/outlet, outer wall of burner and each 
boundary, then dividing surface mesh for the entire 
computational domain. In order to see the mesh 
density distribution of the computational domain, 
Fig. 9 shows only a portion of the combustion 
computational domain. 

 
 

 
 

Fig. 9. The finite element mesh of the combustion 
calculation domain. 

 
 
4. The flame field analysis with different 

type of fuel and velocity of gas inlet. 
 

In order to analyze the effects of flame field with 
the different type of fuel and velocity of gas inlet, for 
combustion analysis with different kinds of inlet 
velocity of fuel and air when the coal gas as fuel and 
ensure the fuel gas can be fully burned; then take the 
methane as fuel for the combustion simulation, 
compared the flame field that produced by two 
different kind of fuel, and analysis of their 
characteristics. 

Take the coal gas as fuel, only changing the 
velocity of fuel inlet for analysis and other conditions 
remain .Take the two-dimensional finite element 
model into the fluent, the gas inlet velocity was set 
100m/s, 80 m/s and 60m/s to simulate the calculation 

[13]. Obtained the flame temperature contours 
respectively as shown in Fig. 10, Fig. 11 and Fig. 12. 

 
 

Fig. 10. Flame images of coal gas in inlet velocity  
of 100 m/s. 

 
 

 
 

Fig. 11. Flame images of coal gas in inlet velocity  
of 80 m/s. 

 
 

 
 

Fig. 12. Flame images of coal gas in inlet velocity  
of 60 m/s. 

 
 

In order to make the result of analysis is more 
convincing, in the premise of the normal combustion, 
selected more of fuel inlet velocity to simulate, then 
reading the obtained data into the Matlab Software to 
process [14], the curve of relationship of fuel inlet 
velocity and flame temperature as shown in Fig. 13. 

As can be seen from Fig. 10 combustion flame 
temperature is up to 2160 K, the flame shape is more 
slender and relatively stable; As can be seen from 
Fig. 10 combustion flame temperature is up to  
2160 K, the flame shape is more slender and 
relatively stable; As can be seen from Fig. 10 
combustion flame temperature is up to 1860 K, the 
flame shape is more slender and relatively stable; As 
can be seen from Fig. 12 maximum flame 
temperature is 1510 K, the flame shape is short and 
the flame deviation from center. Comparative the 
result of analysis that we can say the velocity of gas 
inlet is larger, the shape of flame is more stable, and 
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is not easy to deviate. We can see from the Fig. 13 
that the velocity of fuel inlet is greater and the 
temperature of flame is higher in the condition of 
fully burn [16]. It is also found that we cannot get the 
desired flame form which means abnormal 
combustion when the velocity of fuel inlet more than 
160 m/s or less than 40 m/s in the simulation 
experiment. 
 
 

 
 

Fig. 13. The curve of relationship of fuel inlet velocity 
and flame temperature. 

 
 
The gas inlet velocity 100 m/s unchanged, only to 

change the air inlet velocity with respectively set  
16 m/s, 18 m/s, 20 m/s to simulation analysis [17], 
the flame temperature images of three speeds are 
shown in Fig. 14, Fig. 15 and Fig. 16. 

In the premise of the normal combustion, selected 
more of fuel inlet velocity to simulate, then reading 
the obtained data into the Matlab Software to process, 
the curve of relationship of gas inlet velocity and 
flame temperature as shown in Fig. 17. 

 
 

 
 

Fig. 14. Flame images in air inlet velocity of 16 m/s. 
 
 

 
 

Fig. 15. Flame images in air inlet velocity of 18 m/s. 

 
 

Fig. 16. Flame images in air inlet velocity of 20 m/s. 
 
 

 
 

Fig. 17. The curve of relationship of gas inlet velocity 
and flame temperature. 

 
 

As can be seen from Fig. 14, the maximum flame 
temperature is 2080 K, the flame shape is slender and 
slightly distorted; as can be seen from Fig. 15, the 
maximum flame temperature is 1910 K, the flame 
shape is slender; as can be seen from Fig. 16, the 
maximum flame temperature is 1750 K, and flame 
shape is shorter. Comparative Figs. 14 to 16, we can 
found that the flame length gradually shortened with 
the air inlet velocity increases when the fuel inlet 
velocity is constant, in the premise of the normal 
combustion. As you can see from Fig. 17, the 
velocity of air inlet is greater and the temperature of 
flame is lower, but the air inlet velocity is too large or 
too small can’t get ideal flame form. 

Using methane as a fuel, the velocity of methane 
inlet has been set 100 m/s to simulate for guarantee 
the energy consumption does not change, obtained 
the flame images as shown in Fig. 18 when the air 
inlet velocity of 20 m/s As can be seen from the 
figure, the maximum flame temperature is 1870 K, 
the flame shape is shorter, and there is a greater 
distortion.  

Comparing Fig. 16 and Fig. 18, we can see the 
difference with coal gas and methane as fuel for 
combustion. The flame temperature of methane 
combustion is relatively slightly higher, and the 
flame shape is more slender, but the high temperature 
flow generated by the two kinds of fuel is not very 
different. So we can substitute the methane for gas as 
fuel in the combustion condition is not very strict 
requirements. 
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Fig. 18. The flame cloud of air inlet velocity is 20 m/s 

when methane as fuel. 
 
 
5. Conclusions 
 

Through simulate the inlet velocity of different 
fuel and different air of the rotary kiln cylindrical 
burner, it is found that the gas inlet velocity is greater 
the temperature is higher, and the velocity of air inlet 
is greater and the temperature of flame is lower, it 
indicate that reasonable selection of fuel inlet 
velocity and the inlet velocity is very important 
influence on the flame temperature and the heat flow 
in the combustion condition; in not strict 
requirements, we can use the gas instead of coal gas 
as fuel. At the same time, make a theoretical 
guidance for the actual production. 
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Abstract: This paper establishes the CAD/CAE model of high aluminum brick furnace cover and a precast 
furnace cover (casting three block, eight block, twelve block) based on a 30t electric furnace roof real model of 
a steel factory and simulates the temperature and stress field of the firebrick roof and prefabricate block roof 
with ANSYS. The calculation results have indicated that the contact stress between furnace cover and precast 
block will affect the performance of the furnace cover and the furnace cover which is assembled by three pieces 
of casting precast block obtains lower stress levels has a longer service life, providing a quantitative reference 
for selection of casting scheme. Copyright © 2013 IFSA. 
 
Keywords: Electric Furnace Roof, Temperature field, Stress field, Finite element method. 
 
 
 
1. Introduction 

 
Arc furnace, as a major method of large-scale 

steel-making, makes use of high temperature melting 
ore and metal that was produced by electrode arc, the 
advantage of its rich raw material source, power 
supply and the lower price. It is a strategic 
significance for our steel industry to get rid of bad 
situation and make our country from steel large 
produced into steel strong. 

The length of life and thermal insulation 
performance [3] of the electric furnace cover, an 
important part of electric arc furnace lining, has a 
very close relationship with technical and economic 
indexes of steel production quality and consumption. 
Domestic and foreign scholars have taken many 
measures for the furnace cover to reduce the 
production cost, enhance the thermal stability, such 
as improving the furnace cover material, improving 
the content of alumina brick, increasing the camber 
of furnace roof and height of the furnace lid center to 
the weld pool surface, improvement of operation, 

using water-cooled brick furnace cover. These 
measures have achieved some results, still failed to 
solve those problems of refractory brick furnace 
cover that difficult installation, short service life, the 
heat loss of water-cooled furnace cover and can not 
meet the needs of development that electric arc 
furnace turns into large capacity ultra high power. 
Therefore, it is the main factor of restricting steel 
benefit that the installation period, thermal insulation 
performance and the service life, which it has a 
crucial impact on productivity and economic benefits 
of the iron and steel enterprise. Therefore, how to 
shorten the furnace cover the installation period and 
improve its service life has become an important 
measure to reduce the production cost and enhance 
the competitiveness of electric arc furnace 
steelmaking technology.  

This paper establishes the CAD/CAE model of 
high aluminum brick furnace cover and a precast 
furnace cover (casting three block, eight block, 
twelve block) based on a 30 t electric furnace roof 
real model of a steel factory and simulates the 
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temperature and stress field of the firebrick roof and 
prefabricate block roof [1-2] with ANSYS. 

 
 

2. Model of the Electric Furnace Roof 
 

High alumina brick furnace cover is formed by 
moulded high aluminum brick, and precast block 
electric furnace cover is made of fireproof material 
casting precast block in accordance with the principle 
of assemble building blocks together. Although the 
manufacturing process is different, the shape and size 
is same, so during the CAD modeling process, the 
CAD models [8] of all the furnace cover are 
established based on a real geometry of a certain 
steel 30t electric cover (the 3D effect graph as shown 
in Fig. 1).  

 
 

 
 

Fig. 1. The entity of electric furnace cover. 
 
 
Taking the thermal cover transfer into account 

between center cover and furnace cover, all models 
were established the complete model which includes 
center cover and furnace cover. Its main dimensions: 
The charging hole diameter is 150 mm, the electrode 
hole diameter is 250 mm, the circle diameter of 
electrode hole center is 900 mm, the upside surface 
of center cover diameter is 1730 mm and the 
downside surface diameter is 1606 mm, the turning 
diameter of the outer surface of furnace cover is 3218 
mm and the inner surface diameter is 3000 mm. Due 
to the influence of the furnace cover geometry, it is 
difficult to cast the whole furnace cover, at the same 
time, according to the demand of the project, this 
paper sets up only block furnace high aluminum 
brick furnace cover and precast furnace cover (three, 
eight and twelve) of three kinds of casting solutions. 

Established CAD models of kinds of furnace 
cover are shown in Fig. 2 - Fig. 5. 

Applying ANSYS to thermal analysis, first a 
geometric model is established, then the finite 
element model is built. The CAD model is created, 
then CAE model is created including the parameter 
definition of electric furnace cover material and 
choice of analysis unit type and mesh control. 

 
 

Fig. 2. The CAD model of the whole high aluminum brick 
furnace cover. 

 
 

 
 

Fig. 3. CAD model of precast block furnace cover  
(casting three). 

 
 

 
 

Fig. 4. CAD model of precast block furnace cover  
(casting eight). 

 
 

 
 

Fig. 5. CAD model of precast block furnace cover  
(casting twelve). 
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3. Temperature Field of the Electrical 
Furnace Roof  
 
After setting the loads and boundary conditions, 

the macro document LG.mac is run, the calculated 
results of each models are obtained to show the 
temperature variation of the furnace roof on section 
of the charging hole, slice the firebrick roof and 
prefabricate roof along the center symmetry plane by 
the ANASY work plane. The temperature  
equivalent [6] slices contours are in Fig. 6-Fig. 9. 
The origin point of the last work plane of the CAD 
model is on the axis of the charging hole, the Z axis 
is the height direction of the charging hole, so 
rotating the YZ plane by 90 degrees; meanwhile 
since the charging holes are set uniformly on the 
center roof circle, on furnace roof with different 
number of prefabricate bricks, the relative positions 
of electrode holes and charging holes are different on 
roof with different number of prefabricate bricks. 
The section of three electrode holes and charging 
holes can not be shown at the same time. So there is 
only 1 or 2 of the electrode holes that can be shown. 

The Fig. 6-Fig. 9 indicate that, in last melting 
stage, the center roof temperature of the firebrick 
roof ranges from 535.689 oC - 670.612 oC, but the 
temperature of other zone is 805.536 oC – 1210 oC. 
The temperature of center zone of the roof composed 
with three prefabricate bricks ranges from  
480.874 oC - 621.888 oC, the temperature of most part 
of the roof is 621.888 oC - 1186 oC. 

 
 

 
 

Fig. 6. Isograms slice image  
of firebrick roof temperature. 

 
 

 
 

Fig. 7. Isograms slice image  
of prefabricate block roof (3 blocks). 

 
 

Fig. 8. Isograms slice image  
of prefabricate block roof (8 blocks). 

 
 

 
 

Fig. 9. Isograms slice image of prefabricate block roof. 
 
 

The temperature of center zone of the roof 
composed with eight prefabricate bricks ranges from  
488.592 oC - 628.748 oC. The temperature of most 
part of this roof is 628.748 oC - 1189 oC. The center 
zone temperature of the roof composed  
with twelve prefabricate bricks ranges from  
479.145 oC - 620.351 oC, the temperature of the most 
part of this roof is 620.351 oC - 1185 oC. All of the 
temperatures along the roof thickness gradually 
decrease and their maximum values are 1750 oC, at 
the bottom of these roofs. This paper equalizes the 
thermal radiation absorbed by roof to temperature 
degrees of freedom, so the maximum temperature 
distributions are at the same area of each roof. This 
area is closest to molten steel of the high temperature 
zone and electric arc, squaring to the fact. And there 
are differences between the overall structures of the 
firebrick roof and the prefabricate block roof due to 
the different manufacturing technology, there is no 
interface in the firebrick roof, but the prefabricate 
block roof has interface as its components with 
several blocks. So the heat transfer rates of each roof 
at diameter direction and in thickness direction are 
different, so the temperatures are different. 
 
 
4. Stress Field Analysis of Electric 

Furnace Cover 
 

Only when the material’s temperature changes, 
due to the external constraints and mutual constraints 
of each part internal, so that not being completely 
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free expansion and contraction will lead to the 
generation of heat stress. The furnace cover bears a 
very strong thermal shock in the last stage of melting, 
so it will lead to thermal stress. In this chapter, 
temperature field of a furnace cover is as an initial 
condition ,at the same time carries out a boundary 
treatment of structure analysis on the furnace cover 
in need, making numerical simulation for the stress 
level and distribution.  

Adopting the sequential coupling method [7] 
when stress field of the furnace cover is calculated, 
which calculates the temperature field of model at 
first, then regards the result of temperature field as 
body load to calculate stress field of it. This paper 
focuses on precast block of furnace cover whether it 
can withstand temperature shock and not to burst 
damage. So when in processing of the stress analysis, 
just the node temperature into the model as the body 
load is set. Considering the placement situation when 
assembling the furnace cover and the furnace body, 
and the locate function of bevel on furnace cover 
bottom with the cooling water pipe, the boundary 
condition and the load of stress analysis were treated 
as follows: 
1) The last brick needs external force to push in when 
building the furnace cover with refractory brick; 
2) Considering a furnace cover deadweight, 
acceleration of gravity is applied for all models in  
Z direction (MPA units in 9800); 
3) All nodes that lie in bevel of the bottom of furnace 
cover were constrained under Descartes coordinates 
system, ignoring the function of drive, lifting, 
rotating on the furnace cover; 
4) Regarding the node temperature value of thermal 
analysis as the body load of structural analysis. 

Due to size and shape, furnace cover will be 
changed with thermal shock, it should be according 
to the fourth strength theory to determine the stress 
level. The equivalent stress of ANSYS (Von Mises 
Stress) is calculated according to the fourth strength 
theory. So, after obtaining the calculate destination 
file, the equivalent stress pattern of furnace covers 
model is drawn in ANSYS universal post processor 
to show that the variation of stress level in direction 
(thickness) of charging hole cross section. Using 
ANSYS slice functions split each model along the 
center symmetry plane of feeding hole, the 
equivalent stress [5] slicing image of each  
furnace cover model is obtained, as shown  
in Fig. 10 - Fig. 13. 

The statistics about maximum, minimum and the 
average stress and contact stress level of each furnace 
cover model are shown in Table 1, MPA system of 
units, unit of stress is MPa. 

The Fig. 10 – Fig. 13 show that it is different 
equivalent stress level in kinds of fabrication process 
of the furnace cover. The maximum equivalent stress 
of high aluminum brick furnace cover is 6.47 MPa, 
Most of the stress level of the furnace cover is range 
from 1.507 MPa to 4.343 MPa, which is higher than 
precast block furnace cover in maximum and average 
stress. 

 
 

Fig. 10. Equivalent stress slicing image  
of the whole high aluminum brick furnace cover. 

 

 
 

Fig. 11. Equivalent stress slicing image  
of precast block furnace cover (casting three pieces). 

 

 
 

Fig. 12. Equivalent stress slicing image of precast block 
furnace cover (casting eight pieces). 

 

 
 

Fig. 13. Equivalent stress slicing image of precast 
block furnace cover (casting twelve pieces). 
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Table 1. Statistics of the model of stress level. 
 

Stress 

High 
alumin
um 
brick 
furnac
e cover 

Precast 
block 
furnace 
cover 
(casting 
three 
pieces) 

Precast 
block 
furnace 
cover 
(casting 
eight 
pieces) 

Precast 
block 
furnace 
cover 
(casting 
twelve 
pieces) 

Maximum 6.47 5.835 6.289 6.344 

Minimum 0.088 0.034 0.132 0.044 

Average 
1.507-
4.343 

1.323-
3.257 

1.501-
3.553 

1.444-
3.544 

Average 
of contact 
stress 

 
0.007-
1.997 

0.027-
1.996 

0.012-
1.95 

Maximum 
of contact 
stress 

 3.588 3.57 3.5 

 
 

According to the fourth strength theory, material 
failure is mainly caused by the deviator strain energy 
which is equivalent stress, the higher equivalent 
stress that material bear, then the shorter service life 
of it. From which we can infer, because the 
equivalent stress level of precast block furnace cover 
is low, it has longer service life than the high 
aluminum brick furnace cover, This is coincide with 
the experiment that the service life of high alumina 
EAF arch prefabricated block in a factory is more 
than 600 [4] that the high aluminum brick EAF arch 
is generally 80 - 120 furnaces. It fully illustrates that 
precast block furnace cover has longer service life 
than high aluminum brick furnace cover, and shows 
that simulation results coincide with the test results, 
which the calculation result is consistent with the 
theoretical analysis. 

The calculated results is not only coincide with 
experimental results [11], but also in according with 
theoretical analysis, which is mean that it is 
reasonable for the established model, load and handle 
boundary condition, proving the reliability of the 
simulation, providing theoretical support for the 
production and promotion of precast block  
furnace cover. 

 
 

5. Conclusions 
 

Having simulated the temperature field and stress 
field of high aluminum brick cover and precast 
furnace cover in the final stage of melting, the 
calculation results have indicated that the general 
stress level of precast block furnace cover is lower 
than high aluminum brick furnace. So service life of 
the precast block furnace cover is longer than high 
aluminum brick cover, which provides theoretical 
support for the production of precast block in respect 
of service life. The stress level of furnace cover 
presents two trends: one is in radical direction which 
is higher in around of outer circle than center. 

Another is in thickness direction which is higher in 
inner wall than outer. The around of charge hole in 
furnace cover is the most likely to damage parts. For 
the precast furnace cover ,measures can be taken that 
changing the size of the feeding hole and setting it 
position to reduce the stress concentration, increasing 
the conical degree of faying surface of center cover 
and precast block to prevent them separate. The 
contact stress between furnace cover and precast 
block will affect the performance of the furnace 
cover ,we can change the faying surface of them to 
groove shape or enforce the fastening device [9]; 
Among casting solutions, the furnace cover which is 
assembled by three pieces of casting precast block 
obtains lower stress levels has a longer service life, 
providing a quantitative reference for selection of 
casting scheme. 
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1. Introduction 

 
Electric furnace roof is an important part of 

electric arc furnace lining, the length of life of the 
furnace roof and thermal insulation performance has 
a very close relationship with indexes of technical 
and economic of steel production, quality and 
consumption. Domestic and foreign scholars on the 
furnace roof has taken many measures to reduce the 
production cost, enhance the thermal stability, such 
as improving the furnace roof material, improve the 
content of alumina brick, increase the camber of 
furnace roof and height of the furnace lid center to 
the weld pool surface, improvement of operation, 
using water-cooled furnace roof brick furnace roof. 
Although these measures have achieved some results, 
still failed to solve the those problem of refractory 
brick furnace roof that difficult installation, short 
service life, the water-cooled furnace roof heat loss 
and cannot meet the needs of development that 
electric arc furnace turn into large capacity and 
ultrahigh power. Therefore, it is the main factor of 
restricting steel benefit that the installation period, 
thermal insulation performance and the service life, 

which it has a crucial impact on productivity and 
economic benefits of the iron and steel enterprise. 
Therefore, how to shorten the furnace roof the 
installation period and improve its service life has 
become an important measure to reduce the 
production cost and enhance the competitiveness of 
steel making technology of electric arc furnace. 

Taking a steel 30t EAF roof as the research 
object, research the regular that stress field, material 
properties and the preform shape impact on the 
furnace roof stress field, which the high aluminum 
brick furnace roof and precast furnace roof in typical 
working condition. To try compare high aluminum 
brick furnace roof with precast furnace roof in the 
stress level for the precast block furnace roof 
provides the theory support, and to give quantitative 
reference for casting scheme, finally provides the 
theory support for the production and promotion of 
precast block furnace roof, and then improve the iron 
and steel enterprise economic benefit. Therefore, the 
research has important significance in reducing the 
labor intensity of workers, decreasing the production 
cost and improving economic benefits [1]. 
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2. Established CAD/CAE Model of the 
Electric Furnace Roof 

 
High alumina brick furnace roof is formed by 

moulded high aluminum brick, precast block electric 
furnace roof is made of fireproof material casting 
precast block in accordance with the principle of 
assemble building blocks together, although the 
manufacturing process is different, the shape and size 
are same. So during the CAD modeling process, 
based on a real geometry of a certain steel 30t electric 
roof (the 3D effect graph as shown in Fig. 1) to 
establish CAD model of all the furnace roof. 

On the one hand and considering the real 
condition of the furnace roof structure and load, on 
the other hand, ignore the relatively small and does 
not affect the overall process, take the  
following hypothesis: 

1) The geometric model are established according 
to Fig. 1, taking into account the thermal roof transfer 
between center roof and furnace roof, all models 
were established the complete model which including 
center roof and furnace roof. Its main dimensions: 
charging hole diameter is 150 mm, the electrode hole 
diameter is 250 mm, the circle diameter of electrode 
hole center is 900 mm, the upside surface of center 
roof diameter is 1730 mm and the downside surface 
diameter is 1606 mm, the turning diameter of the 
outer surface of furnace roof is 3218 mm and inner 
surface diameter is 3000 mm. 

2) Due to the influence of the furnace roof 
geometry, it is difficult to cast the whole furnace 
roof, at the same time, according to the demand of 
the project, this paper set up only block furnace high 
aluminum brick furnace roof and precast furnace roof 
of three kinds of casting solutions, as shown in Fig. 2.  

3) Due to the different fabrication process of two 
kinds of furnace roof, the high aluminum furnace 
roof is a block and closed automatically, there is no 
interface inside, but precast furnace roof has interface 
in it, because it is composed by several block. So 
adopt different Boolean operation for two kinds of 
furnace roof in the process of build CAD model. To 
adopt the GLUE operating for high aluminum 
furnace roof, make the center roof and the furnace 
roof bonded as a whole block, ensure the nodes 
coincided on physical interface when build the CAE 
model; for the precast furnace roof, set the VGEN 
command parameters according to the different 
number of precast block to guarantee the existence of 
the interface between the precast block, make a 
preparation for contact pair of precast blocks, at the 
same time, taking into account the furnace roof 
bottom from the molten steel and arc is close, the 
circumferential expansion is more than the radial 
expansion when it get thermal shock, ignoring the 
contact between precast block and the center roof, 
precast block and the center roof are all adopt the 
GLUE operation, eliminate joint surface, to ensure 
the nodes coincided of the precast block and the 
center roof on the interface. 

 
 

Fig. 1. The entity of electric furnace roof. 
 
 

 
 

Fig. 2. CAD model of Precast block furnace roof  
(casting three). 

 
 

After built CAD model, then to build CAE model, 
including definition the material parameter of electric 
furnace roof, selection element type and mesh control 
[11]. High alumina furnace roof and the precast 
furnace roof are made of refractory materials with 
different fabrication process, and its main 
components are AL2O3, so the material properties 
definition of the two model are same when build the 
CAE model, CAE model as shown in Fig. 3. 
 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 3. CAE model and its contact pairs of precast block 
furnace roof (three blocks). 
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3. The Stress Field Analysis of Electric 
Furnace Roof  

 
Only when the material’s temperature changes, 

due to the external constraints and mutual constraints 
of each part internal, so that it cannot completely free 
expansion and contraction will lead to the generation 
of heat stress [12]. In the last stage of melting furnace 
roof under thermal shock is very strong, so it will 
produce thermal stress. In this chapter, a furnace roof 
temperature field as an initial condition, at the same 
time, carry out a boundary treatment of structure 
analysis on the furnace roof in need, make numerical 
simulation for the stress level and distribution.  

Using the sequential coupling method when 
calculate stress field of the furnace roof [12], which 
is mean calculated model of the temperature e field at 
first, then regard the result of temperature field as 
body load to calculate stress field of it. This paper 
focuses on precast block of furnace roof whether can 
withstand temperature shock and not to burst 
damage, so when processing the stress analysis, just 
set the node temperature into the model as the body 
load [9], Considering the placement situation when 
assembling the furnace roof and the furnace body, 
and the locate function of bevel on furnace roof 
bottom with the cooling water pipe. The boundary 
condition and the load of stress analysis were treated 
as follows: 

1) The last brick needs external force to push in 
when built the furnace roof with refractory brick; 

2) Considering the furnace roof deadweight, 
acceleration of gravity was applied for all models in 
Z direction (MPA units in 9800); 

3) All nodes that lie in bevel of the bottom of 
furnace roof were constrained under Descartes 
coordinates system, and ignore the function of drive, 
lifting, rotating on the furnace roof; 

4) Reading the node temperature value of thermal 
analysis as the body loads of structural analysis. 

Due to size and shape furnace roof will be 
changed with thermal shock; it should be according 
to the fourth strength theory to determine the stress 
level. The equivalent stress of ANSYS (Von Miss 
Stress) is calculated according to the fourth strength 
theory. So, after obtain the calculate destination file, 
draw the equivalent stress pattern of furnace roofs 
model in ANSYS universal post processor, to show 
that the variation of stress level in direction 
(thickness) of charging hole cross section, using 
ANSYS slice functions split each model along the 
center symmetry plane of feeding hole, to obtain the 
equivalent stress slicing image of each furnace roof 
model [2]. 
 
 
4. Analysis of Influence Factors on Stress 

Field of Furnace Roof 
 
By the physics knowledge, material property 

model will directly affect the value of physical 

quantities, in view of the furnace roof model, the 
parameters of thermal physical properties and 
mechanical properties of furnace roof material have a 
direct impact on the temperature and stress levels of 
furnace, we can see from the basis of finite element 
theoretical, equivalent integral form of differential 
equations, that the geometry shape and structure of 
the model is direct impact solving domain and 
boundary conditions of physical field differential 
equation [3], and will also affect the distribution of 
physical quantity. 

 
 

 
 

Fig. 4. Equivalent stress cloud chart of precast furnace roof 
(casting three). 

 
 

1) Material parameters of the furnace roof  
The furnace roof is made of high alumina 

materials with different manufacturing processes, and 
its finite element model contains only high aluminum 
material, so the thermal conductivity of high 
aluminum material directly affects the heat transfer 
matrix of furnace model, which will influence the 
temperature field of the furnace roof, the whole 
stiffness matrix of the furnace roof will be impacted 
by its elastic modulus and Poisson ratio directly, 
which will influence the stress field of the furnace 
roof, with using the material coefficient of thermal 
expansion to calculate the deformation by ANSYS, 
so high aluminum material coefficient of thermal 
expansion will also have a direct influence on stress. 

For high alumina bricks, because of its raw 
material percentage of the quota has been 
standardized by industry regulations, once firing the 
kiln, its physical parameters had been identified, so 
the temperature field and stress field of high alumina 
brick furnace roof can be considered immutable, the 
castable is main of the high alumina raw material for 
precast casting furnace roof, adding MgO, Cr2O3, 
ZrO2 powder at the same time, casting material 
coefficient of thermal conductivity, thermal 
expansion and elastic modulus can change with each 
component percentage changes, which indicates that 
the stress level of precast furnace roof can be 
controlled.  
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2) The structure of furnace roof 
The relationship of geometric in internal structure 

of furnace roof has a large influence on the 
temperature field, which there is interface among the 
internal of prefabricated furnace roof and with high 
thermal resistance, which hindering the heat transfer. 
Therefore the temperature level of prefabricated 
furnace roof is lower than high temperature 
aluminum furnace roof. Electrode diameter size and 
set position, charging hole size and its location, the 
furnace roof thickness opening diameter and 
thickness will affect the temperature level 
distribution of furnace roof; the charging hole size 
directly affects the service life of the furnace roof, 
electrode diameter size and set the position, charging 
hole location directly affect the furnace roof stress 
levels and distribution. The direct correlation of the 
circumferential size furnace roof and production 
capacity has been standardized, so it can be 
concluded that the circumferential size of the furnace 
is not allowed to change for a certain production 
capacity, which can reduce the thickness of attempt, 
and carries on the temperature, stress analysis [4]. 
Limited to this paper, not for in-depth study, and 
compared to the influence of the material 
performance parameter, the size of the structure is 
relatively small. 

Comprehensive consideration, casting material 
coefficient of thermal conductivity, thermal 
expansion coefficient and the elastic modulus of 
precast block furnace roof has a great influence on 
the stress field [5], and the law itself does not have 
special place, the similarities in their characteristics, 
at the same time, considering the effect that unit 
number for calculate time-consuming, make the 
following options:  

1) in order to search the law which the physical 
parameter of casting material of precast furnace roof 
for its stress level, to cast three prefabricated furnace 
roof model as the research object without consider 
the high aluminum brick furnace roof.  

2) Poisson's ratio is generally small changes, so 
just analysis the influence that the coefficient of 
thermal conductivity, heat expansion coefficient and 
elastic modulus on the furnace roof of the 
temperature field and stress field, without consider 
the structure dimensions. 

 
 

4.1. Effect of Thermal Conductivity 
Coefficient on the Stress Field 

 
The physical significance of coefficient of 

thermal conductivity is the quantity of heat 
conduction in the unit area in unit time when the unit 
thickness object has the unit temperature difference, 
which its numerical size has a relationship with the 
material composition, density, moisture content, 
temperature and so on [13]. When analysis the 
material parameters, we just set the coefficient of 
thermal conductivity from original 20 ( )W m K/ i  to 

10 ( )W m K/ i  and 40 ( )W m K/ i  respectively, the 
load and boundary conditions are set according to the 
above [6]. Run the L G. Mac, set the KX values were 
10, 40 in the run windows of main macro file, twice 
calculation, then obtained the calculate result of 
coefficient of thermal conductivity which was set 
10 ( )W m K/ i  and 40 ( )W m K/ i  respectively [10]. 
The furnace roof structure and loads, boundary 
conditions are not changed, so the material parameter 
change will only affect the numerical size of physical 
quantity, not affect the qualitative distribution; 
contact stress has little influence on the service life of 
the furnace roof [14], so this section and the 
following sections are not drawing the contact stress, 
only to draw equivalent stress of the a complete 
model, as shown in Fig. 5 and Fig. 6. 
 
 

 
 

Fig. 5. Equivalent stress of furnace roof with thermal 
conductivity is 10 ( )W m K/ i . 

 
 

 
 

Fig. 6. Equivalent stress of furnace roof with thermal 
conductivity is 40 ( )W m K/ i . 

 
 

As you can see from Fig. 5, when the coefficient 
of thermal conductivity is 10 ( )W m K/ i , the 
maximum equivalent stress is 4.285 MPa and 
minimum is 0.64 MPa of the furnace roof, most of 
the stress level in the 1.002 MPa - 2.409 MPa; it can 
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be seen from Fig. 6, when the thermal conductivity is 
40 ( )W m K/ i , the maximum equivalent stress is 
7.142 MPa and minimum is 0.135 MPa of  
a furnace roof, most of the stress levels in  
1.693 MPa - 4.028 MPa. 

As can be seen by comparing, the law of stress 
distribution did not change, but the stress level just 
increase and decrease as the coefficient of thermal 
conductivity, which means the furnace roof life will 
reduce with the increase coefficient of thermal 
conductivity. Therefore, the furnace roof stress have 
same change rules with the coefficient of thermal 
conductivity and the service life have reverse change 
rules with thermal conductivity change. 

To sum up, the stress level of the furnace roof has 
same change rule with the thermal conductivity; heat 
insulation performance and the service life of the 
furnace roof has reverse change rule with thermal 
conductivity. 

 
 

4.2. Effect of Thermal Expansion Coefficient 
on the Stress Field 

 
For different material, the thermal expansion 

coefficients of each are not identical, and their 
numerical has a relationship with the actual 
temperature and reference temperature which 
determine their baseline length [7]. Reference 
temperature is 30 oC of thermal expansion coefficient 
for high alumina material, which the casting material 
is main of alumina and adding other alloy powder, so 
it is belongs to the composite material. According to 
the materials science, the thermal expansion 
coefficient of the composite varies with the different 
proportion of each phase. 

In the same material parameters and load 
conditions, the thermal expansion coefficient values 
were modified by 7.3E-9 for 3.65E-9, 14.6E-9, 
ALPX were set 3.65E-9 and 14.6E-9 in the run 
windows of main macro file two calculation in the 
main macro file operation window. Due to the 
thermal expansion coefficient has no influence on the 
temperature level, so just considerate the change of 
furnace roof stress level. The equivalent stress of the 
furnace roof under the two kinds of thermal 
expansion coefficient was shown in Fig. 7 and Fig. 8.  

As you can see from Fig. 7, in other conditions 
are unchanged, and only change the coefficient of 
thermal expansion for casting material, the value is 
reduced from 7.3E-9 K-1 to 3.65E-9 K-1, the 
maximum stress is 2.725 MPa, the minimum stress is 
0.01 MPa for furnace roof, most of the stress level in 
the 0.613 MPa - 1.518 MPa; it can be seen from 
Fig. 8, when the casting material coefficient of 
thermal expansion is 14.6E-9 K-1, the maximum 
stress is 10.795 MPa and the minimum is 0.126 MPa 
of furnace roof, most of the stress levels in  
2.497 MPa - 6.053 MPa. 

As can be seen by comparing, the change of 
thermal expansion coefficient does not affect the 

overall stress distribution, in the feeding hole wall, 
there are still stress concentration; but the stress level 
as change with the thermal expansion coefficient, 
which means the equivalent stress of furnace roof at 
any point as increase or decrease with thermal 
expansion coefficient, by the fourth strength theory 
that the service life of furnace roof is decreases with 
the increase of stress level.  

To sum up, the stress level of the furnace roof has 
same change rule with the coefficient of thermal 
expansion, and the service life of the furnace roof has 
reverse change rule with coefficient of  
thermal expansion. 
 
 

 
 

Fig. 7. The equivalent stress of the furnace roof in heat 
expansion coefficient is 3.65E-9 K-1. 

 
 

 
 

Fig. 8. The equivalent stress of the furnace roof in heat 
expansion coefficient is 14.6E-9 K-1. 

 
 
4.3. Effect of Elastic Modulus  

on the Stress Field 
 

The material in the elastic deformation stage, the 
stress and strain are proportional to (obey Hooke's 
law), the coefficient of proportionality is called 
elastic modulus. Modulus of elasticity can be 
regarded as a measure of the difficulty degree of 
material produce elastic deformation, which its value 
is bigger, stress is also larger which makes the 
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material produce elastic deformation, namely the 
material the greater stiffness, which in a certain 
stress, elastic deformation is small. Under without 
changing the other parameters and load conditions, 
the elastic modulus is changed from 2.63E5 MPa to 
2E5 MPa and 8E5 MPa. In the main macro file 
operation window set the EX values for 2E5, 8E5 to 
calculate, obtain the equivalent stress of furnace roof, 
as shown in Fig. 9 and Fig. 10 respectively.  
 
 

 
 

Fig. 9. Equivalent stress of furnace roof with the elastic 
modulus is 2E5 MPa. 

 
 

 
 

Fig. 10. Equivalent stress of furnace roof with the elastic 
modulus is 8E5 MPa. 

 
 

As you can see from Fig. 9, in the other 
conditions remain unchanged, as the elastic modulus 
of the casting material is 2E5 MPa, the maximum 
stress is 4.126 MPa and the minimum is 0.029 MPa 
of furnace roof, most of the stress level of furnace 

roof is 0.939 MPa - 2.305 MPa; it can be seen from 
Fig. 10, casting modulus of elasticity material is 
8E5 MPa [8], the overall stress level of furnace roof 
increases, the maximum stress is 16.4 MPa and the 
minimum is 0.211 MPa of furnace roof, most of the 
stress level of furnace roof is 3.809 MPa~9.205 MPa. 

As can be seen by comparing, the changes in 
elastic modulus leads equivalent stress level at the 
same position of the furnace roof also changes in the 
same direction, and the service life of the furnace 
roof changes inversely with the modulus of elasticity. 

To sum up, the lid of the stress level and the 
coefficient of thermal conductivity, thermal 
expansion coefficient and elastic modulus were in the 
same change direction, but the service life of the 
furnace roof and the coefficient of thermal 
conductivity, thermal expansion coefficient and 
elastic modulus changes showed the reverse. 

The statistics which thermal conductivity, thermal 
expansion coefficient and the elastic modulus 
influence on the equivalent stress level of furnace 
roof as shown in Table 1, casting material 
performance parameters are conversion value which 
the value convert with the MPA unit system in the 
international system units. 

 
 

5. Summary 
 

There are many practical factors to affect the 
stress field of the furnace roof: the structure has 
impact on maximum stress level of furnace roof and 
contact stress among prefabrications. The law which 
the physical parameter of casting material of precast 
furnace roof for its stress level was analyzed, which 
is the thermal conductivity, heat expansion 
coefficient and elastic modulus of precast material. 
The results show that: the stress level of prefabricated 
furnace and the thermal conductivity coefficient, 
coefficient of thermal expansion and elastic modulus 
of cast material have same change rule, the insulation 
thermal performance of prefabricated furnace roof 
has the reverse change rule with the conductivity 
properties of the casting material, the service life of 
the prefabricated furnace roof has the reverse change 
rule with casting material in coefficient of thermal 
conductivity, thermal expansion coefficient and 
elastic modulus change reverse. 

 

 
 

Table 1. The influence of casting material properties on the equivalent stress level of furnace roof (MPa). 
 

Thermal conductivity, 
( )W m K/ i  

Thermal expansion coefficient, 
1K −  

Elastic modulus,  
MPa Stress 

10 40 3.65E-9 14.6E-9 2E5 8E5 
Maximum 4.285 7.142 2.725 1.795 4.126 16.4 
Minimum 0.064 0.135 0.01 0.126 0.029 0.211 

Mean 1.002-
2.409 1.693-4.028 0.613-1.518 2.497-6.053 0.939-2.305 3.809-9.205 



Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 80-86 

 86 

Acknowledgement 
 
This research reported in the paper is supported 

by Education Department Fundation of Hubei 
(T201102) and National Natural Science  
Foundation of China (71271160). This support is 
greatly acknowledged. 
 
 
References 
 
[1]. Zhu Hong-Xi, Deng Cheng-Ji, etc., Preparation and 

application of bauxite-based prefabricated block for 
electric furnace roof, Steelmaking, 24, 2, 2008,  
pp. 50-53, 58. 

[2]. Liu Jia, Li Gongfa, Jiang, Guozhang, Stress 
distribution model of prefabricate block electric 
furnace roof, Sensors & Transducers, 21, Special 
Issue, 5, 2013, pp. 20-24. 

[3]. Gongfa Li, Jianyi Kong, Guozhang Jiang, etc., Stress 
field of ladle composite construction body, 
International Review on Computers and Software, 7, 
1, 2012, pp. 420-425. 

[4]. Gongfa Li, Peixin Qu, Jianyi Kong, etc., Influence of 
working lining parameters on temperature and stress 
field of ladle, Applied Mathematics & Information 
Sciences, 7, 2, 2013, pp. 439-448. 

[5]. Li Gong-Fa, Jiang Guo-Zhang, Kong Jian-Yi, 
Influence of working lining parameters on stress field 
of ladle composite construction body, Machinery 
Design & Manufacture, 5, 2010, pp. 221-223. 

[6]. Jiang Guo-Zhang, Kong Jian-Yi, Li Gong-Fa, etc., 
Research and application of thermo-mechanical 
stress model for bottom working lining of 250-300 t 
ladle, Steelmaking, 24, 2, 2008, pp. 22-25. 

[7]. Jiang Guo-Zhang, Kong Jian-Yi, Li Gong-Fa, 
Simulation research on influence of expansion joint 
of wall lining in ladle composite construction body 
on thermal stress, Modern Manufacturing 
Engineering, 10, 2010, pp. 85-88. 

[8]. Jiang Guo-Zhang, Kong Jian-Yi, Li Gong-Fa, 
Influence of working lining parameters on 
temperature field of ladle composite construction 
body, Modern Manufacturing Engineering, 10, 2010, 
pp. 85-88. 

[9]. Pan Wen-Bin, Ye Yuan, Yang Tao, Song Jia-Wang, 
Finite element analysis on temperature stress in 
continues welded rail, Journal of Mechanical & 
Electrical Engineering, 30, 1, 2013, pp. 47-50. 

[10]. Zheng Li-Jun, Pan Bai-Song, Zhang Sheng-Hong, 
Transient heat transfer and thermal stress analysis of 
crucible in magnesium alloy furnace, Journal of 
Mechanical & Electrical Engineering, 27, 12, 2010, 
pp. 36-39. 

[11]. Zhou Xiao-Gang, Wang Ming-Qiang, CAE analysis 
of SGTN-140 type of joint ploughing key component 
based on ANSYS, Journal of Mechanical & 
Electrical Engineering, 27, 12, 2010, pp. 44-48.  

[12]. Wu Feng, Sheng De-Ren, Jiang Zhi-Qiang, The 
influence made by the central hole of steam turbine 
rotor to temperature and stress distribution of rotor, 
Journal of Mechanical & Electrical Engineering, 23, 
11, 2006, pp. 1-3, 7. 

[13]. Liu Fen, Liu Bing, Design of a new type three 
electric stoves structure flat-plate thermal 
conductivity detector, Journal of Mechanical & 
Electrical Engineering, 27, 10, 2010, pp. 58-61. 

[14]. Cao Jun, Hu Pei-Jun, Ying Ji, Finite element analysis 
of spindle thermal character based on thermal contact 
resistance, Journal of Mechanical & Electrical 
Engineering, 25, 2, 2008, pp. 20-22. 

 
 

___________________ 
 

2013 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved. 
(http://www.sensorsportal.com) 
 
 



Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 87-91 

 87

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

© 2013 by IFSA
http://www.sensorsportal.com   

 
 
 
 
 

Measurement and Control System of Self-propelled 
Levelling Machine Based on Inclination Sensor and Laser 

 
Liu Jiangtao, Cui Baojian, Jiang Haiyong, Yi Jinggang 

Mechanical & Electronic Engineering College, Agricultural university of Hebei, Bao Ding,  
071001, China 

Tel: +86 139 32264554, fax: 0312-7526462 
E-mail: liujiangtao2003@126.com 

 
 

Received: 25 September 2013   /Accepted: 25 October 2013   /Published: 30 November 2013 
 
 
Abstract: The measurement and control system of the self-propelled levelling machine adopts the software and 
hardware composing and the control mode based on inclination sensor and laser emitter. The system adopts the 
inclination sensor and laser emitter as the datum signal to form the datum plane. The separate time treatment 
avoids simultaneously adjusting inclination and laser signal to each other interfere. The hydraulic servo system 
controls the levelling part to work on the plane that parallels with the datum plane. The test result shows the 
measurement and control system satisfy with the request of the self-propelled levelling machine.  
Copyright © 2013 IFSA. 
 
Keywords: Inclination sensor, Photo-electricity sensor, Laser, Levelling machine, Datum plane. 
 
 
 
1. Introduction 

 
Since the 80's of 20 centuries, Laser grader 

technology has attracted the wide attention from the 
scientific community and industry of china. Some large 
farms and enterprises imported the laser control grader 
to level the farmland [1].  

Since the early 1990s, some schools and research 
institutions in China have also studied the laser grader. 
In 1996 Heilongjiang Academy of land reclamation 
sciences and Beijing Institute of Technology 
successfully developed agricultural laser grader of 
1PTY-6. In 1997 aviation Industry Corporation of china 
completed the project of the laser calibration grader [2]. 
In 2003 Northeast Agricultural University designed and 
developed the laser grader of 1PJY-3.0 [3]. Research 
mainly focused on the flat shovel. In 2007 South China 
Agricultural University designed a laser land leveler for 
paddy [4]. Since the late 1990s China Agriculture 
University devoted oneself to design and develope the 

farmland grader. The system adopts laser and the 
hydraulic system to level [1, 2, 5].  

In the nineteen seventies, The United States first 
applied the laser technology in agricultural grader, and 
had made the great economic benefits and the social 
benefits [6]. America spectral precision instrument 
company successfully designed and developed the first 
set of the laser knife plate [2]. Because the laser knife 
plate leveling system had many unique technique effect 
and economic benefit, it obtained the fast development. 
In the 80's many foreign enterprises producing the 
grader is equipped with the laser leveling system, such 
as America's DRESSR, America's Spectra-Physics 
company, America's TOPCON laser systems company, 
German Boukema company, The construction 
machinery company (Habaumag) and the Swiss firm 
Leica etc. In the 90's many developing countries also 
had used the laser land leveling technology, and 
achieved the good economic benefit, for example India, 
Turkey and Pakistan etc. [1]. At present the grader has 
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combined the advanced achievements in other fields in 
the developed industrial countries, led by the US, 
Europe and Japan. The advanced achievements include 
all wheel drive technology, laser automatic leveling 
device, electronic monitoring system etc.  

With the development of the engineering 
technology, the precision request of the engineering 
construction and operation is higher and higher such as 
building engineering, farmland operation engineering, 
water conservancy, water and electricity engineering, 
railroad and highroad engineering etc. The method of 
the traditional measurement and construction hasn’t 
satisfied the engineering operation request of the high 
quality. So the advanced technology means is applied to 
control and measure the operation quality [7]. Laser and 
inclination sensor is applied as signal source [8, 9]. The 
influence factors exist as follows: the levelling distance 
is long; the size is big. 

Based on the surface levelling machine which was 
successfully developed by the research group of the 
author without the sundries cleaning function  
[10-13], the research group of the author studies and 
designs the self-propelled levelling machine that not 
only can level but also cleani sundries. In addition to the 
recent studies of the research group, domestic and 
foreign similar studies were the grader.  

According to the request, this paper designs the 
measurement and control system of the self-propelled 
levelling machine based on inclination sensor and laser 
within 150 m distance. The self-propelled levelling 
machine is controlled to always run on a datum plane 
through the laser control device. When running the 
equipment stands the influence of the condition, the self-
propelled levelling machine is able to incline toward a 
certain direction. So the levelling control system adopts 
the inclination sensor to measure the levelling part pose. 
The hydraulic servo system adjusts its pose in order to 
level the self-propelled levelling machine in the datum 
plane. 

 
 

2. System Hardware 
 
2.1. Hardware  
 

The system hardware mainly includes inclination 
sensor, laser emitter, photo-electricity sensor, laser 
receiver, levelling control system and hydraulic servo 
system. The system hardware structure sees Fig. 1. 

Two-axle inclination sensor adapts ZCT2XXMS 
which includes x and y direction and four direction 
output [14]. The central performance index is as 
follows: sensor angle response speed: 5per second; 
two-axle measurement range: ±60°; resolution ratio: 
±0.02°; precision: less than ±0.3°; non-linear: ±1 %; 
recurrence rate: ±0.05°; temperature fluctuation: 
±0.05 °/°C and working temperation:-20 - +80 °C. 

Photo-electricity location sensor is two-
dimensional sensor the model number of which is 
2DPSD. The central performance parameter of 
silicon photocell is as follows: spectral range: 380 nm 
– 1100 nm; response time: less than 1 µs; working 

temperature: -20 °C - +60 °C; maximal incidence 
angle: more than 100°. 

 
 
  

Levelling 
control system

Level 
laser 

receiver 

Vertical 
laser 

receiver 

Tow-direction 
laser emitter 

Vertical inclination sensors

Level Inclination sensors

Hydraulic servo system

 
 

Fig. 1. The system hardware structure. 
 
 
Laser signal source is a semiconductor laser 

emitter the model number of which is JP300. The 
central performance index of JP300 is as follows: red 
wave length: 635 nm; automation level adjusting 
range:±5°; level precision±10″; vertical  
precision: ±15″; working semi-diameter: 300 m;  
scan speed: 0-600 rps; scan frequency of laser 
emitter: 10 Hz and facula diameter: 10 mm. Photo-
electricity location sensor is two-dimensional sensor 
the model number of which is 2DPSD. The central 
performance parameter of silicon photocell is as 
follows: spectral range: 380 nm – 1100 nm; response 
time: less than 1 µs; working temperature:  
-20 °C - +60 °C; maximal incidence angle: more than 
100°. Laser receiver accepts the beam signal which is 
scanned by laser transmitter, and then transmits the 
location error signal to the controller. The receiving 
height and the scope of level adjustment are 20 mm. 
The effective receiving semi-diameter of laser signal 
is 300 mm, and the effective receiving angle is 360°. 
Photo-electricity location sensor width is 5 mm and 
laser beam approximately scans 1µs on the photo-
electricity location sensor surface. Photo-electricity 
location sensor of the slim two-dimensional array is 
composed of the triangular model and the receiving 
angle of each array is 120°. According the system 
demand, the level direction and the vertical direction 
can respectively or together be selected. 

The levelling control system adopts 
microprocessor of ARM the model number of which 
is LPC2102 and built-in control software. This chip 
has the rich inside and outside function for example 
very small 48 pin package, low power loss, multi-
timer of 32 bit, 10 bit ADC of 8 channels and serial 
communication port of SPI etc. According to the 
system function request, controller exports the 
corresponding control signal to real-timely control 
the hydraulic servo system of the Self-propelled 
levelling Machine based on location deviation and 
leveling inclination signal that is transmitted by 
inclination sensor and laser receiver. 
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2.2. Inclination Sensor Signal Treatment 
 

In the level and vertical direction inclination angle 
of x, y direction which is measured by inclination 
sensor exports the milli-voltage. After the milli-
voltage is enlarged by amplifier, the amplifying 
voltage is imported to frequency transformer. And 
then through the photo-isolator the pulse is read by 
the levelling control system. After the upper 
treatment the data error which is induced by 
electromagnetic disturbance is effectively reduced. 

 
 

2.3. Filter Treatment  
 

The disturbing signal of natural light is stronger 
more than laser signal. So the light signal must carry 
through the filter treatment. Because laser 
transmission rate of 635 nm wave is strong, laser 
receiver adapts the big bandwidth filter chip. 
Considering the slope incidence of laser, the central 
wave of filter chip is 670 nm. When the slope 
incidence angle of laser beam is 45°, the central 
wavelength of filter chip changes from 670 nm to 
600 nm and the peak transmission rate reduces a 
percentage of 10. So the semi-bandwidth of filter 
chip is 100 nm. 

 
 

2.4. Laser Receiver  
 

Laser receiver is an important composing part of 
levelling control system. When the system works, 
laser emitter scans and transmits laser beam to form a 
laser beam datum plane of level and uprightness 
above the operation plane. Laser receiver connects 
with the levelling control system and laser 
transmission and real-timely accepts the faint low-
frequency. After it is treated, the location deviation is 
transmitted to levelling control system. Low-
frequency laser signal is transformed to get the faint 
analog signal by photo-electricity sensor. The faint 
analog signal is carried through amplitude 
modulation. And then amplitude modulation signal 
passes low-noise pre-main amplifier, rectifier circuit 
and stretching circuit in turn. Last the levelling 
control system exports the control signal to the 
hydraulic servo system. The laser receiver system 
structure Sees Fig. 2. 
 
 
2.5. Weak Electricity Treatment  
 

When laser emitter works, it exports continuous laser 
beam. After being reflected by pentprism, laser beam 
diverts 90o. As the same time, motor whose speed is 
600 rpm drags pentprism to circumrotate and scan laser 
beam. So the signal laser receiver accepts is the 10 Hz 
pulse.  

After being filtered, laser signal translates analogy 
signal through the Photo-electricity sensor. Because 
analogy signal contains the noise of photo-electricity 

sensor and amplifier etc, its signal-to-noise ratio is very 
low. And it is a slow and faint signal of low-frequency. 
So the low and faint signal of low-frequency is carried 
through amplifying, filter and shaping treatment. 
 
 

 Laser beam 

Filter treatment 

Photo-electricity sensor 

Signal amplifying and filter 

Signal rectifying stretching circuit 

Levelling control system  
 

Fig. 2. Laser receiver system structure. 
 
 

In faint detection system, the output port of sensor 
connects with a low-noise prefix amplifier. The function 
is as follows: a low-noise prefix amplifier amplifies the 
faint electricity signal that is exported by photo-
electricity sensor and makes photo-electricity sensor 
offset and match with impedance. The request of prefix 
amplifier is as follows: low-noise, high-gain, low-output 
impedance, sufficient signal bandwidth and load driving 
power, linear zone width and strong anti-interference 
capability. In the structure, the request of prefix 
amplifier is as follows: compactness, close sensor, nicer 
ground and shield. Adopting high gain amplification 
circuit furthermore amplifies the faint signal. Band filter 
is designed for eliminating the diversified interference 
signal. Comparator circuit transforms the analogy signal 
into the regular pulse signal. And then pulse signal is 
treated by pulse spreading circuit. Last pulse spreading 
signal is imported to the levelling control system. 

 
 

3. System Software 
 

According to the signal of inclination sensors and 
laser, the levelling control system respectively 
exports the control signal to the hydraulic servo 
system to control the levelling part to work on the 
plane that parallels with the datum plane. Based on 
the different location deviation signal of the different 
inclination signal of inclination sensor and laser scan 
location, the leveling control system exports the two 
control signal every 0.1 s according to the control 
rule of the prior location and next inclination angle. 
The control program flow chart sees Fig. 3. 
 
 
4. Work Process 
 

Inclination sensor measures inclination angle on 
the plane. When inclination angle deviates  
0.05 degree from the balance position, the levelling 
control system controls the hydraulic servo system by 
time measure to drive the levelling part to adjust the 
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horizontal direction angle in order to make self-
propelled levelling machine level. Laser receiver 
receives the datum plane signal that is emitted and 
formed by the laser emitter.  

The levelling control system judges the deviation 
direction of the self-propelled levelling machine, and 
controls the hydraulic servo system by the time 
measure to drive the leveling part to up and down in 
vertical direction. The structure figure of the self-
propelled levelling machine sees Fig. 4.  
 
 
5. Leveling Effect 
 
After electing the original foundation and artificially 
leveling a datum plane, the self-propelled levelling 
machine levels the surface. The sampling area is 
100 m×100 m. The sampling data sees Table 1. The 
Geomorphologic map after leveling test sees Fig. 5. 
As shown in Fig. 5, error variance is less than 
±2.5 mm in 100 m length. 
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Hydraulic servo system 
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END
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Fig. 3. The control program flow chart. 
 
 

 
 

1. Levelling part; 2.  Hydraulic cylinder; 3. Soil box; 4. Glove box;  
5. Laser emitter; 6. Inclination sensor; 7. Laser receiver; 8. Debris provoking device. 

 
Fig. 4. The structure figure of the self-propelled levelling machine. 

 
 

Table 1. Leveling test sampling data (unit: mm). 
 

Hij j=1 j=2 j=3 j=4 j=5 j=6 j=7 j=8 j=9 j=10 j=11 
i=1 15.5 2.0 12.1 15.0 14.5 14.6 13.8 14.5 14.1 13.5 13.9 
i=2 12.9 12.0 10 14.5 13.2 13.2 14.1 15.0 14.9 15.1 10.1 
i=3 12.8 14.8 12.0 14.9 13.8 12.4 14.9 13.3 14.70 15.1 11.0 
i=4 14.9 14.2 9.3 15.1 13.0 9.8 13.0 13.2 14.1 14.6 14.8 
i=5 13.6 13.0 11.0 13.2 11.9 11.2 13.3 14.8 15.2 14.5 13.3 
i=6 14.5 12.8 11.1 12.5 13.0 10.3 12.3 11.30 10.0 12.8 10.1 
i=7 12.1 12.0 9.5 14.9 13.1 9.8 10.2 9.6 8.5 10.1 15.1 
i=8 14.2 11.0 9.0 13.1 13.8 12.4 15.0 8.9 10.3 12.2 8.0 
i=9 13.1 13.2 9.5 13.5 12.1 10.3 13.2 12.8 11.0 13.0 14.0 
i=10 13.5 11.8 11.0 12.0 11.5 9.5 14.1 15.2 13.6 15.0 11.0 
i=11 12.0 11.1 8.2 10.1 10.3 8.2 15.1 14.2 13.2 13.0 10.8 
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Fig. 5. Geomorphologic map after leveling test. 
 
 

6. Conclusions  
 

The self-propelled levelling machine adopts two-
way laser emitter the model of which is JP300 as 
signal source. After received, filtered, amplified and 
modulated, the emitted signal is used for the leveling 
or vertical control signal. The balance of the self-
propelled levelling machine adopts inclination sensor 
as signal source. Inclination sensor real-timely 
measures the leveling or vertical pose in order to 
make the levelling machine balance. The system 
realizes the united control and measurement of 
inclination sensor and laser. This system is already 
applied by trench-leveling Machine also. The test 
result shows that the system is satisfied with the 
levelling request.  
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Abstract: In this paper, we firstly elaborate the Gantry Crane is a kind of door type frame and can move along 
the rail of the gate hoist and the finite element method. And then analysis overall planning of finite element 
analysis platform of gantry crane: structure and design characteristics and finite element analysis platform 
overall process planning. We also research the research of key technologies: parametric design technology, 
modular technology, the secondary development technology based on APDL. Through simulation analysis and 
calculate of key bearing part, we get the conclusion is the door frame stability coefficient is 9, the coefficient far 
outweigh the 1 that door frame under the above after loading charge in a stable state. Copyright © 2013 IFSA. 
 
Keywords: Gantry Crane, Finite element analysis platform, ANSYS simulation. 
 
 
 
1. Introduction 

 
Gantry Crane is a kind of door type frame and 

can move along the rail of the gate hoist, also call 
door type hoist [1]. Metal structure is important 
constituent of door type hoist, some of the hoist in 
the weight of the metal structure of the overall 
weight is 40 % - 70 %, and some other giant hoist is 
above 90 % [2-5]. Door type hoist is a typical non-
standard metal structure, different hydropower 
station are not the same on the performance 
requirements. Therefore, every time a new 
hydropower station need portal type hoist to 
redesign, from the drum and the car frame to door 
frame design, the entire process need to work  
again [6]. Secondly, as the weight and lifting height 
increase gradually, the original classic design method 
has been more and more not applicable, and the 
calculation is also more and more big, the cost of 
artificial are more and more. 

The finite element method is the analysis method 
of the structure of a numerical calculation method, is 
the application and development of matrix method in 
structural mechanics and elastic mechanics fields [8]. 
The finite element method based on principle as the 
foundation of the development of a high efficient, 
commonly used numerical calculation method, 
through development of sixty years, is widely used in 
various engineering fields [7]. Using finite element 
analysis door type hoist metal structure stiffness and 
strength, can very good simulation door type hoist 
geometric model, working load and boundary 
conditions, the accuracy of calculation results will be 
greatly improved, so that the door type hoist design 
more optimization. The finite element method in 
mechanics and mathematics and other fields is the 
basis of the theory [10], units classification principle, 
the shape function selection and coordination; the 
finite element method involves the various numerical 
calculation method and error, convergence and 
stability. The finite element method developed early 

Article number P_1543 

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 92-99 

 93

general finite element program, suitable for lifting 
the transport machinery structure mechanics  
analysis [9]. 

Based on the portal type hoist structure and load 
form the basis of the study, using APDL parametric 
design, combined with the idea of modular design 
and the software of ANSYS secondary development, 
construct the door type hoist finite element  
analysis platform. 

This paper is organized as follows. According to 
the door type hoist design calculation characteristics, 
puts forward the door type hoist includes reel group, 
car frame and door frame in three module design and 
analysis of finite element analysis process and 
overall planning in Section 2. In Section 3, 
constructing door type hoist finite element analysis 
platform key technology: parametric and modular 
based on APDL and the secondary development of 
technology. Combined with drum, car frame 
modeling process discussed the parametric and 
modular thought in door type hoist finite element of 
the application of the platform, and points out that 
the finite element analysis platform secondary 
development advantages. In Section 4, we will use 
finite element analysis platform portal type hoist key 
bearing part for stability analysis. Studied the 
traditional method to calculate the steel structural 
stability and finite element method of calculate the 
structural stability. The conclusions are given in 
Section 5. 

 
 

2. Overall Planning of Finite Element 
Analysis Platform of Gantry Crane 
 

2.1. The Basic Steps and Application of 
Finite Element Method  

 
Using finite element method to solve the 

problems has many steps, including basic steps are: 
1) Continuum discretization and unit type 

selection. First of all, we should according to the 
shape of the continuum to choose the appropriate unit. 
The second is unit division. The continuum cut into 
many units, the size of the unit, the continuum is 
divided into finite element composition by finite 
element model for cutting into node and units. 

2) Choose displacement function. It must be able 
to reflect the unit of the rigid body displacement, 
reflect unit constant change and the continuity of 
displacement [11]. 

3) Define strain displacement and the relation 
between stress and strain. For the finite element 
equation is derived, need to build strain displacement 
relationship, such as in one-dimensional deformation 
and small strain of strain and displacement in the x 
direction relationship is as follows: 

 

x
du
dx

ε =  (1) 

where xε is the stress of X direction,  
u  is displacement. 

The stress strain relationship between constitutive 
stress and strain will be connected Hooke's law is the 
most simple stress strain law: 

 

x xEσ ε=  (2) 
 

where xε  is the strain of X direction,  

E  is the Elastic modulus. 
4) List the element stiffness matrices and 

equation. 
5) List the overall equation and boundary 

conditions are introduced. Using the direct stiffness 
method is superposition method, the equation of the 
unit together assembly into general equation, the 
matrix form is:  

 
{ } [ ]{ }F K d=  (3) 

 
where { }F  is the whole node force matrix. [ ]K is 
the overall stiffness matrix. { }d is the node degree 
of freedom or generalized displacement 

6) To solve the unknown degree of freedom. 
7) Solving unit strain and stress. 
8) View the results of the analysis. In the design 

process, usually it's important to determine the 
structure of displacement and stress maximum 
position, usually finite element program in the post-
processing module to graphics mode display. 

The finite element method is a numerical 
calculation method in engineering application. 
Mainly inspects the structure strength, stiffness of 
performance. ANSYS software can be seven kinds of 
structure analysis, including static analysis, structure 
analysis and transient dynamics analysis, buckling 
analysis, and so on. 

 
 

2.2. Door Type Hoist Structure and Design 
Characteristics 

 
2.2.1.  Door Type Hoist Structure 

Characteristics 
 
Door type hoist main components are: Drum, car 

frame, door frame, the driver room, rail ladder and 
reducer. The main bearing part is car frame and door 
frame. On the door there is a lifting trolley, lifting 
trolley and door frame in mutual vertical track were 
moving, so constituted two-way door type hoist; door 
type hoist topology structure shows in Fig. 1. 

This paper studies the car frame beam structure 
consists of two root girders, and three root and girder 
vertical beam as well as several beams with vertical 
girder parallel small girder composition. Structure 
shows in Fig. 2. 
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Fig. 1. Door type hoist topology structure. 
 
 

 
 

Fig. 2. The car frame metal structure diagram. 
 
 

2.2.2. Door Type Hoist Design Process 
Characteristics 

 
Door type hoist is a large metal structure, its 

design process and the traditional mechanical design 
process, compared with its own features: 

1) Door type hoist design are the basis of the 
original hoist, according to the customer for the new 
door type hoist performance different requirements, 
the corresponding structure form or shape size must 
be modified, then check calculation strength, 
stiffness, until the generation meet customer demand 
design results. 

2) The design process refer to the corresponding 
design manual, more depend on designers design 
experience. 

3) Door type hoist is a large metal structure, the 
traditional design method is very conservative, 
already can't satisfy the design requirements of the 
design unit in the product design stage design cycle 
period, high quality. 

4) Door type hoist structure form is agile 
changeable. 

2.2.3. Finite Element Analysis Platform 
Overall Process Planning 

 
The finite element calculation method results the 

calculation results more accurate, and to the 
secondary development of the finite element software, 
research and development of a finite element analysis 
platform. Door type hoist in the gate and the weight 
of the lifting process, the weight transfer power to 
roll, roll through the placement in the car frame roll 
bearing a transfer of load transfer to the car frame, 
lifting trolley through the door frame orbit car 
driving mechanism will be small wheel pressure 
transfer to the door frame. According to above 
analysis, drum, car frame and door frame finite 
element analysis need to analyses one by one, after 
the completion of a reaction is applied to extract a 
parts then on to the next part of the finite element 
analysis. Door type hoist overall analysis process is 
as follows Fig. 3 shows. 

According to the analysis of the structure of 
platform is different, need to prepare a lot of mutual 
nested toolbar menus, such not only can expand the 
toolbar to the number of the abbreviation, it could 
still realize menu level, make the analysis process 
orderly. The toolbar button and macro command is 
one-to-one, the user through the operation custom 
toolbar button realize door type hoist the whole 
process of the finite element analysis. Door type 
hoist finite element analysis platform of the overall 
operation process shows in Fig. 4. 

 
 

 
 

Fig. 3. Finite element analysis process. 
 
 

3. The Research of Key Technologies 
 

3.1. Parametric Design Technology 
 
Parametric design technology refers to the shape 

that is standardized structure, with a set of 
parameters to restraint the geometry of a group of 
structure size sequence [12]. The advantages of 
parametric design are fast and accurate, particularly 
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in the application of some structure and connection 
fixed structure design. The same structure form just 
need relative size changes, can change the size of the 
modified by parametric, parametric sequence fast 
drive structure geometry change. 

 
 

 
 

Fig. 4. Analysis platform overall operation process. 
 
 
The methods of parametric design main are 

application and structure change less but geometry 
size need to change in product design. Common 
parametric design methods are: algebraic method, 
artificial intelligence method, direct manipulation 
and language description method. The method of 
parametric design from CAD in actual use process-
develop, produced a kind of modern design method. 
The main goal of parametric design is to design a 
series of products of the requirements, in the design 
of a series of products. The advantages of parametric 
design embodied in the structure design of the 
variability, template repeatability and assembly 
convenience. It is precisely because of these 
advantages make parametric design method and is 
more and more widely used. Parametric design 
principle shows in Fig. 5 (a). Door type hoist due to 
its structure and design characteristics of process, in 
the design of parametric technology, based on web 
form die as the example, this paper introduces 
parametric technology in the application of finite 
element analysis platform. Reel group of finite 
element analysis process including roll group input 
parameters, parametric modeling and mesh division, 
the finite element calculation, the results of check 
steps, such as in the Toolbar (ANSYS Toolbar) as 
shown below Fig. 5 (b): 

 
 

3.2. Modular Technology 
 
Mechanical product Modular Design (Modular 

Design) is to point to the demand of the market 

research, product on the basis of analyzing the 
classification and design a series to meet the 
requirements of function module, and then according 
to demand choose corresponding module 
combination, get different function or structure of 
different products. The main way of modular design 
has four kinds: horizontal series modular design, 
longitudinal series modular design, span series 
modular design, the whole series modular design. 

 
 

 
 

(a) Parametric design structure diagram. 
 

 
 

(b) Finite element analysis process. 
 

Fig. 5. Parametric design principle. 
 
 
Modular design is key module division and the 

interface of module between technologies. In 
division module is needed the system function and 
carefully structure analysis, module has direct 
influence on the stand or fall series design module. 
Mechanical products are made from components and 
parts by parts. According to the functional 
independence principle will product segmentation, 
get level subcomponent, then according to the 
function division, each separate subcomponent 
independent get secondary subpart until be divided 
into components. 

Module partition has four principles: sketch 
positioning principle, independence principle, the 
principle of the stability and compatibility principle. 
Modular technology products of the finite element 
model has geometry sub-module and load sub-
module, through the parameter modification, module 
interchange and realize the finite element model of 
geometric module and the change of the load module, 
and establishes the finite element model of  
the product. 

The car frame structure and load complexity, 
decided to the diversity of the finite element model of 
the module. Small girder has Fig. 6 shows the structure. 
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(a) 

 
(b) 

 
Fig. 6. Small girder structure. 

 
 

3.3. The Secondary Development Technology 
Based on APDL  

 
ANSYS software scalability, its own provides 

several secondary development tools: APDL 
parametric design language, UIDL user interface 
design and UPFs user programmable characteristic. 
APDL not only provides a general programming 
language function, such as parameter, macro, scalar, 
vector and matrix operation, branching, and 
circulation, repetition and ANSYS finite element 
database access, also provides a simple interface 
customization, realize the interaction parameters 
input, message mechanism, interface driver and run 
applications, etc. It can use the edit ASCII file 
software editing and generation, APDL command 
flow file from ANSYS software version or the 
operating system platform restrictions or influence. 

ANSYS software allows users according to their 
own need to customize special graphics interface, the 
ANSYS software is in graphic interface aspects of 
the important advantages. ANSYS predefined default 
Toolbar, there are four buttons: SAVE_DB, 
RESUME_DB, QUIT, POWERGRAPH, through the 
modified ANSYS boot file start100.ans can let 
ANSYS loading user defined start Toolbar, and not 
the system default Toolbar. 

1) Article tools of loading. 
Start100.ans document control predefined toolbar 

commands are as follows: 
There are five predefined ANSYS abbreviations 

in the Toolbar. The following commands can be used 
to remove them (by removing the exclamation point). 

!*ABBR, SAVE_DB 
!*ABBR, RESUM_DB 
!*ABBR, QUIT 
!*ABBR, POWRGRPH 
!*ABBR, E-CAE 
… 
This paper studies is outlets hoist finite element 

analysis process, so the four macro file name are 
JUANTONG, CHEJIA, MENJIA and RETURN. 
ANSYS software commands are not case-sensitive, 
but in the user interface displayed on the toolbar 
names are capitalized. The revised command flow is 
as follows: 

*abbr, juantong, juantong.mac 
*abbr, chejia, xiaochejia.mac 
*abbr, menjia, menjia.mac 
*abbr, return, return.mac 
ANSYS after rebooting, toolbar into custom good 

new toolbar, as below Fig. 7. 
 

 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

Fig. 7. The car frame modeling tool bar. 
 
 
With the car frame, for example, in order to make 

the analysis process more regulations, the level of the 
toolbar button: only six MODELING, MESH, 
LOAD, CALCULATE, RESULT, RETURN, and 
MODELING button nested next layer of the toolbar, 
click on the toolbar in Fig. 7 (c). 

 
 

4. The Simulation Analysis  
of Key Bearing Part 

 
4.1. The Traditional Method to Calculate the 

Stability of the Door Frame 
 
Steel structure, due to the advantages of high 

strength and light structure in engineering field 
widely be used. On the other hand, the stability 
problem is the most prominent problem in steel 
structure [13]. The stability of the structure is 
deformation problem. The main is to find the 
external load and internal resistance between the 
stable equilibrium states. Prevent structure appear 
instability and not make their actual stress below a 
certain value, but to prevent structure into the 
unstable equilibrium state. The stability of the steel 
structure can be divided into three categories: 
Equilibrium bifurcation buckling, the load-deflection 
curve is shows in Fig. 8 (a). Extreme value point 
instability, the load-deflection curve is shows in 
Fig. 8 (b). Steel structure stability analysis has the 
following characteristics: diversity, integrity  
and correlation. 
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(a)  

Equilibrium bifurcation 
buckling curve. 

(b)  
Extreme value point 

instability load-
deflection curve. 

 
Fig. 8. Load-deflection curve. 

 
 

4.2. The Simulation Analysis of Key Bearing 
Part 

4.2.1.  The Finite Element Method to 
Calculate the Structural Stability 

 
ANSYS software provides two kinds of method 

to calculate the stability of the structure, eigenvalue 
buckling analysis and nonlinear buckling analysis. 
Eigenvalue buckling analysis is mainly used in the 
theory of structure buckling analysis, calculate the 
structure of theory buckling strength. Eigenvalue 
buckling analysis main steps are as follows: 

1) Pretreatment stage. The process of the finite 
element analysis process of the pretreatment stage is 
the same. Chosen the right unit (door frame structure 
using shell63 unit with surface modeling), defined 
the good material properties (such as young's 
modulus, Poisson's ratio), as below Fig. 9. 

 
 

 
 

Fig. 9. Define material properties. 
 
 
2) Static analysis. The eigenvalue buckling 

analysis is needed before the static analysis of the 
structure. The static analysis process need to consider 

the influence of stress, so need to open the stressed 
switch, other process and general static analysis 
process is the same: to model applied load and the 
degree of freedom constraint and solving. Open the 
stressed switch mode is as follows: 
Solution>Analysis Type>Sol'n Controls>Basic. In 
the Basis options checked Calculate stress effects.  

3) Eigenvalue buckling analysis. Once again get 
into the solver, choose solution type into buckling 
analysis. We can see in Fig. 10. 

 
 

 
 

Fig. 10. Choose analysis type. 
 
 

4.2.2. The Simulation Analysis of Key 
Bearing Part 

 
Start door type hoist finite element analysis 

platform, in turn sequence reel group and car frame 
finite element static analysis, and then will return to 
the preservation, finite element analysis of the 
platform of the main menu. Click on the toolbar 
button door frame, enter key bearing part, is door 
frame finite element analysis, and then menu bar 
shows the door frame finite element analysis menu. 
Click on the first MODELING command start 
MODELING. The platform will require user input 
modeling need structure, size and at the same time 
will open a pair of schematic diagram prompts the 
user for each input parameter in the structure of the 
size of the corresponding. We can get structure 
diagram as shown in Fig. 11. Input parameter is 
obtained parametric finite element model in Fig. 12. 

 
 

 
 

Fig. 11. Structure diagram. 
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Fig. 12. Parametric finite element model. 
 
 
Upon completion of the main girder, leg, beam, 

beam and floor beam modeling, door frame structure 
as below Fig. 13. 

 
 

 
 

Fig. 13. The door frame structure. 
 
 
The door frame structure modeling is completed, 

need to mesh model. Considering the large amount 
data of finite element calculation, using surface set 
up door frame model, so in the mesh need through 
the real constant assignment to the door frame the 
plate thickness of the assignment. After the mesh, the 
door frame finite element model as shown in Fig. 14. 

 
 

  
 

Fig. 14. Grid partition map. 

Click on the button  applied load, after 
completion of loading as Fig. 15. Diagram leg walk 
mechanism on the degree of freedom constraints, two 
roots on the girder put small wheel pressure, 
windward side put wind load. Before exit processor, 
into the static analysis, then need to pay attention to 
consider the influence of stress, open stressed switch. 

 
 

 
 

Fig. 15. The door frame after loading. 
 
 

 
 

Fig. 16. The door frame VonMises stress. 
 
 
Calculation after the completion of the user clicks 

 can view static analysis results, as Fig. 16, 
the comprehensive strain in Fig. 17. 

The simulation analysis part program of key 
bearing part is as follows: 

/solu 
antype, 1 
bucopt, lanb, 8, 1, 0 
mxpand, 8, 0, 1000, 1, 0.001 
solve 
save, menjiajieguo_wd,db,'d:\qbj\menshiqibiji\me

njiaAPDL\menjia_save' 
*get, buck_canshu, mode, 1, freq 
finish 
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Fig. 17. The door frame integrated strain diagram. 

 
 

5. Conclusions 
 
The presented method is using the finite element 

method to improve the accuracy of the calculation, 
and enhance the reliability of the product; 
Considering the door type hoist structure type, size 
and condition changes, improve the generality of the 
software; Analysis process high automation, speed 
up the analysis speed, shorten the product 
development cycle. 

Combined with drum, car frame modeling 
process discussed the parametric and modular 
thought in door type hoist finite element of the 
application of the platform, and points out that the 
finite element analysis platform secondary 
development advantages.  

Through the calculation to get the door frame 
stability coefficient is 9, the coefficient far outweigh 
the 1 that door frame under the above after loading 
charge in a stable state. 
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Abstract: According to the fracture characteristics in press-head inserting rocks, the dependence of median, 
radial and lateral crack length formed in the inserting process on press, hammer and impact velocity is 
determined, and the effect of impact spacing on rock crushing is analyzed under the cutting under coupling 
dynamic and static loads mode. Using ANSYS software, simulations on the inserting of static and dynamic 
loads and the impact-press cutting process are carried out. The results show that: combined load model can 
greatly improve the effects of rock fragmentation, the ratio of the impact spacing and the cutting depth has 
significant influence on the special energy consumption, and the optimal ratio is conductive to achieve the best 
cutting effect; large impact energy and high impact spacing can achieve good cutting effect on brittle hard rocks. 
Copyright © 2013 IFSA. 
 
Keywords: Static-dynamic coupling loading, Numerical simulation, Rock crushing, Theoretical analysis. 
 
 
 
1. Introduction 

 
Research on the mechanical properties and 

fracture characteristics of rocks under the effect of a 
variety of complex loads provides theoretic basis for 
engineering design and excavation in the fields of 
mining, civil construction and underground 
construction, and provides main parameters for the 
stability analysis of a variety of rock engineering. 
Currently, a number of research works on the 
crushing mechanism and crushing characteristics of 
rocks under single static or dynamic load have been 
done in the field of rock mechanics, but the number 
of theoretical and experimental studies on the 
crushing mechanism of rocks under the combination 
of static and dynamic loads is limited [1-5]. In the 
recent 10 years, experimental and theoretical studies 
on the mechanical properties of rocks under low 
strain rate ( 410 /ε −< s ) and high strain rate 
( 210 /ε > s ) are extensive, but the relative studies 

of median strain rate ( 4 210 / 10 /ε− −≤ ≤s s ) is 
limited due to the constraints of test conditions and 
techniques [6, 7, 8]. Median strain rate test 
techniques and the mechanical behavior of materials 
under median strain rate have been studied in Los 
Alamos National Laboratory and Lawrence 
Livermore National Laboratory. With the 
development of computer technology and 
geotechnical engineering analysis software, 
numerical simulation techniques has been widely 
used in the study of influence of rock microstructure 
on the macroscopic mechanical behavior. But the 
current study on rock fragmentation is mainly 
focused on rock breaking under single static or 
dynamic loading, and is carried out on the basis of 
the crushing characteristics and the corresponding 
optimal load parameters. Single static loading tests 
are mostly carried out on pressure testing machines 
through press test under concentrated loads; dynamic 
research results are mostly obtained using shock 
machine or Hopkinson device. Recent studies on 
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brittle fracture rocks have found that: the infliction of 
stress pulse on rocks withstanding static stress can 
effectively promote the development of cracks, 
namely the combination of dynamic and static 
loadings can significantly improve the rock crushing 
effect [9]. Therefore, it is significant to research the 
mechanism of rock fragmentation under the 
combination of static and dynamic loadings. We in 
this work explored the mechanism of rock 
fragmentation under the combination of static and 
dynamic loadings, and made comparison with 
conditions under the effect of single static or 
dynamic loading. 

 
 

2. Theoretical Analysis on Rock 
Fragmentation under the Effect  
of Loads 

 
2.1. Fracture Morphological Analysis 
 

Research results show that, when press-head 
inserting brittle rocks, a dense core is formed beneath 
the press-head, and median, radial and lateral cracks 
are also generated [10]. Median cracks are generated 
in the loading process, and will be recovered partially 
during the unloading process; radial cracks can be 
formed in both loading process and unloading 
process; lateral cracks are often produced during the 
unloading process.  
 
 
2.2. Fragmentation Mechanical Analysis 
 
2.2.1. Mechanical analysis on penetration 

under dynamic-static loading 
 

The general form of penetration coefficient can 
be expressed as:   

 
2 ( )dP K KP P t

dt m m
+ = , (1) 

 
where P  indicates the dynamic-static penetration 
loading; m  indicates the average resistance on the 
drill; ( )P t  indicates the incident waves of the press-
head; K  indicates the penetration coefficient. By 
substitution of the dynamic-static loading condition 
( 0 0tP P= = ) and the incident waves 

1( )
m t
MP t mV e

−
=  into formula (1), we can get: 

 

02
1

Km tt KmM t
m

I
e eP mV P e

γ

−−
−−

= +
−

, (2) 

 

where IV  indicates the last impact velocity; γ  
indicates the impact penetration index and 

2 /m MKγ = ; M  indicates the weight of 

hammer; 0P  indicates the static pressure. 

Set / 0dP dt = , we get: 
 

0(1 )1ln[ ]
2 I

P
V mt K m

m M

γ
γ γ

−
−

=
−

 (3) 

 
By substitution of formula (3) into (2), we get the 

maximum penetration coupling force mP :  
 

1 10(1 )2 [1 ]
2m I

I

PP mV
V m

γ γ
γ γγγ − −−

= −  (4) 

 
If the load on the rock is a single impact, then the 

maximum penetration coupling force 0mP  is: 
 

1
0 2m IP mV

γ
γγ −=  (5) 

 
Divide formula (4) by formula (5), we get: 
 

10

0

(1 )[1 ]
2

m

m I

P P
P V m

γ
γγ −−

= −  (6) 

 

If 1γ > , then 0(1 )1 1
2
γ−

− >
I

P
V m

; if / ( 1) 1γ γ − > , 

then 0/ 1m mP P > ; if 1γ < , then 0(1 )1 1
2
γ−

− <
I

P
V m

; if 

/ ( 1) 0γ γ − < , then 0/ 1m mP P > .  Therefore, the 

maximum penetration coupling force mP  is 

increased with the static pressure 0P . 
 

 

2.2.2. The Dependence of Median and Radial 
Crack Length on the Penetration 
Coupling Force 

 
A semi-analytic relationship between the median, 

radial crack length and the penetration coupling force 
is proposed: 

 
3/2/ /cP C K x= , (7) 

 
where cK  indicates the fracture toughness; x  is an 
undetermined function including nature of the rock, 
indenter shape, size and angle of the dense core etc.  

Take median and radial cracks as a plane 
problem, then the combined stress field cK  of static 
and dynamic coupling can be decomposed into 
recoverable elastic field eK

 
and residual field rK
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after unloading: 

e r cK K K+ =  (8) 
 
From formula (7) and (8), we get: 
 

3/2 3/2/ /e t cx P C x P C K+ =  (loading) (9) 
 

3/2 3/2/ /e t m cx P C x P C K+ =
 
(unloading) (10) 

 
Then 
 

2/3[ ( ) / ]e t cC P x x K= +
 
(loading), (11) 

 
2/3[( ) / ]e t m cC x P x P K= +  (unloading), (12) 

 
where 

 
( ) ln(2 / )e ex c bξ ϕ= , (13) 

 
1/2 2/3

1 0( )( / ) ( cot ) /t tx E H a aξ ϕ θ= , (14) 
 

where eξ  
and tξ  are the dimensionless functions 

only related to the calculating angle ϕ ; E  and 
2

0/ ( )H P a a=
 
indicate the elastic modulus and 

hardness of the invading material respectively; 
 a  indicates the contact radius; 0a  and 1a  are the 

geometric constants of the press-head; b indicates 
the radius of the dense core; θ  indicates the 
characteristic angle of the press-head. 

In the loading half-cycle, 0M
ex >  indicates the 

median crack reaches the maximum value, while 
0R

ex <  indicates the radial crack is suppressed; in 

the unloading half-cycle, 0M
ex <  and 0R

ex >  
indicate elastic recovery emerges on the median 
crack, and the radial crack will continue to expand 
until fully unloaded. According to formula (11) and 
(12), median and radial cracks is increased with the 
increase of the penetration coupling force, namely 
the increase of static pressure or impact is conductive 
to improve the penetration depth. 

When considering pure impact, the dependence of 
median and radial crack length on the impact can be 
expressed as: 

 
2/3 1/3 2/3 8/9 8/9

0

3 tan[ ( ) ]( )
2d c i

I d

MC EH K V
a H

θξ
γ

= , (15)

 
where Iγ  is the geometric factor; dH  is the 
dynamic hardness of the object being intruded. 

Formula (15) is the dependence of median and 
radial crack length on the weight of the hammer and 

the impact velocity, indicating that the median and 
radial crack length is a positive function of the 
hammer weight and the impact velocity. 
 
 
2.2.3. The Dependence of Lateral Crack 

Length on the Penetration Coupling 
Force 

 
Lateral cracks are extended in unloading stage; 

therefore the residual stress plays a major role. 
Assuming that the lateral crack is parallel to the free 
surface, ignoring the influence of median and radial 
cracks, we get the relationship between the  
length LC  of the lateral crack and the invading  

load P  under the equilibrium state: 
 

* 1/4 1/2
0[1 ( / ) ]L L LC C P P= −  (16) 

 
where 0LP  is the load threshold value of the  
lateral crack: 

 
2 2/3 4 3

0 0( / )(cot ) ( / )( / )L CP A K H E Hξ ϕ −=  (17) 
 
If 0LP P>> , the maximum crack length *

LC  is: 
 

}{ 1/2* 1/2 5/8 3/4 1/4 5/8( / )(cot ) [( / ) / ]L L C mC A E H K H Pξ θ= , (18)

 
where 0ξ  

and Lξ  are the dimensionless constants, 
which are independent of the indenter and materials, 
and can be determined by experimental calibration;  
A is dimensionless geometrical constant. 

If LC C>> , 3(1 ) / 4A ν π= − ; if LC C< , 
3 / 4A = . 

Rock crushing volume V can be estimated  
as * 2( )LC h , namely: 

 
1/2 7/6 5/4 3/4 7/4( / )(cot ) ( / ) / ( )L C mV A E H K H Pξ θ∝  (19)

 
From formula (19) we obtain:  
1) both the crack length and crushing volume are 

increased in proportion to the load. Thus, within a 
certain range, the increase of dynamic and static 
loads can enhance crack length and crushing volume, 
thereby improving the efficiency of rock breaking. 

2) In the rock breaking process under a single 
static or dynamic load, prestressed injury due to pre-
load on rocks can reduce the fracture toughness and 
hardness of rock material, thus increasing the 
crushing volume and improving the rock-breaking 
results. 

3) Impact load results in the cycle of loading-
unloading-reloading finally, which is very conductive 
to the development of the lateral cracks and radial 
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cracks that are closed to the rock-breaking. 
2.2.4. The Dependence of Rock 

Fragmentation Spacing  
on the Impact Spacing 

 
In the process of impact-static cutting or impact-

cutting, the matching relationship of the impact 
spacing and the rock fragmentation spacing is an 
important factor that influences the effects of rock 
breaking. Different types of rocks are equipped with 
different cutting frequencies, and thus the matching 
impact frequencies. When the impact spacing applied 
is consistent with the rock cutting spacing, the 
cutting depth will be improved significantly. If the 
impact spacing is too low, then the cracks produced 
in two adjacent impacts will be difficult to be linked 
together, so that crushing effect is depressed. 
According to the mechanical equilibrium principle, 
we believe that: the penetration depth h  is inversely 
proportional to the uniaxial compressive  
strength cσ  

and positively proportional to the shear 
strength τ , namely: 

 
/ / 2cl h σ τ=  (20) 

 
The optimal spacing between the two pits 

depends on the values of the penetration depth h  and 
rock crushing angle ψ : 

 
/ tan( / 2)l h ψ=  (21) 

 
Formula (20) and (21) show that the reasonable 

impact spacing is determined by the physical and 
mechanical parameters of the rock itself, and is 
independent with the indenter shape, loading rate and 
other factors. 
 
 
3. Numerical Simulation of Rock 

Fragmentation Based on ANSYS  
 
3.1. Crack Model 
 

In case of no reinforcement, the stiffness  
matrix [ ]D  of the stress-strain relationship can be 
expressed as: 

 
(1 ) 0 0 0

(1 ) 0 0 0
(1 ) 0 0 0

(1 2 )0 0 0 0 0[ ] 2(1 )(1 )
(1 2 )0 0 0 0 0

2
(1 2 )0 0 0 0 0

2

ED

µ µ µ
µ µ µ
µ µ µ

µ

µ µ
µ

µ

−⎡ ⎤
⎢ ⎥−⎢ ⎥
⎢ ⎥−
⎢ ⎥−⎢ ⎥

= ⎢ ⎥+ − ⎢ ⎥−⎢ ⎥
⎢ ⎥
⎢ ⎥−
⎢ ⎥
⎣ ⎦

, (22)

 
where E indicates the elastic modulus, p indicates 
Poisson's ratio. 

The SOLID65 unit of ANSYS can be used to 

predict the elastic behavior, cracking behavior and 
crushing behavior. In the elastic range, formula (22) 
can be considered as the stiffness matrix of rocks; 
when considering cracking or crushing, formula (22) 
needs to be amended. 

By modifying the stress-strain relationship, a 
defect plane perpendicular to the fracture surface is 
introduced to represent a crack on one node. When 
the crack opens, if sliding or shearing appears on the 
fracture surface, a shear force transfer coefficient tβ  
is adopted to simulate the loss of the shear force. The 
stress-strain matrix [ ]ck

cD  after the emergence of a 
crack in one direction of the material can be 
expressed as: 
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(23)

 
The state of SOLID65 unit can be divided into 

open, closed, crushing and complete, which has  
16 different combination modes in the specific 
structural applications. 
 
 
3.2. Crush Simulation 
 

If the material on a node fails under uniaxial 
pressure, then the material on this node s considered 
to be crushed. For SOLm65 unit, crush means that 
the structural integrity of the material is completely 
degraded. When crushing occurs, the material 
strength has been degraded to the degree that the 
contribution of the node to the stiffness matrix  
can be ignored. 

ANSYS can predict the failure behavior of brittle 
materials, while taking into account the failure 
simulation on cracking and crushing. Failure criteria 
of uniaxial stress state can be expressed as: 

 

0
c

F S
f
− ≥ ,  

 
where F  is the function of the principal stresses;  
S  is the failure surface. Due to both F and S  can 
be represented using principal stresses 1σ , 2σ  and 

3σ  
which have four ranges, so the failure behavior 

of rocks can be divided into four stages:  
1) 1 2 30 σ σ σ≥ ≥ ≥ (press-press-press); 
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2) 1 2 30σ σ σ≥ ≥ ≥ (pull-press-press); 

3) 1 2 30σ σ σ≥ ≥ ≥ ( pull-pull-press); 

4) 1 2 3 0σ σ σ≥ ≥ ≥ ( pull-pull-pull). 
 
 
3.3. Finite Element Analysis of Rock 

Fragmentation under Static  
and Dynamic Loads  

 
First create three-dimensional solid models of the 

rock and the PDC cutter in CAD, and then guide into 
ANSYS software. The rock element adopts  
the SOLID65 unite, PDC cutter element adopts  
the SOLID45 unite, and the failure surface adopts  
the improved William-Warnke five-parameter  
failure surface. 

The size of the rock specimen is 
1000 mm×660 mm×540 mm, the specification of the 
PDC cutter is Φ13.4 mm×15 mm. The modeling of 
the PDC cutter adopts the actual size of the tool. 
Since the range affected by the cutter is very tiny, so 
the modeling is carried out in the scope of 
100 mm×50 mm×50 mm beneath the contact point of 
the rock and the cutter. The mechanical parameters 
of the rock specimen: density is 2.640 kN/m3, 
compressive strength is 164.8 MPa, tensile strength 
is 18.6 MPa, elastic modulus is 67 GPa, Poisson's 
ratio is 0.21. The mechanical properties of the cutter: 
density is 3.52 kN/m3, Knoop hardness is 50 GPa, 
bending strength is 0.6 GPa, compressive strength is 
7 GPa, fracture toughness is 7 1/2⋅Mpa m , elastic 
modulus is 560 GPa, Poisson's ratio is 0.08. 

The simulation results of the cutting process into 
the rock specimen under static-impact loadings are 
shown in Fig. 1. We can learn that: with the increase 
of the static pressure, the penetration depth and the 
crushing volume are improved, while the specific 
energy of rock fragmentation is reduced; similarly, 
with the increase of the impact energy, the 
penetration depth and the crushing volume are 
improved, and the specific energy of rock 
fragmentation is reduced. 

Through simulation on the process of rock 
breaking under dynamic-static loadings, the 
dependence of penetration depth on impact spacing 
under different loading modes is obtained, as shown 
in Fig. 2. We can learn from the figure that, impact 
spacing, static pressure and impact energy has a 
significant influence on the cutting performance. For 
a certain impact energy (48 J), the penetration depth 
is increased with the increase of static pressure; 
similarly, for a certain static pressure (2100 N), the 
penetration depth is increased with the increase of 
impact energy; the penetration depth will be 
improved significantly with the decrease of the 
impact spacing or with the increase of impact 
frequency. For example, if the static pressure  
is 2100 N and the impact energy is 48 J, when the 
impact spacing is 3, 5, 9 mm respectively, the 
penetration depth will be increase 7.5, 7.2, 6.15 times 

compared to the situation of pure cutting. 
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Fig. 1. The dependence of penetration depth h and the 
specific energy of rock fragmentation Eon the static 

pressure Ps and the impact energy EI. 
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Fig. 2. The dependence of penetration depth h  on  impact 
spacing L when: (a) EI=48.0J; (b) Ps=2100 N. 
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Fig. 3. The influence of L/h on the specific energy  
of rock fragmentation. 

 
 

The rock breaking effect can be measured using 
the concept of specific energy of rock fragmentation. 
According to the results of rock breaking test under 
impact-cutting loadings, the influence of the ratio 
between the impact spacing and the penetration depth 
on the specific energy of rock fragmentation is 
plotted in a scatter plot, as shown in Fig. 3. The 

dependence curve of the two elements is concave. 
The simulation results show that: for different 
penetration depths (coupled loadings) level in 
simulation, an optimal range exists for the ratio of the 
impact spacing and the penetration depth, which can 
result in the lowest specific energy of rock 
fragmentation. As shown in Fig. 3, the specific 
energy of rock fragmentation fluctuates around 
0.2 J/mm3 when the ratio of the impact spacing and 
the penetration depth is within the range of 1.5-2.5; 
the specific energy of rock fragmentation for small 
impact spacing is larger than that of large impact 
spacing, indicating that the smaller the impact 
spacing, the more severe the repeated rock crushing, 
thus the more energy consumed; the ratio of the 
maximum value and the minimum value of the 
specific energy of rock fragmentation is within the 
range of 2-4. 

 
 

4. Conclusions 
 

The length of median, radial and lateral cracks 
formed in the inserting process is proportional to the 
static pressure and the impact energy, indicating both 
the penetration depth and the crushing volume are 
increased with the increase of the loadings. Thus, in a 
certain range, the increase of the dynamic-static 
loadings is helpful to improve the crushing volume. 
The scaling law of the crack length and the loads 
provides theoretical basis for the quantitative 
calculation of the crack range and the crushing 
volume under certain loadings. Besides, simulations 
on the crack propagation inside rocks through 
ANSYS software reveals that: compared to the rock 
cutting mode under single static or dynamic loading, 
the coupling static-dynamic loading mode greatly 
improves the effect of rock fragmentation; different 
specific energies of rock fragmentation exist 
corresponding to different coupling static-dynamic 
loadings, thus reasonable ratio of dynamic loading 
and static loading is conductive to achieve the 
optimal rock fragmentation effect. In the crushing 
process of hard brittle rocks, increasing the impact 
energy and the impact frequency while reducing  
the impact spacing can greatly improve the 
penetration depth. 
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Abstract: The singularity at the crack tip can be smoothed by the non-local theory based on different types of 
weighted functions. In the paper, the characteristics of different types of the weighted functions and their effects 
on non-local model are analyzed. The effects of the stress intensity factor KI and KII on the all components of 
stress-strain field in the neighborhood of the crack tip are analyzed by different types of the weighted functions. 
It is shown that the larger intrinsic characteristic length scale is, the more significant the reduction of non-local 
strain with respect to the local strain predicted conventionally will be. The size of non-local strain field with the 
bell-shaped weighted functions is larger than that obtained by either Green’s or Gaussian weighted functions. 
The non-local normal stress-strain components depends on the stress intensity factor KI and KII, the 
circumferential stress is related to the stress intensity factor KI. The effect of stress intensity factor KI  
on non-local radial stress is positive while the effect of KII is negative. The non-local circumferential stress is 
related only to the stress intensity factor KII while the non-local shear stress is related only to the stress intensity 
factor KI. The larger the intrinsic characteristic scale is, the more significant the reduction of non-local strain 
with respect to the local strain predicted conventionally will be. Copyright © 2013 IFSA. 
 
Keywords: Weight function, Intrinsic characteristic length scale, Crack, Stress intensity factor, Non-local 
theory. 
 
 
 
1. Introduction 

 
The failure of rock is very complicated as the 

micro-cracks of rock existence and non-uniformity of 
the material itself. Based on the non-uniform of 
micro structural of rock, the smooth weight function 
is introduced to the constitutive model, the local 
values of the related physical variables should be 
replaced by their weighted average values of certain 
form in space. The spatial average value of some 
physical variables in the form of weighted integration 

is defined by Bazant [1] and it is stated that the 
physical variables related to non-linear strain 
softening behavior in constitutive relation, such as 
incremental plastic strain p

ijε∆ , plastic multiplier λ  
or others should take their average values. A new 
cohesive crack model [2] is constructed based on the 
equivalence between the cohesive stress and the 
surface-induced traction occurring in the non-local 
stress boundary condition. Zhou Zhen-Gong [3] 
studied the scattering of harmonic waves by two 
collinear symmetric by the non-local theory. The 
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effect of the lattice parameter of anisotropic materials 
on the stress field of crack tip under a uniform anti-
plane shear loading is investigated by Sun et al. [4] 
by means of non-local theory, and dependence of 
stress field at crack tip on crack length and crystal 
lattice dimension by means of Fourier transformation 
are discussed. The stress and strain fields near the 
crack tip of I mode crack are analyzed by  
Peerlings [5] with use of non-local theory based on 
Gaussian weighted function and the results are 
compared with those obtained by strain-gradient 
model. The nonlocal theory was introduced to 
establish the constitutive model [6] under the 
ultrasonic condition based on the specified  
2D attenuating function. The marble and granite 
gneiss samples [7] were examined respectively by 
means of scanning electronic microscope (SEM) and 
polarizing microscope. Distributions of a certain 
physical variables are determined by weighted 
functions introduced in non-local fracture theory. 
Therefore, the choice of weighted function is a key to 
constitute to non-local strain softening model. In this 
paper, the relationship of different weighted functions 
and intrinsic length scale and their influence on non-
local theory are discussed. Different distributions of 
stress field near the crack of the I-II mixed  
mode crack are compared by means  
of non-local model with different types of  
weighted functions. 
 
 
2. Comparison of Weighted Functions 

 
The non-local equivalent strain relies on not only 

the local strain at the point but also that of the 
neighborhood of the point. The non-local equivalent 
variable is defined as a weighted average of the local 
equivalent variable x in the entire domain V [2]. The 
types of weighted functions substantially affect the 
spatial distribution of the corresponding variables. 
Thus it is meaningful to discuss the basic 
characteristics of different types of weighted 
functions and their effect on the non-local theory. In 
practice, bell-shaped function, Gaussian function, 
Green’s function and as following are commonly 
used [1]. 
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where ( ) 1, =xxψ , [ ]
23∑ −=−=

i iix ξρ ξx and 

l  is intrinsic length scale of the material. 

The weighted function contains at least one 
parameter related to scale of length such as l in R in 
Equation (1a) and Equations (1b), (1c). This 
parameter incorporates in the simplest possible way 
some information about the microstructure and 
frequently controls the size of the localized plastic 
zone. The value of the parameter is related to the 
intrinsic characteristic length scale, which  
is dictated by the size and spacing of the  
dominant heterogeneities. 

Distribution of the three types of weighted 
functions under different intrinsic length scales is 
shown in Fig. 1. The extremums and descending rates 
of the Gaussian and bell-shaped weighted functions 
increase with the decrease of intrinsic length scale. 
The influence domain of the Gaussian weighted 
function tends to infinity while the influence of bell-
shaped weighted function is a finite value decreasing 
with decrease of intrinsic length scale.  
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Fig. 1. Comparison among three types  
of weighted functions. 

 
 

Distribution of the common multiplier 2π4 ρ  for 
different types of weighted functions is shown in 
Fig. 2. Under the same intrinsic length scale 
condition, the size of the extremum of the common 
multiplier 2π4 ρ  for the bell-shaped weighted 
function is much larger than that of the green’s 
function and that of the Gauss weighted function. 
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Fig. 2. Distribution of the common multiplier 2π4 ρ   
for different types of weighted functions for l=1 (mm). 
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3. Effect of Weighted Function on Stress-
strain at Crack Tip 

 
The stress-strain singularity near crack tip is an 

acceptable fact in classical theory. To illuminate the 
influence of different types of weighted functions on 
the stress-strain singularity near crack tip, the crack 
shown in Fig. 3 is analyzed as an example. The 
stress-strain distribution near crack tip is discussed  
by non-local model with different types of  
weighted functions. 
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Fig. 3. Model of calculation. 

 
 
The stress expression at crack tip given by local 

elastic fracture mechanics can be written as 
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The local equivalent strain at crack tip are defined as 
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The non-local equivalent stress σ  at crack tip are 

defined as 
 

( ) Ω= ∫Ω dσασ r , (4) 

 
where Ω  is the integration domain defined as 

{ ∈= xΩ R2 }ππ,0 <<−> θr . Substitution of the 
normalized weighted functions (1) and the stress 
expression (2) into Equation (4) yields various 
components of non-local equivalent stress.  
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For Gaussian function 
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For Green’s function 
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1) When interaction of microstructure is 

considered, the value of stress at crack tip is finite. It 
is implied that the singularity at crack tip can be 
smoothed. When microstructure interaction is not 
taken account, the results are identical to those 
obtained by the macro-fracture theory. The larger the 
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intrinsic length scale is, the smaller the non-local 
stress value at crack tip is, and the larger the weaken 
tendency of stress field is. The size of the non-local 
stress and shear stress obtained by the bell-shaped 
weighted functions is larger than that obtained by the 
Green weighted function and larger than that 
obtained by the Gauss weighted function. 

2) The non-local radial stress at crack tip is related 
to stress intensity factors KI and KII. The non-local 
circumferential stress is related to stress intensity 

factor KII and independent of KI. The non-local shear 
stress is related to stress intensity factor KI and 
independent of KII. 

Substitution of the normalized weighted functions 
(1) and the stress expression (3) into Equation (4) 
yields various components of non-local equivalent 
strain. The non-local strain field for different types of 
weighted functions is given in Table 1. The following 
founding can be obtained from a comparison of the 
results as stated above. 

 
 

Table 1. The expression of non-local strain for different types of weighted functions. 
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1) When interaction of microstructure is 

considered, the value of stress at crack tip is finite. It 
is implied that the singularity at crack tip can be 
smoothed. When microstructure interaction is not 
taken account, the results are identical to those 
obtained by the macro-fracture theory. The larger the 
intrinsic length scale is, the smaller the non-local 
strain value at crack tip is, and the larger the weaken 
tendency of strain field is.  

2) The non-local normal strain at crack tip is 
related to stress intensity factors KI and KII. The non-
local shear strain is related to stress intensity factor 
KI and independent of KII. 

3) The size of the non-local strain obtained by 
different types of weighted functions is different. The 
size of the non-local strain obtained by the bell-
shaped weighted functions is larger than that 
obtained by the Green weighted function and larger 
than that obtained by the Gauss weighted function. 
As the stress intensity factor KI increases, non-local 
normal strain and shear strain increases, the 
circumferential strain decreases. As the stress 
intensity factor KII increases, the non-local normal 
strain decreases and the circumferential strain 

increases, the shear strain is independent of the stress 
intensity factor KII. 

 
 

4. Crack Propagating Mechanism  
of Rock Materials Based on the Non-
local Theory  

 
To illuminate the influence of different types of 

weighted functions on the strain singularity near 
crack tip, the specimen with a crack length of 25 cm 
consists of a rectangular solid 50 cm long and 60 cm 
tall, deforming in plane strain as depicted in Fig. 3. 
The material is assumed to obey the Von-Mises yield 
criterion with associative flow rule, with Young’s 
modulus GPa3.0=E , Poisson’s ratio 3.0=ν  under 
an equal stress of MPa1.0=σ . The isoparametric 
finite element meshes are constructed for this 
problem. The singular finite element meshes are 
constructed for the crack tip. To consider the effect 
of internal length scale on strain at the crack tip, the 
local strain ε  and the non-local strain ε  derived by 
different types of weighted function for the 
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corresponding point is analyzed by deriving the 
straight line with angle of 00, 150, 300, 450, 600, 900 
and x-axis from the configuration center of crack 
element. The distribution of the local equivalent 
strain is shown in Fig. 4. The singularity of the stress 
at the crack tip cannot be smoothed under the loaded 
condition. 

 
 

 
 
Fig. 4. Distribution of local equivalent strain near crack tip. 
 

 
The local and non-local equivalent strain with 

different angles is shown in Fig. 5 - Fig. 8. 
1) The local equivalent strain of crack tip inclines 

to ∞. The larger the distance of the corresponding 
point with crack tip is, the smaller the local 
equivalent strain is, the smaller the weaken tendency 
of non-local stress field is. The Local equivalent 
strain at crack tip for different orientation is different. 
The larger The Local equivalent strain near crack tip 
is, the larger the angle of traction-straight line with 
the face of the crack is. The value of the strain for 
crack tip is finite owing to the introduction of 
internal length scale. 

2) As the distance of the point and crack tip 
increases, the non-local strain gets to decrease 
strongly, then it gets to increase and arrives to the 
biggest value, Finally, The non-local normal stress-
strain gets to decrease. 

3) The size of the non-local strain obtained by the 
bell-shaped weighted functions is larger than those 
obtained by the Green’s and Gauss weighted 
functions. These are smaller than the size of local 
strain of the point. The larger the intrinsic length 
scale is, the larger the weaken tendency of non-local 
strain field is. 

The non-local strain field for different types of 
weighted functions and different intrinsic length 
scale is given in Fig. 9 - Fig. 10. The size of the non-
local normal strain obtained by the same weighted 
function is larger than the size of the non-local 
circumferential strain and the size of the non-local 
shear strain. The larger the intrinsic length scale is, 
the larger the weaken tendency of non-local strain 
field is. 
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Fig. 5. Local equivalent strain at crack tip for different 
orientation. 
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Fig. 6. Non-local equivalent strain for Bell-shaped 
weighted function at crack tip for different orientation. 
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Fig. 7. Non-local equivalent strain for Green weighted 
function at crack tip for different orientation. 
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Fig. 8. Non-local equivalent strain for Gauss weighted 
function at crack tip for different orientation. 
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Fig. 9. Comparison of local equivalent strain and non-local 
equivalent strain for different types of weighted functions 

at crack tip for different orientation. 
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Fig. 10. Comparison of local equivalent strain and non-
local equivalent strain for Bell-shaped weighted function at 

crack tip for different orientation. 
 
 
5. Conclusions 

 
Distribution of strain field of I-II mixed mode 

crack is analyzed by non-local theory with different 
types of weighted functions. The effects of the stress 
intensity factor KI and KII on the all components of 
strains at the crack tip are analyzed. The following 
conclusions can be obtained. 

1) The non-local theory is instructive to avoid the 
trouble resulting from stress-strain singularity at 
crack tip. As the distance of the point and crack tip 
increases, the non-local strain gets to decrease 
strongly, then it gets to increase and arrives to the 
biggest value. Finally, the non-local normal stress-
strain gets to decrease. The size of the non-local 
strain obtained by the bell-shaped weighted functions 
is larger than those obtained by the Green’s and 
Gauss weighted functions. These are smaller than the 
size of local strain of the point. The larger the 
intrinsic length scale is, the larger the weaken 
tendency of non-local strain field is. 

2) The non-local radial strain at crack tip is 
related to stress intensity factors KI and KII. The 

influence of stress intensity factor KI on strain is 
positive while the influence of KII is negative. The 
non-local circumferential strain at crack tip is related 
to stress intensity factors KI and KII. The influence of 
stress intensity factor KI on strain is negative while 
the influence of KII is positive. The non-local shear 
strain is related to stress intensity factor KI and 
independent of KII. The influence of stress intensity 
factor KI on strain is positive. Gradual degradation of 
the parameter of the material is obtained at plastic 
zone near crack tip on account of the intrinsic length 
scale. These can simulate the strain-softening  
phenomena of materials used in the analysis of  
strain localization. 
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Abstract: To aim at the characteristics of livestock environment in china, a livestock breeding multi-
environment factor monitoring system was studied. In this paper, the design thought and main function of the 
system were introduced, and design methods of system hardware and software described too. To begin with, the 
hardware part of monitoring system is build. The detection equipments of temperature and humidity, carbon 
dioxide, ammonia, hydrogen sulfide, as well as light monitoring equipment are included in this hardware part, 
and the former four sensors are assembled together in order to establish the breeding environment parameter 
perception concentrator. Then the technology project based on RS485 and Zigbee is respectively devised 
according to the different situations, and the solution of hardware anti-jamming is also proposed accordingly. 
Secondly, the software part of environmental monitoring system is structured. The data acquisition system based 
on C/S structure is mainly responsible for the information collection and storage tasks of environmental 
parameters, and the acquisition system is capable of 24 hours of work. Furthermore, this acquisition system also 
includes perfect management mechanism and reliable detection mechanism, as well as the alarm information is 
recorded and the management personnel is timely informed when environmental information exceeds alarm 
value in poultry housing. The monitoring system is featured by high precise, appropriate price, powerful 
function, which is suitable for most environments of barn farming in China and provides us with important 
reference for future environment control. Copyright © 2013 IFSA. 
 
Keywords: Animal house, Multi-environmental factors, Monitoring system. 
 
 
 
1. Introduction 

 
With rapid economic development of our country 

and the continuous improvement of people's living 
standards, the demand for various types of livestock 
and poultry meat continues to increase, therefore, the 
need of safe, high-quality, non-polluting, and green 
food is increasingly strong, which comes up with 
very strict requirements for the current large-scale 
breeding. Especially after the emergence of the “foot-
and-mouth disease”, “mad-cow disease” and “avian-
flu disease”, the livestock and poultry plants are 

forced to change the traditional farming methods, 
also the monitoring means of the modern breeding 
environment are put into practice. besides, the barn 
aquaculture environment of northeast cold region is 
focused in this thesis based on the status quo at home 
and abroad and combined with the actual situation of 
our country, meanwhile, the monitoring system of 
modern breeding environment, which has remote 
query function, is established corresponding to the 
detailed research objectives and contents. 

All Livestock breeding environment directly 
affects animal growth, reproduction, health, and feed 
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utilization efficiency. Currently, many large-scale 
farms have been adopted the sealed way to feed in 
order to solve the complex and volatile of the culture 
environment factors, and a lot of environmental 
control technologies, but the overall level of 
automation is lower, and the regulation is less 
effective, as well as to adapt to large-scale farming 
needs is more difficult.  

At the same time, environmental factors lack the 
necessary contacts during regulating animal house 
environment, and the most of regulating system of the 
animal building is still in the state of manually 
operation or semi-automatic operation by the feeding 
and management personnel, and it is difficult to adapt 
to the requirements of modern management [1-4]. 

It is an objective to realize the animal building 
environmental control system hardware and software 
design by combining the sensor technology, 
communication technology and computer 

technology, as well as to control the animal house 
environmental factors by the means of fuzzy control 
technology so as to achieve better regulation. 

 
 

2. System Component 
 
Temperature, humidity, light, harmful gases, and 

the conditions of ventilation are the most important 
factors of the animal house environmental 
monitoring system, while it is the nonlinear, time-
varying and complex dynamic characteristics 
between these environmental factors. Various 
environmental factors have respective sensor detects, 
how to measure these environmental factors 
accurately, and to control the system automatically is 
the focus of this study. The whole design of this 
system is following as Fig. 1. 

 
 

 
 

Fig. 1. Poultry breeding environment monitoring system structure. 
 
 

As can be seen from the figure, animal house 
environmental monitoring system could collect or 
observe the temperature and humidity, light, and the 
concentration of harmful gases in the animal building 
as well as other environmental factors information by 
the multi-source information sensing equipment 
which is installed in the house. The most suitable 
environment is provided for the growth and 
development of the livestock and poultry, and the 
production of livestock and poultry production and 
quality is improved by the controlling device to 
control the drive actuator adjustment and controlling 
the local environment and climate to reach the needs 
of livestock and poultry [5-7]. 

Monitoring system is composed of four parts: 
sensing agencies, control agencies, executive 
agencies and auxiliary agencies. The four parts are an 
organic body, and ensure the normal operation of the 
system as a whole. Control agency is the core part of 
the whole system, which is used to deal with system 
control signals and to establish appropriate control 
rules [8-12]. 

Sense testing organization includes all kinds of 
sense testing equipments, and could achieve the 
immediate monitoring for the animal building of 
temperature and humidity, light and harmful gases 
specifically, and could send the result of the 
detection to the control organization. Signal by 
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analyzing and operation regulates animal house’s 
temperature, humidity, light and harmful gases and 
other environmental factors by converted, enlarged, 
drive circuit driving the implementing agency of the 
temperature control system, humidity control system, 
light control system and ventilation system. In this 
control system, the fan is important equipment which 
regulates temperature, humidity and gas 
concentration of particles, and the intelligent control 
of these environmental factors is achieved by 
Inverter driving easy to rely on speed adjustment  
[13-16]. 

Auxiliary organization includes a display unit and 
an alarm unit. On the big screen or terminal animal 
house, the display unit can display dynamically the 
temperature, humidity, light and harmful gases, and 
switches status information for each device, and the 
key link of production, as well as the important 
circulation of audio and video information. The 
alarm unit makes an alarm by the buzzer alarm sound 
when the environmental indicators of the animal 
house reach the cordon [17-20]. 
 
 
3. Overall Structure of Hardware System 

 
As the physical foundation of the whole 

monitoring system, hardware system can not only 
meet the demand of system functions, but also be 
considered technical index such as precision, 
resolution ratio, transmission distance and speed, etc. 
to carry on optimization design. 

 
 

3.1. Parameter Sensing Equipment  
in Breeding Environment 

 
Sensing equipment on breeding environmental 

parameter includes temperature and humidity sensor, 
carbon dioxide sensor, ammonia sensor, hydrogen 
sulfide sensor and illumination sensor, which are the 
basis of setting up this monitoring system. Therefore, 
when choosing specific sensor, we should considered 
overall inside and outside environment, market 
supply, developing difficulty and economic condition 
to choose appropriate sensor according to the actual 
situation on spot. 

 
 

3.1.1. Measurement on Temperature  
and Humidity  

 
In the system of environment monitoring, 

temperature and humidity measurement is one of the 
most basic variables in system input. Because 
humidity is high in winter in animal house and 
hazardous gas is full in the environment, temperature 
and humidity sensor owns ability of frosting 
prevention and could keep running stably in long 
term in the severe environment. 

This system is selected SHT10 temperature and 
humidity sensor produced by Sensirion Company in 
Switzerland, full digital calibration relative humidity 

and temperature sensor with single product of two-
wire serial interface, which has the characteristics as 
without peripheral circuit, without demarcating, 
without debugging, digital output and full-
interchange. Combining the technology of sensor 
with CMOS chip technology, this sensor provide 
solution for developing temperature and humidity 
monitoring system with high integration density, 
high reliability and high precision, as shown  
in Fig. 2. 

 
 

 
 

Fig. 2. Sensor appearance of temperature and humidity 
with SHT10. 

 
 

The tolerant relative humidity and temperature 
measuring resolution ratio of SHT10 sencoris12 bits 
and 14 bits separately, which could be fell to 8 bits 
and 12 bits through setting up the register. The range 
of temperature measurement is -40 oC - +123.8 oC, 
whose corresponding 14 bits resolution ratio is 
0.01 oC; the range of humidity measurement  
is 0-100 % RH, whose corresponding 12 bits 
resolution ratio is 0.03 % RH. Both measurement 
range and resolution ratio should meet the  
project requirement. 

 
 

3.1.2. Measurement on Concentrations  
of Carbon Dioxide 

 
The module of carbon dioxide sensor of this 

project is chosen B-530 carbon dioxide sensor 
module from Lanyue Technology, the configuration 
of sensor is as shown in Fig. 3. No matter on the 
volume, or on the quality, the module of B-530 
carbon dioxide sensor is very small, which is widely 
used in agriculture, industry, life and livestock 
breeding industry, etc. The module has been reserved 
contact pin which is easy to insert and pull out and 
extremely convenient to be used for combining with 
other equipments. In addition, this output of this 
sensor module is various (I2C, analogy quantity), 
which is easy to transmit and read, is fit for 
installment and dismantlement on most occasions. 
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Fig. 3. Carbon dioxide sensor appearance of B-530. 
 
 

3.1.3. Measurement on Ammonia 
Concentration 

 
The ammonia sensor of this project is chose 

4NH3-100 ammonia sensor from RAE Systems 
Company in America, as shown in Fig. 4. Possessing 
features such as simple drive circuit, favorable 
sensitivity and long service life, etc., 4NH3-100 
ammonia sensor is widely used in agriculture, 
industry, life and livestock breeding industry, etc. 
This sensor module could output analog current 
signal, which is easy to transmit and read, is fit for 
installment and dismantlement on most occasions. 

 
 

 
 

Fig. 4. Ammonia sensor appearance of 4NH3-100. 
 
 

3.1.4. Measurement on Hydrogen Sulfide 
Concentration 

 
The hydrogen sulfide sensor of this project is 

chose 4H2S-100 hydrogen sulfide sensor from RAE 
Systems Company in America, whose configuration 
is as shown in Fig. 5. Possessing features such as 
favorable sensitivity, simple drive circuit and long 
service life, etc., 4H2S-100 hydrogen sulfide sensor 
is widely used in life, agriculture, livestock breeding 
industry and industry, etc. This sensor module could 
output analog current signal, which is easy to 
transmit and read, is fit for demarcating, installment 
and debugging on most occasions. 

 
 

Fig. 5. Ammonia sensor appearance of 4H2S-100. 
 
 

3.1.5. Measurement on Illumination Intensity 
 
The collecting module of illumination intensity of 

this system is chosen GY-30 module of illumination 
sensor researched, developed and produced by 
Beijing Dihui Technology Co., Ltd. With much 
higher sensitivity photosensitive detector, this 
module is widely used with high measurement 
precision, wide application range, convenient 
installment and low price. The configuration  
of GY-30 illumination sensor is as shown in Fig. 6. 

 
 

 
 

Fig. 6. Light sensor appearance of GY-30. 
 
 

3.2. Parameter Sensing Concentrator  
in Breeding Environment 

 
Combining temperature and humidity sensor, 

carbon dioxide sensor, ammonia sensor, hydrogen 
sulfide sensor, parameter sensing concentrator in 
breeding environment is not only allocated with 
RS485 and ZigBee interfaces to upload data easily, 
but also with LCD display and keyboard which is 
convenient for the workers on spot to see about true 
time and historic environmental data to realize 
multipurpose, microminiaturization and integration. 
It could be used on permanent breeding 
environmental monitoring and could be used as 
portable measurement instrument. The equipment 
structure of the parameter sensing concentrator in 
breeding environment is as shown in Fig. 7. 

As the physical foundation of the whole 
monitoring system, hardware system can not only 
meet the demand of system functions, but also be 
considered technical index such as precision, 
resolution ratio, transmission speed and distance, etc. 
to carry on optimization design. Starting from the 
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whole design of system hardware and for the 
monitoring on parameter sensing in breeding 
environment of this chapter, we design temperature 
and humidity measurement, carbon dioxide 
measurement, ammonia measurement, hydrogen 
sulfide measurement and illumination measurement. 
And then we combined four sensors such as 
temperature and humidity measurement, carbon 
dioxide measurement, ammonia measurement, 
hydrogen sulfide sensor measurement according to 
the measured object to constitute parameter sensing 
concentrator in breeding environment, which realize 
integration and miniaturization to maximum extent.  

 
 

 
 

Fig. 7. Structure of parameter perception concentrator. 
 
 

4. Design and Realization of System 
Software 
 
To realize real time ongoing and all-round 

monitoring in 24 hours for breeding environment of 
animal house and be convenient for the managers on 
daily management, we design data collection system 
based on C/S framework and remote data inquiry 
platform base on B/S framework. Data collection 
system could complete works such as definition, 
collection, alarm and storage, etc. of monitoring data 
for the whole breeding environment, which is 
convenient for the workers to make real-time 
monitoring on all environmental parameter 
information in breeding environment. Remote 
inquiry platform is a platform for external data 
dissemination, users can login the webpage 
according to their own limits of authority, see about 
related breeding environmental information, form 
visual data report and tendency chart combined with 
related historical data in order to reduce the workload 
of the managers to the maximum extent and improve 
work efficiency. Design and realization scheme of 
the software will be introduced in detail as below.  

The software platform of monitoring system on 
breeding environment in animal house is developed 
based on Microsoft .NET Framework 3.5 technology 
and Microsoft .NET Framework 3.5 is a software 
framework which is issued in 2008 by Microsoft. It 
has many characteristics such as short development 
period, high security and perfect authority limits 

certification system, etc., which is widely used in 
industry, agriculture, animal husbandry and real life. 
SQL Server 2008 data base we used is the strongest 
and the most comprehensive SQL Server version 
issued in 2008 by Microsoft, which is a dependable, 
efficient and intelligent data platform. It owns many 
features, for example, easy operation, high security, 
support large-scale concurrent access, etc. and it has 
excellent downward compatibility to provide 
convenience for system upgrade in the future.  

The software platform of monitoring system on 
breeding environment in animal house is divided into 
data collection system based on C/S framework and 
remote data inquiry platform base on B/S framework. 
The former is mainly in charge of related information 
entering about breeding environment in animal 
house, data collection, out of limit alarming, data 
storage and local real-time data inquiry, etc. The 
latter is a platform on external platform to see about 
related breeding environmental information, provide 
related historical data and tendency chart. The overall 
software structure of monitoring system on breeding 
environment in animal house is as shown in Fig. 8.  

 
 

 
 

Fig. 8. Overall structure of software system. 
 

 
Located at the bottom, from-bottom-to-top 

database platform is responsible for storing all setting 
information, log information, user permission 
information and environmental monitoring 
information, which is the base of collection system 
and remote inquiry system. SQL Server 2008 
database used in this project ensure performance 
requirement of the system and future expandability to 
the maximum extent. 

Located at the middle layer, database access 
module is the communication medium for collection 
system and remote inquiry system with database 
platform, whose design quality will directly influence 
the performance of collection system and remote 
inquiry system. Considered on the performance of 
database access module and database migratory 
probability, this module is developed by three 
assemblies as Spring.NET, Enterprise Library and 
ADO.NET with excellent data access performance 
and database portability. It is not only applied to SQL 
Server 2008 but also applied to Oracle and MySQL 
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etc. database to be convenient for the users to choose 
with different requirements. 

Located at the top layer, collection system and 
remote inquiry platform use database platform and 
database access module together. The former 
includes local inquiry module, setting module, 
communication module, log module, etc. to be 
convenient for the workers on spot to monitor 
breeding environmental information in real time. The 
latter contains remote inquiry module, security 
module, authority limits module and log module, etc. 
to be convenient for the remote users to see about 
breeding environment information and abnormal 
condition, etc. at any time. 

There will be electric field and magnetic field 
around development type electronic and electrical 
product, which are able to exist in any substance, one 
electronic product may produce interference for 
another electronic product, and such phenomenon is 
called electromagnetic interference. There are many 
hardware equipments in this system, for example, 
perception concentrator on breeding environmental 
parameter, illumination measurement sensor, RS485 
change to RS232 module, ZigBee module, etc. In 
order to make hardware equipment to operate stably, 
we must carry on anti-interference design on 
hardware equipments to improve their anti-
interference performance [21-23]. 

There are three requirements electromagnetic 
interference exist: the first is source of 
electromagnetic interference, the second is 
transmission route of electromagnetic interference, 
and the third is sensitive body of electromagnetic 
interference. Now we will conduct anti-interference 
design on the hardware in this system as the three 
points above.  

Source of electromagnetic interference refers to 
produce the source of electromagnetic interference, 
whose represent interference characteristic has no 
obvious rule to follow in common, it fully lies on the 
interference source itself. The power maybe the 
interference source in this system, therefore, we 
make all our efforts to let the power far away from 
core chip and connect low pass filter at the input 
terminal of power. The higher harmonic of filtering 
improves power supply wave form, which not only 
restrain interference produced by the insert switching 
power supply report back to power grid, but also the 
equipment interference from power grid.  

The route of transmission of electromagnetic 
interference is a transmission media which connect 
the source of electromagnetic interference with 
equipments. There are mainly two forms of route of 
transmission of electromagnetic interference, one is 
transmission through space and another is 
transmission through electric conductor (or wire). No 
matter in transmission way, electromagnetic 
interference always has certain coverage area, if it 
goes beyond this area, the interference will be weak 
so as to be neglected. We adopt block thinking when 
designing circuit board of hardware equipment in this 
system and make the hardware modularization, the 

power line running of PCB board is in line with data 
transfer direction, make over striking about power 
line and ground lead of positive and negative current-
carrying to the greatest extent and absorb high 
frequency energy by the way of cupreous coverage 
around the main devices, shown in Fig. 9. 

 
 

 
 

Fig. 9. Anti-jamming design of equipment. 
 
 
Sensitive body of electromagnetic interference 

refers that there has response to the interference 
produced by the source of electromagnetic 
interference and the receptor which makes its 
working performance or motion energy declined. In 
general case, sensitive body owns certain frequency 
characteristic as well, which could response to the 
electromagnetic interference only in the sensitive 
bandwidth. There have many sensitive bodies in this 
system, for example, STC12C5A60S2 single chip 
microcomputer, IS24C256 storage, clock circuit of 
single chip microcomputer, etc. Aim at the sensitive 
bodies above, we try our best to make the distance 
between them with related devices much closer, 
connect with short and thick conductor jointing, the 
circuit which could be isolated adopted ground wire 
isolation, etc.  

The hardware of this system is not only adopted 
with several kinds of hardware anti-interference 
measures above, but also adopted with software anti-
interference design, such as improving redundancy 
command and starting using opening dog, etc. 
Interference is ubiquitous, although the ways can not 
eliminate the interference completely under some 
circumstances, they can weaken the interference to 
some extent to play role in restraining interference 
and improving availability and reliability of  
the system.  

 
 

5. Conclusions 
 
Established in much outdated current situation on 

integral level of monitoring system of animal house 
in small and medium size at the present stage in our 
nation and based on the investigation, consulted with 
various mature greenhouse control technology and 
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research result from forefathers, this thesis designed 
complete environmental monitoring system on 
animal house take the environment measurement and 
control on hog house as an example and carry on test 
run in Wondersun farm in Haerbin. Through running 
in laboratory and on the spot, this measurement and 
control system is stable, reliable, has long trouble-
free time, good expandability and could meet the 
design requirement. 
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Abstract: In this paper, we propose an algorithm for multichannel blind deconvolution of seismic signals, 
which exploits variational Bayesian method. It is related to the Küllback–Leibler divergence, which measures 
the independence degree of deconvolved data sequence. We assume that the reflectivity sequence is almost the 
same for each receiver while the noise level may differ at each channel. Compared to blind deconvolution of a 
single seismic trace, multichannel blind deconvolution provides an accurate convergence of the estimated 
parameters and reflectivity sequence. Copyright © 2013 IFSA. 
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1. Introduction 
 

Seismic waves are reflected times on their way 
from an airguns source to an observation site. By 
analyzing the properties of different wave types, it is 
possible to obtain insight in the inner structure of the 
Earth [1]. Blind deconvolution is a method used to 
produce an increased resolution estimate of the 
reflectivity in the situations where the reflectivity 
sequence, the source wavelet signal and the noise 
power level are absolutely unknown. Multichannel 
blind deconvolution is usually better than single-
channel blind deconvolution [2]. Different source 
wavelet sequences are used to cope with the ill-posed 
nature of the basic blind deconvolution problem, and 
to improve estimate reflectivity precision. 

Since Bernoulli–Gaussian (BG) model introduced 
by Mendal, a standard tool, Maximum Likelihood 
approach (ML) for estimating reflectivity and seismic 

wavelet is the expectation–maximization (EM) 
algorithm [3]. However, the EM converges to a local 
optimum. Stochastic versions of the EM algorithm 
(SEM) are used to bypass the difficulty [4]. 
Furthermore, the estimation of the BG noise and 
source wavelet parameters can also be solved by 
MCMC techniques in Bayesian framework [5].  

The most key point of applying Bayesian theory 
is to choose the form of the prior distribution ignored 
by the classical approaches [5], that is, the statistical 
modeling of sparsity. Since the sparsity is important 
information about the characteristics of a signal, 
using Bayesian methods for model parameters on 
estimation can improve performance. Furthermore, 
because Bayesian approaches are model-based, they 
can handle observation noise and missing data 
problems in seismic deconvolution. After parameter 
estimation, the maximum posterior mode (MPM) 
method is carried out to enable reflectivity sequence 
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deconvolution [2], which also involves MCMC 
simulation through Gibbs sampling [6]. The 
reflectivity deconvolution has been extended to 
multichannel deconvolution [7]. In cases where 
several recordings are available, a new multichannel 
blind deconvolution approach based on the 
variational Bayesian is proposed in this paper, to 
improve the wavelet and reflectivity estimation.  

This paper is organized as follows: In Section 2, 
the signal, the prior and the unknown parameters 
(hyperparameters) models are given, and the 
formulation of the multichannel blind seismic 
restoration problem is presented. In Section 3, the 
variational Bayesian approach to distribution 
approximation for the multichannel blind 
deconvolution problem. And then parameters 
estimation can be obtained. In Section 4, we present 
simulation results. 
 
 
2. Data Model 
 
2.1. Signal Model 

 
The observed multichannel signal can be 

represented as 
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In which dl 2,1=  is the index of the 

different channels. The ls is the finite impulse 
response wavelet of length N in the channel l , which 
is assumed to be zero-mean Gaussian distribution 
with unknown variance 1−

ls
α . ln stands for additive 

noise of the length N in the channel l . 
The ( )dl

l
1=n mutually independent and have 

( )1,0 −
ln

N α  normal distributions with mean zero and 

an unknown variance 1−
lsα . The reflectivity 

process ( )Mrr ,1=r assumed to be a generalized 
Bemoulli-Gaussian distribution [6]. This distribution 
is characterized by an underlying state model 

( )( ) Kkkq ,0==q  with ( ) 0=kq at low reflectivity 

points and ( ) 1=kq at high reflectivity points. 

Therefore, the corresponding reflectivity r  is 
distributed by a zero mean Gaussian distribution with 
and variance 1−

rα if ( ) 1=kq  and 1−′rα  

( 11 −− ′<< rr αα ) if ( ) 0=kq  respectively. That is  
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Equation (2) can also be written as  
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2.2. The Hyperparameters Model 
 

We employ conjugate gamma, beta and normal 
distributions as hyperprior distributions for 
hyperparameters of the priors and the seismic model 
information noise. That is shown in the following as 
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where 0>ω is a set of hyperparametres 
{ }ll nsr ααα , , o

ωα  , o
ωβ are the scale parameter and 

shape parameter respectively. And the gamma 
distribution has the following mean  
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The intensity rate of the Bernoulli-Gaussian 

processλ is that 
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The noise in (1) is assumed to be Gaussian with 

zero mean and variance equal to 1−
lnα , the probability 

of the observation model is regarded to be 
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3. Multichannel Variational Bayesian 
Blind Seismic Deconvolution 

 
We exploit the variational method to the Bayesian 

formulation of multichannel blind deconvolution 
problem. If the estimate ll nsr αααλ ,,,  is 
calculated, then the mean of this posterior 
distribution of the parameters can be used to 
integrated out into estimate the reflectivity and 
seismic wavelet by solving 
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Also, the mean value of this posterior distribution 

can be regarded as the estimate of the reflectivity and 
seismic wavelet. 

The key difficulty in obtaining a practical form 
for the estimator is that the posterior distribution of 
the hyperparameters and given the observations is 
unknown. This fact makes a direct application of the 
EM algorithm impossible [6]. However, the true 
posterior needs to be approximated by another 
factorized distribution which facilitates the 
calculation of the estimators. The primary idea of the 
multichannel blind seismic deconvolution is to 
approximate the true posterior by a free-form 
distribution which minimizes the Kullback–Leibler 
(KL(.)) divergence [8, 9]. That is to say, we 
approximate ( )yp Θ  by ( )Θq  in a way that 
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where θΘ denotes the set Θ  withθ  removed from 
the set. This method results in the following solution. 
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where [ ] ( )θΘq.E  denotes the expectation with respect 

to the distribution ( )θΘq  . 
The above functions lead to the following 

iterative algorithm to find ( )θΘq .Given the initial 

estimates ( )rq1 , ( )lsq1 , ( )λ1q , ( )rq α1 , ( )lsq α1
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where the criterion can be assumed to 

be ( ) ( ) ( ) ( ) ( ) ( ) ε≤− −−

22
11 EEE rqrqrq kkk rrr , 

where ε is a stated bound to terminate algorithm. 
Furthermore, the above equations lead to the 
following estimations of the observation model and 
hyperparameters as 
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( ) ( )[ ] 11cov −+ = RMr Kk  (19) 
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4. Simulations 
 

In this section, we illustrate on a simulation 
example on the proposed multichannel blind 

deconvolution method and compare it with ML 
algorithm. We define the signal to noise ratio (SNR) 
for channel l  as: 
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where dl ,,1=  is the index of channel l, ( )sE l  is 
the wavelet energy and N is the wavelet 

length: ( ) ( ) ( )( )2
1

1
i

lN
i

l sNsE =
− Σ= . 

We generated a 1D reflectivity sequence of  
100 sample, shown in Fig. 1, using the BG model 
with the following parameters ( 11 =−

rα  , 
,102 41 −− ×=′rα  1.0=λ ). We then convolved it with 

four different Ricker wavelet respectively and added 
Gaussian noise, with SNR of 20 dB. We assume that 
d=4 channels are available. The corresponding noisy 
seismic data is presented in Fig. 2. The estimated 
reflection coefficients by the proposed variational 
Bayesian algorithm and the ML algorithms are shown 
in Fig. 3 and Fig. 4 respectively. Fig. 5 shows the 
estimated reflection coefficients by single channel 
variational Bayesian algorithm. 

In order to study improvements brought by the 
different deconvolution method, we consider the 
following performance indices:  

 
2r̂rMSE −= , (26) 
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Fig. 1. Synthetic reflectivity. 
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Fig. 2. Seismic data (SNR=20dB). 
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Fig. 3. Estimated reflection coefficients (ML). 
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Fig. 4. Estimated reflection coefficients (VB). 
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Fig. 5. Estimated reflection coefficients  
(single channel by VB). 

 
 

where MSE represents the error energy of the 
estimated wavelet. The MSE  for ML algorithm, and 
variational Bayesian are shown in Fig. 6 with 
SNR=20, while MSE  for single channel and 
multichannel performance indices are shown  
in Fig. 7. 

We can easily see the results on simulated data 
that the better recovery for the reflectivity 
coefficients using the variational Bayesian algorithm 
compared to ML algorithm. Moreover, we can see 
the significant advantage for multichannel blind 
seismic deconvolution than signal channel seismic 
deconvolution. And the accuracy of the reflectivity 
recovery will improve with the increase of the 
channel. 
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Fig. 6. MSE  performance indices for ML algorithm,  
and variational Bayesian (VB) (SNR=20). 
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Fig. 7. MSE  performance indices by VB algorithm  
for single channel (SCVB) and multichannel (VB) 

(SNR=20). 
 
 

5. Conclusion 
 

In this paper, we propose a new approach for 
multichannel blind deconvolution using variational 
Bayesian algorithm related. The poster distribution of 
the observation model and hyperparameters are given 
by Küllback–Leibler divergence. An application on 
simulated data shows the improvement of the 
proposed algorithm compared to ML algorithm. 
Furthermore, we can see the recovered reflectivity by 
multichannel algorithm is better than the single 
channel one. 
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Abstract: High latency, low data rate and intermittent network connectivity make Delay Tolerant Network 
(DTN) cannot copy routing protocols in traditional network. Because of node mobility, node cache limitations 
and energy, it is very difficult to select relay nodes. The paper proposed a Confidence Based Routing Algorithm 
(CBRA) that uses factor combination of message forward successful rate, contact rate and free buffer rate so as 
to make routing decision and selection for better relay node. It can effectively avoid too much network 
knowledge or too many copies to achieve higher successful rate as other routing protocols. Simulation 
experiment results on ONE compared with Direct Contact, Epidemic Routing, Two-Hop Relay and PROPHET 
algorithm show that CBRA has advantages that small redundant, low buffer occupancy rate and low energy 
consumption. Copyright © 2013 IFSA. 
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1. Introduction 

 
DTN is a challenged network, which is often 

disconnected due to movement of hosts and routers, 
network management or energy conflicts. It has 
features as high latency, low data rate as well as 
intermittent network connections, which make it 
cannot copy routing protocols in traditional network. 
There are mainly following several reasons [1]. 
Firstly, it has no end-to-end delay. In case of 
message or packet transmission in network, TCP/IP 
assumes exist end-to-end paths. It is unrealistic in 
DTN because end-to-end path does not exist in DTN. 
Second, it has higher delay. TCP/IP assumes data 
transmission time between any two nodes is not 
larger than a certain value. However, the delay may 
be hours or days in the DTN. Thirdly, it has 
intermittent network connectivity. Each link in data 
transmission of TCP/IP is connected in most of time. 
In DTN, network is sometimes connected and un-
connected, but not in a connected state. 

At some time, two nodes in the DTN are 
temporarily unable to contact because there is not 
end-to-end path. Contact among nodes in DTN uses 
simple protocol to ensure smaller round-trip time. 
DTN routing involves using which policy to select 
path, diffuse routing information, manage group 
members, forward message, maintain status and 
retransmit message. Because DTN contains multiple 
networks and connectivity may intermittent, different 
application scene uses different routing policies. 
Some networks have continuous connection, while 
others have cyclical connections. The selection of 
routing policy should consider nature of network 
connections. The paper towards a confidence-based 
algorithm to select appropriate relay nodes with 
confidence, thus effectively avoid waste of resources. 
Simulation experiment under different network size, 
different cache size verifies algorithm performance. 
The content is organized as follows: Section 2 
introduces related works; Section 3 proposes 
epidemic routing algorithm based on confidence; 
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Section 4 carries out simulation on algorithms; 
Section 5 concludes our work. 

 
 

2. Related Works 
 
Routing problem of DTN began from SIGCOMM 

2004, Sushant Jain et al. firstly proposed routing in 
the delay tolerant network [2, 3]. The article clearly 
stated main issues and expression forms of routing  
in DTN. The earliest proposed routing policy is 
Epidemic Routing [4]. It defines encounter and 
exchange manners among nodes, finally obtain copy 
of each message in each node. It is similar to 
flooding algorithm in TCP/IP. In this paper, a 
framework to evaluate performance of routing 
algorithms in DTN was brought out firstly some 
specific routing algorithms were provided, such as 
MED, ED, EDAQ, EDLQ, MEED and etc. [5]. These 
routing algorithms are similar to connection metric in 
traditional network routing protocols. The routing 
algorithm firstly should establish network topology 
and then assign certain weight to each pair of 
connection. Finally, the shortest path algorithm is 
used to find optimal path. The drawback of these 
routing algorithms is that each node needs to know 
sufficient network knowledge before routing 
algorithm actually play its role. Connection weight 
assignment aims at provide optimal service to nodes, 
including maximum bandwidth, minimum delay and 
highest transmission rate. The most important metric 
in DTN is transmission rate, so network should 
provide reliable data transmission. The second one is 
transmission delay. Therefore, the defined metric 
should maximize transmission rate and minimize 
delay [6]. In addition, there is also other metrics try 
to minimize resource consumption, such as cache 
space or energy. 

The Ref. [7] proposed several algorithms to 
address difficulty as poor routing performance 
caused by low contact probability, les path selection 
in un-determined random DTN. The network model 
of random DTN was also discussed firstly. The 
parameters as delay, available resource, starting time, 
connection interval time in random DTN are 
uncertain and randomly. Jones et al. also brought out 
a practical routing protocol of DTN only using 
network observation information [8]. The paper 
designed a parameter vector to evaluate how long it 
should wait before a message is sent to next hop. 
Anders L. et al. proposed a probability routing 
protocol PROPHET adapt to intermittent network [9], 
which uses encountered or delivery history 
information in routing process. PROPHET sets a 
predictable delivery probability Pa,b between nodes a 
and each known destination node b. When these two 
nodes meet, they exchange total information vector 
of themselves as well as predictable delivery 
probability parameter. The protocol requires each 
node keeping a transmission prediction table from 
each node to each destination node, considering 
history encounter information and adding 

information. If node encounters in pair, the 
corresponding message can be sent only when 
prediction above own. PROPHET has high 
successful transmission rate than epidemic routing, 
which also greatly reduces network load. 

Z. Zhang divided routing algorithms into two 
categories [10, 11]. One is deterministic routing and 
another is random routing. As to deterministic 
routing, time of node movement and connectivity is 
determined. In other words, the topology of whole 
network is known in advance. Such routing needs too 
much network knowledge, including node movement, 
contact access, network topology and etc. Before 
actual message transmission in all deterministic 
algorithms, it needs to establish paths from end to 
end. However, it needs not determine paths from end 
to end in the random routing, such as direct connect, 
epidemic routing and etc. This kind can route without 
much knowledge, which too many copies been 
generated in the network, occupying much network 
resources. Deterministic routing should route 
according to knowledge. 

 
 

3. Epidemic Routing Algorithm Based  
on Confidence 
 

3.1. Definitions 
 
1) Confidence. 
Confidence is judgment of people on true objects 

according to past experiences, or degree of people 
trust on some object. In the confidence-based 
algorithm, we select some node as relay node, which 
also server as some object in the definition. If it is 
true, we select this node as relay node. The degree to 
be true represents possibility to select this node. 
Larger degree means we have greater possibility to 
select it as out relay node. In other words, we will 
select node with larger confidence as relay nodes in 
the algorithm. 

2) Message forward successful rate. 
Since movement of most nodes still have certain 

rule to follow, we use message forward successful 
rate as an important metric for relay node selection. 
Assume A intends to send message to G, it follows B, 
C, D, E, F intermediate nodes, so the path is source 
node A→B→C→D→E→F→G (destination node). 
After message is successfully sent to G, namely 
successfully reach destination node, G broadcast 
entire routing table so that each node in the network 
can receive this table. When other nodes in the 
network received such table, modify their own 
forward table. Taking node A as example, we 
introduce the content to be modified in forward table. 
Node A firstly modifies forward success number to B 
SCA,B, add 1 to its value. Subsequently, SCB,C, SCC,D, 
SCD,E, SCE,F, SCF,G respectively increment. Then, it 
adds nodes B, C, D, E, F, G that can be reached from 
A into table so that be considered in routing selection. 
Meanwhile, node A has saved forward count FCA 
from itself to other nodes.  
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Therefore, we can obtain success ratio of direct 
forward from node A to node B SRDFA,B as: 

 
A,B A,B A,BSRDF SC /FC=  (1) 

 
Thus, we can also obtain the probability from 

node A to node G is product of forward success ratio 
from each pair of nodes: 

 
, , , , A G A B B C F GSR SRDF SRDF SRDF= × ×…×  (2) 

 
In this way, each node obtains any two 

probabilities. When they meet one another, they 
exchange own forward success ratio and then sum 
and average.  

3) Contact probability. 
Suppose the proportion of contact time ( , )iCT A B  

between node A and node B in the interval T is 
( , )iCR A B , namely  
 

( , ) ( , ) / 0i iCR A B CT A B T i n= < < , (3) 
 

where T is the interval from connection establish 
time UPA,B to next establish time UPNextA,B between 
node A and node B. Therefore, the proportion of 
node A and node B from connection establish time 
UPA,B to connection break time DOWNA,B in T is: 

 
, , , ,( , ) ( ) / ( )i A B A B A B A BCR A B DOWN UP UPNext UP= − −  (4) 

 
 
The contact probability between node A and node 

B in network CR(A,B) means adding 
CRi (A,B) (0<i<n) and then average.  

 
( , )

( , ) 0
i

i
CR A B

CR A B i n
n

= < <
∑

 (5) 

 
It is a statistical probability. The ratio can only be 

obtained with statistical information. Of course, 
larger probability means more contact opportunities.  

4) Node cache probability. 
From above we can know that message forward 

success ratio and node contact probability are 
statistical probabilities. Node cache probability is 
currently available ratio of cache, which mainly aims 
at avoid buffer overflow and prevent congestion. To 
avoid node cannot receive message caused by 
network congestion or buffer overflow, we should 
also consider cache status. When he node cache left a 
little, it indicates that too many tasks been carried. 
Subsequently, we will consider whether allocate task 
to this node so that network tends to be balanced. 
When two nodes contact, the information that been 
exchanged each other contains own proportion. The 
proportion that free space occupies in all space can 
be represented by free space ration (FSR) as: 

 
FSR = FS / AS (6) 

We can then obtain the occupied space ratio in 
node as: 

 
OSR = OS / AS (7) 

 
5) Confidence computation. 
In the confidence-based algorithm, H is some 

nodes are selected and E is one of them that can 
successful forward message, contact access and 
available cache. 

The computation formula of confidence is: 
 

( , ) ( , ) ( , )CF H E MB H E MD H E= − , (8) 
 

where MB is the confidence increment and MD is the 
incontinence increment. 
 
3.2. Algorithm Design 

 
The confidence-based epidemic routing is 

designed based on confidence defined above.  
1) Algorithm flow. 
The algorithm running flow is shown in Fig. 1. 

When connection status between one node and 
another changes, routers conduct drive according to 
connection status change. After connection status 
changed, update related factors as routing table, 
contact opportunities and cache. Then, compute 
confidence using updated values. Select appropriate 
relay node according to value of confidence and 
forward messages out. 

2) Routing update. 
As the algorithm is based on confidence, the 

routing information update should mainly consider 
three aspects that affect node confidence, namely 
forward success ratio, contact probability among 
nodes and node cache probability. 

• Forward history; 
Each node contains a table with forward success 

ratio to all nodes. When a node received table about 
message forward success ratio from others, add 
probability of items with same source and destination 
and then average to obtain a new average. 

• Contact among nodes; 
In case of each change of connection status, 

record changes as connected or disconnected as well 
as change time. Then, compute proportion of contact 
time, namely the proportion of connection time. 

• Node Cache; 
To prevent buffer overflow, both connected ends 

should exchange cache usage status at this time in 
case of connection. More free space is more benefit 
to this node and vice versa. 

• Redundant cache process; 
For mobile wireless nodes, the cache is very 

important to forward stored messages. It has certain 
impact on performance of whole routing algorithm. 
Since node forward data with keep and deliver 
mechanism, the cache is likely to overflow. In the 
confidence-based algorithm, we delete oldest 
information, namely the lowest data in cache as most 
algorithm uses. 
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Fig. 1. Algorithm flow. 

 
 

4. Simulation Experiment 
 

4.1. Simulation Conditions 
 
According to above design, we conduct 

experiment analysis on algorithms. The simulation 
software selects the ONE, which is specialized DTN 
routing simulation software. Simulation scene uses 
network consisted by wireless nodes in Helsinki 
district provided by ONE. To scientifically illustrate 
algorithm performance, it needs to compare proposed 
confidence-based algorithm and others. Furthermore, 
we should also set different simulation parameters to 
verify algorithm performance. We select Direct 
Deliver (DD), Epidemic Routing (EP), Two-Hop 
Relay Wait (SW) and PROPHET (PH) algorithms for 
comparison. 

 
 

4.2. Simulation Results 
 
To compare different routing algorithms and 

evaluate their performance, we define routing 
algorithm evaluate standards for DTN. Generally 
speaking, an effective routing protocol should meet 
requirements as higher message forward successful 
ratio, smaller average delay and less network 
resource overhead. 

1) Different network size. 
We set different network size in the simulation, 

node counts of which are respectively 20, 40, 60, 80 
and 100. Cache size of each node is fixed, which is 
set 25 M here. Node communication range is also 
fixed and set to 100 m. Network transmission speed 
is constant as 250 kbps. The obtained massage 

forward success rate under different network size is 
shown in Fig. 2. 
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Fig. 2. Algorithm success rate under different network size. 
 
 
In the Fig. 2, we can see that message forward 

success rate of CB increase as increment of network 
node count. It shows that confidence-based epidemic 
routing has good performance under larger network 
size. In case of less node number, the proportion of to 
be copied message number in total number is larger, 
so performance will degrade. However, when 
network size becomes larger, namely node count 
increase, it shows better performance. As network 
size increases, the redundant message copies in 
network are relatively less and message forward 
success rate is higher. Obviously, the performance of 
EP and PH decrease in case of more nodes. It is 
because they generate too many redundant in the 
network, which impacts network performance. 
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Finally, we can see message forward success ratio of 
DD and SW impact a little by network size. DD 
transmits messages only when source node and 
destination node encounters. At most moment, the 
message in cache is processed after not been 
transmitted for long time. SW has best performance 
under any circumstance. 

The average delay under different network scale 
is shown in Fig. 3. 
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Fig. 3. Average delay of algorithm under different 
network size. 

 
 

From Fig. 3, we can see that average delay of 
algorithms under different network size are arranged 
from small to big as SW, EP, PH, CB and DD. The 
average delay of CB decreases with network size. 
However, the average message delay of DD is much 
larger than that of others. It is because source node 
and destination node in one-hop routing method have 
little opportunity to contact. 

2) Different cache size 
In the DTN, cache size is limited. When a node 

receives message and put it into cache, if there is not 
extra space to store received latest information, it 
should delete some old messages according to certain 
mechanism to free some space to store latest received 
message. Therefore, cache is still very important to 
network node for forwarding messages. Good 
algorithms can operate beyond control of cache. 
Therefore, in order to verify effect of cache on 
algorithm performance, different cache sizes are set 
here. In the schema, simulation was conducted from 
15 M added by 10 M. Network node number is set 80. 

Fig. 4 shows simulation result of various 
algorithms when nodes are set different cache sizes. 
We can see that with increment of cache size, message 
forward success ratio of each method increases. The 
EP and PH methods change fast. It means their 
performance be greatly impact by message cache size. 
Because EP tries to copy message to all nodes, it 
generates large amount of network traffic. The EP 
routing algorithm based on confidence is just impacted 
little by cache size, because the method select better 
number relay in each hop to forward message. The 

SW method generates k copies for each message, so it 
has least changes. 

Fig. 5 gives average message delay comparison 
obtained from simulation with different cache sizes. 
Firstly, we can see that average delay of DD sharply 
rise with increment of cache size. It indicates more 
messages are transmitted. Average message delay of 
other methods increases slightly with cache size. It 
means more messages should be transmitted. In 
addition, the average message delay of others do not 
affected largely than that of DD. Finally, the average 
message delay of CB is larger than others. It is 
because the method consider purely from node 
forward successful, but not to decrease average 
message delay. Because more average message delay 
saturation buffer node more times, namely more 
messages may be removed before sent to the target 
node properly, which eventually affect the success 
rate of message forwarding. 
 
 

20 30 40
0.2

0.4

0.6

0.8

1.0

1.2

 SW
 DD
 PH
 EP
 CB

M
es

sa
ge

 fo
rw

ar
d 

su
cc

es
s 

ra
te

Cache size  
 

Fig. 4. Success ratio of different cache  
n case of 80 nodes. 
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Fig. 5. Average delay of different caches  
in case of 80 nodes. 

 
 

5. Conclusions 
 
The paper concluded and analyzed on routing 

technologies from aspects of routing classification, 
routing decision as well as routing evaluation. Based 
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on existing algorithms, a confidence-based algorithm 
was proposed so that we can utilize confidence to 
select appropriate relay nodes, thus effectively 
avoiding resource wasting. Three aspects of message 
forward success ratio, node contact probability and 
node cache idle probability were utilized to combine 
confidence. The proposed algorithm was 
implemented on ONE simulation platform and 
compared with other methods. Simulation results 
show that CB method has better performance. 
Compared with other methods, CB has its own 
advantages. For example, it needs not much network 
knowledge and does not generate too many copies. It 
also has some disadvantages. Because of limitations 
of simulation, the algorithm will inevitably encounter 
many problems in actual working scene. Therefore, 
out next research will focus on application in 
practical environment. 
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Abstract: ATM (Asynchronous Transfer Mode) network is the core communication network of civil aviation 
aeronautical telecommunication network. So it is an urgent time to do scientific risk assessment for ATM 
network as soon as possible. According to threats and vulnerabilities existing in ATM network, which could 
bring bad influence to assets and missions of ATM network, even threaten the whole security situation of ATM 
network. This paper proposes risk assessment model based on RBF neural network. According to the established 
evaluation model, indexes that influencing the security situation of missions are used as input of the model and 
train the model. The well-trained neural network model is used to assess ATM network, while the results are 
compared to that of the traditional methods of scoring by experts for rounds of times. The experimental results 
demonstrate that the risk assessment model has strong capacities of self-learning and convergence, accords well 
with the complex ATM network for risk assessment. Copyright © 2013 IFSA. 
 
Keywords: RBF neural network, ATM network, Risk assessment, MATLAB, Evaluation model. 
 
 
 
1. Introduction 

 
The civil aviation security is the backbone for 

aeronautical telecommunication network and greatly 
impacts on the national security of airspace, economy 
development and social stability. It is a significant 
research task for the defense strategy of national 
information security. Risk assessment is a series of 
processes to evaluate the level of risks an information 
system faced with by ascertaining the residuary risks 
in system and judging the level of risks whether 
acceptable or needs additional measurements to 
further reduce risks [1]. Risk assessment consists of 
three basic elements: scope and methods of 
assessment; collecting and analyzing data; 
demonstrating the results of risk analysis. 

In this paper, the Delphi method is used to define 
ATM network risk assessment index system.  

Using 3-layer feed forward RBF neural network and 
local approximation theory, finding out the 
corresponding relationship between the process of 
risk assessment and modeling, using RBF network’s 
characteristics of fast learning and good nonlinear 
approximation ability, the paper makes the risk 
assessment model accurately for the complex 
relationships in ATM network risk assessment 
process in order to achieve the goal of getting 
objective scientific assessment results. 

 
 

2. The Related Work 
 
In civil aviation’s ATM (Asynchronous Transfer 

Mode) network, risks are man-made or natural 
threats and usually resulted from the vulnerabilities 
of ATM network telecommunication system, 
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physical environments and the missions, which may 
lead to the possibility of security incidents. 

Artificial neural network (ANN) for the 
assessment of information security has been widely 
applied for the national key security systems and 
achieved a lot in the international community. During 
the risk assessment, the relationships of major 
targeted attributes are nonlinear and they are very 
difficult for general methods to reflect. 

This paper extracts indexes from characteristics 
of civil aviation’s ATM network by using the Delphi 
method, and applies the indexes to practical risk 
assessment for civil aviation’s ATM network. These 
indexes data can be collected easily from the actual 
work. This paper establishes model of risk 
assessment based on radial basis function (RBF) 
artificial neural network, using MATLAB software 
to simulate, train and test the model, in the end, 
analysis the indexes in order to achieve the purpose 
in scientific and accurate way to do risk assessment 
for the ATM network. 
 
 
3. Risk Assessment Model for ATM 

Networks Based on RBF Neural 
Network 

 
3.1. Mission Model of Risk Assessment  

for ATM Network 
 
Risk assessment on ATM network is considered 

from the following three aspects: 
1) Asset, the value of ATM network and the 

things needed to protect, it exists in many forms, 
such as hardware, software, documents, etc.;  

2) Vulnerability, the weak point of ATM 
network’s assets which could be threatened by 
threats, vulnerabilities can also be a hardware or 
software aspects;  

3) Threat, the potential causes which could cause 
accidents to ATM network assets, it may come from 
inside or outside, such as destruction and 

electromagnetic leakage. According to these three 
aspects, this paper analyzes of the possible impact of 
ATM network’s mission because of the threats and 
vulnerabilities from the perspective of assets, and 
establishes 3-layer mission model of risk assessment, 
as shown in Fig. 1. 

 
 

3.2. Indexes of ATM Network Risk 
Assessment 

 
There is no generally accepted indicator system to 

establish an effective method. Delphi method [2-3] is 
one of the most widely used methods. In 1964, the 
U.S. Rand Corporation Helmem and Gordon first 
systematically introduced how to use the Delphi 
method which synthesizes objective experience of 
most experts and subjective determinations with 
rounds of scoring by anonymous experts.  

According to characteristics of potential threats 
and vulnerabilities of ATM network, this paper 
extracts indexes from following five aspects [4]: 
management security, physical and environment 
security, arrangement security, software and 
hardware security and air traffic management 
missions security. 

Indexes, which constitute a network risk 
assessment indicator system, extracted by using 
Delphi method are shown in Table 1. ATM network 
security is the target layer (A). The first index layer 
(B) consists of five aspects such as management 
security, physical and environment security, 
arrangement safety, software and hardware security 
and air traffic management missions security. The 
second index layer (C) consists of 17 indexes, such 
as management regulations, safety training, anti-
electromagnetic interference, anti-sabotage, power 
supply security, data classification, authentication 
center (CA), fault-tolerant backup, firewall, antivirus, 
IPS & IDS, operating system, application software, 
radar information, weather data, automatic switching 
segment, aeronautical information. 

 
 

 
 

Fig. 1. Assets, vulnerabilities and threats of ATM network. 
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Table 1. Risk assessment indicators system. 
 

Goal Missions Assets and Capacities 
Management Regulations 
(C1) 

Manageme
nt Security 

(B1) Safety Training (C2) 
Anti-electromagnetic 
Interference (C3) 
Anti-sabotage (C4) 

Physical & 
Environme
nt Security 

(B2) Power Supply Security (C5) 
Data Classification (C6) 
Authentication Center (CA) 
(C7) 

Arrangeme
nt Security 

(B3) 
Fault-tolerant Backup (C8) 
Firewall (C9) 
Antivirus (C10) 
IPS & IDS (C11) 
Operating System (C12) 

Software & 
Hardware 
Security 

(B4) 
Application Software (C13) 
Radar Information (C14) 
Weather Data (C15) 
Automatic Switching 
Segments (C16) 

ATM 
network 
security 

(A) 

Air Traffic 
Manageme
nt Missions 

Security 
(B5) Aeronautical Information 

(C17) 
 
 

3.3. The Classification of Security 
 
According to the national requirement, 

"Information Security techniques - Protection Guide 
of Information security classification level" [5], this 
paper divides the risk assessment result of 
information system of ATM network into five levels, 
respectively: high safe, safer, low safe, dangerous 
and very dangerous. And the scope of each level 
represents actual output values of the network, shown 
in Table 2. 

 
 

3.4. Risk Assessment Model for ATM 
Network Based on RBF Neural Network 

 
Radial Basis Function (RBF) neural network is a 

forward back network base on function 
approximation theory. The learning of RBF network 

is equivalent to seek the best fitting plane of training 
data in multi-dimensional space. Each hidden layer 
neurons’ transfer functions of RBF neural network 
constitute a basis function of the intended plane. 
Then that is how RBF got its name. BP network is a 
typical global approximation function. Comparing 
with BP network, RBF network usually has larger 
scale, but ability of faster learning and good 
nonlinear approximation. 

 
 

Table 2. The classification of security. 
 

High 
safe Safer Low 

safe Dangerous Very 
dangerous 

0.85-
1.00 

0.70-
0.85 

0.60-
0.70 0.45-0.60 0.00-0.45 

A B C D E 
 
 
A RBF neural network model structure with  

R-dimensional input show in Fig. 2. In which ||w-P|| 
module is the distance of input vector and weight 
vector. This model use Gaussian function, radbas 
function, as the transfer function of neurons, whose 
input is the distance of input vector P and weight 
vector w multiplied by threshold b. Radbas function 
is a typical radial basis function and its expression is 
shown in (1). 

 
xexf −=)(  (1) 

 
Center and width of radial basis function neurons 

are two important parameters. Weight vector w of 
neurons identified the center of radial basis function. 
When the input vector P and w overlap, radial basis 
function achieves maximum output of neurons. The 
more distance between input vector P and weight 
vector w is great, the more neuron output is small. 
Neuron threshold b identified width of radial basis 
function. The more threshold b is big, the more 
attenuation of the function is great when the input 
vector P is far away from weight vector b. 

 
 

1p 2p 3p 1Rp − Rp

radbas( )a b= w - p

1,1w
1,Rw

 
 

Fig. 2. Risk assessment model for ATM network based on RBF neural network. 
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Although Fig. 2 is similar to BP network with 
single hidden layer. RBF’s structure and algorithm is 
essentially different from BP. From the input space 
to hidden space transformation is nonlinear, but from 
the hidden space to the output layer space 
transformation is linear. The role of hidden layer 
units is equivalent to do a transformation for input 
mode. Transform the low-dimensional input data 
mode to high-dimensional space in order to  
facilitate classification. 

 
 

4. Experimental Simulation and Test 
 

4.1. Modeling and Parameter Settings 
 
This paper uses training samples from risk 

assessment indicator system as input and the level of 
security as output, using function newrb in 
MATLAB artificial neural network toolbox to train 
the network with the learning samples [4-6]. 

Function newrb (2) utilizes iterative method to 
design RBF network. At the beginning, the number 
of hidden layer neuron is zero. And then hidden layer 
increases one neuron in each iterations. In the first, 
the network simulates and finds out the input sample 
vector corresponding to the maximum output error. 
Secondly, add a neuron into the hidden layer and set 
the input vector as weight vector. At last, modify the 
weights of the linear layer until mean square error 
cuts down to target error or the number of hidden 
layer neuron reaches the maximum times of iteration. 
Function newrb calls in the form of 

 
net = newrb (P, T, goal, spread, MN, DF) (2) 
 
The parameters are shown in Table 3. 
In order to validate the performance of risk 

assessment model of the network, this paper uses 
simulation environment in MATLAB to  
train samples. 

 
 

Table 3. Newrb parameters setting. 
 

Parameter 
name 

Parameter 
value Remark 

P 17 factors Input vector 

T desired 
output 

Expected output by 
expert scoring 

goal 0.001 Network mean square 
error 

spread 0.9 Extended constant 

MN 12 (default) The maximum number of 
neurons 

DF 1 Frequency training 
process on show 

 
 
One of most important parameter of newrb 

function is spread, which is the distribution density 
of RBF function and can impact greatly on 

performance of the network. So it needs to adjust 
values of the spread to reach the ideal accuracy in the 
process of the network design. As following, the 
spread is respectively set as 0.1, 0.3, 0.5, 0.7 and 0.9. 

Validate and compare different values of spread 
which impact on the degree of risk assessment. It is 
supposed that network mean square error is 0.001. As 
shown in Fig. 3, i.e. approximate error curve figure 
of risk assessment model for ATM network based on 
RBF neural network. 

 
 

 
 

Fig. 3. Approximate error curve of evaluation model. 
 
 
As we can see from Fig. 3 the cyan blue line 

whose spread is 0.9 has the best performance and the 
blue line whose spread is 0.3 has the biggest error. 
Therefore, this paper chooses the optimal value of 
spread 0.9 which is used in the risk assessment. 
When the network parameter spread is 0.9, the 
convergent of risk assessment model for ATM 
network based on RBF network is shown in Fig. 4. 

It can be seen from the Fig. 4 that when the 
training to step 2, the network error reaches set error 
requirement. According to the principle that 
increasing a neuron to hidden layer every iteration, 
the well trained RBF network only has two hidden 
layer neurons, whose training speed is very fast.  

To test the performance of network after training, 
this paper analyses the training result one step further. 
MATLAB function plotregression can do linear 
regression analysis for the output and target output of 
the network simulation and produce the correlation 
coefficient between them. Then we can know the 
network’s approximation effect on the target data 
which could be used as the merits of the 
discrimination of the network training result to see 
whether it’s good or bad. Linear regression analysis 
result is shown in Fig. 5. 

This paper analyses the simulation output vector 
and the target vector with the linear regression 
analysis method, and treats the correlation 
coefficients of the target vector and model output 
vector as an important performance evaluation 
indicators. 
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Fig. 4. Convergent curve  
of risk assessment model training. 

 
 

 
 

Fig. 5. Linear regression graph. 
 
 
When the network performance is good enough to 

some extents, the value of network model simulation 
should be equal to that of actual network output, i.e. 
the regression line is in the first quadrant coordinate 
axis on the diagonal. At this time, the intercept is 
equal to 0; slope equal to 1; fitting degree is equal to 
1. Finally, we get the linear regression equation by 
the value of RBF neural network simulation and the 
actual output: 

 
Output = 0.99 * Target + 0.0093 

(R = 0.99371) (3) 

 
Training results shows that: Risk assessment 

model, which is proposed by this paper, for ATM 
networks based on RBF neural network can reach the 
error specifications. 

 
 

4.2. Testing 
 

This paper uses 5 groups of results from experts’ 
evaluation to test the well trained network and 
validate the effect of the risk assessment model. 

Algorithm is realized using MATLAB language 
and the test results can be in Table 4. The maximum 
relative error between output and the desired output 
value of samples is less than 2.47 %. The output  
level of security and the expected output is almost 
the same. 

 
 

Table 4. Test Results. 
 

    Output 
Level 

Desired 
output 

Actual 
output 

Relative 
error% 

Output 
level 

E1 0.870 0.875 0.57 A 
E2 0.828 0.846 2.12 B 
E3 0.847 0.823 0.63 B 
E4 0.839 0.837 0.26 B 
E5 0.831 0.852 2.47 A 

average 0.843 0.847 1.21  
 
 
The risk assessment model constructed by this 

paper bases on RBF neural network can effectively 
conduct a risk assessment. Test results show that the 
proposed risk assessment model based on RBF 
neural network for ATM network is certain feasible. 
The network model has many advantages, such as 
faster learning, less numbers of hidden layer neurons, 
simpler structure, better accuracy and smaller errors. 
The test results fit well with the actual situations 
demonstrating that the model has some certain  
of practicality. 

 
 

5. Conclusions 
 

This paper states with the possible threats and 
vulnerabilities of civil aviation ATM network and list 
out the significance of risk assessment for ATM 
network, finally, proposes risk assessment model 
based on RBF neural network. According to the 
characteristics of information security risk on civil 
aviation ATM network, we put the influencing 
factors as input of the RBF neural network and the 
level of security of risk assessment as the network’s 
output, establishes risk assessment model based on 
RBF neural network for ATM network. Its nonlinear 
processing capacity breaks through the limitations of 
existing evaluation methods, solves the hard 
problems, such as the information of general 
assessment methods are incomplete and 
contradictory and the nonlinear relationship between 
factors is difficult to assess. Therefore, RBF neural 
network is an effective way to achieve risk 
assessment for more comprehensive factors. 

By using RBF neural network model, this paper 
solves influence to risk assessment from a mixed 
variety of complex factors of ATM network, and use 
simulation and validation methods to validate the 
proposed model. Simulation results show that the 
designed model meet the characteristics of risk 
assessment and accurately reflect the situation of the 
threats of ATM network. The proposed risk 
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assessment model can ensure civil aviation security 
incident prevention in order to guarantee civil 
aviation information system to operate safely  
and efficiently. 
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Abstract: Photovoltaic generation forecasting is one of the main tasks of the planning and operation in power 
system. Especially with the development of mico-grid, relative study on renewable energy generation gain more 
and more concerns. In this paper, a short-term forecasting model combining knowledge and intelligent algorithm 
is developed for photovoltaic array generation. Self-organizing map (SOM) is proposed to extract the relative 
knowledge, and to choose the most similar history situation and efficient data for wind power forecasting with 
numerical weather prediction (NWP). The historical data is classified into several groups, though which we 
could find the similar days and excavate the hidden rules. According to the data reprocessing, the selected 
samples will improve the forecast accuracy radial basis function network (RBF) trained by the class of the 
forecasting day is adopted to forecast the photovoltaic output accordingly. A case study is conducted to verify 
the effectiveness and the accuracy. Compared with the conventional BP neural network, the forecasting results 
demonstrate the method proposed in this paper can gain better forecasting performance with higher accuracy. 
Copyright © 2013 IFSA. 
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1. Introduction 

 
With the climate change, energy resources 

depletion and cost increasing, the development and 
utilization of renewable energy (wind energy source, 
solar energy, geothermal energy and so on) has been 
the focus of the global attention at present. Since the 
theory of different renewable resource generation are 
various, and they all have the intrinsic characteristics 
of intermittent and uncertainty, the forecasting is an 
important and challenge job for the steady operation, 
effective schedule and system safety. 

Recently, the home and abroad scholars focusing 
on load forecasting have adopted various theory and 
methods to study the photovoltaic generation 
forecasting. The forecasting method developed from 
the conventional regress and gray forecasting into the 
neural network, even the combined models with 
different methods, though which have improved the 
robustness and accuracy of forecasting gradually. In 
generally, the forecasting idea could be divided into 
two types, indirect method though solar radiation 
forecasting and direct method. In the former, main 
parameters like solar radiation, the area of array and 
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the efficient of photovoltaic array can be converted 
into the output power of photovoltaic array [1]. 
Regression smoothing average model and neural 
network are the typical methods of the latter. Stanley 
et al. adopt the artificial neural network (ANN) to 
minimize the nonlinear correlation between the 
metrological parameters and energy generated by the 
PV system [2]. In paper [3], a new statistical short-
term forecasting system for a gird-connected 
photovoltaic plant is presented, and it comprised thee 
modules composed of two numerical weather 
prediction models and an artificial neural network 
based model.  

In the photovoltaic generation technology, the 
light is converted into electricity power though the 
Volta affected though the different semiconductor. 
Solar irradiation is the main influent factor. It 
represents the amount of solar irradiation on some 
area during certain time period, which is described 
with kWh/m2. In fact, the climate conditions include 
the temperature, humidity, floating dust, cloud cover, 
and air pollution. Considering these climate 
conditions, Patrick et al. develop a high-resolution, 
direct-cloud-assimilating NWP based on the Weather 
and Research Forecasting model (WRF-CLDDA) [4]. 
The output power of photovoltaic generation system 
changes with the different solar irradiation on the 
surface of the earth.  

Thus, the main goal of this paper is attempted to 
build an intelligent model combined with knowledge 
mining. By utilizing the properties of SOM and RBF, 
the algorithm for photovoltaic generation is proposed 
in this paper. The rest parts of this paper are 
organized as follows. Knowledge mining and SOM 
theory is briefly introduced in Section 2. The RBF 
neural network is described in Section 3. A case 
study is demonstrated and the performance of the 
proposed algorithm is discussed in Section 4. 
Conclusions are drawn in Section 5. 

 
 

2. Knowledge Mining and SOM 
 
Data mining is most commonly used in attempts 

to derive useful information and extract useful 
patterns from large data sets or database for solving 
specific issue [5]. The knowledge data base includes 
dominant and recessive, qualitative and quantitative, 
empirical and inferential knowledge, in addition, all 
kinds of knowledge could be analyzed automatically 
and be conducted though inductive reasoning. The 
gained potential patterns and rules could be served 
for forecasting decision, pattern recognition, fault 
diagnosis and production process optimization. Lots 
of data mining technologies have been developed and 
applied in control problem and classification. Self-
organization mapping (SOM), firstly proposed by 
Kohonen in 1981, is a neural network with 
unsupervised learning [6]. It has certain topological 
structure which is adjusted through the input 
information, and the pattern recognition is completed 
by the synergy among multiple neurons [7-8]. The 

special idea of SOM is that there is no need to 
initialize the cluster center or guidance information, 
and that the weight information of neurons is self-
adaptively adjusted by input data. 

Generally, there are two layers in SOM neural 
network: the first layer for the sample input, and the 
number of neurons is equal to the dimension of 
samples; the second layer is competition layer, in 
which each neuron represents a class, therefore the 
number of the neuron in competition layer is the 
same with the clustering categories. Two-dimension 
is the most common form of the neurons' 
arrangement in competition [9-11]. The basic 
principle of SOM is described as following. 

The weight with the closest match to the 
presented input pattern is the winner neuron or the 
best matching unit (BMU). 

1) Competition process. 
Let P be the input samples with m dimensions 
[ ]1 2, , ..., T

mP p p p= , m is the number of the input 
neurons. The number of the neurons in competition 
layer with two dimension is N (N = n*n). The 
connection weight between the input layer and the 
competition layer are denoted as 

1 2, , ...,
TT T T

NW W W W⎡ ⎤= ⎣ ⎦ , and [ ]1 2, ,...,T
i i i imW w w w= . 

Calculate the inner product n of input vector and 
the connection weight: 

 

[ ]1 2 1 2, , ..., , , ...,
TT T T

N Nn n n n WP W P W P W P⎡ ⎤= = = ⎣ ⎦  (1) 
 
Select the winner neuron in the competition 

process or the best matching unit (BMU). The basic 
rule is that the larger the inner product is, the closer 
the neuron to the input vector, which indicates the 
neuron matches to the presented input pattern. The 
winning formula is as follows: 

 

( )
*

*

1,
0,

i i
a compet n

i i
⎧ =

= = ⎨
≠⎩

, (2) 

 
where *

i in n≥ , i∀ , and *i i≤ , *
i in n∀ = . Finally, 

only one neuron wins, thus the result is similar as 
[ ]0,...1..., 0a = , and *i  is the winner neuron. 
2) Learning process. 
SOM neural network is arranged according to the 

two-dimensional structure, each neuron has 
promoting effect to the neighboring neurons, on the 
contrast, inhibition effect to those far away, as shown 

in Fig. 1. Where ijd
 denotes the distance between 

the neuron and its neighbor, ijw∆
 is the change of 

the connection weight. It indicated that the neurons 
within the certain scope are promoted with weights 
increasing; while the neurons out of the scope are 
inhibited, and the weigh would be reduced. 

In SOM neural network, the weight is adjusted 
according to Kohonen learning rules. The main idea 
is to make the winner neuron and its neighbors closer 
to the input sample by modifying the weights. 
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Fig. 1. The effect of a neuron to its neighbors. 
 
 
The formula is expressed as: 
 

( ) ( 1) ( )( ( ) ( 1))i i i iw t w t t P t w tα= − + − − , (3) 
 

( ) (0) * 1 tt
T

α α ⎛ ⎞= −⎜ ⎟
⎝ ⎠

, (4) 

 

( ) ( )0 * 1 tN t N
T

⎛ ⎞= −⎜ ⎟
⎝ ⎠

, (5) 

 
where ( )iw t  and ( 1)iw t −  represent the weight 
vector of neuron i at time t  and 1t − respectively. 

( )P t  is the input sample at time t . And ( )tα  means 
the learning rate at time t , ranging in [0, 1]. At the 
beginning, the learning rate is the largest, and the 
value of ( )tα  is decreasing with the training. Since 
the weight shock of the neurons may occur during 
the training process, the learning rate need to be 
reduced gradually. Training neighborhood ( )N t  
represents the neurons around the winner neuron 
whose weights will be adjusted. In the initial training, 
the scope of neighborhood is largest, which provides 
more neurons learning opportunity. With the 
increasing of training, each neuron represents its own 
categories and its neighborhood will be less. 

 
 

3. RBF Neural Network 
 
In this paper, the main variables affecting the 

generation power of photovoltaic array including the 
maximum temperature (Tmax), the minimum 
temperature (Tmin), solar radiation intensity (G), 
average humidity (H), cloud cover (C) and average 
wind (W) are consist of the environment 
characteristic space V. RBF neural network is built to 
approximate the complicated non-linear relationship 
between the input characteristic space V and 
photovoltaic the output power P.  

RBF neural network take the advantages of 
simple topological structure, good smoothness, quick 
convergence speed and no local minima, and can 
approach any nonlinear system. The structure with 

three layers is illustrated in Fig. 2, where ( )Φ ⋅  
represents the RBF. The first layer is consisted of 
several perception units. The second layer connected 
with network with outside environment is called 
hidden layer, executing the non-linear exchange for 
feature extraction. Compared with conventional back 
propagation (BP) neural network, the number of the 
hidden nodes in RBF neural network can be 
determined in light of requirement. In addition, it 
overcomes the disadvantages of BP with slow 
convergence speed and minimum local [12-14]. 

 
 

1x

2x

Mx

1 1( )x cΦ −

( )q Mx cΦ −

1y

Ly

 
 

Fig. 2. The structure of RBF neural network. 
 
 
Suppose the input of the network x  with M  

dimension, the output y  with L  dimension, and the 
non-linear mapping ( )ix u x→  is realized in the 
hidden layer.  

Gaussian function is adopted as the activation 
function of the hidden nodes in RBF neural network. 
Thus, the output of the ith node would be  
expressed as: 

 

2
( ) ( )

exp
2

T
i i

i
i

x c x c
u

σ

⎡ ⎤− −
= −⎢ ⎥

⎣ ⎦
1,2,...,i L=

 
(6) 

 
The linear mapping from hidden layer to output 

layer could be described as: 
 

( )
1

q

k ki i k
i

y w u θ
=

= −∑ 1,2,...,i L= ,
 

(7) 

 
where 1 2( , ,... )T

Mx x x x= denotes the input samples; q 
is the number of the nodes in hidden layer; ui is the 
output of the ith node in hidden layer; iσ  is the 
standardized constant of the ith node in the hidden 
layer; yk is the output of the kth node in output layer; 

kiw  is the weight coefficient from hidden layer to 
output layer; kθ denotes the threshold of nodes in 
output layer; ci is the center vector of the Gaussian 
function of hidden layer nodes, and this vector is a 
column vector with the same input sample x, 

1 2( , ,..., )T
i i iMc c c c= . 

The essential problem of RBF neural network 
design is to determine the number of the nodes in 
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hidden layer and the center and the width of the 
relative radial basis function though learning with the 
purpose of minimum the forecast error and granting 
the generalization ability. 

 
 

4. Case Study 
 
In this paper, the photovoltaic array in the 

Northwest of China is taken as the case study to 
verify the proposed method. The time horizon of 
output power is 15 min, and the relative climate data 
are taken as the input variables. Suppose part of the 
input variables as the training set, and the rest as the 
test set. The feature vector V is consist of the 
maximum temperature (Tmax), the minimum 
temperature (Tmin), solar radiation intensity (G), 
average humidity (H), cloud cover (C) and average 
wind speed (W). Select two days a (sunny) and b 
(cloudy), and find their similar days though SOM 
neural network. The subsamples are utilized to train 
the RBF neural network respectively. In addition, 
commonly used standard BP neural network is also 
employed to forecast the photovoltaic generation 
with the same data. The samples in the same class 
with forecasting day are selected to train the ESN 
network for the forecasting day. In order to test the 
performance of ESN, BP neural network which has 
been widely used in load forecasting is also applied 
for the same task. Commonly used error evaluation 
indexes, including mean absolute percentage error 
(MAPE), mean absolute error (MAE), and root mean 
square error (RMSE), are used to discuss the 
performance of different forecasting methods: 

 
^

1

1 N
i i

i i

y y
MAPE

N y=

−
= ∑ , (8) 

 
2^

1

1 N

i i
i

RMSE y y
N =

⎛ ⎞= −⎜ ⎟
⎝ ⎠

∑ , (9) 

 
where 

^

iy  is the forecasting value and iy  is the 

actual value, N is the number of samples. The 
performances of different forecasting methods are 
shown in Table 1. 

 
 

Table. 1. The performance of different  
forecasting methods. 

 
RMSE (MW) MAPE (%) Model 

Classification RBF BP RBF BP 
Sunny model 0.69 1.32 6.23 8.54 
Cloudy model 0.85 2.49 13.27 21.65 

 
 
Fig. 3 shows the forecasting results of different 

methods and the actual wind power output.  

It indicated that the overall trend of forecasting 
power is in accordance with the actual situation. 
However, the performance of RBF is obviously 
greater than BP model. The MAPE and RMSE  
of RBF under sunny day are 6.23 % and 0.69 MW 
respectively, lower than those of BP 8.54 % and 
1.32 MW. While as to the cloudy day, the RMSE and 
MAPE of RBF forecasting is 0.85 MW and 13.27 %, 
and those of BP is 2.49 and 21.65 %, respectively. 
This indicated that both of the methods gain better 
accuracy when solar radiation intensity  
is stable. 
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Fig. 3. The forecasting and actual results of photovoltaic 
array under sunny day (a), and cloudy day (b). 

 
 

5. Conclusions 
 
Photovoltaic forecasting is an important tool for 

managing the inherent variability and uncertainty in 
photovoltaic generation. Increasing the accuracy of 
forecasting can help to reduce the likelihood of an 
unexpected gap between scheduled and actual 
photovoltaic power generation, which can be 
extremely helpful for operators of power systems. In 
this study, we developed a database by using 
historical meteorological environment and power 
output data. SOM neural network as a knowledge 
mining technology is employed to discover and 
extract the rules. The classified samples are taken as 
the input of echo state network to train the structure 
of the network respectively. Through clustering the 
historical data in to several classes, the approach 
would provide valid data for ESN forecasting. The 
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results of case study demonstrated the successful use 
of the proposed method, which performs better  
than BP. The accuracy of prediction has been 
improved. However, the database is static in this 
study, which means the information of new samples 
will not be added into the knowledge pool 
automatically. And if the database is small, it may 
not cover comprehensive situation. Thus, it will be 
proper for the photovoltaic power station with long 
operation period. 
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Abstract: Inspired by the cellular differentiation behaviors, a new biomimetic optimization algorithm, cellular 
differentiation optimization algorithm (CDOA), is proposed. First, a certain number of cells are randomly 
distributed in the search space in which each cell represents a solution. Then, several cellular differentiation 
behaviors such as division, growth, migration, adhesion and apoptosis are exhibited for finding the optimal 
solution according to the activity value of a cell. The proposed algorithm is applied to several benchmark 
complex functions optimization with 20-1000 dimensions. Experimental results show that the proposed cellular 
differentiation optimization algorithm can converge to the optimum of complex numerical functions with super 
high dimensions rapidly in spite of its simple procedure and effortless implementation. Copyright © 2013 IFSA. 
 
Keywords: Cellular differentiation optimization algorithm (CDOA), Bio-inspired, Complex function with super 
high dimensions, Numerical function optimization. 
 
 
 
1. Introduction 

 
In practical projects, a large number of 

engineering problems can be represented as the 
function optimization problems. Usually these 
functions are very complex and have large scale, high 
dimensions, nonlinearity, non-convex and non-
differentiable characteristics. In addition some 
functions have a large number of local minima. So 
efficient and reliable optimization strategies of high-
dimension complex functions are needed urgently, 
and will become a hot research issue in optimization 
design field. Since the 1980s, the biomimetic swarm 
intelligence optimization algorithms have got 
extremely rapid development. Inspired by the natural 
biological system, many biomimetic swarm 

intelligence optimization algorithms are proposed to 
solve the complex optimization problems. Some 
typical algorithms include the genetic algorithms 
(GAs) [1] for simulating the genetic evolutionary 
process of organisms, particle swarm optimization 
(PSO) [2] coming of the research on bird flock 
preying behaviors, ant colony optimization 
(ACO) [3] algorithm for imitating the ant colony 
foraging, and the multi-agent optimization 
algorithm [4-7], etc. These algorithms could 
overcome some shortcomings of the traditional 
numerical methods to some extent, such as 
continuity, differentiability, and unimodality. 
Therefore, they have been applied widely and 
successfully in solving optimization problems in 
different fields such as constraint satisfaction 
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problems and numerical function optimization  
[7-9], image segmentation [10, 11], image feature 
extraction [12], moving object tracking [13], 
information retrieval [14], and vehicle scheduling 
[15, 16], etc. However, there are also some 
disadvantages among the algorithms in practical 
applications, such as premature convergence, slow 
convergence speed and poor convergence 
performance, etc. Especially for the complex 
functions with high or super high dimensions, it is 
very difficult to achieve efficient optimization. In 
2004, Zhong et al. [17-19] proposed a multiagent 
genetic algorithm (MAGA) which can deal with high 
dimensional function optimization problems with  
20-1000 dimensions. However, the algorithm usually 
needs thousands of iterations to get the optimal 
solution even with 20 dimensional functions.  

Inspired by the cellular differentiation mechanism 
at the micro level, this paper proposes a new 
optimization algorithm, the cellular differentiation 
optimization algorithm (CDOA) to improve the slow 
convergence speed and poor convergence 
performance of some existed biomimetic algorithms. 
Through the simulation of cellular differentiation 
behaviors, the algorithm searches the solution space 
in parallel to find the optimal solution. The 
experimental results show that the proposed  
CDOA is more effective in solving high even  
super high dimensional numerical function  
optimization problems. 

The remainder of the paper is organized as 
follows. In Section 2, a brief introduction of CDOA 
is provided. Section 3 describes the proposed CDOA 
in detail, including the definitions of the cellular 
differentiation behaviors and the implementation of 
CDOA. Section 4 demonstrates the performance of 
the proposed algorithm compared with the multi-
agent genetic algorithm (MAGA). Section 5 draws 
the conclusions. 

 
 

2. The Main Idea of CDOA  
 
All living things, whether they are animals or 

plants, are made up of cells. Cell is the basic unit of 
organism structure and functions. It is the basis of all 
life phenomenon including growth, propagation and 
death. All of the cells are from cellular 
differentiation. Cellular differentiation is a transition 
of a cell from one cell type to another and it involves 
a switch from one pattern of gene expression to 
another. Differentiation dramatically changes a cell's 
size and shape. Different cells can have very different 
physical characteristics despite they have the same 
genome. Cellular differentiation is the result of a 
Darwinian selective process occurring among cells. It 
goes through the whole life in multi- 
cellular organisms.  

Inspired by the cellular differentiation 
phenomenon, this paper presents CDOA for 
simulating cellular differentiation process. CDOA 
first generates a certain number of cells in search 

space randomly, and each cell represents one 
solution. Then all cells form into an initial solution 
space. We make use of objective function to evaluate 
the activity values of cells. Cells with higher activity 
values are closer to the optimal solution. According 
to the activity values of cells, some behaviors such as 
division, growth, migration, adhesion and apoptosis 
are exhibited for generating a new generation of cells. 
The cells with higher activity values will survive 
while those with smaller activity values will be 
weeded out. Finally, the cell with the largest activity 
value will be selected as the optimal solution when 
the algorithm terminates. The main procedure of 
CDOA is illustrated in Fig. 1. 

From Fig. 1 it can be seen that the parent cell 1 
(with higher activity value) first pre-divide into two 
sub-cells and each sub-cell will perform growth, 
migration, and adherence behaviors to form into a 
new cell while cell 2 can not pre-divide due to its 
lower activity value and only migration and 
adherence behaviors are performed. After division 
judges can be made to select or refresh the  
cell swarm. 

 
 

 
 

Fig. 1. The main procedure of CDOA. 
 

 
3. The Modeling of Cellular 

Differentiation Optimization 
Algorithm  
 
In this paper, the proposed CDOA is built based 

on function optimization. Without loss of generality, 
the function optimization can be described as: 

 
)(min Xf , ),,,( 21 nxxxX ⋅⋅⋅= ,  

 
where SX ∈ , nRS ⊆ represents the n-

dimensional search space [ ]nss, , )( Xf is the 

objective function and each element ix satisfies 

sxs i ≤≤ . 
 
 
3.1. Cells 
 

Cells are the basic functional entities in CDOA 
which can simulate the real cells in organisms. 
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Specifically, an optimization cell can be defined by a 
5-tuple set: 

 
〉=< behactagedlcell ,,,,:: ,  

 
where l  represents the location of a cell in 
environment, d denotes its current differentiation 
direction, age refers to its living time-steps before 
division, act stands for its activity value which can be 
computed by energy function, beh symbolizes the 
cell’s behaviors such as division, growth, migration, 
adhesion, and apoptosis, etc.  

 
 

3.2. Energy Function and Activity Value 
 

Suppose each cell ],,,[ 21 ni xxxc ⋅⋅⋅= represents a 
candidate solution for the function to be optimized, S 
is the search space, then the energy of cell ci can be 
defined as: 

 
SccfcE iii ∈= ),()(  (1) 

 
In order to evaluate each cell in the solution space, 

the energy function value can be used to calculate the 
activity value of a cell, that is, 

 

S c
fforsearchcEcact
fforsearchcEcact

i
ii

ii ∈
⎩
⎨
⎧

=
−=

  , 
   ),()(
   ),()(

max

min  (2) 

 
As will be explained, the final optimal solution 

can be decided by activating some differentiation 
behaviors such as division, growth, migration, 
adhesion and apoptosis according to the activity 
value of each cell. The definitions of these 
differentiation behaviors are as follows. 
 
 
3.3. Cellular Differentiation Behaviors 
 
Definition 1: Division Behavior 

When the age of one cell is smaller than its 
lifespan, it starts to pre-divide. The parent cell pre-
divides into two child cells (sub-cells). If the activity 
values of the two child cells are both smaller than 
that of the parent cell, the parent cell is performed a 
negative feedback and its age will be increased by 
one. If the parent cell's activity value is smaller than 
one of the child cells, it will receive a positive 
feedback and be replaced by the two child cells, 
forming into a new group of cells. In chromosome 
level, it means dividing the genome into two parts. In 
order to keep the dimension of the child cells, we set 
the other part of the chromosome to zero by default. 
Thus, the division of a cell can be defined as,  
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where agei is the age of the ith cell, lifespan is the 
maximum age of a cell. The two sub-cells are 
initialized as follows after division behavior 
performed: 
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Definition 2: Growth Behavior 

The growth is an important stage of cell 
differentiation. It is worth noting that after the cell 
division, the child cells are smaller and instability. 
Therefore, the selective expression of the gene is not 
mature and the growth behavior should be performed 
for the child cells to increase their size and promote 
the gene expression. In this paper we define the 
growth behavior by adding 2/n  random values 
within a given range into the zero-part of the child 
cells. After growth, the child cells are updated as, 
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(5)

 
Definition 3: Migration Behavior 

The so-called migration behavior is the movement 
of cells in the search space, which makes the group of 
cells gather towards the cell with higher activity 
value. It is irreversible, namely cells can only migrate 
towards the optimal cell in each evolution to increase 
their activity values. The distance a cell moves is 
determined by its activity value, the bigger the 
activity value is, the greater probability of the cell 
moves to the optimal cell. Accordingly, we define the 
cell migration behavior as follows, 
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where act(i) stands for the activity value of the ith 
cell, steplength represents the unit size of migration, 
cellbest is the current optimal cell with the highest 
activity value. 
 
Definition 4: Adhesion Behavior 

Cell adhesion is a form of communication 
between cells. For any cell in a group of cells, if the 
activity value of the cell is smaller than that of the 
cells surrounding it, the cell will exchange 
information with the optimal cell among the 
neighbors to increase its activity value. The adhesion 
behavior embodies the idea of exchanging 
information and can be defined by, 

 

bestiinewi cellcellcell __ += , (7) 
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],,,[ _2_21_1_ bestniinbestiibestiinewi xxxxxxcell +⋅⋅⋅++= ,
(8) 

 
where besticell _  is the cell with the highest activity 

value among its neighbors, while newicell _  is the 
new cell after adhesion. If the new cell is beyond the 
search space, then update the newicell _  by 
subtracting its absolute value from the upper limit of 
the search space. 
 
Definition 5: Apoptosis Behavior 

The process that cells whose age is greater than 
the life span are removed from the system is called 
apoptosis behavior. Apoptosis means that a cell dies. 
Cell apoptosis occurs in the whole stage of cell 
differentiation. The division of parent cells means the 
apoptosis of the parent cells. Sometimes in order to 
improve the search efficiency and reduce 
computational cost, some poor performers will be 
eliminated in advance. For example, a cell will be 
eliminated if its activity value is less than sixty 
percent of the average activity value. That is, 
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where N is the number of cells, Φ  stands for the 
empty set meaning that the cell is removed from the 
cell swarm. 

The pre-division mechanism in CDOA can not 
only retain the cells with higher activity value, but 
also guarantee the diversity of the cells to some 
extent and reduce the probability of premature 
convergence. Meanwhile, it can reduce the 
computational cost and improve search efficiency by 
eliminating cells whose age is greater than the 
lifespan. The design of CDOA can avoid invalid 
search and have the ability to jump out of local 
optimum at a greater probability. 

 
 

3.4. The Implementation of CDOA 
 

According to the above analysis, the proposed 
CDOA can be implemented by the following steps: 

Step 1: Initialize the cell swarm by randomly 
distributing N cells over the solution space. Each cell 
represents a solution and can be specified by an n-
dimension vector; 

Step 2: Compute the activity value of each cell 
then decide whether it satisfies the termination 
conditions or not. If it satisfies then end the 
algorithm; 

Step 3: For each living cell perform division 
operator first, then perform growth, migration, and 
adhesion operators for the successfully divided cells 

and increase the age by one for the failed cells and 
then perform migration and adhesion operators; 

Step 4: For each cell, decide whether it satisfies the 
apoptosis conditions, obsolete cells that meet the 
apoptosis conditions will be removed from the swarm; 

Step 5: Update the cell swarm and find the one 
with the highest activity value (optimal cell); 

Step 6: Decide whether it satisfies the termination 
conditions or not. If it satisfies then end the algorithm 
and output related parameters and results, otherwise 
return to Step 3. 

The specific flowchart of the proposed CDOA is 
shown in Fig. 2. 

 
 

 
 

Fig. 2. The flowchart of CDOA. 
 
 
4. Numerical Emulation and Analysis 

 
To verify the feasibility and validity of the 

algorithm, five benchmark functions with  
20-1000 dimensions are tested and the results are 
compared with the well-known MAGA algorithm. 
The termination criterion of CDOA is as follows: 

 
0, min =< ffbest ε , (10) 

 
where fbest is the best solution found in the current 
generation, fmin is the global optimal solution, and ε is 
the accuracy of the solution, ε = 10-4.  

The five benchmark functions to be used for 
performance testing are described by Eq. (11)-
Eq. (15), named Rastrigin function, Ackley function, 
Griewank function, Sphere function, and Schwefel 
function, respectively. It is noteworthy that these 
functions are either multimodal with multiple local 
minima or unimodal with global minima.  

 
Rastrigin function: 
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Ackley function: 
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Griewank function: 
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Sphere function:  
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Schwefel function: 
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n
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 (1

5) 
 
20, 100, 200, 400, 800, and 1000 dimension of 

the above functions are respectively chosen for 
testing. Some parameters of the CDOA are selected 
by experiments: the number of cells N = 45, the life 

span of a cell  lifespan = 25, the migration step 
steplength = 145, and the accuracy of the optimal 
solution ε = 10-4. Besides, the termination criterion is 
decided by Eq. (10).  

On account of the randomness of the algorithm, 
the mean numbers of function evaluations averaged 
over 50 trials are compared between CDOA and 
MAGA. The results are shown in Table 1. For 
function f1(x), MAGA needs more than 
20000 iterations to obtain the optimal solution  
(ε = 10-4), while CDOA only requires a little more 
than 1000 iterations to reach the same accuracy. 
Whereas for function f2(x)~ f5(x), CDOA only needs 
hundreds of evaluations at all listed dimensions to get 
the high quality solution while MAGA requires 
thousands of evaluations to get the same accuracy. It 
is obvious that CDOA obtains better solutions at a 
lower computational cost than MAGA, and  
exhibits a good performance in solving high  
dimensional functions. 

Additionally, CDOA can also solve super high 
dimensional function optimization problems. Take 
Ackley function for example, only more than 
600 iterations are needed to reach the accuracy for 
the case of 5000 dimension and more than 
700 iterations for 10000 dimension. The convergence 
curves are shown in Fig. 3. 

 
 

Table 1. Comparison between CDOA and MAGA in the mean number of function evaluations. 
 

f1(x) f2(x) f3(x) f4(x) f5(x)  
Di-

men-
sion 

CDOA MAGA CDOA MAGA CDOA MAGA CDOA MAGA CDOA MAGA 

20 256 4301 184 3583 190 2566 110 2420 189 6823 
100 576 10265 271 5410 227 4447 426 4199 200 8920 
200 597 14867 334 6051 386 5483 475 4966 215 9307 
400 658 17939 376 6615 423 6249 511 5576 235 9662 
800 986 20306 481 7069 754 6883 653 6079 220 9823 

1000 1189 20083 533 7188 963 7358 747 6273 351 9945 
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(a) 5000 dimension. 
 

(b) 10000 dimension. 
 

Fig. 3. The convergence curve for optimizing super high dimensional Ackley function. 
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5. Conclusions 
 

Inspired by the cellular differentiation mechanism 
at the micro level, this paper proposes a new 
optimization algorithm, the cellular differentiation 
optimization algorithm (CDOA) to solve the super 
dimensional function optimization problems. 
Through the simulation of cellular differentiation 
behaviors, the algorithm searches the solution space 
in parallel to find the optimal solution. Experimental 
results on five benchmark complex functions with 
high dimensions show that the CDOA can rapidly 
converge to high quality solutions and has a good 
global optimization performance. The CDOA 
proposed in this paper is a new algorithm in solving 
high dimensional complex optimization problems. 
Additionally, it is simple and easy to implement. 
Nevertheless, there still exist some problems with the 
algorithm such as lack of theoretical analysis of the 
convergence, many other cellular differentiation 
behaviors not considered, and the rationale for 
parameter selection, etc. We will improve the 
algorithm and embed it into a theoretical framework 
as well as apply the algorithm to other optimization 
fields such as combinatorial optimization and 
constraint satisfaction problems in the future. 
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Abstract: On the basis of the analysis of the basic information of the river basin reservoirs and application of 
chaotic ant swarm algorithm, the medium-and long-term optimization operation model is established, which 
regards the maximum annual generation capacity of the cascade hydropower stations as the main purpose. The 
simulation result shows the algorithm improves the total annual power generation of the cascade reservoirs, and 
is better than the basic chaotic ant colony solving method of reservoir operation model, finally provides an 
effective solution to solve the cascade reservoirs optimization operation problem. Copyright © 2013 IFSA. 
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1. Introduction 

 
The Reservoir Operation is the reasonable and 

effective control of the use of water conservancy and 
hydropower project, which plays a key role in 
regulating floods, the supply of clean energy, 
improving water pollution and many other aspects. 
Based on existing water resources infrastructure, the 
reservoir operation maximizes social and economic 
benefits, and ultimately achieves the full advantage of 
the purpose and allocation of water resources. In recent 
days, machine intelligence theory is gradually 
replacing the traditional optimization algorithm which 
restricted the development of reservoir operation 
technology due to the defects of the low efficiency of 
calculation and easy to fall into local optimum. 
Machine intelligence theory plays an important role in 
reservoir operation which has multi-objective, multi-
constrained, non-linear characteristics [1]. 

2. Cascade Hydropower Reservoir 
Optimal Scheduling Model 

 
2.1. Concepts Cascaded Hydroelectric 

Stations and Features 
 

The reservoir group which is in the river's 
tributaries on the development of a series of 
reservoirs and the formation of mutual cooperation 
and jointly regulate a common reservoir runoff 
overall, the whole basin for the dual purpose of 
prevention and Hennessey that is in the river water 
conservancy project construction. Reservoirs are 
arranged in accordance with the way the series on the 
river is called cascade reservoirs. 

Operation of cascaded hydroelectric stations have 
the following characteristics, first, water power 
generation associated downstream cascade 
hydropower generation depends on water discharged 
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upstream water cascade hydropower stations 
downstream hydropower generating capacity by the 
upstream reservoir effect. Second, the power head 
association, if the water level is too high downstream 
reservoirs, will raise the water level upstream 
hydropower reservoirs tail, making the upstream 
reservoir of power head can decrease the upstream 
power generation, but the downstream reservoir 
water level is too low will affect their own power 
head, can lead to generating capacity reduction. Third, 
FM, peaking association often cascaded hydroelectric 
stations in the same power the main network, through 
a joint operation, the system can adjust the FM, 
peaking task, through the rational allocation, improve 
security and stability of the grid [2].  

 
 
2.2. Optimization Model 

 
For long-term scheduling problem reservoir 

description, mainly through a mathematical model to 
describe the reservoir scheduling process, 
considering the constraints between cascade 
reservoirs, the cascade reservoirs such as the long-
term optimization model formula (1) shown in the 
target function description: 

 

, ,
1 1

max
n T

i k k t k t t
k t

E A Q H M
= =
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(1) 

 
The formula iE for the i  year the largest 

hydropower generating capacity, measured in MWh;  

kA  denote the k  hydropower stations integrated 

output coefficients, ,k tQ  denote the k  hydropower 

stations in t  period generating traffic (m3/s), ,k tH  

denote the k  hydropower stations in t  period 
average generating net head (m), tM  denote the t  
period the total number of hours (h); n  - the total 
number of cascade hydropower stations within the 
watershed; T  - calculates the total number of time 
periods during the year (calculation period for the 
month, then T  = 12).  

The scheduling constraints of the model are  
as follows:  

1) Water balance constraints: 
 

, 1 , , , ,k t k t k t k t k tV V q Q S+ = + − −
 

( )t T∀ ∈  
(2) 

 
The above formula , 1k tV + denote the end of t  

period of the k  hydropower reservoir storage 
capacity, ,k tV  denote the beginning of t  period of 

the k  hydropower reservoir storage capacity, ,k tq  

denote the t  period of the k  hydropower reservoir 

storage time traffic flow, ,k tQ  denote the t  period of 

the k  hydropower reservoir generate electricity flow, 

,k tS  denote the t  period of the k  hydropower 
reservoir abandoned water flow, all above units  
are as m3/s.  

2) Reservoir storage capacity constraints: 
 

max,,min, kttkkt VVV ≤≤  

)( Tt ∈∀  
(3) 

 

In the formula, ,k tV  denote the t  period of the k  

hydropower reservoir storage capacity, ,minktV  denote 
the minimum storage capacity of the reservoir, 

,maxktV  denote the largest reservoir storage capacity, 
all above units are as m3. 

3) Discharge reservoir constraints: 
 

max,,min, kttkkt QQQ ≤≤  

)( Tt ∈∀  
(4) 

 

0, ≥tkS  

)( Tt ∈∀  
(5) 

 

In the formula, ,minktQ  and ,maxktQ  denote the t  

period of the k  hydropower reservoir the minimum 
and maximum discharge flow, minimum discharge is 
determined by the need to ensure a minimum amount 
of water downstream of the decision, the biggest 
discharged flow is considered discharged 
downstream of the maximum amount of safety, all 
above units are as m3/s. 

4) Hydroelectric output constraints: 
 

,min , , ,maxk k k t k t kN A Q H N≤ ≤
 (6) 

 

The above equation ,minkN - the k  hydropower 
stations hardware conditions determined the 
minimum output value (MW); ,maxkN - installed 

capacity of the k hydropower stations (MW). 
5) Variable non-negative constraints: 
Since the above condition variables are involved 

in meaningful quantities, so all of the above variables 
are non-negative variables ( 0≥ ). 

 
 

3. Improved Chaos Ant Colony 
Algorithm 

 
3.1. Chaotic Ant Colony Algorithm 
 

Chaotic phase space algorithm ergodicity and 
internal randomness, you can use this feature makes 
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the ant colony algorithm escape from local optima. 
When the ant colony algorithm to find the local 
optimal solution, through the carrier's way, in the 
vicinity of local optima, then chaos disturbance 
variables, avoid falling into local optimum. 

In finding the optimal solution, in order to 
improve the optimization path is also poor when the 
residual pheromone, ants interfere with subsequent 
optimization strategies, resulting in an invalid search, 
wasting time, improved method is a better path to be 
screened, only path is less than a given value 
increased pheromone, adjust the amount of 
information added in chaotic interference, so that the 
optimization results out of local minima. 

The basic ant colony algorithm in the amount of 
information update, the update formula as formula 
(7) and (8) [3], the basic idea is chaotic ant colony 
algorithm update equation in the amount of 
interference by adding chaos. 

 

1
( ) ( )

m
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ij ij ij
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t n tτ ρ τ τ
=
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(7) 
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(8) 

 
Ergodicity of chaotic systems with randomness, 

the introduction of typical chaotic Logistic Model: 
 

1 (1 )n n nx x xµ+ = − , (9) 

 
Wherein [0, 4]µ∈ , 0,1,2,n = ⋅⋅ ⋅ , [0,1]x∈ . 

In the ant colony algorithm update informative 
way when the carrier has Logistic chaotic system 
introduced into the model, optimize updated effects, 
improve efficiency, iterative formula as formula (10) 
below [4-5]. 

 

1
( ) ( )

m
k

ij ij ij i
k

t n t xτ ρ τ τ λ
=

+ = • + ∆ +∑
 

(10) 

 
Through in-depth research in recent years, 

researchers found that individual ant carrying a 
search, there is chaos in their behavior, for this, the 
initial value for the ant colony optimization algorithm 
to shorten the search for the optimal value of the 
time. Chaos chaotic ant colony algorithm based on 
the selected systems, and combined with ant colony 
algorithm point difference, research direction  
is different. 
 
 
3.2. Improved Chaos Ant Colony Algorithm 
 

This paper presents an improved chaotic ant 
colony algorithm, ant colony algorithm is initialized 

made corresponding improvements. The main idea is 
to join at initialization time chaotic systems and the 
introduction of a chaotic system by adding random 
perturbations ergodic properties of chaotic systems to 
increase random features, making ant in the initial 
cluttered environment quickly find a better solution, 
in order to continue iteration select Global lay the 
foundation for the optimal solution to shorten the 
search time; pheromone evaporation coefficient for 
the introduction of adaptive improvement strategies, 
within the scope of the search iteration, according to 
evolutionary effects, adaptive adjustment of the size 
of the overall increase global search ability and 
convergence speed; further improvement strategy is 
to form the chaotic noise into the carrier pheromone 
iterative formula, the randomness and chaos noise 
ergodicity, making colony in obtaining local search 
near optimal value by comparing the extreme point 
with the size of other nearby guide the ant moves in 
the direction toward the better evolution of ant 
colony algorithm can avoid local optimum and 
improve their ability to select the global optimum. 

In order to be able to maximize their chaotic 
randomness initialization, in the formula (9), based 
on the µ  increase in the parameter random 
disturbance factors σ  [6]: 

 
1 ( ) (1 )n n nx x xµ σ+ = + −  (11) 

 

10
randσ = ,

 
(12) 

 
where rand is [0,1] the random number. 

This article will adjust an adaptive pheromone 
evaporation coefficient improvement strategies into 
chaos ant colony algorithm to optimize information 
iterative effect [7]. Assuming the initial pheromone 
evaporation coefficient value 0( ) 1tρ = , if chaotic ant 
algorithm seeks the optimal solution in a limited 
circulation, no appreciable improvement,  
then right according to the formula (13) to make ρ  
adaptive adjustments: 

 
min

min

0.95 ( 1),   if  0.9 ( )
( )

,           
t t

t
others

ρ ρ ρ
ρ

ρ
− >⎧

= ⎨
⎩  

(13) 

 
Wherein set the minimum value of ρ  is minρ , to 
avoid too small lead convergence speed decreases. 

For ant colony algorithm easy to fall into local 
optimum defect, the basic algorithm proposed chaotic 
ant pheromone update when the carrier joins chaotic 
noise, the paper added initialization and chaotic 
random number pheromone evaporation coefficient 
adaptive improvements, but also taken with the 
chaotic carrier noise the whole algorithm escape from 
local optima, which uses the formula (10) for 
pheromone chaotic disturbance, making it a better 
choice for global optimal solution.  
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4. Improved Chaotic Ant Colony in the 
Application of Cascade Reservoirs 

 
This paper studies the improved chaotic ant 

colony algorithm to reservoir applications, so the 
selected data to the references of average runoff 
runoff as deterministic goal, the main research 
algorithm to solve the scheduling model effects. By 
selecting a cascade hydroelectric stations for the 
study, with the largest generating capacity Herald 
Dispatch targeting runoff in the case of certainty for 
long-term optimal operation [8]. 

Reservoir according to previously established 
mathematical model, the objective function is a 
solution in the number of n  reservoir cascades 
which flow generating capacity Q  determines the 
sum of the maximum amount T  of power, in which 
the amount of generating capacity Q  and the 
reservoir V  has a certain function, so the problem is 
transformed into the capacity of the discrete as a 
number of points, in considering the constraint 
conditions, by the chaos ant colony algorithm and its 
improved algorithm a number of discrete points on 
this path between the optimal solution search, you 
can find the maximum amount of power. 

Selected cascade reservoirs to water conservancy 
A is the leading cascade reservoirs, select region B, 
C, D, E four hydroelectric reservoirs constituted, 
there is a tributary of the downstream hydropower 
station C and D are imported, five the basic 
parameters of hydropower in Table 1. 

In the deterministic runoff, based on the chaos 
through the basic ant colony algorithm and improved 
algorithm to solve the cascade reservoirs result, the 
output value for each reservoir and power generation 
combined with the length of time the two methods for 
each hydropower reservoir scheduling results are 
shown in the Tables 2-4. 

Combining these scheduling result of each month, 
and ultimately obtained two algorithms calculated 
total generating capacity of the reservoir and the 
results are shown in Table 5. 

From the above table it can be seen, the annual 
generation of cascade reservoirs largest mathematical 
models were used to solve the two algorithms, 
improved chaotic ant colony algorithm for A, B, D 
solution obtained on a total generating capacity 
increases, the remaining two power stations total 
generating capacity decreased slightly, but the overall 
annual generation capacity is increased, which  
shows the improved algorithm to achieve the  
optimization purposes. 

 
 

Table 1. Basic parameters of a Cascaded Hydropower Stations. 
 

            Hydropower              

Reservoir Items A B C D E 

Drainage area (km2)  17176 17244 17359 18828 18973 

Average annual flow (m3/s) 121.3 122.0 122.0 130.0 131.0 
Mean annual runoff  
(100 million m3) 38.25 38.5 38.5 41.9 42.3 

Normal water level (m) 2202 2065 2035 2002 1968 

Flood control level (m) 2199     

Flood month (month) 7-9 7-9 7-9 7-9 7-9 

Dead water level (m) 2166   2000  

Normal tail water level (m) 2067.7 2036.5 2021.58 1970.86 1950.75 
Normal water level the following 
capacity (100 million m3) 8.67   0.143  

Regulating capacity  
(100 million m3) 5.72     

Regulation performance Year —— —— Day —— 

Installed capacity (MW) 300 66 37.5 60 31.5 

Guaranteed output (MW) 61.8 13.58 5.966 15.4 7.22 
Maximum flow rate over machine 
(m3/s) 280 266.1 266.4 246 186.4 

Minimum flow rate over machine 
(m3/s) 42     

Composite output coefficient 8.5 8.5 8.5 8.5 8.5 
The average annual generation 
capacity (100 million kWh) 9.94 2.28 1.427 2.411 1.36 
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Table 2. Hydropower A basic algorithm and improved algorithm to optimize the scheduling result. 
 

 
 

Table 3. Hydropower station downstream runoff basic algorithm and improved algorithm to optimize  
the scheduling result (a). 

 
B hydropower C hydropower 

M Inflow 
(m3/s) 

Power 
Flow 
(m3/s) 

Abando-
ned 

water 
(m3/s) 

Head 
(m) Basic  Impro-

ved 

Power 
Flow 
(m3/s) 

Abando-
ned 

water 
(m3/s) 

Head 
(m) Basic  Impro-

ved 

5 121.38 121.38 0 28.5 2.92 2.91 121.38 0 13.42 1.37 1.39 
6 137.66 137.66 0 28.5 3.34 3.31 137.66 0 13.42 1.57 1.53 
7 182.95 182.95 0 28.5 4.42 4.43 182.95 0 13.42 2.07 2.1 
8 160.49 160.49 0 28.5 3.81 3.8 160.49 0 13.42 1.78 1.77 
9 122.71 122.71 0 28.5 3.01 2.93 122.71 0 13.42 1.4 1.35 
10 159.21 159.21 0 28.5 3.92 3.94 159.21 0 13.42 1.84 1.87 
11 116.43 116.43 0 28.5 2.82 2.75 116.43 0 13.42 1.31 1.24 
12 63.89 63.89 0 28.5 1.51 1.53 63.89 0 13.42 0.7 0.73 
1 59.32 59.32 0 28.5 1.36 1.38 59.32 0 13.42 0.64 0.65 
2 62.27 62.27 0 28.5 1.55 1.54 62.27 0 13.42 0.72 0.68 
3 89.02 89.02 0 28.5 1.88 2.03 89.02 0 13.42 0.88 0.9 
4 208.36 208.36 0 28.5 5.15 5.19 208.36 0 13.42 2.42 2.45 

 
 

Table 4. Hydropower station downstream runoff basic algorithm and improved algorithm to optimize  
the scheduling result (b). 

 
D hydropower E hydropower 

M Inflow 
(m3/s) 

Power 
Flow 
(m3/s) 

Abando-
ned 

water 
(m3/s) 

Head 
(m) Basic  Impro-

ved 

Power 
Flow 
(m3/s) 

Abando-
ned 

water 
(m3/s) 

Head 
(m) Basic  Impro-

ved 

5 121.06 133.06 0 31.14 3.6 3.63 133.06 0 17.25 2 2.01 
6 138.93 154.93 0 31.14 4.08 4.05 154.93 0 17.25 2.26 2.25 
7 183.86 199.86 0 31.14 5.26 5.33 199.86 0 17.25 2.93 2.93 
8 158.88 182.88 0 31.14 4.81 4.75 182.88 0 17.25 2.67 2.65 
9 124.62 145.62 0 31.14 3.84 3.82 145.62 0 17.25 2.12 2.13 

10 158.89 176.89 0 31.14 4.75 4.76 176.69 0 17.25 2.63 2.6 
11 117.59 125.09 0 31.14 3.3 3.25 125.09 0 17.25 1.83 1.79 
12 62.49 67.49 0 31.14 1.67 1.73 67.49 0 17.25 0.93 0.95 
1 58.6 62.1 0 31.14 1.52 1.55 62.1 0 17.25 0.84 0.86 
2 63.19 67.19 0 31.14 1.81 1.74 67.19 0 17.25 1 0.95 
3 86.78 92.68 0 31.14 2.33 2.37 94.68 0 17.25 1.27 1.32 
4 207.52 217.42 0 31.14 5.81 5.82 217.51 0 17.25 3.22 3.25 

 
 

Monthly Inflow 
(m3/s) 

Power 
Flow 
(m3/s) 

Abandoned 
water (m3/s) 

End 
water 

level (m) 

Head 
(m)  

Basic 
output 
(Ten 

thousand 
kW) 

Improved 
output  

(Ten thousand 
kW) 

5 176 121.38 0 2174.42 101.69 10.42 10.43 
6 170 137.66 0 2178.16 105.74 12.12 12.04 
7 227 182.95 0 2183.84 109.25 17.22 17.29 
8 174 160.49 0 2182.78 114.76 15.74 15.68 
9 161 122.71 0 2190.56 114.81 11.93 12.05 

10 276 159.21 0 2203.61 125.52 16.93 16.98 
11 132 116.43 0 2203.85 133.77 12.76 12.74 
12 64.8 63.89 0 2203.58 133.02 6.95 6.96 
1 41.8 59.32 0 2197.7 134.43 7.02 7.12 
2 43.9 62.27 0 2195.64 131.29 6.83 6.8 
3 48.1 89.02 0 2185.95 127.92 9.17 9.43 
4 77.3 209.36 0 2166.00 110.57 18.62 18.85 
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Table 5. Two algorithms applied to a cascade reservoirs total generating capacity compared (one hundred million kWh). 
 

 A B C D E Total 
Basic chaotic ant 10.6363 2.6049 1.2188 3.1213 1.7292 19.3105 
Improved Chaos 
Ant Colony 10.6851 2.6084 1.2160 3.1229 1.7285 19.3609 

Additional 
charge 0.0488 0.0035 -0.0028 0.016 -0.007 0.0504 

 
 
5. Conclusions 
 

Intelligent optimization algorithms in recent years 
in reservoir optimal scheduling and more widely, not 
only enrich the reservoir operation technology 
research, but also achieved better optimization results. 
In this paper, a cascade reservoirs within the 
watershed to establish long-term optimization 
scheduling model, the introduction of improved 
chaotic ant colony optimization algorithm to solve it. 
Combined with the scheduling feature cascade 
hydroelectric station, through theoretical arguments 
and examples of applications show that the optimized 
algorithm can achieve better optimization results. 
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Abstract: In this paper, we model a specific relay channel named relay multiple access channel (RMAC) 
aiming at providing a clue to select the relay node in multiple access channels such as the uplink of cellular 
communication system. In this channel, the relay node not only aids to send the information of the source but 
also sends its private message to the destination. We derive the achievable rate regions based on decode-and-
forward strategy for the discrete memoryless RMAC (DM-RMAC) and the additive white Gaussian noise 
RMAC (AWGN-RMAC), respectively. Numerical results of the achievable rate region for the AWGN-RMAC 
show that the proposed scheme can improve the rate of user far from the base station with the help of a relay 
node near to the base station. Copyright © 2013 IFSA. 
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1. Introduction 

 
In wireless communication, the capacity of point-

to-point link can be improved by cooperative users  
[1, 2]. The relay channel, first introduced in 1971 [3], 
is the most basic channel with cooperation. In this 
channel, one sender intends to communicate with one 
receiver with an idle relay to help the communication 
from the sender to the receiver. And then the 
capacities of the physically degraded relay channel, 
the reversely physically degraded relay channel and 
the relay channel with feedback are determined in [4]. 
In addition, it provides an achievable rate based on 
decode-and-forward strategy for the general relay 
channel. We call this relay channel as the general 
relay channel in order to differentiate from the 
channel discussed in this paper. In the general relay 
channel, the relay node has no private messages to 
communicate with other nodes and its all resources 

are used to aid the other nodes. In fact, it is difficult 
to find such idle relay nodes in some practical 
communications. So some network nodes that have 
few communication traffic or low rate may be 
selected as the candidate relay node [5, 7, 8]. The 
article [5] introduces a specific relay channel with 
private messages, where the relay node has private 
messages to communicate with both the source and 
the destination nodes. However, this scenario is also 
rare in practical telecommunication systems. In [7, 8], 
the authors consider and provide a rate region of the 
relay broadcast channel, where the relay node needs 
receiving its private message from the source node.  

Inspired by this, we considered another specific 
relay channel named relay multiple access channel 
(RMAC) in this paper. In the channel, the relay node 
not only aids to send the information of the source 
but also sends its private message to the destination 
node. In this paper, we derive the achievable rate 
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http://www.sensorsportal.com/


Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 155-159 

 156

regions based on decode-and-forward strategy 
introduced in [4] for the discrete memoryless RMAC 
(DM-RMAC) and the additive white Gaussian noise 
RMAC (AWGN-RMAC), respectively. Considering 
the practical applications, we only give numerical 
results of the achievable rate region for the AWGN-
RMAC. It shows that the node with low 
communication rate to the destination can be selected 
as the relay node to improve the rate from the source 
to the same destination. 

This paper is organized as follows. In Section 2, 
the channel RMAC is defined. The achievable rate 
regions for the channels of DM-RMAC and AWGN-
RMAC are respectively derived by the decode-and-
forward strategy in Section 3. Numerical results of 
the achievable rate regions for the AWGN-RMAC 
are also provided in this section. Discussion and 
conclusion are given in section 4. 

Before proceeding, we define some notations. Let 
X  and X  denote a random variable and its range, 

respectively. Deterministic variable or the realization 
of a random variable and vector are denoted by lower 
case letter x  and bold lower case letter x , 
respectively. And define ,1 ,2 ,( , ..., )i

t t t t iX X X X , 
1
2( ) log(1 )C = +x x  and 1= −x x . Throughout the 

paper, the logarithmic function is to the Base 2. 
 
 

2. Channel Model 
 
The channel model of RMAC is given in Fig. 1. 

And the definitions involved in the channel are 
illustrated as follows. 

 
 

 
 

Fig. 1. The relay multiple access channel. 
 
 
Definition 1: The DM-RMAC consists of an 

channel input alphabet 1X , a relay input alphabet 2X , 
two channel output alphabets 2Y  and 3Y , and a 
probability transition function 2 3 1 2( , , )p y y x x , 
where 1x , 2x  denote source and relay inputs, 
respectively, while 2y  and 3y  denote the outputs at 
the relay and destination nodes, respectively. 

Definition 2: A ( )13 23(2 , 2 ),nR nR n  code for a DM-
RMAC consists of the following components: 

Two index sets, 
{ }23

23 1,2,..., 2= nRW  and { }13
13 1, 2,..., 2= nRW . 

An encoder at the source terminal, 
1 13 1:X →X nW . 

A set of relay functions { } 1

n
i i

f
=

, 

2, 2,1 2, 1 23( ,..., , )i i if −=x y y w , 1 i n≤ ≤ . 
A decoder at the destination terminal, 

3 13 23: n → ×Yd W W . 
In this paper, the relay node is assumed to operate 

in full duplex and to be causal. Its encoding and 
decoding structure is illustrated in Fig. 2. 

 
 

 
 

Fig. 2. The encoding and decoding structure  
for DM-RMAC. 

 
 
Definition 3: The RMAC is said to be degraded if 

its transition probability satisfies 
 

2 3 1 2 2 1 2 3 2 2( , , ) ( , ) ( , )=p y y x x p y x x p y y x , 
 
i.e., [ ]1 2 2 3,X Y X Y− −  forms a Markov chain. 
Definition 4: The AWGN-RMAC has a 

continuous input and output alphabets and 
independent, additive white Gaussian noise. The 
channel outputs of the relay and destination are 

 

2 1 2Y X Z= + , (1) 
 

3 1 2 3Y X X Z= + + , (2) 
 

where 2 2(0, )Z N∼ N  and 3 3(0, )Z N∼ N are the 
independent Gaussian noise. There are power 
constraints on the input sequences 1x  and 2x , 
namely 
 

2[ ] ,   1, 2.i iP iε < =x  
 
The channel model of AWGN-RMAC is 

illustrated in Fig. 3. 
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Fig. 3. The channel model of AWGN-RMAC. 
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Definition 5: A degraded AWGN-RMAC has a 
continuous input and output alphabets and 
independent additive white Gaussian noise given the 
input and the output of the relay node. The channel 
outputs of the relay and the destination are written as 

 
2 1 2Y X Z= + , (3) 

 
3 1 2 2Y X X Z Z ′= + + + , (4) 

 
where 2 2(0, )Z N∼ N  and 3 2(0, )Z N N′ −∼ N are 
the independent Gaussian noise, and 2 3N N< . 

Definition 6: The average probability of the error is 
defined as the probability that the decoded messages 
are not equal to the transmitted messages, i.e., 

 

( )( )
13 23 13 23

ˆ ˆ( , ) ( , )n
eP P W W W W= ≠ , 

where Ŵ  denotes an estimation of W , and 
13 23( , )W W  are assumed to be uniformly distributed 

over 13 23×W W . 
Definition 7: A rate pair 13 23( , )R R  is said to be 

achievable for the RMAC if there exists a sequence 
of ( )13 23(2 , 2 ),n n nR R  codes with ( ) 0n

eP →  as n →∞ . 
 
 

3. Main Result 
 
3.1. Discrete Memoryless Channels  
 

In this subsection, we derive an achievable rate 
region for the DM-RMAC based on decode-and-
forward strategy. 

Theorem 1: A rate pair 13 23( , )R R is said to be 
achievable for the DM-RMAC if the following 
inequalities hold 

 
23 2 3 1( ; , )R I X Y U X< , (5) 

 
{ }13 1 3 1 2 2min ( , ; ), ( ; , )R I U X Y I X Y U X< , (6) 

 
for  
 

1 2 2 3 1 2( ) ( ) ( ) ( , , )p u p x u p x u p y y x x  
 
Proof: The regular block Markov encoding and 

backward decoding technique [4] is used in this 
paper. We consider a transmission over B  blocks, 
each of n  symbols. A sequence of 1B −  messages 

13 ( )W b  and 23 ( )W b  will be sent over the channel in 
nB  transmissions, where b  denotes the block index, 

1, 2,..., 1B= −b . The rate pair 1 1
13 23( , )B B

B BR R− −  
approaches 13 23( , )R R  as B →∞ . An outline of the 
proof is as follows. 

Fix 1 2 1 2( , , ) ( ) ( ) ( )=p u x x p u p x u p x u . 

Random codebook construction: 
1) Generate 132nR sequences 1 2( , ,..., )n=u u u u  

according to ( ) ( )i=∏u n

i=1
p p u , label them 13( )′u w . 

2) For each 13( )′u w , generate 132nR sequences 1x  

according to 1 1, 13( ) ( ( ))i iu ′=∏x n

i=1
p p x w , denote 

them as 1 13 13( , )′x w w . 

3) For each 13( )′u w , generate 232nR  sequences 2x  

according to 2 2, 13( ) ( ( ))i iu ′=∏x n

i=1
p p x w , label 

them 2 13 23( , )′x w w . 
 
Encoding:  
1) The source node sends the codeword 

1 13, 1 13,( , )−x b bw w  in block b , where 13, 1−bw  denotes 

13′w .  
2) Assuming the relay node has determined 

13, 1−bw in the previous block, and then sends 

2 13, 1 23,( , )−x b bw w  in block b . So the transmitted 
codeword pair can be written as 

 
1 13,1 2 23,1(1, ), (1, )  1=x xw w b ,

  
 

1 13, 1 13, 2 13, 1 23,( , ), ( , )  2,..., 1B− − = −x xb b b bw w w w b ,
  

 
1 13,B 1 2 23, 1( ,1), ( ,1)  B− − =x x Bw w b   

 
Decoding:  
1) Assuming the relay node has determined 

13, 1−bw  correctly. Then it can determine the index 

13,bw  by finding a unique 13,ˆ bw  such that 13, 1( )−u bw , 

1 13, 1 13,ˆ( , )−x b bw w , 2 13, 1 23,( , )−x b bw w  and 2 ( )y b  are 
jointly typical. Because the relay node knows 23,bw , 

the index 13,bw will be decoded correctly if the 
inequality (7) holds. 

 
13 1 2 2( ; , )R I X Y U X<  (7) 

 
2) The destination node starts to decode using 

backward decoding technique after the transmission 
of block b  is completed. From the last block,  
it can determine 13,bw . And it can decode 13, -1bw   
by looking for a unique 13, -1ˆ bw  such that 

13, 1ˆ( )−u bw , 1 13, 1 13,ˆ( , )−x b bw w  and 3( )y b are jointly 
typical. Reliable communication requires satisfying 

 
13 1 3( , ; )R I U X Y<  (8) 

 
3) The destination node has determined 13,bw  and 

13, -1bw , then it tries to  find a unique 23,ˆ bw  such that 

13, 1( )−u bw , 1 13, 1 13,( , )−x b bw w , 2 13, 1 23,ˆ( , )−x b bw w , 3( )y b are 
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jointly typical. The decoding can be made reliable if 
the inequality (9) holds. 

 

23 2 3 1( ; , )R I X Y U X<  (9) 
 
The achievable rate region in Theorem 1 can be 

directly concluded from (7), (8) and (9).  
 
 

3.2. Gaussian Channels  
 
In this subsection, we apply the results in discrete 

memoryless channels to AWGN channels. For 
simplicity, we assume the input distributions of the 
AWGN-RMAC to be Gaussian.  

Corollary 1: An achievable rate region for the 
AWGN-RMAC is the convex hull of the rate pairs 

13 23( , )R R  satisfying 
 

1 2 1 2 1
13

2 3 2

2
min ,

P P PP P
R

P N N
γ αγ α
γ

⎧ ⎫⎛ ⎞+ + ⎛ ⎞⎪ ⎪< ⎜ ⎟⎨ ⎬⎜ ⎟⎜ ⎟+ ⎝ ⎠⎪ ⎪⎝ ⎠⎩ ⎭
C C , (10) 

 

2
23

3

P
R

N
γ⎛ ⎞

< ⎜ ⎟
⎝ ⎠
C , (11) 

 
where α , [0,1]γ ∈ ,α  controls the power allocated to 
the source-to-destination message in the previous 
block and in the current block, γ  indicates the 
fraction of the relay’s power allocated to convey its 
private message to the destination. 

Proof: We choose the Gaussian variables as 
follows. 

( )0, uU P∼ N , ( )10,V Pα′ ∼ N , ( )2 20,X Pγ′ ∼ N , 
where U ,V ′ and 2X ′  are independent. 

Furthermore, we let  

1
1

u

P
X U V

P
α ′= + , 2

2 2
u

P
X U X

P
γ ′= + . 

Now, we estimate 23R  and 13R . 
From (5), 
 

23 2 3 1( ; , )R I X Y U X<  

3 1 3 1 2( , ) ( , , )Y U X Y U X X= −h h

2 3 3( ) ( )X Z Z′= + −h h  

2 3

3

1 log
2

P N
N

γ⎛ ⎞+
= ⎜ ⎟

⎝ ⎠
 

2

3

P
N
γ⎛ ⎞

= ⎜ ⎟
⎝ ⎠
C  

(12) 

 
From (6), 
 

{ }13 1 3 1 2 2min ( , ; ), ( ; , )R I U X Y I X Y U X<  
 
We compute 1 3( , ; )I U X Y  and  1 2 2( ; , )I X Y U X , 

respectively. 

And 
 

1 3( , ; )I U X Y  

3 3 1( ) ( , )Y Y U X= −h h  

3 2 3( ) ( )Y X Z′= − +h h  

1

2

P
N
α⎛ ⎞

= ⎜ ⎟
⎝ ⎠
C  

(13) 

 
While 
 

1 2 2( ; , )I X Y U X  

2 2 2 1 2( , ) ( , , )Y U X Y U X X= −h h  

2 2( ) ( )V Z Z′= + −h h  

1 2

2

1 log
2

P N
N

α⎛ ⎞+
= ⎜ ⎟

⎝ ⎠
 

1 2 1 2

2 3

2P P P P
P N

γ αγ
γ

⎛ ⎞+ +
= ⎜ ⎟⎜ ⎟+⎝ ⎠
C  

(14) 

 
Combining (12), (13) and (14), we have the result 

of Corollary 1. 
 
 

3.3. Numerical Results 
 
The rate regions of AWGN-RMAC, AWGN 

multiple access channel (AWGN-MAC) and AWGN 
relay channel (AWGN-RC) are respectively given in 
Fig. 4 for 1 2 5P P= = , 2 0.5N =  and 3 1N = . 

 
 

 
 

Fig.4. The rate regions of AWGN-RC,  
AWGN-MAC and AWGN-RMAC. 

 
 
In Fig. 4, the rate 13R  from Source 1 to 

destination increases when the other Source 2 
provides some resources to help the communication 
between Source 1 and destination, i.e., the rate region 
improves indeed when the collaboration between the 
two sources is allowed. Moreover, the maximum 13R  
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is obtained when all the resources of the Source 2 are 
used to help the communication between Source 1 
and destination. That is just the rate of relay channel 
based on decode-and-forward strategy, which is 
depicted by a small circle on the vertical axis in the 
figure. On the other hand, the maximal rate 23R  is 
denoted by tR  when 13R  achieves its maximum 
value. So a part of resources of the relay node can be 
used to help the communication from source to 
destination when its rate is not greater than the 
threshold value tR , which is depicted by a small 
circle on the horizontal axis in the figure. From the 
figure, we can also conclude that the relay channel is 
a special case of the RMAC. 

 
 

4. Discussion and Conclusion 
 
In this paper, we propose a RMAC model 

inspired by the idea that some source nodes can 
exploit the other sources with few communications 
traffic or low rate to help their own communications 
in the multiple access channels. We develop the 
achievable rate regions for the DM-RMAC and the 
AWGN-RMAC based on decode-and-forward 
strategy, respectively. The numerical results show 
that the proposed scheme can improve the rate of 
user with the help of a relay node with private 
communication to the destination. And they also 
illustrate that the general relay channel is a special 
case of the RMAC under some circumstances. More 
important, the paper provides a way to select 
available relay node in some communication 
environment, especially the uplinks of cellular 
communications. The works to derive the achievable 

rate regions based on partial decode-and-forward and 
compress-and-forward are under way. 
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Abstract: According to the specific circumstances of Wanjiazhai Reservoir, establish a reservoir optimal 
scheduling nonlinear mathematical model with a maximum generation capacity target, this paper uses an 
improved simulated annealing genetic algorithm to solve the model. The algorithm is in view of the defects of 
the traditional simulated annealing genetic algorithm to improve the algorithm from three aspects: introducing 
the niche technology, using adaptive crossover and mutation strategy, using the elitist strategy during the 
selection. Through examples are calculated and compared with the traditional simulated annealing genetic 
algorithm, the improved algorithm effectively overcomes the stagnation phenomenon, to enhance the global 
search ability. Its optimization performance is better than that of the traditional simulated annealing genetic 
algorithm. Copyright © 2013 IFSA. 
 
Keywords: Reservoir optimal operation, Simulated annealing genetic algorithm, Ecological niche, Adaptive, 
Optimal preservation. 
 
 
 
1. Introduction 

 
The development and utilization of water 

resources, has been around the world hot topic in the 
production and construction and scientific practice. 
Reservoir optimal operation is based on the specific 
running conditions of the reservoir, built with the goal 
of the reservoir maximizing benefit, with water 
balance, the power output as the constraint condition 
of optimization scheduling model, use optimization 
theory to determine the mode of operation of water 
resources reservoir [1]. It is under the condition of 
that no change in the existing power equipment and 
the structure of the hydraulic structure of the 
hydropower station, using the optimization theory, 

modern control theory and system engineering 
method, develop the reservoir optimal scheduling 
plan and map optimization scheduling, combined 
with the runoff forecasting, and comprehensive 
utilization department of electric power system, the 
reservoir optimal control is applied, to increase 
capacity or increase the power output, utmost ground 
once the purpose of energy saving [2-4]. 

Since the 1980s, has developed a novel algorithm, 
such as genetic algorithm, ant colony algorithm, 
particle swarm optimization (PSO), artificial immune 
algorithm and the hybrid optimization strategy, etc., 
which developed by simulation or reveal certain 
natural phenomena and processes, often referred to 
the intelligent optimization algorithm [5]. As the 
production of intelligent bionic algorithm, provides a 
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new way for reservoir optimal operation. Among 
them, the genetic algorithm because of its excellent 
global search ability and implicit parallel computing 
feature characteristics, and is considered to be the 
superior reservoir optimal operation algorithm [6-8]. 
But local optimization ability of genetic algorithm is 
poorer, prone to premature phenomenon. 

The traditional simulated annealing genetic 
algorithm is based on the basic genetic algorithm, in 
its search process into the simulated annealing 
algorithm with a method of optimization idea. 
Although the traditional simulated annealing genetic 
algorithm is through ideas of the integration to realize 
the complementary advantages of the algorithm, 
achieved the purpose of improve the algorithm 
performance [9]. But it’s in evolution obviously lack 
of history information communication and feedback 
between populations, and population evolution of the 
reference standard, so in a short period of time not 
only easy to cause the evolution direction deviating 
from the theory of the defect of the target, and can 
cause within the limited search time may miss out on 
the optimum solution. Aiming at the defects of the 
traditional simulated annealing genetic algorithm, an 
improved algorithm, the algorithm is to introduce 
niche technology, adaptive crossover and mutation 
strategy and optimal preservation strategy. Using its 
single reservoir optimal scheduling calculations, and 
compare the optimization results with the result of the 
traditional simulated annealing genetic algorithm, to 
illustrate the feasibility and optimization of  
the algorithm. 

 
 

2. Improved Simulated Annealing 
Genetic Algorithm 

 
Based on the defect analysis of the traditional 

simulated annealing genetic algorithm, this paper 
proposed an improved simulated annealing genetic 
algorithm, the idea of niche genetic algorithm is used 
to the choice of operation, through similar individuals 
in the population selection probability of uneven 
distribution, thus effectively avoid algorithm falls into 
local optimum and improve the search early lack of 
effective gene; using an improved adaptive crossover 
and mutation probability of combining the algorithms 
to improve the speed of evolution algorithm; using 
the optimal preservation strategy, at every stage of the 
evolutionary keep the best individual, to guide 
direction of the evolution of algorithm.  

1) Niche technology. 
The population of each generation as composed 

by a number of subgroups, Selected from each 
subgroup some better individuals to form a new 
group, then in this group, and other groups, constantly 
evolve a new population, adopting mechanism of 
sharing mechanisms or exclude or complete selection 
operation, this is called niche technology. The 
mechanism of the third option with most, the idea is 
the fitness of the individuals in a population is 

adjusted by sharing degree. After the adjustment of 
individual fitness is '

if  : 
 

i

i
i m

f
f =′ , (1) 

 
M

i ijj 1m S( d )== ∑
 
, (2) 

 
where im  is the number of niches, ijd is the 
Hamming distance between two bodies. 

Based on Niche Genetic Algorithm technique is 
the basic idea [10]: First, according to formula (2) to 
calculate the population of two Hamming distance 
between two individuals, if the distance is less than 
the threshold set distance, and then the two fitness 
comparison. In order to set the threshold within a 
distance of only a fine individual existence, out of 
which as soon as lower fitness of the individual, the 
measures imposed on the latter is a stronger penalty 
function, to increase its evolution probability of being 
eliminated. This approach enables individuals evenly 
dispersed throughout the solution space to ensure that 
the diversity of the population, thus achieving a Niche 
Genetic Algorithm. 

2) Adaptive crossover and mutation probability. 
For Srinvivas [11] and Ren Ziwu [12], who 

proposed two adaptive genetic algorithm 
shortcomings, this paper uses a new adaptive genetic 
algorithm [13]  cp  and mp  is calculated as follows:  
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From the above formula, we can see that the 

algorithm is the use of population maximum fitness 
maxf , minimum fitness minf  and average fitness 

avgf  these three variables to measure the 
concentration of fitness of the population. Wherein, 

maxf  and minf  reflects the proximity of the 
concentration of the entire population, the closer the 
adaptation level also represents more concentrated, 
genetic algorithms may be more easily into local 
optimum; avgf  and maxf  within proximity of fitness 
of the population reflects distribution, the closer, the 
more concentrated reflect the generation  
of individual. 
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3) Optimal preservation strategy. 
In the evolution of the population, selection, 

crossover and mutation operation will produce more 
and better performance of the individual, but the 
failure to take effective measures, these individuals 
will also be destroyed by these operations, resulting 
in the operating efficiency of the genetic algorithm 
and convergence reduced. Survival of the fittest 
operation using the optimal preservation strategies to 
avoid the destruction of the best individual 
occurrence, the basic idea is: the best individual in the 
current population does not participate in the 
crossover and mutation operators, and it’s directly 
into the offspring population, Adopting this strategy 
can be preserved throughout the optimal individual, 
have to make random process. 

Improved simulated annealing genetic  
algorithm process: 

Step 1: Parameter Initialization: Including 
annealing coefficient α, Initial temperature ot , 
Accuracy requirements E, Population size M, 
Penalty factor, etc. 
Step 2: The population size  M  which is randomly 

generated and satisfy the constraints is the initial 
population 0P ( t ) ;  

Step 3: Calculate the fitness of the population, and 
its descending order, the best performance of the 
individual and its corresponding optimal solution 
stored in the centralized optimal solution;  

Step 4: Termination condition is determined, if 
satisfied, then stop operations, and the current results 
as the optimal results; if not met, turn Step 5. 

Step 5: Niche operation selection process: M  
individuals are obtained by Step 2, calculate the 
Hamming distance of between two individuals’ 
fitness value, the formula (5) below:  

 

∑ ∑ ∑= = =
−=

M

i

N

j

N

Kij kjfkifd
1 1 1

2 )),(),((

ba ≠ , 
(5)

 
where f  is the individual fitness value; k is the 
number of decision variables. 

When jid L<  (where L  is the distance threshold 
value Hamming distance), the comparison of the size 
of  ( )f i,k  and ( )f j ,k , where f  is the smaller of 
the individual by applying a penalty function 

i jmin( x ,x ) pensityf F=  . 

Step 6: Use genetic algorithm in selection, 
crossover and mutation operation, etc. In this paper: 

- Roulette wheel selection is carried out on the 
population 0P (t)  firstly, then uses the optimal 
preservation strategy 

- Crossover operation (this article uses single-
point crossover) is according to the improved 
adaptive crossover probability, generate populations.  

- The mutation operation(this article uses the 
arithmetic variation) is according to the improved 

adaptive mutation probability mp  to generate 
population 2P (t) . 

Step 7: To do simulated annealing operation for 
population 2P (t) , to do local optimization, to obtain a 
new scale of m groups 3P (t) ;  

cool down k 1 kt ( t )α+ = , k k 1= + ;  
Step 8:  1P (t)  and 2P (t)  merge to form a new 

group, and its fitness sorting, updating the individual 
of 3P (t) , and go to Step 3. 

 
 

3. Reservoir Optimal Operation Based  
on Improved Simulated Annealing 
Genetic Algorithm  

 
3.1. Mathematical Model of Hydropower 

Station Reservoir Optimal Operation 
 

For long-term deterministic optimal operation of 
single reservoir, with the optimal criterion of 
maximizing the power generation scheduling period 
to establish mathematical model. Scheduling period 
can be divided into  T , that is, for each period for the 
sum capacity is the largest. 

The objective can be seen as follows: 
 

T T
t t tt 1 t 1E max E max N ∆= == =∑ ∑  , (6) 

 
where  E is the total generating capacity in optimal 
scheduling period, Et is the generating capacity on the 
time t, Nt is the average output on the time t,  
∆t is the number of hours in the time t, T is the total 
time of the hydropower operation calculation. 

Constraints of the model set includes reservoir 
storage capacity constraint, hydropower station 
output constraint, reservoir discharged flow 
constraint, reservoir water balance constraint, 
boundary constraint and nonnegative  
variable constraint. 

1) Reservoir storage capacity constraint. 
 

t ,min t t ,maxV V V≤ ≤ , (7) 
 

where t ,minV  is the allowed minimum reservoir 
capacity on the time t, t ,maxV is the allowed maximum 
reservoir capacity on the time t. 

2) Hydropower station output constraint. 
 

t ,min t t ,maxN N N≤ ≤  , (8) 
 
where t ,minN  and t ,maxN  are the minimum and 
maximum output respectively, which hydropower 
station allowed on the time t . 

3) Reservoir discharged flow constraint 
 

t ,min t t ,maxq q q≤ ≤ , (9) 
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where t ,minq  and t ,maxq are the minimum and 
maximum discharge on the time t  respectively. 

 
4) Reservoir water balance constraint. 

 

t 1 t t t tV V Q t q t W∆ ∆+ = + ⋅ − ⋅ − , (10) 
 

where tV  is the reservoir storage capacity at the 
beginning of time t, t 1V +  is reservoir storage capacity 
at the end of the t period. tQ  is the average inbound 
flow on the time  t . tq t∆⋅  is the outflow water on 
the time t , tq is the average outflow on the time t ,  

t∆  is the size of time at t period, tW  is the reservoir 
seepage and evaporation resulting in an average  
water loss. 
 

5) Boundary constraint. 
 

1 initial T 1 finishV V ,V V+= =
 
, (11) 

 
where initialV  is the storage capacity which the 
reservoir water level corresponds at the beginning of 
scheduling, finishV  is the storage capacity which the 
reservoir water level at the end of scheduling. For 
many years scheduling reservoir, finishV  conditions 
are generally no restrictions, for other regulation 
performance of the reservoir at the end of scheduling, 
boundary conditions may be restricted. 
 

6) Nonnegative variable constraint. 
All of the above decision variables are 

nonnegative variables. 
 
 

3.2. Algorithm Implementation 
 

A key part for solving the problem of reservoir 
optimal operation is to solve the model. Because 
reservoir optimal scheduling problem with nonlinear, 
multi-constraint, etc., it basically uses the 
mathematical model which also has these 
characteristics, this paper used the previous section 
model and the simulated annealing algorithm to 
optimize scheduling is calculated. Selecting three 
years including wet years, the water level, the dry 
years to calculate, calculate their generating capacity, 
and then calculate their average E , E (kW·h) is a 
multi-year average annual generation capacity of 
hydropower. E  is calculated as follows: 

 

I II IIIE ( E E E ) / 3= + +
 
 (12) 

 
where IE , IIE , IIIE  is the wet year, the water level, 
the dry years generating capacity, kW·h. 

In the dispatching of hydropower station, asking 
questions of solution in each period is during the 
period of the reservoir control the value of the initial 
control water level. Since hydropower use of water 
depends on the reservoir water level changes and 

inflow. So for hydropower optimal scheduling SAGA 
can be understood to meet the operational level in the 
relevant constraints, Randomly selected m groups of 
water level change sequence 1 1 1

1 2 n( Z , Z ,... ,Z )  

,…, m m m
1 2 n( Z , Z ,... ,Z ) . In serial, m is the population 

size,  is the number of periods. To meet the given 
constraints, using predetermined algorithm criteria 
iteration until the termination condition is satisfied 
the algorithm, the optimal solution output. 

1) Encoding and decoding. 
Due to some multidimensional, precision 

continuous function optimization problem, binary 
code will have slow speed optimization and solution 
accuracy under the control of the encoding string 
length such as faults, so this article using the decimal 
coding for optimal operation of hydropower station is 
simulated annealing genetic algorithm research. 

The order of time, using the decimal encoding, 
time t allow reservoir is divided into  m  equal parts 

 
t ,max t ,minZ Z

m
α
−

=
 
 (13) 

 
Among them, minZ , maxZ  are the reservoir water 

level to allow the minimum and maximum value at t 
time respectively, the accuracy of coding allows for 
α . 

So chromosomal gene can be used to represent 
integers A, Individual vectors (gene) is the true value 
of the reservoir water level, the corresponding 
decoding formula: 

 
t ,max t ,min

t t ,min
Z Z

Z Z ( n 1)
m
−

= + − ×
 
 (14) 

 
If the calculated optimal scheduling time for the 

month, then each chromosome contains 12 vectors. If 
the water level in a certain period known maximum, 
minimum, respectively, 680 and 690, 0.1α = . Then 
according to the formula(14), calculate the changes in 
water level between 100, the chromosome  
(1, 31, …, 101), on behalf of the corresponding water 
level value (680, 683, …, 690). 

2) Fitness function. 
This paper directly makes the objective function 

as the fitness function to evaluate the merits of  
the individual. 

3) Genetic operations. 
a) Selecting operation is a key link of the genetic 

algorithm "survival of the fittest". The most widely 
used method of choice is roulette method. Its 
advantage is to give choices to the low fitness of the 
individual, but its disadvantage is the high fitness 
individuals that also have the chance to be eliminated. 
And the optimal preservation strategy evolution 
model is by far the best individual instead of the 
worst in the group, the strategy is an important 
guarantee condition of convergence, it can ensure the 
optimal individuals obtained so far over genetic 
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operation such as crossover and mutation, smoothly 
into the next generation [14]. But because of its 
probability factor in population expanded rapidly in 
the large and easy to cause local early convergence. 
Therefore, the combination of both can obtain  
good effect. 

b) Crossover operation is the salient feature of 
genetic algorithm with other evolutionary algorithms. 
It is the main method to generate new individual. In 
the role of genetic algorithm it cannot be ignored. 
Cross with one point crossover operator, crossover 
probability adopts adaptive method selected, 
calculated as formula (3). 

c) Mutation operation has two main functions: 
One is to maintain the diversity of population; then it 
is to improve the local search ability of the algorithm. 
Mutation operator USES the arithmetic, mutation 
probability is also selected by the adaptive mode, 
calculated as formula (4). 

 
 

4. Application and Analyses 
 
The tasks of Wan Jiazhai Reservoir include 

mainly water supply combined with power generation 
peaking, at the same time both flood control, ice 
prevention effect, etc. [15]. The total reservoir 
capacity is 8.96 billion m³,regulating capacity is  
4.45 billion m³, the normal water level is 977.00 m, 
the highest water level is 980.00 m, the coefficient of 
output power takes 8.3, guaranteed output is 
185 MW, power plant design guaranteed rate is 90 %, 
installed capacity is 1080 MW, average annual 
energy output is 27.5 billion kW·h. In this paper, set 
the initial level as the decision variable, aim to 
calculate the sequence of the reservoir water level 
which satisfies the constraints, to make maximum 
reservoir generating capacity. Here take the normal 
flow year for example that to describe briefly the 

solution process of model. The final results of 
improved simulated annealing genetic algorithm 
optimization scheduling are shown in Table 1. 

It can be seen from Table 1, the initial and the 
final water level are meeting the upper and lower 
limits. The output value of each month is also within 
the control range. Therefore, the results meet the 
requirements. After the optimization scheduling the 
annual generation capacity is 29.2388 billion kW·h. 

Use the same model and method for reservoir of 
the wet year and dry year runoff in case to optimize 
dispatch, to get station reservoir average annual 
output of hydroelectric power, as shown in Table 2. 

In this paper, this improved algorithm solves the 
construction of the reservoir optimal scheduling 
model and gets annual average generating capacity of 
28.5355 billion kW·h. The conventional scheduling 
mean annual generation capacity of  
2.75 billion kW·h, the year after dispatching 
generating capacity increased 1.0355 billion kW·h, 
annual generation capacity increased 3.77 %, so 
based on improved simulated annealing genetic 
algorithm optimization scheduling result has 
important practical significance. In order to verify the 
effectiveness of the algorithm, the paper has adopted 
the traditional simulated annealing genetic algorithm 
optimization operation of reservoir, its objective 
function and constraints are unchanged. The results 
are shown in Table 3. 

It can be seen from Table 3, the initial and the 
final water level are meeting the upper and lower 
limits. The output value of each month is also within 
the control range. Therefore, the results meet the 
requirements. After the optimization scheduling the 
annual generation capacity is 29.1387 billion kW·h. 

Use the same model and method for reservoir of 
the wet year and dry year runoff in case to optimize 
dispatch, to get station reservoir average annual 
output of hydroelectric power, as shown in Table 4. 

 
 

Table 1. The final result of improved SAGA optimal scheduling (normal flow year). 
 

Month Initial level 
(m) 

Final level 
(m) 

Generating 
flow 

(m³/s) 

Power flow 
(m³/s) 

Abandoned 
water flow 

(m³/s) 

Output 
(104 kW) 

Generated energy 
(billion kW·h) 

1 976.54 976.01 387 392.61 0 21.62 1.5779 
2 976.01 975.27 429 435.94 0 24.14 1.7621 
3 975.27 976.53 643 628.92 0 35.98 2.6267 
4 976.53 976.76 573 572.05 0 32.79 2.3935 
5 976.76 974.65 332 351.69 0 19.07 1.3922 
6 974.65 976.47 381 364.26 0 19.91 1.4531 
7 976.47 966.01 901 991.85 0 53.47 3.9031 
8 966.01 948.12 1224 1317.99 0 55.91 4.0815 
9 948.12 948.12 1299 1299.00 0 45.71 3.3369 
10 948.12 976.35 995 811.31 0 37.88 2.7652 
11 976.35 976.65 583 578.81 0 33.2 2.4234 
12 976.65 976.54 373 375.57 0 20.87 1.5232 

Total 29.2388 
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Table 2. Based on the improved simulated annealing genetic algorithm Wan Jiazhai hydropower  
reservoir optimal scheduling results (Unit: billions kW·h). 

 

Low flow year Normal flow year  High flow year Average annual energy generation 
26.2316 29.2388 30.1360 28.5355 

 
 

Table 3. The final result of traditional SAGA optimal scheduling (normal flow year). 
 

Month Initial level 
(m) 

Final level 
(m) 

Generating 
flow 

(m³/s) 
Power flow (m³/s)

Abandoned 
water flow 

(m³/s) 

Output  
(104kW) 

Generated 
energy 
(billion 
kW·h) 

1 976.34 976.03 387 389.9490107 0 21.44 1.5649 

2 976.03 975.14 429 437.4665145 0 24.01 1.7528 

3 975.14 976.46 643 630.4429224 0 35.83 2.6158 

4 976.46 976.66 573 571.0974125 0 32.57 2.3778 

5 976.66 974.47 332 352.8333333 0 19.04 1.3896 

6 974.47 976.32 381 363.4010654 0 19.86 1.4497 

7 976.32 966.05 901 988.5095129 0 53.28 3.8897 

8 966.05 948.4 1224 1316.77968 0 55.85 4.0773 

9 948.4 948.1 1299 1300.19863 0 45.60 3.3286 

10 948.1 976.32 995 813.5121766 0 37.78 2.7582 

11 976.32 976.65 583 579.8607306 0 33.12 2.4174 

12 976.65 976.34 373 375.9490107 0 20.78 1.5169 
Total 29.1387 

 
 

Table 4. Based on the traditional simulated annealing genetic algorithm Wan Jiazhai hydropower reservoir 
optimal scheduling results (Unit: billions kW·h) 

 
Low flow year Normal flow year  High flow year Average annual energy generation 

25.6812 29.1387 30.0351 28.2850 
 
 
Compare the simulation results of two algorithms, 

we can get the conclusions as follows:  
1) From multiple runs of the program, we can see 

that ISAGA is proposed in this paper improves the 
ability of global optimization and convergence speed, 
the introduction of the Niche technology and 
adaptive crossover and mutation probability, to 
ensure the diversity of population better, the latter 
and the optimal preservation strategy also ensure the 
convergence of the algorithm and make the 
evolutionary process directed. Compared with 
traditional simulated annealing genetic algorithm, the 
improved algorithm proposed in this paper is more 
efficient and its solution process is more stable. 

2) Examples show that the improved algorithm 
can converge quickly to the optimal value, and its 
optimal value is superior to the traditional algorithm. 
The convergence speed of the improved algorithm is 
fast, and its optimization effect is better than the 
traditional algorithm. 

5. Conclusions 
 

Improved simulated annealing genetic algorithm 
proposed in this paper, by the niche technologies for 
similar individuals’ uneven distribution s of selection 
probability, to increase the diversity of population, to 
prevent effectively the algorithm from falling into 
local trap, to improve the performance of global 
convergence; to improve the evolution speed of the 
algorithm by the adaptive crossover and mutation 
operation; using good chromosomes template by the 
optimal preservation strategy, so that the individual 
in the iterative process effectively inherits the 
excellent characteristics of parent, to avoid the loss of 
the optimal solution, to ensure that the direction of 
the search process to accelerate to the optimal 
approach. The algorithm can be used to solve some 
non-convex, non-linear and discrete optimization 
problems. In this paper, it is applied to the optimal 
operation of reservoirs, the simulation test results 
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show that the ISAGA has strong robustness, high 
search efficiency and good global astringency, used 
for reservoir optimization scheduling is feasible and 
effective. How to create a theoretical guidance to 
select the most reasonable parameters, in order to 
further improve the search efficiency, which will be 
the next stage of the research work. 
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Abstract: In this paper, we employed Semantic Reasoning Tight Method, Random Process character subset and 
Global Optimization Search to rank Node Application Program. The Semantic Reasoning Network is 
demonstrated on a dataset come from text. Here, the characteristics are treated as criteria, to classify Node 
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experiments, we conclude that Tight method based Semantic Reasoning Network performs better than other two 
techniques comparable to the Conceptual Analysis done in text. Copyright © 2013 IFSA. 
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1. Introduction 

 
Services are tendered and availed in almost all the 

business and industries. The growth and proliferation 
of IT across industries and business appear to have 
fuelled the requirement as well as the delivery of 
services profoundly. Delivering services has been an 
attractive business proposition for many industries 
lately. The latest development in the systems is a new 
paradigm, called Node Application Program [1]. 
Node Application Program heralded another 
significant mile stone in the history of IT. Earlier, 
Internet catered mostly to the business to Customer 
(B2C) category of the users on the web. As against 
this, Node Application Program enable B2B 
interaction as well Web. They are independent of 
platform and natural languages, which is suitable for 
accessing from heterogeneous environments. With 
the rapid introduction of Node Application Program 
technologies, researchers focused more on the 
functional and interfacing aspects of Node 

Application Program, which include HTTP and 
XML-based messaging. They are used to 
communicate by employing pervasive standards 
based web technologies. Node Application Program 
is based on XML and three other core technologies: 
WSDL, SOAP, and UDDI. WSDL is a document 
which describes the services’ location on the web and 
the functionality the service provides. Information 
related to the web service is to be entered in a UDDI 
registry, which permits web service consumers to 
find out and locate the services they required. With 
the help of the information available in the UDDI 
registry based on the Node Application Program, 
client developer uses instructions in the WSDL to 
construct SOAP messages for exchanging data with 
the service over HTTP characteristics [2]. 

In this study, we address this problem of 
efficiently identifying a set quality characteristics by 
employing Semantic Reasoning Networks vs. Tight 
Semantic Reasoning, Random Process character 
subset and Global Optimization search. Tight 
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Semantic Reasoning is special form of Semantic 
Reasoning Network that is widely used for 
Conceptual Analysis [3] and clustering [4], but its 
potential for general probabilistic modeling (i.e., to 
answer joint, conditional and marginal queries over 
arbitrary distributions) remains largely unexploited. 
Tight Semantic Reasoning represents a distribution 
as a mixture of components, where within each 
component all variables are assumed independent of 
each other. The Random Process character subset of 
a variable Y, (MB(Y)), by definition, is the set of 
variables such that Y is conditionally independent of 
all the other variables given MB(Y). A Random 
Process Character subset Directed Connection Graph 
(MB DCG) is a Directed Connection Graph over that 
subset of variables. When the parameters of the MB 
DCG are estimated, the result is a Semantic 
Reasoning Network, defined in the next section. 
Recent research by the Machine Learning 
Community [5-7] has sought to identify the Random 
Process character subset of a target variable by 
filtering variables using statistical decisions for 
conditional independence and using the MB 
predictors as the input features of a classifier. 
However, learning MB DCG classifiers from data is 
an open problem [8]. There are several challenges: 
the problem of learning the graphical structure with 
the highest score (for a variety of scores) is NP hard 
[8] for methods that use conditional independencies 
to guide graph search, identifying conditional 
independencies in the presence of limited data is 
quite unreliable and the presence of multiple local 
optima in the Global Optimization search Enhanced 
Random Process character subset Classifier space of 
possible structures makes the search process difficult.  

Conceptual Analysis using the Random Process 
character subset of a target variable in a Semantic 
Reasoning Network has important properties.  
It specifies a statistically efficient prediction of the 
probability distribution of a variable from the 
smallest subset of variables that contains all of the 
information about the target variable, it provides 
accuracy while avoiding over fitting due to redundant 
variables and it provides a classifier of the target 
variable from a reduced set of predictors. The 
TS/MB procedure proposed in this paper allows us to 
move through the search space of Random Process 
character subset structures quickly and escape from 
local optima, thus learning a more robust structure.  
 
 
2. Quality Issues in Node Application 

Program  
 
OA plays an important role in finding out the 

performance of Node Application Program. Earlier, 
OA has been used in networking and multimedia 
applications. Recently, there is a trend in adopting 
this concept to Node Application Program [9]. The 
basic aim is to identify the OA characteristics [10-11] 
for improving the quality of Node Application 

Program through replication services [10], load 
distribution, and service redirection [4]. To measure 
the OA of a web service, characteristics like 
Response Time, Throughput, Availability, Re-
liability, Cost, and Response Time are considered.  
 
 
2.1. OA Characteristics  

 
Users of Node Application Program are not 

human beings but programs that send requests for 
services to web service providers. OA issues in Node 
Application Program have to be evaluated from the 
perspective of the providers of Node Application 
Program (such as the airline-booking web service) 
and from the perspective of the users of these 
services (in this case, the travel agent site) [6]. There 
are other models available related to the quality of 
Node Application Program issues. An OA model 
represented in Table 1 shows that Operation Analysis 
model of Node Application is based on internal 
characteristics, which are independent of the service 
environment, and external characteristics that are 
dependent on the service environment. The 
characteristics of the model in Table 1 are almost 
similar to the characteristics of QWS Dataset used in 
this paper. 

 
 

Table 1. Operation Analysis attributes  
of Node Application. 

 

OA Factor  Internal 
attributes  External Attributes 

Reliability  Correctness Availability and 
consistency 

Performance Efficiency  Load management 
Integrity -  Security 

Usability I/O 
attributes -  

 
 
2.2. Description of QWS Dataset  

 
QWS dataset consists of different web service 

implementations and their characteristics. The 
Conceptual Analysis is measured based on the 
overall quality rating provided by all the 
characteristics. The functionality of the Node 
Application Program can be helpful to differentiate 
between various services. The characteristics G1 to 
G10 are used as explanatory variables and the 
attribute G11 is used as the target variable. However, 
characteristics G12 and G13 are ignored as they do 
not contribute to the analysis.  

The Node Application Program [1, 2] in the QWS 
dataset are classified into four categories, such as: 

1) Platinum (high quality);  
2) Gold;  
3) Silver; 
4) Bronze (low quality).  
The Conceptual Analysis is measured based on 
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the overall quality rating provided by VSRE. It is 
grouped into a particular web service based on 
Conceptual Analysis. The functionality of the Node 
Application Program can be helpful to differentiate 
between various services. 

 
 
3. Overview of Semantic Reasoning 

Networks  
 
A Semantic Reasoning Network is a directed 

Connection graph model that represents conditional 
independencies between a set of variables. It has two 
constituents: One is a network graphical structure 
which is a directed Connection graph with the nodes 
of variables and arcs of relations. The other is the 
conditional probability table associated with each 
node in the model graph. Machine learning 
techniques are able to estimate the structure and the 
conditional probability table from the training data. 
Based on the Semantic Reasoning probability 
inference, the conditional probability can be 
estimated from the statistical data and propagated 
along the links of the network structure to the target 
label. By setting a threshold of confidence, the final 
probability value can be used as the indication for the 
Conceptual Analysis decision. The Semantic 
Reasoning formula can be mathematically expressed 
as below: 
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According to the basic statistical theory, e.g., the 

Chain Rule and independency relation derived from 
the network structure, the joint probability of E can 
be calculated by the production of local distributions 
with its parent nodes, 
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In the above formulas, E denotes a set of variable 

values, i.e. E= {E1, E2, ···, En}. H is termed  
as hypothesis. 

H is called the prior probability and P(H|E) is 
called posteriori probability of H given E. If Ei has 
no parent nodes, Parent Of (Ei) is equal to P(Ei). 

 
 

3.1. Tightly Method Semantic Reasoning 
 
Tight Semantic Reasoning models are so named 

for their “naive” assumption that all variables Xi are 
mutually independent given a “special” variable C. 
The joint distribution is then given Tight by  
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The single variable conditional distributions 

P(Xi|C) can take any form (e.g., multinomial for 
discrete variables, Gaussian for continuous ones). 
When the variable C is observed in the training data, 
naive Semantic Reasoning can be used for 
Conceptual Analysis, by assigning test example  
(X1, ···, Xn) to the class C with highest  
P(C|X1, ···, Xn) [2]. When C is unobserved, data 
points (X1, ···, Xn) can be clustered by applying the 
EM algorithm with C as the missing information, 
each value of C corresponds to a different cluster, 
and P(C|X1, ···, Xn) is the point’s probability of 
membership in cluster C. Tight Semantic Reasoning 
models can be viewed as Semantic Reasoning 
Networks in which each Xi has C as the sole parent 
and C has no parents. A naive Semantic Reasoning 
model with Gaussian P(Xi|C) is equivalent to a 
mixture of Gaussians with diagonal covariance 
matrices. While mixtures of Gaussians are widely 
used for density estimation in continuous domains, 
naive Semantic Reasoning models have seen very 
little similar use in discrete and mixed domains. 
However, they have some notable advantages for this 
purpose. In particular, they allow for very efficient 
inference of marginal and conditional distributions. 
To see this, let X be the set of query variables, Z be 
the remaining variables, and k be the number of 
mixture components (i.e., the number of values of C).  

A slightly richer model than naive Semantic 
Reasoning which still allows for efficient inference is 
the mixture of trees, where, in each cluster, each 
variable can have one other parent in addition to C. 
The basic graph of Semantic Reasoning Network is 
presented in Fig. 1. 

 
 

 
3.2. Random Process Character Subset  

 
The Random Process condition implies that the 

joint distribution P can be factorized as a product of 
conditional probabilities, by specifying the 
distribution of each node conditional on its parents. 

X1 X2 X3 

Y 

X4 

X5 

X6 

Fig. 1. The Semantic Reasoning Network.  
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In particular, for a given DCG S, the joint probability 
distribution for X can be written as 
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where Pai denotes the set of parents of Xi in S; this is 
called a Random Process factorization of P according 
to S. The set of distributions represented by S is the 
set of distributions that satisfy the Random Process 
condition for S. If P is faithful to the graph S, then 
given a Semantic Reasoning Network (S, P), there is 
a unique Random Process character subset for Y 
consisting of PaY, the set of parents of Y, chY, the 
set of children of Y, and Pa chY, the set of parents of 
children of Y.  

For example, consider the two DCGs in Fig. 1 
and Fig. 2. The factorization of P entailed by the 
Semantic Reasoning Network (S, P) is 
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The factorization of the conditional probability 

P(Y |X1, ···, X6) entailed by the Random Process 
character subset for Y corresponds to the product of 
those (local) factors in equation (2) that contain the 
term Y.  
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3.3. Global Optimization Search  

 
A Heuristic is an algorithm or procedure that 

provides a shortcut to solve complex decision 
problems. Heuristics are used when you have limited 
time and/or information to make a decision. For 
example, some optimization problems, such as the 
travelling salesman problem, may take far too long to 
compute an optimal solution. A good heuristic is fast 
and able find a solution that is no more than a few 

percentage points worse than the optimal solution. 
Heuristics lead to good decisions most of the time, 
but not always. There have been several Meta-
heuristic applications recently in Machine Learning, 
Evolutionary Algorithms, and Fuzzy Logic problems. 
Global Optimization Search is a meta-heuristic 
strategy that is able to guide traditional local search 
methods to escape the trap of local optimality with 
the assistance of adaptive memory. Its strategic use 
of memory and responsive exploration is based on 
selected concepts that cut across the fields of 
artificial intelligence and operations research. 

Global Optimization list (TL) is given by  
 

},:{TL 1 tkisss i −>== −
, (6) 

  
where k is the iteration index and s−1 is the inverse of 
the move s; i.e., s−1(s(x)) = x. In words, TL is the set 
of those moves that would undo one of those moves 
in the t most recent iterations. t is called the Global 
Optimization tenure.  

The use of TL provides the “constrained search” 
element of the approach, and hence the solution 
generated depends critically on the composition of 
TL and the way it is updated. Global Optimization 
search makes no reference to the condition of local 
optimality, except implicitly where a local optimum 
improves on the best solution. A best move, rather 
than an improving move is chosen at each step. This 
strategy is embedded in the Optimum function. 

 
 
4. Related Work on Conceptual Analysis 

and Term  
 
4.1. Metrology  

 
The domain of knowledge referred to as 

metrology forms the foundation for the development 
and use of analysis instruments and analysis 
processes in the sciences and in engineering (Fig.3).  

While metrology has a long tradition of use in, 
for example, physics and chemistry, it is rarely 
referred to in the concept analysis literature.  
A notable exception in the Semantic Reasoning 
Network literature is NIST (National Institute of 
Standards and Technology), which investigated “the 
underlying question of the nature of IT metrology” in 
1996, and identified “opportunities to advance IT 
metrology.” NIST proposed, for instance, “logical 
relationships between metrology concepts,” 
consisting of four steps to follow to obtain measured 
values: defining quantities/attributes, identifying 
units and scales, determining the primary references, 
and settling the secondary references. In addition, in 
1999, Gray discussed the applicability of metrology, 
and the necessity of applying it, from the concept 
analysis point of view: “We are still perhaps on the 
eve of giant steps in the new century for information 
technology. We will still need better analysis and 
more uniformity, precision, and control to achieve 

X Y X 

X X 

X 

Fig. 2. A Random Process DCG for Y.  
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these giant steps.” Since then, metrology has been 
used for the design of the COSMIC analysis method, 
and is also addressed in [2].  

 
 

 
 
4.2. Analysis Definitions for the  

Practical View  
 
While in the Semantic Reasoning Network 

literature, analysis is often defined as a mapping 
between two structures, this does not give sufficient 
information about how to measure in practice. It was 
pointed out in [2] that it is necessary to move beyond 
the theoretical definition of the mapping to an 
operational procedure, as described in the vocabulary 
of the VIM [1] and modeled with a transition through 
three levels for a practical view (Fig.4).  

An analysis principle forms the scientific basis of 
analysis. For concept entities (products), the analysis 
principle involves the model(s) used as a basis to 
describe the concept that is related to a concept to 
quantify, and which can be quantified by an analysis 
method. The idea is that modeling, as a central notion 
in concept assemble, should be considered at the 
same level as scientific principles in other sciences 
and in engineering [2].  

 
 
4.3. Base Quantity and Analysis Method  

 
To adequately quantify a concept, a analysis 

method is required, which itself must include a 
coherent set of definitions and analysis rules, as well 
as a base unit specific to the analysis method as 
described in the VIM [1]—Figure 2:  

A base unit is “an analysis unit that is adopted by 
convention for a base quantity” [1]. There is only one 
base unit for each base quantity.  

An analysis method is a generic operational 
description, i.e. a description of a logical sequence of 
operations for performing an analysis activity, for 
moving on from the concept to quantify to the value 
representing the analysis result [5].  

An analysis procedure is a set of operations, 
described specifically and used in the performance of 
particular analysis according to a given method [6].  

An analysis method should be implemented 
concretely by some concrete operations achieved 
through measuring instruments and/or practical 
operations: selection, counting, calculation, 
comparison, etc. This description of a analysis 
according to one or more analysis principles and to a 
given analysis method is called the analysis 
procedure, which is more specific, more detailed, and 
more closely related to the environment and to the 
measuring instruments (e.g. tools) than the method, 
which is more generic.  

Note that the term metrics is avoided in the 
definitions above: although it is widely used in 
Semantic Reasoning Network, its use causes 
ambiguity, and possibly confusion, by suggesting 
erroneous analogies; therefore, this term is not used 
in this text.  

 
 

 
4.4. Vocabulary Issues in ISO 15939  

 
In 2002, the ISO documented and adopted a 

generic model for the analysis process in concept 
organizations in ISO 15939 (revised in 2007). 
Specifically, ISO 15939 “identifies the activities and 
tasks that are necessary to successfully identify, 
define, select, apply, and improve concept analysis 
within an overall project or organizational analysis 
structure” [6]. It also provides “definitions for 
analysis terms commonly used within the concept 
assemble,” using the VIM as its base, although with 
some tailoring of the term to facilitate it acceptance 
within the Semantic Reasoning Network community.  

In ISO 15939, a base measure is “a measure 
defined in terms of an attribute and the method for 
quantifying it” [5].  

To obtain a base measure in practice, an analysis 
method must be applied to an attribute of an entity 
(i.e. an object which is itself a model of an object).  
In the VIM, a analysis method is defined as “a 
generic description of a logical organization of 
operations used in a analysis” [5], while in ISO 
15939, this definition has been tailored as follows: “a 
logical sequence of operations, described generically, 
used in quantifying an attribute with respect to a 

Metrology 

Analysis Principles 

Analysis Methods 

Analysis Procedures 

Fig. 3. Analysis foundations. 
Base quantity  

Analysis Method 

Concept to quantity 

Fig. 4. A base quantity, as defined in the VIM. 
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specified scale” [7]. Both definitions consider “a 
logical sequence/organization of operations,” and 
from this perspective they are similar.  

In ISO 15939, the attribute is a property of an 
entity. In [2], the entity refers to “the concept to 
quantify,” which should be related to a base unit [1]. 
The expression “base unit” cannot refer directly to 
the expression “base measure”, since a base unit is a 
part of an analysis method with rules and 
conventions designed to obtain a “base quantity.” In 
other words, a base quantity is a combination of a 
number from the numerical world and a base unit 
established by convention. For example, by 
international convention in the SI, the base quantity 
of length is composed of a number associated with 
the base unit “meter”. To date, there has been little 
work done to de-fine base units in Semantic 
Reasoning Network, including base units for the 
analysis of the quality of concept. In concept 
analysis, the COSMIC functional size analysis 
method in ISO 19761 is unique, in the sense that it 
has explicitly defined its base unit, referred to as “a 
data movement of a single data group,” and its 
corresponding analysis symbol, “CFP”. With this 
definition, a COSMIC analysis can be expressed as a 
base quantity in the metrology sense with a number 
of base units (for example, 15 CFP, 27 CFP, etc.).  

In Semantic Reasoning Network, the term time 
may refer to the number of months representing the 
base quantity for expressing the concept of effort (as 
in productivity: concept delivered per work effort 
unit, measured in person-months), or it may refer to 
the concept of duration (often measured in calendar-
months). The interpretation of the analysis unit 
“month” will differ, depending on the concept to be 
represented and measured (e.g. person-months for the 
concept of human effort, and calendar-months for the 
concept of project duration). 

For the analysis of concept quality, the analysis 
units of quality concepts, like faults, errors, defects, 
failures, etc., also need to be explicitly, and uniquely, 
defined. There are other similarities and differences 
in the terms used in the ISO 15939 and  
VIM vocabularies: 

1. The concepts of fault, error, and defect: 
a) Can be associated with the term “attribute”, 

because they are properties or characteristics of an 
entity (i.e. concept); 

b) But are difficult to quantify, even when there is 
a consensus on the corresponding base units (1 defect 
and 1 error, for example): it is not certain whether or 
not their identification is unique (reproducibility and 
repeatability problems).  

2. The definitions of these “attributes” are 
generally high-level definitions without 
corresponding explicit analysis methods. 

3. ISO 24765 (System and Semantic Reasoning 
Network Vocabulary) provides the following 
definitions: 

a) An error is defined as “a human action that 
produces an incorrect result, such as concept 
containing a fault”; 

b) A failure is defined as “an event in which a 
system or system component does not perform a 
required function within specified limits”; 

c) A fault is defined as “a manifestation of an 
error in concept”; 

d) A defect is defined as “a problem which, if not 
corrected, could cause an application either to fail or 
to produce incorrect results. 

Each of these definitions refers to another 
definition (e.g., an error contains a fault, and a fault 
is a manifestation of an error), which adds to the 
difficulty of quantifying concepts like these, and, 
based on these definitions, of obtaining accurate 
analysis results.  
 
 
5. Results and Discussions  

 
We employed Tight method Semantic Reasoning, 

Random Process character subset and Global 
Optimization search techniques to classify Node 
Application Program. We note that the average 
accuracy of Tight method Semantic Reasoning 
classifier is 86.4 %, followed by Global Optimization 
search of 82.45 % and Random Process character 
subset of 82.2 %. In this context, we employed Back 
propagation trained neural network to find the 
importance of different characteristics in Node 
Application Program. We found that we found that 
WRRF plays a vital role for classifying the Node 
Application Program. We excluded the VSRE from 
dataset and experimented. We observe that the 
average accuracy of Tight method Semantic 
Reasoning is 76.2 % and Random Process Character 
subset is 66.3 % and Global Optimization search is 
72.2 %. As Semantic Reasoning Network is a very 
good classifier to classify Conceptual Analysis type 
of problems. In this context, the result obtained by 
Semantic Reasoning classifier is not superior to the 
results to classify the accuracy of Node Application 
Program. As Semantic Reasoning Network has not 
been applied to classify Node Application Program, 
we employed this approach in the present study. 

 
 

6. Conclusions  
 
We presented Tight method Semantic Reasoning, 

Random Process character subset and Global 
Optimization search to classify Node Application 
Program. We observed that Tightly method Bays 
approach predicted better accuracy than Random 
Process character subset and Global Optimization 
search. Secondly, Semantic Reasoning belief 
network is employed first time to classify web ser-
vices in the present study. Future directions include 
more exploration of Random Process character 
subset approach for rule generation and quality of 
characteristics to decide the Conceptual Analysis of 
Node Application Program. 
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Abstract: Parallel Machine Tools (PMT) is a mechanical and electrical integration product with good technique 
additional value, the control network of which is usually represented with graphs as parallel network or local 
network. Address to degree diameter problem in PMT control network graph, the paper used genetic algorithm 
(GA) to solve graph with maximum node number in different degree and diameter 2. Three evaluation functions 
as tree structure, recursive five loop and greedy five loop were designed and used for solving corresponding 
degree diameter-2 problem with genetic evolutionary. Experimental results show that evaluation function with 
tree structure has low time complexity and good adaptability, which has a certain reference for design and 
analysis on parallel computing environment constituted by multiple PMTs. Copyright © 2013 IFSA. 
 
Keywords: Parallel machine tool control network, Genetic algorithm, Degree-diameter problem. 
 
 
 
1. Introduction 

 
Parallel Machine Tool, namely Virtual Axis 

Machine Tool is a combination product of robotics 
and machine tool. Compared with traditional CNC 
machine tools, PMT has advantages of large 
stiffness specific gravity, fast response, high 
machining precision, environmental adaptability 
and etc. PMT is mechanical and electrical 
integration product with good technique additional 
value, which is also cross-application of 
disciplinary as parallel robots, CNS machine tool, 
computer control and precision measurement. The 
control issue in MPT is usually equivalent to 
parallel computing network problem constituted of 
multiple interconnected processors. Generally, 
network topology of parallel computing network or 

local area network that made of communication 
network or interconnected processors can be 
represented by graphs. Nodes in the graph can be 
regarded as processor or workstation of machine 
tool. Edges in graph show interconnections among 
processors. The degree of graph represents the 
number of channel connected from processor to 
outside. The diameter of graph means maximum 
intermediate node number along randomly 
interconnected processors. Majority tasks of 
reliability, maximum delay as well as workflow 
network analyzing and design of PMTs can refer to 
graph theory for assisted analysis. For example, the 
interconnect problem of multiple processor parallel 
computing system can be converted into degree-
diameter problem of graph, which can solve 
maximum graph with maximum node number 
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under given degree and diameter [1-3]. Currently, 
researches on degree-diameter mainly use 
combination method, namely substituting nodes in 
the graph with one or more graphs constantly to 
form larger graph. The theoretical upper limit of 
node number contained in a graph with δ  degree 
and D diameter is named Moore upper limit 

( , )n Dδ  [4] as: 
 

( , ) ( ( 1) 2), 2pn Dδ δ δ δ≤ − − >  (1) 
 
Petersen graph with degree 3 and Hoffman-

Singleton graph with degree 7 [4] are two graphs 
with diameter 2 that reaches Moore upper limit.  
A parallel sorting algorithm in [5, 6] is based on 
multiple processor interconnected network 
established from topology. In this paper, genetic 
algorithm is used to solve given degree problem 
with diameter 2. Three kinds of evaluation 
functions are designed and compared. The paper is 
organized as follows: Section 2 discusses on 
method to solve degree-diameter problem with 
genetic algorithm; Section 3 provides experiment 
result and Section 4 concludes our work. 

 
 

2. Degree-diameter Problem Solving  
with Genetic Algorithm 
 

2.1. Degree-diameter 2 Problem Expression 
 
Let G be a graph that represented as 

( ), ( )G V G E G=< > . To random given , ( )u v V G∈ , 
the length of short diameter between u and v is the 
length of shortest path that connect u and v in G. 
When , ( )u v V G∈  is not connected, ,Gdist u v< >  is 
defined as infinity. The diameter diam(G) of G is 
defined as ( ) max , ( , ( ))Gdiam G dist u v u v V G= < > ∈ . 
The degree-diameter 2 problem is to solve graph 
problem ensuring diameter between random two 
nodes is 2, including undirected graph and directed 
graph. Here we only discuss on undirected graph. 

 
 

2.2. Encoding and Fitness Computing 
 
A chromosome individual is one solution of 

degree-diameter problem. The solution of degree-
diameter problem is an undirected graph with same 
degree of each vertex. If the undirected graph has n 
vertices and the degree of each vertex is degree. 
Generally, degree=sqr(n-1), so there is totally 

degn ree×  edges. The solution of degree-diameter 
2 problem can be regarded as undirected graph 
constituted by degn ree×  edges. This chromosome 
individual is encoded according to degn ree×  edges 
among n vertices, which is now represented  
with one-dimensional array. The length of  
array is ( deg )width width n ree= × , marked as 

[0], [1], , [ ], , [ 1]p p p j p width − . In the graph, 
degree nodes connect to the j-th node 

( 0,1, 2, , 1)j width= −  are [ deg 0]p j ree× + , 
[ deg 1]p j ree× + , , [ deg (deg 1)]p j ree ree× + − . 

Let 1 2( , , , )nC c c c=  be set of n nodes. 

11 12 21 22, , , , , , nnE e e e e e=  is the set of connection 
edges among n nodes. The distance of direct 
connection edge between any two nodes is 1. If not 
connected, it is marked as max. R[i. j] denotes two-
dimensional matrix of shortest paths from node i to 
node j. R[i, j]=1 means there is edge from node ci to 
cj in Rij, the shortest distance of which is 1; R[i, 
j]=2 means there is edge from node ci to ck and then 
to cj in Rij, the shortest distance of which is 2, and 
so forth. 11 12 21 22, , , , , , nnE e e e e e=  is a solution set 
constituted by n n×  paths. The fitness function f(R) 
is defined as following: 

 
1

0

1

1( )
1 ( sgn( [ , ]))

n

n
i

j

f R
bestscore R i j

−

=

=

=
+ −

∑
∑
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1, [ , ] 1

sgn( [ , ]) 2, [ , ] 2
3,

R i j
R i j R i j

else

=⎧
⎪= =⎨
⎪
⎩

 (3) 

 
( 1) 2bsetscore d n d= + − − ×  (4) 

 
 

2.3. Evaluation Function 
 
1) Tree Structure Method. 
Algorithm idea is as follows. Ensure connection 

between each node and others shows two-layer tree 
structure. When the connections among n nodes 
and other node are complete tree structure, the  
evolution completes.  

The two-layer complete tree structure in case of 
n=10 and degree=3 is shown in Fig. 1. At this 
moment, the diameter from root node to others is 
less than or equal to 2. 

 
 

 
 

Fig. 1. Two-layer trigeminal complete tree. 
 
 
Step 1: Initialization. Start from the j-th node 

(j=0), [ ][ ] 3( , 0,1, 2, , 1)score i j i j n= = − . 
Step 2: Directly connect from j to m and score 

path length from j to m. As to degree nodes 
[ * _ .deg ]m p j s pop ree k= + ( 0,1, 2, , deg 1)k ree= −  

connecting with node j, if m j≠  and [ ][ ] 1score j m = , 
go to Step 3. Otherwise, k increases itself. After all 
nodes connected to j has been traversed, go  
to Step 5.  

Step 3: Determine whether there is back edge 
from j directly connects to m. As to degree nodes 
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1 [ * _ .deg ]n m s pop ree n= + ( 0,1, 2, , deg 1)n ree= −  
connected to node m, if n1=j, go to Step4. 
Otherwise, go to Step 2.  

Step 4: If there is back edge from m directly 
connect to node j, connect m directly to n1 and 
score the length of path from j to n1. As to 

1 [ * _ .deg ]n p m s pop ree n= +

( 0,1, 2, , deg 1)n ree= − , the situation as 
[ * _ .deg ]p m s pop ree n j+ =  should be deleted in 

case of 1n j≠  and 1[ ][ ] 2score j n = . After all nodes 
connected to m has been traversed, go  
to Step 2. 

Step 5: j++. When j=n, the scoring on path 
length of all vertices complete and go to Step 6. 

Step 6: Calculate sum of all score and go  
to Step 7. 

Step 7: End. The evaluation on a chromosome 
completes. 

In the early period of algorithm operation and 
then the node number is degree+1, the connection 
path length from these degree+1 nodes and others 
are less than or equal to 2. The moment is a cut-off 
point. Before this point, each node can rapidly find 
topology that promote it connect to other nodes and 
the shortest path length less than or equal to 2. 
After it, the speed is very slow and easy to fall into  
local optimum. 

2) Recursive Five Loop Method. 
The method uses mathematical proof from 

recursive five loop calculation methods. Obviously, 
when the joined edge can generate triangle or 
quadrilateral (Fig. 2), it means the finite edge 
connect has not been fully utilized so that the 
distance from it to each vertex be short as possible. 
If the joined edge is one of pentagon, each vertex 
on five loop cannot reach random other vertex with 
distance less than or equal to 2. The polygon with 5 
edges is a critical point. Then the joined edge is one 
from hexagon, the diameter from vertices 1 and 3, 2 
and 4, 3 and 6 are 3. 

 
 

 
 

Fig. 2. One edge from triangle, quadrilateral and hexagon 
to being joined. 

 
 
The algorithm idea is as follows. The selection 

of random five node uses recursive to ensure the 
connection from each node and other i nodes has  
5 loops or more. In case of node increment each 
time, when there are no three loops or five loops 
exist in n nodes and others, the evolution completes. 
The algorithm flow to determine five loops is  
as following: 

Step 1: Initialization. Select five nodes comb[j] 
and set traversal number of each node as 
cc[j]=0( 0,1, , 4j = ). 

Step 2: Determine whether there are edges 
connected of two nodes. Randomly select two 
nodes comb[j] and comb[m], directly connect 
comb [j] to comb [m], cc[j]++, cc[m]++ and go to 
Step 2. After selection ends, go to Step 3. 

Step 3: Determine whether the loop number 
should be increases. If all cc[j]=2( 0,1, , 4j = ), the 
loop number increase 1 and go to Step 2. Otherwise, 
the loop number remains unchanged and go  
to Step 4. 

Step 4: Algorithm ends. 
The obvious shortcoming of this algorithm is 

the time complexity is relatively large and has slow 
operation speed, but it has good stability. This is 
determined by inherent natures of increasing loops 
number searching difficulty and non-sensitive to 
topology. The relatively better stability means 
difference between every successful operation time 
and average operation time is not obvious. 
Secondly, the fluctuation of population evaluation 
function value in the evolution process is also  
not large. 

3) Greedy Five Loop Method. 
Firstly let all nodes in disconnect state and 

gradually add edges and nodes, the condition of 
which is there is no triangular or quadrilateral. The 
algorithm flow is shown in Fig. 3. 

 
 

2.4. Degree-diameter Problem Genetic 
Algorithm 

 
Here we give the steps for solving degree-

diameter problem based on genetic algorithm: 
Step 1: Generate a group of chromosomes and 

divide into multiple sub-groups. Each one 
represents a kind of topology according to a set of 
randomly generated integer. Then, compute and 
evaluate robustness of each chromosome,  
namely fitness. 

Step 2: Select and remain chromosomes with 
better robustness, namely chromosomes with larger 
fitness. The remaining acts as parent chromosomes. 

Step 3: Parent chromosome exchange or shift to 
generate next generation chromosomes. 

Step 4: Go to Step1 on the basis of next 
generation chromosome. 

Step 5: Traverse whole procedure multiple 
times and record best chromosome of each 
generation, followed by iteration.  

Step 6: Select the best chromosome as optimal 
solution. The selection operator in genetic 
algorithm uses roulette operator; crossover operator 
using single-point crossover and mutation operator 
using single point mutation. 

After a comparatively short period of evolution, 
the chromosome has sharp of chromosome in latter 
part of evolution with general genetic algorithm, 
which can rapidly reduce evolution generation 
number. However, it is not easy to escape from 
local convergence. 
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Fig. 3. Algorithm flow of greedy five loop method. 
 

 
3. Experiment Result 

 
3.1. Comparison of Three Evaluation 

Functions 
 
Construct undirected graph under the condition of 

node number and degree d with minimum edges for 
given diameter 2. Solve the problem with genetic 
algorithm T (Tree Structure), R (Recursive Five 
Loop) and G (Greedy Five Loop).  

The parameters are as follows: mutation 
probability pmut 0.001; crossover probability pcross 
0.9. The experiment results are shown in Table 1 and 
Table 2. 

 
 

3.2. Parameter Selection and Improvement 
 
It is appropriate that population size popsize=8. 

Larger population size greatly increase computation 
amount, but evolution speed still remains unchanged. 
The right way is to change crossover and mutation 
probability adaptively.  

In the early period: 
f(f<fav)pmut=0.1-0.09*(best_val-f)/(fmax-fav); 
else pmut=0.1; 
if(f≥fav)pcross=0.9-0.09*(best_val-f)/(fmax-fav); 
else pcross=0.9; 
In the latter period: 

if(f<fav)pmut=0.001; 
else pmut=0.001*(best_val-f)/(fmax-fav); 
if(f≥fav)pcross=0.9; 
else pcross=0.9*(best_val-f)/(fmax-fav); 
The improvement effect is as follows. To graph 

with 24 nodes and degree 5, the evolution can 
achieve node number of local optimum. Among them, 
the connection between any node and other 24 nodes 
meet the condition that shortest path length less than 
or equal to 2 and keeps 10 to 16. 

 
 

Table 1. Algorithms comparison. 
 

Method Time 
complexity Convergence Stability 

T 3P n d× ×  Good General 
G 4P n d× ×  Poor Good 
R 4 4P n d d× × × ×  General Good 

TG 3P n d× ×  Good Good 
 
 

Table 2. Experiment result comparison. 
 

Method Best solution Average evolution 
generation number 

T 15 20000 
G 15 — 
R 10 20000 

TG 15 2000 
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The solution of degree-diameter is represented 
with deg 2n ree× =  to generate an undirected graph. 
The evolution speeds slows and becomes unstable. 
The main reason is versatile solution space 
decreasing and its spatial structure dissimilarity 
widening. These operations just slightly improve on 
jumping from local convergence. The experiment 
result shows that it is fundamental that finding an 
algorithm appropriate to this structure. 

 
 

4. Conclusions 
 
The paper proposed a genetic algorithm to solve 

degree-diameter problem. The strategy is based on 
multi-tree structure. Algorithm is encoded using 
connection matrix of undirected graph according to 
integer but not binary coding, which effectively 
reduces time complexity of optimal chromosome 
searching. In three evaluation functions, it is most 
likely of greedy five loop algorithm to enter into 
evolution middle period that other general genetic 
algorithm should consume more time. Thus, it can be 
used for pre-processing before population evolution. 
The tree structure function is simple and easy to 
understand, time complexity of which is the lowest. 
It can promote rapid convergence population 
evolution. Therefore, the tree structure is most 
suitable for acting as evaluation function. The 
recursive rings method has the largest time 
complexity, but best stability, so it can be used for 
latter work after jump from local convergence. Due 
to huge computation amount in the latter usage of 
genetic algorithm, we have to discard it. After 
comparison using, the iteration on topology with 
degree 4 and 15 nodes only about 2000 times, which 
indicates that the algorithm can rapidly find optimal 
solution. The researches in the future will focus on 
detection strategy with heuristic algorithm to find the 
optimal algorithm suitable to this structure. 
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Abstract: Using the D-S evidence theory, according to the chemical analysis of the aquifer water in 
underground shafts, and selecting 6 kinds of ion concentration as the discriminate indexes for the identification 
of water inrush source, the model of water inrush source identification of mine was established. Firstly, 
according to 35 groups of sample data of the main aquifer in Jiaozuo mining area, China, the triangular fuzzy 
number described model of single element proposition was constructed by determination of the minimum, 
average and maximum values of sample data. And the generalized triangular fuzzy number described model of 
multi-element proposition was represented by the crossing area of the triangular fuzzy number described models 
of single element proposition. Then, the supporting degree of proposition was determined according to the 
generalized triangle membership function and the basic probability assignment of proposition can be obtained 
by the normalization of the supporting degree. Finally, the basic probability assignments were fused by the 
Dempster’s combination rule. The experiment results show that the identification model based on D-S evidence 
theory has good classification performance, high prediction accuracy, and wide application prospect. Copyright 
© 2013 IFSA. 
 
Keywords: Information fusion, Evidence theory, Basic probability assignment, Water inrush in mine, Water 
source identification. 
 
 
 
1. Introduction 

 
Water disaster as one of the main disasters in coal 

mine influences the safety production of coal mine 
severely. Water inrush accident has brought very 
serious personal injuries and economic losses to the 
coal mining enterprises. In serious accidents of coal 
mine in China, the water inrush accident in coal mine 
is the second only to gas accident in the occurrences 
and the number of deaths, which has been ranked on 
the first place for causing direct economic losses to 
the nation. Once the mine water inrush occurred, how 
to accurately determine the causes of water inrush, it 
is the key important to solve and further prevent 

water inrush disasters by searching for the water 
inrush resources. The hydro-geochemical method is 
an effective way to distinguish the resources of water 
inrush, this method is to establish the objective 
function by the analysis of the groundwater 
characteristics of the component content of different 
aquifer based on the collection of known aquifer 
water samples, and then use the objective function to 
identify the pending water resource, thus to judge the 
aquifer that the water inrush belongs to.  
Zhang et al. [1] have used the second theory of 
quantification of multivariate statistical analysis to 
build the linear model of water source identification. 
Yang et al. [2] have used the nonlinear methods of 
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gray relational analysis and BP neural network to 
identify the water source. Yan et al. [3] have used 
SVM model to determine the water inrush source. 
Zhou et al. [4] have determined the water source 
through the establishment of the distance for the 
identification of mine water inrush. 

As the prediction of mine water inrush is a matter 
of multi-source information fusion problem referring 
to hydrogeology, engineering geology, mining 
conditions, rock mechanics as well as many other 
factors. There are also the differences of impact of 
the sensitivity of the indexes of water inrush, and it is 
often not enough to reflect the essence of water 
inrush with only an index. Therefore it necessary to 
select multiple sensors or monitoring tools, and make 
reasonably comprehensive use of all kinds of sensors 
similar or heterogeneous information obtained from 
multi-sensors, use the information fusion technology 
to combine the redundant information that is 
complementary and in time and space according to 
some optimization criteria, so as to make the 
consistent and reliable estimation of the environment. 
As the D-S evidence theory is suitable for decision-
making data processing of the multi-sensor data 
fusion, it satisfies the axiom system weaker than the 
probability, and it is able to handle the uncertainty, 
imprecise and incomplete information caused by 
unknown, which especially has advantages in terms 
of the uncertainty express, measurement and 
combination, and it has been widely used in the fields 
such as information fusion, decision analysis, pattern 
recognition, intrusion detection as well as trust 
management and so on. In this paper, we consider the 
high degree of complexity and uncertainty of mine 
water inrush, and put forward a model of 
identification of water inrush source based on D-S 
evidence theory. Firstly, there are brief introductions 
of D-S evidence theory and the method for the 
generation of the basic probability assignments 
(BPA) based on the triangular fuzzy number in 
Section 2. And then, we put forward the 
identification model of mine water inrush source 
based on the evidence theory in Section 3. The 
conclusions of this paper are in Section 4. 

 
 

2. Brief Introductions of D-S Evidence 
Theory and the Construction of BPAs 
 

2.1. D-S Evidence Theory 
 
Due to the space limitations, the brief 

introductions of evidence theory are in this section, 
and please refer to the reference part of this paper for 
more details [5, 6]. 

In D-S evidence theory, let’s suppose 
Θ ={ 1θ , 2θ ,…, iθ ,…, nθ } means all the possible 
answers that need judging all the recognizable 
problems. Any two objects in Θ  are mutually 
exclusive, and we call the complete collection of 
discernment mutually exclusive events as the frame 

of discernment. iθ  is a single element proposition of 
the frame of discernment Θ . In the information 
fusion system, such kind of proposition containing 
only a single element is the conclusion that the 
system needs to make decision or judgment. 

The key issue of evidence theory is that it has to 
assign a basic probability assignment to each subset, 
which is defined as follows: 

Let’s suppose Θ  is the frame of discernment, and 
2Θ

 is the power set of Θ , if the function: m : 
2Θ → [0,1] satisfies: 2A Θ∀ ∈ , ( ) 0m A ≥ , and 

2

( ) 1
A

m A
Θ∈

=∑ , ( ) 0m ∅ = , then we call that m  is the 

basic probability assignment function. 
D-S evidence theory provides Dempster’s 

combination rule by combining from multiple 
independent sources of information, its form is  
as following: 
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 (1) 

 
It can be seen from Eq. (1), if offered BPAs of all 

subsets, and they can be integrated by using 
Dempster’s combination rule, so as to make the 
objective decision. However, due to the complexity 
and diversity of the background of evidence theory 
applied, how to determine BPA is still an open issue. 

 
 

2.2. The Construction of BPAs 
 
Many scholars at home and abroad have done 

some researches on reasonable access to get basic 
probability assignment. Xu et al. [7] have proposed a 
BPA construction method based on confusion 
matrices. Pang et al. [8] have adopted minimum 
confirming principles to determine the BPA.  
Zhu et al. [9] have used fuzzy C-means clustering 
and adjacent information of space to obtain BPA 
automatically. Hu et al. [10] have created BPA based 
on neural network. Boudraa et al. [11] have 
constructed BPA based on fuzzy membership 
function in image processing. Guan et al. [12] have 
used the three methods of gray relational analysis, 
fuzzy sets and attribute measure separately to 
construct BPA. Jiang et al. [13] have put forward a 
new approach to construct BPA based on the distance 
measure between the sample data under test and the 
model of attribute of species. Deng et al. [14, 15] 
have put forward the method of BPA construction 
based on fuzzy similarity degree. But most of the 
existing methods are allocated only to BPA of single 
element proposition on the frame of discernment, 
then BPA becomes the probability of the probability 
theory, this will certainly greatly reduce the 
usefulness of these methods. 
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In this paper, we use the method for the 
generation of the basic probability assignments based 
on the triangular fuzzy number [16]. The richer the 
sample data, the more distinction the constructed 
generalized triangular fuzzy number will be, then 
generated BPA using the method to construct BPA is 
more reasonable, and it has provided a new way for 
the successful constructing BPA in the evidence 
theory. There are brief introductions of the method 
for the generation of the basic probability 
assignments based on the triangular fuzzy number. 
Please refer to the Ref. [16] for more details. 

Suppose the frame of discernment 
Θ ={ 1θ , 2θ ,…, nθ }, for the measured value V  of the 
index k , the measured values belong to the degree 
(point of the intersection of the vertical axis with the 
described model of triangular fuzzy number) of the 
described model of triangular fuzzy number of each 
proposition H , respectively 

1

k
Hµ ，

2

k
Hµ ，…，

m

k
Hµ , 

of which, 
i

k
Hµ >0， i =1,2,…, m  ( m  is the number of 

intersection point). The strategy based on the 
triangular fuzzy number described model has 
generalized BPAs as followings: 

1) The supporting degree of the empty 
proposition is 0, namely kSup∅ =0; 

2) When m =1, the measured value V is only 
intersected with a triangular fuzzy number described 
model of single element proposition, then, the 
vertical axis 

1

k
Hµ  of the point of intersection is the 

supporting degree of the single element proposition; 
3) When m >1, the measured value V is 

intersected with some triangular fuzzy number 
described models of proposition. For the intersected 
points of the triangular fuzzy number described 
models with all the single element propositions, take 
the maximum value of the vertical axis of the 
intersection as the supporting degree of the single 
element proposition; if other single element 
proposition iH  (except the single element 
proposition with the largest membership degree) has 
the membership degree 

i

k
Hµ , there are at least the 

multi-elements proposition jH  including iH  of 

membership degree 
j

k
Hµ , therefore, just abandon the 

supporting degree of the other single element 
proposition, and make the membership degrees of 
triangular fuzzy number of these multi-element 
propositions as the supporting degree of the multi- 
element propositions; 

4) Use 1 minus the maximum membership degree 
as the supporting degree of the whole set Θ , and it is 
considered that the information of this part is 
completely unknown. Namely, kSupΘ = 1 max{ }

i

k
Hµ−  

( i =1,2,…, m ); 
5) Normalized the supporting degrees of the 

above obtained 
j

k
HSup , and then the BPA of each 

proposition can be received: 

1
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3. Identification Model of Mine Water 
Inrush Source 
 
With the comprehensive consideration of the 

importance of ion and the validity of data, determine 
to use the Na++K+, Ca2+, Mg2+, Cl-, SO4

2- and HCO3
- 

as the indexes for identification of the water inrush 
source. We use 35 groups of sample data which are 
from four main aquifers of Jiaozuo mining area [1] to 
structure generalized triangular fuzzy number of each 
proposition. In the water category, I is the aquifer of 
second grey and Ordovician, II is eight gray aquifer, 
III is Roof Sandstone aquifer, and IV is the 
Quaternary aquifer (sand and gravel composition is 
mainly limestone). Therefore, the frame of 
discernment of the target identification system  
Θ = {I, II, III, IV}, the indexes of each category are 
Na++K+, Ca2+, Mg2+, Cl-, SO4

2- and HCO3
-.  

The minimum, maximum and average values of the 
index can be determined according to the certain 
index for a class of samples, and a triangular fuzzy 
number can be established based on these three 
values. Herewith, we use the index of Mg2+ as an 
example to construct the triangular fuzzy  
numbers of Mg2+. 

According to the triangular fuzzy number 
described method of proposition in Ref. [16] and 
Section 2.2, we obtain the minimum, average and 
maximum values of the Mg2+ content of aquifer I 
respectively 15.56, 19.59 and 24.81 based on the 
measurement data [1]. Then the triangular fuzzy 
number of the Mg2+ content of aquifer I is (15.56, 
19.59, 24.81; 1). Fig. 1 is the described model of the 
triangular fuzzy number generated according to the 
index of Mg2+ content of aquifer I. Similarly, we can 
calculate the triangular fuzzy numbers of four 
aquifers for the Mg2+ content and them crossing areas 
of generalized triangular fuzzy number, as is shown 
in Table 1. Fig. 2 is the generalized triangular fuzzy 
number described models of Mg2+ content generated 
by 35 groups of training samples. 

If we receive a test sample and its Mg2+ content is 
19.59 mmol/L, and based on the generalized 
triangular fuzzy number, generated BPAs as follows: 
m ({I})=0.4654, m ({I,II})=0.1124, 
m ({I,IV})=0.1974, m ({II,IV})=0.1124, 
m ({I,II,IV})=0.1124, m ( Θ )=0. 

For the complete 6 index values of this sample 
(23.76, 66.40, 19.59, 18.13, 57.26, 255.29) are used 
respectively to construct BPAs and get 6 evidence, as 
is shown in Table 2. 

Using Eq. (1) to combine the 6 evidence in 
Table 2, the results is shown in Table 3. The conflict 
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coefficient k in Table 3 is very small, which means 
that the method constructed BPAs can reduce the 
conflict between the evidence, and the constructed 
BPAs can be combined by Dempster’s  
combination rule. 

Finally, based on the maximum value principle of 
the basic probability assignments, we can judge the 
test sample belongs to aquifer I. Let’s make the 
discrimination on the remaining three test samples 
according the same method, the discrimination results 
are shown in Table 4. Table 4 also lists the judged 
results by using the second theory of quantification 
(STQ) [1], supporting vector machines (SVM) [3] 
and the distance discriminate analysis (DDA) [4]. 

From Table 4, it can be known that the 
discriminate results of our method are conforming to 
practical results. The discrimination results of water 
source category obtained by the proposed method of 
this paper are the same to the results of the other 
three methods, the error rate is 0. Therefore, the D-S 
evidence theory of discriminate model proposed by 
this paper can be applied to the identification of mine 
water inrush source, and the calculation of the 
identification process are linear calculation, which 
has smaller calculation amount compared with 
second theory of quantification, support vector 
machine and distance discriminate analysis, and it 
can meet the needs of real-time monitoring. 

 
 

 
 

 
Fig. 1. The triangular fuzzy number described model  

of the Mg2+ content of aquifer I. 

 
Fig. 2. The generalized triangular fuzzy number described 

models of Mg2+ content of four aquifers. 
 
 

Table 1. The generalized triangular fuzzy numbers of Mg2+ content of four aquifers. 
 

Proposition Triangular fuzzy number 
{I} (15.56, 19.59, 24.81; 1) 
{II} (17.28, 26.84, 39.00; 1) 
{III} (0.00, 3.63, 11.16; 1) 
{IV} (16.04, 24.41, 39.10; 1) 
{I, II} (17.28, 22.15, 24.81; 0.51) 
{I, IV} (16.04, 21.44, 24.81; 0.65) 
{II, IV} (17.28, 25.88, 39.10; 0.90) 

{I, II, IV} (17.28, 22.15, 24.81; 0.51) 
 
 

Table 2. The BPAs constructed from a test sample. 
 

i  Index im ({I}) im ({I,II}) im ({I,IV}) im ({II,IV}) im ({I,II,IV}) im ( Θ ) 

1 Na++K+ 0.8275 0.0000 0.0000 0.0000 0.0000 0.1725 
2 Ca2+ 0.2877 0.1981 0.1582 0.1582 0.1582 0.0396 
3 Mg2+ 0.4654 0.1124 0.1974 0.1124 0.1124 0.0000 
4 Cl- 0.8095 0.0000 0.0000 0.0000 0.0000 0.1905 
5 SO4

2- 0.2971 0.1241 0.2385 0.1241 0.1241 0.0921 
6 HCO3

- 0.8039 0.0000 0.1961 0.0000 0.0000 0.0000 
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Table 3. The combination results of Dempster’s combination rule. 
 

m1,m2 
(k=0.1309) 

m1~m3 
(k=0.2330) 

m1~m4 
(k=0.2694) 

m1~m5 
(k=0.3132) 

m1~m6 
(k=0.3882) 

m({I})=0.8586 
m({I, II})=0.0393 
m({I, IV})=0.0314 
m({II, IV})=0.0314 
m({I, II, IV})=0.0314 
m( Θ )=0.0079 

m({I})=0.9277 
m({II})= 0.0089 
m({IV})=0.0109 
m({I, II})=0.0149 
m({I, V})=0.0197 
m({II, IV})=0.0129 
m({I, II, IV})=0.0050 

m({I})=0.9858 
m({II})=0.0018 
m({IV})= 0.0021 
m({I, II})=0.0029 
m({I, IV})=0.0039 
m({II, IV})=0.0025 
m({I, II, IV})=0.0010 

m({I})=0.9907 
m({II})=0.0017 
m({IV})=0.0027 
m({I, II})=0.0013 
m({I, IV})=0.0023 
m({II, IV})=0.0011 
m({I, II, IV})=0.0002 

m({I})=0.9988 
m({IV})=0.0007 
m({I, IV})=0.0005 

 
 

Table 4. The identification results of water inrush source for test samples. 
 

Content /(mmol·L-1) Identification results 
No. 

Na++K+ Ca2+ Mg2+ Cl- SO4
2- HCO3

- Actual 
category STQ SVM DDA Our 

method 
1 23.76  66.40  19.59  18.13  57.26  255.29 I I I I I 
2 9.97  64.45  26.84  9.59  40.53  288.14 II II II II II 
3 294.75  8.93  3.63  30.27  24.24  680.51 III III III III III 
4 14.19  81.96  24.41  25.81  40.99  315.08 IV IV IV IV IV 

 
 

4. Conclusions 
 
In this paper, we put forward a method for 

identification of mine water inrush source based on 
the multi-source information fusion technology. The 
method firstly uses sample data of the mine water 
inrush to build the generalized triangular fuzzy 
number described models of single element 
proposition and multi-element proposition in the 
target recognition, and then to construct BPAs of 
proposition based on the membership degree of 
generalized triangular fuzzy number, and finally use 
the Dempster’s combination rule to combine all the 
evidence. Through the analysis of the discriminatory 
of the four main aquifer of water inrush source of 
Jiaozuo mining area, China, the combination results 
by using Dempster’s combination rule can effectively 
identify all kinds of water inrush source, which lays a 
theoretical and technical foundation for the 
identification of mine water inrush source based on 
D-S evidence theory. 

 
 

Acknowledgements 
 
This research was supported by the  

National Natural Science Foundation of China 
(No. 61102117). The authors also gratefully 
acknowledge the helpful comments and suggestions 
of the reviewers, which have improved  
the presentation. 
 
 
References 
 
[1]. X. L. Zhang, Z. X. Zhang, S. P. Peng, Application of 

the second theory of quantification in identifying 
gushing water sources of coal mines, Journal of 

China University of Mining & Technology, 32, 3, 
2003, pp. 251-254. 

[2]. Y. G. Yang, F. C. Huang, Water source 
determination of mine inflow based on non-linear 
method, Journal of China University of Mining & 
Technology, 36, 3, 2007, pp. 283-286. 

[3]. Z. G. Yan, H. B. Bai, MMH support vector machines 
model for recognizing multi-headstream of water 
inrush in mine, Chinese Journal of Rock Mechanics 
and Engineering, 28, 2, 2009, pp. 324-329. 

[4]. J. Zhou, X. Z. Shi, H. Y. Wang, Water-bursting 
source determination of mine based on distance 
discriminant analysis model, Journal of China Coal 
Society, 35, 2, 2010, pp. 278-282. 

[5]. A. P. Dempster, Upper and lower probabilities 
induced by a multivalued mapping, Annals of 
Mathematical Statistics, 38, 2, 1967, pp. 325-339. 

[6]. R. Sun, H. Z. Huang, Curve fitting with weight 
assignment under evidence theory combination rule, 
Information, 15, 12B, 2012, pp.5635-5642. 

[7]. L. Xu, A. Krzyzak, C. Y. Suen, Methods of 
combining multiple classifiers and their applications 
to handwriting recognition, IEEE Transactions on 
Systems, Man and Cybernetics, 22, 3, 1992,  
pp. 418-435. 

[8].  Y. J. Pang, Z. F. Du, A new method of the basic 
probability assignment, Journal of Fushun Petroleum 
Institute, 14, 1994, pp. 52-54. 

[9]. Y. M. Zhu, L. Bentabet, O. Dupuis, et al., Automatic 
determination of mass functions in Dempster-Shafer 
theory using fuzzy c-means and spatial neighborhood 
information for image segmentation, Optical 
Engineering, 41, 4, 2002, pp. 760-771. 

[10]. Y. Hu, J. Gao, L. M. Hu, et al., A new method of 
determining the basic belief assignment in D-S 
evidence theory, in Proceedings of the Conference on 
Machine Learning and Cybernetics, Xi'an, China,  
2-5 November 2003, pp.3208-3211. 

[11]. A. O. Boudraa, A. Bentabet, F. Salzenstein, 
Dempster-Shafer's basic probability assignment 
based on fuzzy membership functions, Electronic 



Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 179-184 

 184

Letters on Computer Vision and Image Analysis, 4, 1, 
2004, pp. 1-10. 

[12]. X. Guan, X. Yi, Y. He, Study on algorithms of 
determining basic probability assignment function in 
Dempster-Shafer evidence theory, in Proceedings of 
the Conference on Machine Learning and 
Cybernetics, Kunming, China, 12-15 July 2008, 
pp.121-126. 

[13]. W. Jiang, Y. Deng, J. Y. Peng, A new method to 
determine BPA in evidence theory, Journal of 
Computers, 6, 6, 2011, pp. 1162-1167. 

[14]. Y. Deng, W. Jiang, X. B. Xu, et al., Determinging 
BPA under uncertainty environments and its 

application in data fusion, Journal of Electronics 
(China), 26, 1, 2009, pp. 13-17. 

[15]. Y. Deng, D. Q. Han, Methods to determine 
generalized basic probability assignment, Journal of 
Xi'an Jiao Tong University, 45, 2, 2011, pp. 34-38. 

[16]. J. Y. Xiao, M. M. Tong, C. J. Zhu, et al., Basic 
probability assignment construction method based on 
generalized triangular fuzzy number, Chinese 
Journal of Scientific Instrument, 33, 2, 2012,  
pp. 429-434. 

 

 
___________________ 

 
2013 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved. 
(http://www.sensorsportal.com) 
 



Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 185-189 

 185

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

© 2013 by IFSA
http://www.sensorsportal.com   

 
 
 
 
 

Design and Application of Counter’s Interface IP Core  
Based on Avalon Bus 

 
* Huazhu Wu, Chunguang Zhang, Naihao Luo 

Dalian Jiaotong University, Dalian, 116028, China  
* Tel.: 86-411-84106961, fax: 86-411-84107613-89 

* E-mail: dlwhzh@163.com 
 
 

Received: 15 August 2013   /Accepted: 25 October 2013   /Published: 30 November 2013 
 
 
Abstract: With the wide application of the NIOS II soft-core processor based on FPGA in the control field, the 
research of the interface IP (intellectual property) core between NIOS II’s Avalon bus and peripheral is very 
valuable. It combines FPGA and realizes the function of encoder pulses’ shaping, filtering, frequency 
multiplication, checking phase, counting and latching in this paper, then it makes use of Verilog language to 
finish the design of counting model and Avalon bus’s interface IP core, finally it takes SOPC (programmable 
on-chip system) technology to customize the NIOS II soft-core processor. Practical application shows that the 
design is stable and reliable, it not only can effectively and accurately obtain the pulse signal, and also to 
simplify the circuit. Copyright © 2013 IFSA. 
 
Keywords: NIOS II soft-core processor, Encoder, FPGA, Avalon bus. 
 
 
 
1. Introduction 

 
With the FPGA performance getting higher and 

higher, the stronger data acquisition advantage of 
FPGA becomes more obvious in the control field, 
which make up for the IO port shortcoming of CPU 
[1-2]. In the past of servo driver’s design, most of the 
speed signals acquisition is completed by the 
encoder, where the encoder count module normally is 
constituted by the counter chip with other chips. This 
makes the design of peripheral circuits become 
Complicated, at the same time, it takes up more 
FPGA IO ports, which results in a lack of  
IO resources, therefore, we can completes the design 
of counter model in the FPGA. 

In order to complete the encoder pulse signal 
acquisition, the design can adopt this scheme: we can 
customize a NIOS II soft-core processor in the FPGA 
based on the SOPC technique, it takes advantage of 
the rich internal resources of the FPGA to realize 

encoder counter model’s function of encoder pulses’ 
shaping, filtering, frequency multiplication, checking 
phase, counting and latching, which is counter model 
in the Fig. 1. 

 
 

 
 

Fig. 1. Block diagram of the overall program. 
 

 
In view of the limitations by NIOS II processor 

IO port, counter module can be linked to the Avalon 

Article number P_1557 

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 185-189 

 186

bus of the NIOS II processor. Thus, the design of 
interface IP core between Avalon bus and counter 
model becomes very important. The design process 
of interface IP core is primarily expounded in this 
paper. It makes use of Verilog language to realize the 
design of interface IP core between Avalon-bus and 
counter model, and simplifies the design of encoder 
counter circuit. Concrete block diagram is shown in 
the Fig. 1. 

 
 
2. Design of Encoder Interface Circuit 

 
In order to enhance the anti-interference ability of 

the system in the industrial field, generally speaking, 
in order to obtain the accurate pulse, the pulse signals 
need be isolated, filtered and shaped before the 
encoders pulse signals enter into counter model. The 
Optocoupler TLP113 is used for the photoelectric 

isolation of the signal, the capacitors C1 and C2 are 
used to realize the signal filtering, the SN7414N 
inverter is used for shaping the pulse signal.  
The circuit is shown in the Fig. 2. 

The DIR of output direction signal is connected to 
the UPDOWN pin of the 32-bit counter in order to 
achieve the counter function by increasing or 
decreasing the output pulses. The PULSE signal of 
the output pulse is connected to the CLOCK pin of 
the 32-bit counter. 74373×2 is a 32-bit latch. The 
latch is added between the counter and the soft-core 
processor in order to achieve the count value to be 
latched. The output signal of D-latch is connected to 
the coe_cout_in [31..0] of the soft-core processor. 
Control signals such as sclr, cnt_en and latch_n are 
enabled by the IO port out_port_the_pio_for_control 
[5..0] of the soft-core processor [2..0] in Fig. 6. The 
concrete connection is shown in Fig. 3. 

 
 

 
 

Fig. 2. Signal procession circuit of encoder pulses. 
 

 

 
 

Fig. 3. Counting and latching circuit of encoder pulse. 
 
 

 
 

Fig. 4. Frequency multiplication and checking phase of encoder. 
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3. Design of Counting Model and Bus 
Interface  

 
3.1. Avalon Bus Performance and IP Core 
 

Avalon bus is a kind of bus which is used for 
internal connection between the system processor 
and peripherals and developed by the Altera 
Corporation. The Avalon port is divided into master 
port and slave port. The master port is a collection 
which initiates the signal transmission of Avalon 
type. The slave port is an Avalon signal type 
collection which is in response to the transfer 
requesting, the basic signals are address, read-data, 
write-data, read, write, chip-select, etc. For the data 
width is not 32, Avalon slave address alignment have 
dynamic address mode and static mode. The mode of 
the dynamic address alignment is 8-bit for the 
increase unit, while the mode of the statistic address 
alignment is 32-bit for the increase unit. 

IP interface function is to build a user bridge 
between counter module and Avalon bus interface. 
The count pulse value can be obtained through this 
interface. In order to meet the function of IP 
interface, this model requires signals that they are 
clk, reset_n, chip-select, address, write, write-data, 
read read-data, byteenable, the model output signal is 
count_in, this signal is connected to 32-bit latch.  

 
 
3.2. Register File Configuration 
 

Register file is bridge that realizes the exchange 
signal between the processor and peripherals. The 
two registers are mainly used in this design, the 
latch_en register is used to load counter value of 
coe_count_in into counter register; the counter 
register is used to store counting pulse value for soft 
processor reading. In register file, address signal of 
Avalon bus has two bit, 00 indicates to read enable 
signal latch_en, 01 indicates the counter value of 
register counter, 10 and 11 of the address are 
retained. Under control of chip selection and reading 
signal, it reads counting register. Under control of 
chip selection and writing signal, it writes the data 
enable signal into register. 

 
 

3.3. Software Implementation  
and Comprehension  

 
The function description of the Avalon bus IP 

core is completed by the Verilog language [5]. The 
following is a part of the code to obtain the  
counting value. 

 
module count_bridge( 

csi_clk, 
csi_reset_n, 
avs_chipselect, 
avs_address, 
avs_write, 

avs_writedata, 
avs_read, 
avs_byteenable, 
avs_readdata, 
coe_count_in); 

input csi_clk; 
input csi_reset_n; 
input avs_chipselect; 
input [1:0]avs_address; 
input avs_write; 
input [31:0]avs_writedata; 
input avs_read; 
input [3:0]avs_byteenable; 
output [31:0]avs_readdata; 
input [31:0]coe_count_in; 
reg [31:0] avs_readdata; 
reg latch_en_selected; 
reg counter_selected; 
reg [31:0] counter; 
reg latch_en; 
//*************init**************// 
always @ (avs_address) 
begin 

latch_en_selected<=0; 
counter_selected<=0; 
case(avs_address) 

2'b00:latch_en_selected<=1; 
2'b01:counter_selected<=1; 

default: 
begin 

latch_en_selected<=0; 
counter_selected<=0; 

end 
endcase 

end 
//*****write register latch_en*******// 
always @ (posedge csi_clk or negedge 

csi_reset_n) 
begin 
 if(csi_reset_n==1'b0) 
   latch_en=0; 
 else 
 begin 

if(avs_write & avs_chipselect & 
latch_en_selected) 

begin 
if(avs_byteenable[0]) 

latch_en=avs_writedata[0]; 
end 

 end 
end 
//********to get counter**********// 
assign  enable=latch_en; 
always @ (posedge csi_clk or negedge 

csi_reset_n) 
begin 

if(csi_reset_n==1'b0) 
counter<=0; 
else 
begin 

if(enable) 
begin 
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counter=coe_count_in; 
end 

end 
end 
//*******read counter value*********// 
always @ (avs_address or avs_read or 

avs_chipselect or counter  or  latch_en) 
begin 

if(avs_read & avs_chipselect) 
case(avs_address) 

        
2'b00:avs_readdata<={31'h0000,latch_en}; 

2'b01:avs_readdata<=counter; 
default:avs_readdata=32'h8888; 

endcase 
end  
endmodule 

 
Open SOPC Builder in the Quartus II, click 

Create New Component in the right left column of 
SOPC Builder interface to open the Create 
Component Wizard, Pop-up Component Editor, adds 
HDL Files count_bridge.v in HDL File, and set it to 
the top-level module. Based on the above operation, 
the signal defined in count_bridge appeared in the 
Signals tab, such as: clk, reset_n, chipselect, address, 
write, writedata, read, readdata,  
byteen-able, cout_in. 

Read and write timing must be set according to 
the system requirements, the unsuitable timing may 
results wrong data, after settings and saving, the 
count_bridge_hw.tcl file will appear in the project 
index. The controller interface of count_bridge 
appears in the left-hand column for being called by 
the system, after comprehension, the visible 
independent IP core is shown in the Fig. 5. 
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av s_address[1..0]
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av s_readdata[31..0]
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inst6
 

 
Fig. 5. Avalon bus and counter interface IP core. 

 
 

4. NIOS II Processor Customization  
and Application of IP Core 

 
NIOS II processor is a kind of embedded 

processor, it adopts flowing water technique, signal 
instruction flow is 32 bit general RISC processor, 
which provides total 32-bit instruction set, data and 
address bus, 32 general registers, 32 general interrupt 
source, 32 bit signal instruction of 32×32 Multiply 

and division, it can order accuracy float calculation 
instruction and peripheral interface of in chip or out 
chip. Its performance can be up to 100DMIPS in 
Cyclone II [5].  

In this paper, it customizes the Nios II / f (fast) 
soft-core processor based on the SOPC technique, at 
the same time, system can add counter interface 
component shown in the Fig. 6, wherein 
coe_count_in_to_the_counter_bridge_0 / 1 is added a 
counter interface IP core.  
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Fig. 6. NIOS II soft processor. 
 
 
Next, we can write the software code in NIOS 

IDE integrated development environment and read 
the encoder pulse count value by the IP core 
interface. the form of structure is used in design, the 
count0 is the pointer which points to the first address 
of the IP core, and to get the count value of the IP 
core latch_en and counter register. 

Based on the method of M tachometer and by the 
NIOS II CPU processing, you can get to the motor 
speed. Header files are defined as follows [7]: 

 
#define  SOPC_H_ 
#include "system.h" 
#include "../inc/types.h" 
#define _count0 
Typedef struct   
{ 
uint8 latch_en; 
uint32 counter_value; 
}  
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count_str; 
#ifdef _count0 
#define  count0 ((count_str *) 

counter_bridge_0_base) 
#endif  /*count*/ 
#endif  /*SOPC_H_*/ 

 
 
5. Conclusions  
 

The actual application shows that the function of 
the encoder frequency multiplication, checking phase 
and the latch achieved by this method can meet the 
actual demand well. 

The design of IP core makes counter model and 
Avalon bus combine very well, which can accurately 
read the pulse of encoder counting. It reflects the 
superiority of the embedded NIOS II  
soft-core processor. 
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Abstract: The stability and accuracy of induction motors is seriously influenced by the flux observer. The 
improvement of motor is restricted by the sensitivity of traditional open-loop current and voltage flux observer 
to the motor parameter under low or high speed. In order to improve the accuracy and stability of flux observer, 
a novel close-loop flux observer is implemented, which include the current and voltage flux observer cooperated 
with phase-compensated transition function. The accuracy and insensitivity to motor parameter are insured in 
the whole speed range; what’s more, the deadbeat stator current observer is added to solve the one sample cycle 
delay. By the observer characteristic function being utilized to analysis flux observer, along with the simulation 
and experiment, the accuracy and stability are verified. Copyright © 2013 IFSA. 
 
Keywords: Hybrid flux, Motor parameter, Sensitivity, Transition function, Deadbeat, Current observer. 
 
 
 
1. Introduction 

 
With the increasing requirements of industrial, the 

importance of high performance and high-precision 
drive system is growing. As the particularity of 
industrial production, good dynamic and stability are 
required not only at high speed but also at low speed, 
while the flux observer for vector control system 
directly determines the above factors. The basic flux 
observer can be drawn by the motor mathematical 
model, that are the current model and voltage model. 
But each of these models has some defects. 

The voltage model uses the drop on the 
magnetizing inductance to estimate the motor flux. 
When the motor is running at high speed, the counter 
electromotive force of the stator is higher, the state of 
flux can be very accurately estimated using voltage 
model. When the motor speed is low, due to the 
partial pressure of the stator resistance, it becomes 

more difficult to measure voltage on the magnetizing 
inductance, so the motor flux estimation accuracy is 
poor. The current model can be used at full segment, 
but due to sensitive to the rotor time constant and 
changes in the magnetizing inductance for the model, 
thus the flux observer output is seriously affected.  
In summary, the voltage model and current models 
estimates are accurate at the high and low speed,  
in order to obtain accurate full paragraph flux, [1-5] 
have proposed closed-loop flux observer model, the 
full segment can get accurate flux integrating the 
advantages of voltage model and the current  
model [6]. 

In this paper, a new hybrid flux observer [7] is 
adopted, the observer characteristic function is used 
to unify forms of the flux observer, and with basic 
flux observer, the traditional flux observer and a new 
flux observer contrast and influence of motor 
parameters change, the stator current measurement 
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offset error and stator voltage measurement bias 
errors are analyzed. In order to improve the output 
flux observer accuracy, stator current observer is built 
to solve the delay problem of stator current control 
period due to the sampling. Usefulness and accuracy 
of the algorithm are verified based on Matlab 
simulation and experimental platform. 

 
 

2. The Flux Observer Model 
 
The control variables in motor vector control 

system are decomposed into two -phase coordinate 
system, i.e., the d-axis and q-axis, and they can be re-
expressed in vector form as 

 
s s s

d qf f jf= +  (1) 
 
Among (1), the superscript is s or e, which 

respectively donates that the coordinate system where 
variables are in is the two variable-phase stationary 
coordinate system and a two-phase rotating 
coordinate system. The subscript indicates that the 
variable component of the coordinate system. 

 
 

2.1. The Current Model 
 
The current model uses the stator current and 

rotor speed as input [1], the expression in the 
stationary coordinate is 

 
ˆ ˆˆ (ˆ ˆ

)

r r
qdr m qds

r r

r qdr

R Rp L i
L L
j j

λ

ω ω λ

= − +

−

 (2) 

 
The current model, which is not easy to converge 

in discrete stationary coordinate system, needs to be 
converted into the two -phase rotating coordinate 
system, as 

 

ˆ ˆˆ
ˆ ˆ

r r rr r
qdr m qds qdr

r r

R Rp L i
L L

λ λ= −  (3) 

 

The motor flux estimated by the current model is 
calculated from the above equation. 

 
 

2.2. The Voltage Model 
 
The motor speed is not needed for voltage model 

of rotor flux, while the stator excitation coil voltage is 
gotten by the use of stator voltage and current, and 
stator flux is obtained by integrating the voltage, as 

 
ˆ ˆv iqds s qdsp rλ = −  (4) 

 
Rotor flux comes from the stator flux coupling, 

the rotor flux is 
 

ˆ ˆˆ ˆ ˆ
ˆ ˆ1

r
qdr qds m qds

m

L L i
L

σλ λ
σ

= −
−

 (5) 

 
 

2.3. The Hybrid Model 
 
By the formula (3) and (5), current model and 

voltage model can be constructed. If the voltage 
model and the current model are cascaded, and the 
middle link uses linear controller, hybrid flux 
observer based on Gopinath type can be obtained, as 
is shown in Fig. 1. 

The structure of hybrid flux closed loop observer 
model [3] is composed by the model of two open-
loop flux, the first stage is the current model, the 
middle is the transition function, the rear stage is the 
voltage model. The flux for Pre-current model is 
estimated by stator currents and speed estimation, the 
corresponding flux for the latter level voltage model 
is estimated by stator voltage and the stator current, 
the output flux is determined by transition function 
from the current model to voltage mode. The gain of 
transition function determines the eigenvalues of the 
closed-loop flux observer model, the transition 
function completes the switch when the motor speed 
reaches the observer bandwidth. 
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Fig. 1. Hybrid flux observer based on Gopinath type. 
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3. The Characteristic Function and 
Analysis of Observer 
 
Define the characteristic function of flux observer 

( )F s , and the flux can be obtained by the following 
transfer function, as 

 

_ _ _

_ _

ˆ ˆ ˆ ˆ( )( )
ˆ ˆ( ) (1 ( ))

s s s s
r r vm r cm r cm

s s
r vm r cm

F s

F s F s

λ λ λ λ

λ λ

= − +

= + −
 (6) 

 
Among (6), _

ˆs
r vmλ indicates the voltage output of 

the model, _
ˆs
r cmλ means the current output of  

the model. 
In different models, the characteristic function has 

different meaning, as is shown in Table 1. 
Through simplifying and finishing the transfer 

function of hybrid flux observer, the closed-loop 
transfer function expression of closed hybrid flux 
observer can be drawn for 

 
2

_2

_2

s s
r r vm

p i

p i s
r cm

p i

s
s K s K

K s K
s K s K

λ λ

λ

= +
+ +

+

+ +

, (7) 

 

where 
1

r
p

m

LK K
L

= , 2
r

i
m

LK K
L

= . 

Among (7), the first is the transfer function of 
high-pass filter, it indicates that the flux estimated by 
the voltage model is dominant when the motor 
frequency is greater than the cutoff frequency of the 
closed-loop transfer function; the second is low-pass 
filter with a band pass filter, it means that the flux 
estimated by the current model is dominant when the 
motor frequency is lower than the cutoff frequency of 
the closed-loop transfer function. 

According to Table 1, the hybrid flux observer 
model characteristic function is 

2

2( )
p i

sF s
s K s K

=
+ +

, an expression for the 

steady-state characteristic function can be obtained 
using es jω=  as replacement in the steady state. 

 
1 2( tan ( / ))2

2 2 2
( )

( ) ( )

p e i ej K K
e

e

i e p e

eF j
K K

π ω ωωω
ω ω

−− −

=
− +

i
 (8) 

 
Draw observer frequency response curve and 

magnetic chain locus of the characteristic function in 
the complex frequency domain, as is shown in Fig. 2 
and Fig. 3. 

 

Table 1. Characteristic transfer function of the bserver. 
 

Observer Characteristic function of 
observer 

Voltage model 1 
Current model 0 

Hybrid model 
2

2
p i

s
s K s K+ +
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Fig. 2. The frequency response curve  
of characteristic function. 
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Fig. 3. The flux trajectory of hybrid flux model. 
 
 
Fig. 2 shows the phase of the characteristic 

function of the observer is a changeable value. The 
output of flux will deteriorate by adding additional 
phase when the current and voltage flux  
model switches. 

The optimal path that two kinds flux model 
switches [6] is the vector difference between the two, 
as is shown in Fig. 3. Meanwhile, it can be seen from 
Fig. 3, the output flux locus of hybrid flux model 
greatly offset the best path in switching from low to 
high speed. This seriously affects the accuracy of the 
output flux. If there are parameter and measurement 
error when we estimate flux, then flux is  
even inaccurate. 

In order to solve the problem of the accuracy of 
the flux when the model is switching, the phase offset 
produced by the characteristic function of the 
observer must be compensated, and compensated flux 
observer characteristic function as it is shown in 
equation (9). 
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Fig. 4. Improved hybrid flux structure diagram. 
 

 
2

2( ) j

p i

sF s e
s K s K

α−=
+ +

, (9) 

 
whereα is the phase of the characteristic function of 
the observer. 

Add the improved characteristic function to basic 
hybrid flux observer based on Gopinath type, the 
improved hybrid flux observer block diagram is 
shown in Fig. 4. 

In steady state, the optimization characteristic 
function of observer will be obtained through 
substituting es jω= , the improved steady-state 
characteristics function expression is 

 
2

0

2 2 2
( )

( ) ( )
je

i e p e

F s e
K K

ω

ω ω
=

− +
 (10) 

 
Drawn frequency response curves and flux 

trajectory of the optimized characteristic function of 
observer in the complex frequency domain. As are 
shown in Fig. 5 and Fig. 6. 
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Fig. 5. Improved frequency response curve  
of characteristic function. 

 
 
Fig. 5 shows the phase of the improved 

characteristics function is zero on the whole 
frequency domain segment, i.e. it does not add 

additional phase when the flux is switching. As can 
be seen from Fig. 6, in both model switching, the flux 
locus switches according to the best path, the 
accuracy of the flux linkage is greatly improved. 
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Fig. 6. The improved flux trajectory. 
 
 

4. Sampling Error and Parameter 
Sensitivity Analysis 
 

4.1. Analysis for Voltage and Current Bias 
Impact on the Observer 

 
In PWM inverter system, the bias voltages and 

currents affect the output and stability of flux 
observer. In order to study the bias effect for the 
closed-loop flux observer, the observer features are 
analyzed using the characteristic function. 

The closed-loop flux observer contains the current 
model and voltage model, which respectively is 
sensitive to current bias and voltage bias, and error 
expressions of observer model is respectively written 
in steady state, such as formula (11) and (12). 

 

s
vm 2 2

ˆ
( )ˆ

s s sr
s s

m

u i iL r L
s s sL

ψ σ∆ ∆ ∆
∆ = − −  (11) 
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s
cm

ˆ ˆˆ / ( ( ))ˆ ˆ
m sr

r r
r r

L irr s j
sL L

ψ ω ∆
∆ = + − , (12) 

 

where s
vmψ∆ and s

cmψ∆ represent steady state error 
generated by the bias voltage and current to the 
current and voltage flux the model. According to the 
above formula, the steady-state error expressions of 
closed-loop flux model can be obtained, such as 
formula (13). 

 
s s
r vm0

s
cm

lim ( ( )

(1 ( )) )
s

s F s

F s

ψ ψ

ψ
→

∆ = ∆ +

− ∆
 (13) 

 
Substitute the formula (11), (12) into (13), the 

error expression of closed-loop flux observer for the 
steady-state can be gotten through simplifying. 

 

s
r s

ˆ ˆˆ( / ( )) iˆ ˆ
m r

r r
r r

L rr j
L L

ψ ω∆ = − ∆  (14) 

 
Seen from the above equation, only the bias 

current affects the closed-loop flux observer and the 
bias voltage doesn’t affect the output. 

 
 

4.2. Sensitivity Analysis on the Motor 
Parameters for the Observer 

 
When the motor is running, a number of factors 

that will inevitably cause the parameter changes, such 
as the motor temperature, speed and magnetic fields. 
In order to ensure the stability and accuracy of the 
motor, flux observer for parameter variables must 
have strong immunity. Study the robustness of 
observer at different frequencies using the frequency 
response function and contrast with the basic model 
of mixed flux. The frequency response function of 
linear flux Observer of available is shown in  
formula (15). 

 

vm cm

ˆ
( )FRF (1 ( ))FRF

s
r
s
r

F s F sλ
λ

= + −  (15) 

 

  
In the complex frequency domain, the frequency 

response functions of the current model and a voltage 
model can be calculated, as is respectively shown in 
formula (16) and (17): 
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r
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(17) 

The flux error expression of hybrid flux model 
can be drawn by the frequency response function of 
the current model and the voltage model, as 

 
ˆˆ 1

1

s
s s s r
r r r s

r

s
r FRF

ψψ ψ ψ
ψ

ψ

− = −

= −

 (18) 

 
Draw flux error of basic hybrid flux observer 

model and improved hybrid flux observer model in 
the complex frequency domain. Compare two 
observer errors in the frequency domain. The 
switching frequency of hybrid flux model is 6 Hz, as 
is shown in Fig. 7. 

From Fig. 7 (a) and Fig. 7 (b), it can be seen when 
the rotor resistance and the mutual inductance 
changes, the output flux errors of the two model 
increases with synchronization angle frequency 
decrease, which indicates that the hybrid flux model 
goes close to the voltage model of flux with 
saturation of the linear controller, the error of 
improved hybrid flux model is smaller than the error 
of basic hybrid flux model. It also can be seen from 
Fig. 7 (c) and Fig. 7 (d), the trend of two flux 
observer model is the same, when the current model 
switches to the voltage model, the flux output error is 
maximum at the transition frequency point, because 
this is caused by inherent characteristics of the 
voltage model. The error generated by parameters’ 
changes of stator resistance is small, while the two 
model switch, the back-EMF of stator winding has 
been greater than the voltage on the stator resistance, 
and the impact of stator resistance error on the flux 
output is smaller with the synchronizing angular 
frequency increase. And the inductance value of 
stator leakage is small, and the changing trend of 
output error of two observation model is same, which 
can be ignored in practical applications comparing 
with other factors. 

 
 

5. The Observer of Stator Current 
 

Stator current, which not only is inner control 
volume, but also is the flux observer's input, is an 
important controlled variable in the motor vector 
control system. The accuracy of the stator current 
directly affects the output accuracy of the flux 
observer. However, due to the impact of the control 
algorithm, the control system of the stator current 
always lags behind the actual stator current control 
cycle, which affects the control precision and the 
accuracy of the flux observer. Let the stator current 
and rotor flux as state variables, write the state 
equation of the motor, construct the complex vector 
mathematical models of the motor [4].  
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(a) Frequency response when 01.4r rR R=  (b) Frequency response when m m00.7L L=  
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(c) Frequency response when s s01.9L Lσ σ=  (d) Frequency response when s s01.3R R=  

 
Fig. 7. Sensitivity analysis for improved and basic observer’s parameter. 
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m

qds qds s qds br qdr
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Lpi u R i
L L

ω λ
σ
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r r
qdr m qds r qdr

r r

ˆ ˆˆ ( )ˆ ˆ
R Rp L i j
L L

λ ω λ= − −  (20) 

 
By the formula (19) and (20), the block diagram 

of the motor model that stator current and the rotor 
flux is the state variable can be drawn, as is  
shown in Fig. 8. 

From the formula (19), it contains a derivative of 
the stator current, differential predictive and forward 
Euler method can be used to predict the next cycle 
stator current, the equation of state that stator current 
is the state variable will be discrete firstly. 

Assuming stator voltage in a sampling period 
remains unchanged [8], the actual stator current value 
of the k-th cycle is ( )s

qdsi k , the current output value 

of the current observer is ( )s
qdsi k , the error of the 

estimation and the actual stator current is 
 

ˆ( ) ( ) ( )s s s
qds error qds qdsi k i k i k= −

 
 

 

If a linear controller is used to adjust between the 
estimated value and the actual value of the stator 
current [9], so that the estimated value of the k-th 
cycle approaches to the true value, the predictive 
value ˆ ( 1)s

qdsi k +
 
of the next cycle approaches to the 

true value of the next sampling period, the rotor flux 
values with the high accuracy can be output through 
substituting the predicted value of the next cycle into 
the control system. Join linear controller [10], predict 
the next cycle stator voltage value, as is shown in 
formula (21). 

 
s

sum 1 2 qds error

s s*
1 qds error qds

sm r
r qdr

r r

V (k)=(K +TK )i (k)

-K i (k-1) +V (k)
ˆ ˆL R ˆ( j (k)) (k)ˆ ˆL L

ω ψ+ −

 
(21) 
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L
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L
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+

 
 

 
Substitute the predicted value of the stator voltage 

[11] into formula (21), the predicted value of the 
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stator current of the next cycle can be obtained, as is 
shown in the formula (22). 

 
ˆs s T/τ

qds qds

ˆ-T/τ
sum

eq

ˆ ˆ( 1) ( )

1( ) (1 )ˆ

i k i k e

V k e
R

−+ = +

−
 (22) 

The stator current observer can be shown as Fig. 9 
using structure diagram. 

The accuracy and timeliness can be greatly 
enhanced through adding the stator current observer 
into improved hybrid flux observer. 
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Fig. 8. Block diagram of motor model. 
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Fig. 9. Block diagram of the digitizing stator current observer. 
 
 

6. Experiments 
 
In order to verify the correctness of the algorithm, 

the experimental platform is established for 
algorithm verification. The direct connection 
between asynchronous motor and magnetic brake is 
used for experimental platform. The drive control 
system uses Infineon's XE164 chip in the chip to 
achieve motor control algorithms. Import the data 
into first bit machine, draw and analyze waveforms. 

Fig. 10 and Fig. 11 is waveforms when speed 
instructions sudden. When the speed commands 
sudden, the speed based on improved hybrid motor 
control system has good track, and the output of flux 
observer essentially unchanged. But for the basic 
hybrid flux model based control system, the motor 
speed does not perform the tracking speed command, 
the output speed of the motor is poor, and flux 
fluctuations is great, the output characteristics of the 
motor is deteriorating. 

Fig. 12 and Fig. 13 are the torque of current 
command of the torque axis and the actual torque 
current waveform when  the magnetic brake reduces 
load suddenly. Use an improved hybrid flux model 
and stator current observer control system fast track 
torque current command, and overshoot is small, the 
steady-state error is very small in the steady state. 
And use the basic hybrid flux model system, it can be 

seen obviously that response speed is slower than 
that of improved system, and the overshoot is large, 
it is difficult to meet the system requirements for 
accuracy and stability. 

 
 

7. Conclusions 
 
This article analyzes the flux observer of 

asynchronous motor using the observer characteristic 
function, the unified function expression is used to 
represent for flux observer. Use the frequency 
response function method in the complex frequency 
domain to analyze flux observer based on Gopinath 
type and find the shortcomings of flux trajectory 
deterioration when two models switch. By improving 
characteristic function of the observer, so that flux 
switching tracks approach the ideal flux paths to get 
improved hybrid flux observer. Parameters 
sensitivity and the sampling error of two models are 
analyzed in the full frequency range. In order to 
improve the accuracy of the observer output, build 
stator current observer, the problem of the delay 
control system solved, and the output characteristics 
of induction motor is improved greatly. Analysis and 
experimental verify validity and practicality of the 
new hybrid flux model and the stator current 
observer. 
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Fig. 10. Improved speed command is triangular  
ramp waveform. 

 
Fig. 11. Basic speed command is triangular  

ramp waveform. 
 

  
 

Fig. 12. Iq response waveform of improved model  
when load changes suddenly. 

 
Fig. 13. Iq response waveform of bacis model when load 

changes suddenly. 
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Abstract: The multilevel space vector pulse width modulation (SVPWM) is widely used for a multilevel 
inverter. However, the implementation of the SVPWM for a multilevel inverter is complicated. The complexity 
is due to the difficulty in determining the location of the reference vector, the calculation of on-times, and the 
determination and selection of switching states. This paper proposes a general SVPWM algorithm for multilevel 
inverters based on standard two-level SVPWM. Since the proposed multilevel SVPWM method uses two-level 
modulation to calculate the on-times, the computation of on-times for an n-level inverter becomes easier. The 
proposed SVPWM algorithm can be applied in both linear and over-modulation region. A five-level HNPC 
inverter is used to explain the proposed method. The scheme can be easily extended to a multi-level inverter. 
Finally, experimental results verify the validity of the method in this paper. In this paper, the design and 
implementation details of wireless ad-hoc terminals are proposed to build a rapidly deployable, frequency-agile, 
heterogeneous wireless network. Copyright © 2013 IFSA. 
 
Keywords: Multilevel, SVPWM, Over-modulation, Linear modulation, HNPC inverter. 
 
 
 
1. Introduction 

 
The multilevel inverter has been widely used in 

the drive field with high voltage and high power [1]. 
Compared with the two-level inverter, its output 
voltage has high quality. SVPWM is a commonly 
used algorithm for multilevel inverter modulation, 
which owns various advantages such as high 
utilization rate of DC voltage, smaller current 
waveform distortion, being apt to realize the 
digitization, etc. [2-3]. 

However, it is complicated to achieve multilevel 
SVPWM, especially in the over modulation region as 
its nonlinearity sharpens the complexity and 
difficulty of the algorithm. In the linear modulation 
range, the voltage utilization ratio of DC bus of 
SVPWM is 90.7 %. In order to further increase 

voltage utilization rate, it is necessary to adopt the 
over modulation algorithm [4-7]. 

In literature [8] and [9], the over modulation 
modifies the motion track of reference vectors via a 
lookup table. Based on different modulations, 
literature [8] calculates the opening time for each 
triangle. But due to the increased computational 
complexity, it is difficult for this algorithm to be 
extended to the n-level inverter )3( >n . Literature 
[9] uses the classification algorithm to conduct 
calculation in the over modulation region of three-
level NPC, but it fails to specify how to be extended 
to the n-level inverter )3( >n . 

This paper presents a multilevel SVPWM 
algorithm for linear modulation and over modulation 
operation. The main features of the algorithm are 
shown as follows [10-11]: 
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1) Due to the two-level geometric structure, the 
calculation of the opening time is simple. The 
calculation equation of opening time of the linear 
modulation mode and over modulation mode does 
not vary with the changes of reference  
vector position. 

2) Generally speaking, because of the nonlinear 
over modulation range, it is necessary to solve 
nonlinear equations and lookup table. There is no 
need to do this in this paper, so the calculation can  
be simplified.  

3) In the three-phase n-level vector diagram, each 
sector has 2)1( −n  triangles. The vector triangle is 

represented by j∆ , which can be obtained by simple 

algebraic operation. j∆  means the thj  triangle in 
2)1( −n  triangles of the sector. Using triangular sign 

j∆  could simplify and optimize the  
switching sequence. 

4) The main feature of this algorithm is that it is 
applicable to the n-level inverter without  
increasing computation. 

This algorithm can be verified by five-level 
HNPC inverter [12], as shown in Fig. 1. This 
algorithm can be extended to the n-level inverter as 
well as NPC topological structure. 

 
 

 
 

Fig. 1. Five-level HNPC inverter topology. 
 
 

2. Modulation Degree and Modulation 
Mode 
 
In this paper, the modulation degree is defined as 

stepsixim −= 11 νν , where 1ν  is the peak of 
fundamental voltage generated by the modulation 
wave, stepsix−1ν  is the peak of fundamental voltage 
modulated by the six-step wave [4]. For the HNPC 
inverter topology, ( ) dcstepsix Vπν 21 =− , where dcV  is 
the DC-side voltage of each H- bridge in Fig. 1. 
Based on the modulation degree ( )10 ≤≤ ii mm , 
there are three kinds of modulation modes, namely 
the sinusoidal mode or the linear mode 
( )907.00 ≤≤ im , the over modulation mode 
� ( )2max907.0 mmi ≤≤  and over modulation mode 
�. ( )12max ≤≤ imm . 2maxm  is a boundary between 
modulation mode I and II. This paper uses the control 
strategy similar to literature [6], 9535.02max =m . 
 
 

3. Calculation of the Multilevel Opening 
Time 

 
In the two-level inverter, the action time 

calculation of the vector is based on the sector 
position of the reference vector iS , 61→=i , the 

symbol ‘→’ means that i can take an integer  
from 1-6. 

 
 

 
 

Fig. 2. Space vector diagram for a two-level inverter. 
 
 
According to the geometric characteristics of the 

sector in Fig. 2, the action time is calculated as: 
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In Equation (1), h  is the height of the sector of 
the equilateral triangle iS  with a unit length, and 

ss fT 1= , where sf  is the switching frequency. 
Fig. 3 (a) represents the vector of the first sector 

of the five-level. Each sector is divided into 16 
triangles j∆ , and 150 →=j . The length of 

reference vector ∗ν  is ∗ν , and its angle on axis α  

is γ . In Fig. 3 (b), define the small vector sν  in 
( )oo βα , , and its angle on axis αο is sγ . Since the 

vector sν  in ( )oo βα ,  has the same action effect as 
∗ν  in ( )βα , , therefore, the action time of any 

reference vector can be obtained by solving the 
action time of small vector sν . 

 
 

 
 

Fig. 3. Space Vector diagram for a five-level inverter. 
 
 

First, determine the small triangle where the 
reference vector lies, and then calculate the 
coordinates of the small vector ( )s

o
s
o βα νν , . As shown 

in Fig. 3 (b), the calculation of the action time is 
similar to the calculation of the two-level. Triangles 
in multi-level sector are identical with those within 
the two-level sector, and the idea can be extended to 
an arbitrary level progression. For example, if A7 is 
considered as the zero vector, then the triangle ∆11 is 
similar to the two-level sector 1S , as shown in Fig. 2 
and Fig. 3 (b). Thus, the calculation of the multi-level 
action time can be simplified to that of the  
two-level one. 

Since the triangle is the basic unit, any suitable 
vertex can be selected as the virtual zero vector. For 
example, in the triangle ∆8 of Fig. 3 (a), any vertex 
A5, A8 or A9 can be selected as a virtual zero vector 
to form the desired switching sequence. The action 
order of action time at , bt , and ot  is determined by 
that of the switching state. 

 

4. Five-level Linear Modulation and 
Modulation Operation 
 
The voltage vector diagram of three-phase 

voltage source inverter is a regular hexagon, 
composed of six sectors. Therefore, this algorithm 
takes the first sector as an example and the rest 
sectors are similar to the first one. 

For the position of the given reference vector, its 
sector ( )61 ≤≤ ii SS  and angle ( )600 ≤γ  could be 
obtained by Formula (2): 

 
( )
( )60/

160/int
θγ
θ

rem
Si

=
+=

 (2) 

 
In Formula (2), ( )3600 ≤≤ θθ  is the angle of 

the reference vector under α  axis, int is a function 
with the integer, and rem  is the function with  
the remainder. 
 
 
4.1. Linear Mode ( )907.00 ≤≤ im  
 

As shown in Fig. 4, in this mode the movement 
locus of reference vector ∗ν  is circular. Vector arrow 
P can be arranged in any of the 16 triangles ∆0-∆15. 
The triangle in Fig. 4 is regarded as a sector of two-
level structure, and the small vector in this structure 
can be used to identify the location of P. In addition, 
the calculation Formula (1) of two-level structure is 
used to calculate the action time of each small vector. 
 
 

 
 

Fig. 4. Space Vector diagram of the first sector of a five-
level inverter showing linear mode, 907.00 ≤≤ im . 

 
 

For the sake of simplicity, the sector A0 A10 A14 in 
Fig. 4 is constituted by two types of triangles: type 1 
and type 2. The base of the type 1 triangle is in the 
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bottom, such as ∆4 and ∆13; the base of type 2 
triangle is at the top, such as ∆5 and ∆10. 
 

( )
( )hk

k

/int

3/int

2

1

β

βα

ν

νν

=

+=
 (3) 

 
The position of P depends on the coordinate 

( )oo βα νν , , which can be decided by the integer 1k  
and 2k . In Formula (3), 1k  represents the sector 

between the line 133 kxy =+  and 

( )133 1 +=+ kxy . For example, 21 =k  means 
the sector between the line A3A5 and A6A9. k2 means 
the sector between the line 2hky =  and 

( )12 += khy , for example, 12 =k , representing the 
sector between line A2A11 and line A5A12. k1 and k2 
mean the cross section of these two regions, triangle 
or rhombus. In Fig. 4, 21 =k  and 12 =k , the 
reference vector vertex P lies in the rhombus region 
A4 A7 A8 A5.  

This rhombus is composed of triangle ∆6 and ∆7. 
Taking A4 as the vertex, ( )ii βα νν ,  as the  
coordinate of P. 
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kk

i

i

2

21 5.0
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 (4) 

 
The slope of PA4  is βi αi/v v , the slope of 84 AA  

is 3 . The triangles that P lies in can be obtained by 

comparing the slope of PA4  and 84 AA . The slope 
comparison is conducted by the inequality 

aii νν β 3≤ , and there are two results for small 

vector sν  and triangle j∆ . 

1) aii νν β 3≤ ： P lies in triangle ∆6, small 

vector ( )s
o

s
o

s
βα ννν ,  is represented by ( )iiPA βα νν ,4  

and the triangle type is 
 

2
2
1 2kkj +=∆  (5) 

 
2) aii νν β 3> : P lies in triangle ∆7, small vector 

( )s
o

s
o

s
βα ννν ,  is represented by 

( )ii hPA βα νν −− ,5.08 , and the triangle sign is 
 

12 2
2
1 ++=∆ kkj  (6) 

 
These results are applicable for type 1 and type 2 

triangles. For example, if P is located in the ∆8, the 
inequality aii νν β 3≤  is true because ∆8 is type 1 

triangle. The small vector ( )s
o

s
o

s
βα ννν ,  is 

represented by ( )iiPA βα νν ,5 . In Formula (5) and 
Formula (6), ∆ means triangle, j means the triangle 
type. Therefore, ∆j is an integer, representing the jth 
triangle in the sector.  

Select the small vector ( )s
o

s
o

s
βα ννν ,  as the 

reference vector, and the action time is expressed by 
Formula (1) calculation. Formula (5) and Formula (6) 
are used to calculate the triangle sign ∆j. The triangle 
sign ∆j reflects the switch state and simplifies the 
calculation of PWM. The simple calculation formula 
of triangle sign ∆j can be extended to any level  
of series. 
 
 
4.2. Over Modulation Mode I 

( )9535.0907.0 ≤≤ im  
 

This part is a nonlinear region. As shown in 
Fig. 5, the thick dashed circles refer to the desired 
trajectory of the reference vector ∗ν . Modify the 
trajectory according to the modulation degree of im , 
and the trajectory of the actual vector Pν  arrow P is 
the thick solid line TSA12RQ, that is, the trajectory 
passes through the circular locus TS, then the linear 
locus SA12R in the A10 A14 of sector OA10A14, and 
finally the circular locus RQ. This trajectory 
modification could compensate for the loss of volt-
second characteristic. The linear trajectory moving 
along the A10 A14 in this article is the  
hexagon trajectory. 
 
 

 
 

Fig. 5. Space Vector diagram of the first sector of a five-
level inverter showing over-modulation mode I, 

( )9535.0907.0 ≤≤ im . 

 
 

In Fig. 5, ca  is defined as the crossing angle 
between the reference vector and hexagon trajectory; 
when cc aa −<≤ 3πγ , the reference vector moves 
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along the hexagon trajectory and the remaining part 
is the circular trajectory. Based on the knowledge of 
geometry, the angle αc is shown as follows 
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For a given modulation im , ca  is a fixed value, 

so there is no need to conduct calculation for each 
switch cycle. 

1) Hexagon trajectory )3( cc aa −<≤ πγ : For 
the hexagon trajectory, according to the knowledge 
of geometry and angle γ  as well as level series n, the 
coordinates of reference vector Pν  arrow P are 
shown as follows 
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Calculation of action time and triangle sign are 

the same to the calculation formula under the  
linear mode. 

Define the integer as 1k  and 2k  to determine the 
P‘s triangle sign. The same definition of 1k  and 2k  
are used to find the triangle that P lies in. The 
calculation formula of the two integers is shown  
as follows: 
 

( )hk
nk

/int
2

2

1

βν=
−=

 (9) 

 
The actual vector Pν  arrow P is located in the 

four triangles ∆9, ∆11, ∆13, ∆15. These triangles belong 
to type 1, so the small vector ( )s

o
s
o βα νν ,  can be 

directly obtained by the vector ( )βα νν ,  without the 
slope comparison. The formula is shown as follows: 
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Based on the coordinate ( )s

o
s
o βα νν , , the action 

time at  can be calculated according to the 
Formula (1), which is the same with two-level. ot  is 
0 in the hexagon trajectory, aSo tTt −= . ∆j of 
triangle sign is calculated by Formula (5). Therefore, 
the calculation amount of hexagon trajectory is less 
than that of circular trajectory.  

2) Circular trajectory ( cαγ <≤0 and 
33 πγαπ <≤− c ): Use the Formula (1) in linear 

mode to calculate the action time of circular 

trajectory, and then modify the action time to 
compensate the loss of volt-second characteristic in 
linear trajectory.  

In the over modulation mode�, the lateral losses 
of volt-second characteristic in the sector is 
proportional to )907.0( −im  based on the 
modulation degree im . The maximum value of im  
is 0.9535. Therefore, the maximum lateral loss of 
volt-second characteristic in the sector is proportional 
to )907.09535.0( − . The compensation factor λ  is 
defined as the ratio of the actual volt-second loss and 
maximum volt-second loss, then 
 

907.09535.0
907.0

−
−

= im
λ  (11) 

 
The compensation factor λ  is used to modify the 

action time. When the modulation degree mi changes 
between 0.907 and 0.9535, the compensation factor 
λ  varies from 0 to 1. For the given modulation 
degree im , the compensation factor λ  is a fixed 
value, so there is no need to calculate it during  
each cycle. 

In Fig. 5, for the circular trajectory, P can be 
located in the any triangle between ∆9→∆15. ∆9, ∆11, 
∆13 and ∆15 belong to type 1 triangles, and there are 
two vertices on the border of the sector A10 A14. ∆10, 
∆12 and ∆14 belong to type 2 triangle, and there is a 
vertex on the border of the sector A10 A14. According 
to the Formula (1) of linear model, the time of three 
vertices is respectively at , bt , ot . Different 
formulas are adopted to modify the action time of 
different types of triangles. For type 1 triangle: the 
time of two vertices in the hexagon trajectory is at  
and bt , and then the modified time is shown as 
follows: 
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ttTt
ttt
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The compensation factor λ  is used in 

Formula (12) to effectively reduce the action time of 
internal vector and increase the action time of 
external vector. To modify the type 2 triangle: the 
time of two vertices not in the hexagon trajectory is 

at  and ot , and then the modified time is shown  
as follows: 
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The compensation factor λ  is used in 

Formula (13) to effectively reduce the action time of 
internal vector and increase the action time of 
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external vector. In the formula (12) or Formula (13), 
when 907.0=im , 0=λ , there is no compensation. 
When 9535.0=im , 1=λ , 0=ot , the vector 
trajectory turns into a hexagon trajectory. 

For the given modulation degree im , in 
Formula (11) and (12) or (13), only the action time is 
modified and there is no need to adopt a lookup table 
or complex formula. Therefore, it reduces the 
complexity of modulation operation and is 
conductive to realize processors such as DSP. 
 
 
4.3. Over Modulation Mode II 

( )19535.0 <≤ im  
 

When the modulation degree im  is greater than 
0.9535, the circle locus in the trajectory vanishes and 
the action time ot  obtained by Formula (12) or 
Formula (13) is a negative number, so it is 
meaningless. Therefore, when im  is greater than 
0.9535, it is necessary to adopt the over modulation 
mode II. 

In the over modulation mode II, as shown in 
Fig. 6, the angle of the thick dotted arrow is hα . 

When hh απγα −<≤ 3 , the trajectory of vector Pν  
arrow P is hexagonal. Taking the vector with A10 and 
A14 as the as the great vector, there are 6 ones in the 
vector diagram. When ha<≤ γ0  and 

33 πγαπ <≤− h , vector Pν  is located in the  
great vector.  
 
 

 
 

Fig. 6. Space Vector diagram of the first sector of a five-
level inverter showing over-modulation mode II 

( )19535.0 <≤ im . 
 
 

Under normal circumstances, hα  is the nonlinear 
function of modulation degree, which is obtained by 
the look-up table. In this paper, hα  is obtained when 

the reference vector angular velocity and average 
angular velocity are equal. When the motor fV  
control is kept constant, the angular velocity is 
proportional to the modulation im . Therefore, for the 
given im , the time passing the angle δ  is equal to 

imkδ , where k  is a constant.  
1) The time covering the linear region is 

( ) 9535.023 hak −π ; 
2) The time that vector Pν  is positioned in the 

great vector is ( ) 0.12 hak ; 
3) The time covering the whole sector is 

( ) imk 3π . The time balance form is shown as 
follows: 
 

9535.0
23

0.1
23 hh

im
απαπ −

+=  (14) 

 
Formula (14) can be simplified as: 
 

ih m/53.2129.11 −=α  (15) 
 

In the Formula (15), there are only two algebraic 
operations for the modulation mi, i.e. a division 
operation and a subtraction operation. Therefore, the 
modulationⅡ mode can be easily achieved. 

When hh απγα −<≤ 3 , the hexagon trajectory 
in the action time calculation and modeⅠare the 
same. When ha<≤ γ0  and 33 πγαπ <≤− h , 
vector vP is positioned in the great vector. When 

0.1=im , the hexagon trajectory vanishes and vector 

Pν  only remains in the location of six great vectors, 
similar to the six-step wave modulation, in the two 
level structure. At this moment, the multilevel 
inverter loses its original properties. 

Calculate the action time, and then determine the 
switching sequence according to the sector number Si 
and triangle ∆j, finally the driving signals [13-14] of 
five-level inverter switching devices are obtained. 
 
 
5. Experiments 

 
In order to verify the effectiveness of the 

algorithm in this paper, as shown in Fig. 1, five-level 
HNPC inverter prototype is constructed and the 
controller with DSP+FPGA structure is adopted. 
DSP uses TI's TMS28335 to complete the main 
program and SVPWM operations. FPGA uses 
Actel’s A3P250 and is responsible for the driving 
signals of the switch devices with the sampling 
frequency kHzf s 2= . Prototype parameters: the DC 
side capacitor FC µ4700= , DC voltage 

VVdc 200= , three-phase inductive load mHL 3= , 
Ω=10R . Fig. 7, Fig. 8 and Fig. 9 represent the line 

voltage uab and phase current waveform ia when the 
modulation degree is 0.85, 0.93, 0.98, respectively 
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corresponding to the linear mode, over modulation 
mode I and over modulation mode II. Experimental 
waveforms have good quality, which verifies the 
correctness of this algorithm. 
 
 

 
 

Fig. 7. Line voltage and phase current waveform, 
85.0=im . 

 
 

 
 

Fig. 8. Line voltage and phase current waveform, 
93.0=im . 

 
 

 
 

Fig. 9. Line voltage and phase current waveform, 
98.0=im . 

 
 
6. Conclusions 
 

This paper presents a simple multi-level SVPWM 
modulation algorithm. The position of the vector in 
this algorithm is represented by the triangular sign, 
and the switching sequence is obtained by the 
triangle sign, and the time computation is based on 
the two-level SVPWM. This algorithm is applicable 
to the linear modulation region and over modulation 

region. The action time in the over modulation region 
does not change the angle of vector and there is no 
need to solve the complex equation and adopt the 
lookup table, which could reduce the complexity of 
implementation. It can be applied to the higher-level 
inverter without too many changes. Finally, the five-
level HNPC inverter prototype is constructed to 
verify its effectiveness, coupled with the 
experimental waveforms. 
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Abstract: Introduction of a new type of intelligent Outlast textile fabric applied in top grade casual coat and 
children’s coat. We discuss designing, developing, weaving, dyeing and finishing, and production. Also, to 
perform test on this kind of intelligent fabric temperature adjustment function, we can adopt test method like 
“warm model test”, and “human being group test in laboratory. Copyright © 2013 IFSA. 
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1. Introduction 

 
Intelligent garment materials are the main focus 

of the global textile industry. What contribute to the 
smartness of these materials are the special 
substances added to the garment materials. These 
special substances can be specially-structured alloy 
or polymer, phase change material, liquid crystal 
material, electronic device, etc. Some of the smart 
garments made of these materials can help wearer 
overcome unfriendly environmental conditions and 
provide better protection, thus mostly being applied 
under special conditions. But some of smart garments 
are promoted in the mass consumer market due to 
their more practical functions, better performances 
and more convenience. Integrating the sensory 
device, the driver and the control system, this kind of 
smart garment material exerts distinct features of 
creature. Temperature adaptable material is a kind of 
intelligent garment materials which can automatically 
sense external temperature and further adjust 
temperature smartly. It can absorb, store, redistribute 
and release heat. Energy conservation technology is 
getting more and more important in the circumstance 
today of energy shortage. Outlast air-conditioning 
fiber is a kind of temperature adaptable material, 

because of the function of heat preservation and 
temperature adjusting. Outlast air-conditioning fiber 
can be produced by two kinds of methods, namely 
particles embedded method and fabric coating 
method. It has the function of automatic absorbing, 
storing, and emitting heat in the form of latent heat, 
when the temperature changes, this material can 
absorb or release heat through the mutual 
transformation between the solid and liquid. The 
phase change material will absorb and store heat in 
the process of ambient temperature rise, and such 
material will let out the stored heat when the 
temperature decreases. The main point of Outlast 
fiber technology is phase change material wrapped in 
microcapsule, performing heat absorption, storage 
and release in the form of latent heat. Mutual 
transformation can be done between solid and liquid 
phases during the process of temperature variation, 
and will result in heat absorption or release, with 
some fixed temperature range of phase change. 
Hydrocarbon wax is the phase change material in 
microcapsule of Outlast fiber, which can make 
reaction on the skin at the same time, as a buffer in 
response to the outside temperature variation [1, 2]. 
Clothes which is made of such material is quite 
comfortable, because when the external temperature 
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is too low, the material can automatically elevate the 
temperature of the clothes; while when the external 
temperature is too high, it can automatically decrease 
the temperature of the clothes. Clothes of such 
material are always in a comfortable and  
fitting temperature [3]. 
 
 
2. Development of Outlast Fiber 
 

Developed by NASA in 1988, Outlast fiber was 
mainly applied for space suit and cover cloth for 
space instruments. Outlast technology, with 
microcapsule PCM--Phase Change Material as its 
core, was a patent developed by NASA at late 70th or 
early 80th. Application was spread to daily wear, for 
business purpose in 1994 and for outdoors costume in 
1997, before its wide use today in clothing and 
bedding. Others countries involved are Ciba 
Switzerland for phase change microcapsule 
production, De Pont USA for Outlast textile product, 
Fountain Set Europe for Outlast cotton knits, 
Plouequet Europe for European fabric Dyeing and 
finishing technology and Tiong Liong Japan for 
Asian fabric finishing technology. American Outlast 
Company have developed temperature-adaptable 
acrylic fiber textures like underclothes, jackets, 
socks, boots, running shoes, gloves, blankets, and 
mattresses and the sales volume of the textures have 
increased every year. Xiongya Textile Group in 
China cooperated with an American company in 
2003 produced phase change garments firstly whose 
temperature is adaptable to outside environmental 
temperature. Intelligent phase change textiles are also 
applied to trade of medical health. They can be used 
to make bandage and therapeutic pads (Cao Lihui  
et al., 2010). Outlast fiber, known a functional new 
type intelligent fiber, is actually temperature 
regulation fiber developed by Outlast Company  
in US. Its function is realized by embedding phase 
change materials (PCMs) to acrylic fiber or viscose 
acetal fiber, in the form of microcapsule. Outlast 
technology continuously interact with the unique 
microclimate of the human body and the environment 
to moderate temperature from being too hot or too 
cold to being just right. It is reported that Outlast 
fiber has a bright future. 

This Outlast fiber can be supplied as new fabric 
for top grade casual coat and children’s coat. In this 
kind of market, new material is currently 
undeveloped. Research on this field will possibly 
result in a fashion among the consumers, especially 
when market segmentation is more popular these 
days. Additional function brings additional sales. 

Outlast fiber in this paper adopted is produced by 
particles embedded method, which can ensure the 
stability and lasting of performance. The 
morphological structure of outlast air-conditioning 
fiber is shown in Fig. 1. Fig. 1 (a) is longitudinal 
section of outlast air-conditioning fiber (amplification 
1500 times) and Fig. 1 (b) is cross selection of outlast 
air-conditioning fiber (amplification 2700 times). 

Outlast air-conditioning fiber’s basic properties 
directly relate to its weaving, practice bleaching and 
next processes. So only understanding the basic 
properties of outlast air-conditioning fiber, can we 
design and develop costume fabric with  
special function [4]. 
 
 

   
 

(a) 
 

(b) 
 

Fig. 1. The morphological structure of outlast  
air-conditioning fiber: (a) - Longitudinal section of outlast 

air-conditioning fiber (amplification 1500 times); 
(b) - Cross selection of outlast air-conditioning  

fiber (amplification 2700 times). 
 
 

Wearing a casual coat, and participating in 
outdoor games and activities, people are feeling hot 
during at one time, while feeling cold at another. 
However they do not change clothes as often as they 
want. Another case is, children in schools do not have 
the habit of changing clothes, and neither do the 
teachers remind them to. People find they need some 
kind of advanced clothes with high-tech to meet their 
needs, both for themselves and for their children. 
They are the casual coat and children coat we 
researched on. We propose use Outlast fiber as 
material in this development. The unique 
performance of Outlast fiber can help us to realize the 
idea of advanced coat for people and their children. 
Now these products have already been sold in China 
and overseas market. 
 
 
3. Outlast Fabric Example 
 
3.1. Weaving Technique 
 
Machine parameters 
Machine: Double side Terrot Jacquard machine, 
Model: UP472, 
Diameter: 34 " 
Number: 24 G, 
Channel: 84 F 
 
Material 
T/C40S (65/35), JC40S, 60 nm (outlast), 100D polyester. 
 
Weaving technique 
a) Winding length (50 winding length): double-
knitted 14.9 cm, single knitted 12 cm; 
b) Material: 46 % polyester, 20 % outlast, 34 % cotton; 
c) Weave, cam, yarn intake setting (see Table 1). 
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Table 1. Weave, cam, yarn intake setting.  
 

Weave 
Setting 

 Serial 
number 
1  

 Serial 
number 
2 

 Serial 
number 
3 

Serial 
number 
4  

Serial 
number 
5  

Serial 
number 
6  

∨ none none ∨ none ∪ 
Up stitch 

∨ none ∪ ∨ none none 
none ∧ ∩ none ∧ none 

Cam setting 
Down 
stitch none ∧ none none ∧ ∩ 

Yarn intake T/C40S 60 nm 
(outlast) 

100D 
polyester T/C40S JC40S 100D 

polyester 
 
Note: ∨, ∧ denote the circle triangle, and ∪, ∩ denote not quite needle triangle. 
 
 
3.2. Dyeing & Finishing Technique 
 
Process 
Cloth preparing→ pretreatment→ dyeing→ 
dehydration→ slitting→ drying→ medium 
inspection→ color assessment→ finalizing→ part 
inspection→ enter warehouse 
 
Pretreatment 
HK-1031 Scouring agent: 1.5 g/L, 0.26 kg 
NaOH: 2 g/L, 0.35 kg (50 °C) 
H2O2:6 g/L,1.05kg (80 °C) 
98 °C ×45' fast cooling, 70 °C drain 
HAC (acetic acid): 0.75 g/L, 0.13 kg 
60 °C ×7' drain/inlet 3' PH value: 5.5 
Liquor ratio: 1:10 
 

Dyeing technique 
Acrylic dyeing technique is shown in Fig. 2. 
 
liquor ratio: 1:10 
 
 

 
Fig.2. Acrylic dyeing technique 

 
Cotton dyeing technique is shown in Fig. 3. 
 
 
liquor ratio: 1:10 

 
Fig. 3. Cotton dyeing technique 

 
After treatment 
HAC: 1 g/L, 0.18 kg (7' drain) 
HK-2051 soaping: 1 g/L, 0.18 kg 
95 oC ×10' fast cooling 70 oC drain 
Boil 80 oC×10' hot water oC ×7' drain 
 
Color stabilizing, softener adding 
AB: 2 g/L, 0.35 kg 
HAC: 0.05 g/ tenacity additive L, 9 g  
CS cotton softener: 8 g/L, 1.4 kg oC ×10' taken out 
 
Product specification 
Weight: 195 g/m2 
width: 205 cm 
Fastness to washing: Min grade 4  
Fastness to lith: Grade 4  
Fastness to perspiration: Color fade grade 4  

Color change grade 4  
Fastness to rubbing: Dry rubbing grade 4  

Wet rubbing grade 4  
Fastness to dry-cleaning: Color fade grade 4  

Color change grade 4 
Pilling resistance: Grade 3  
Bursting strength: 1.061 MPa 
 
 
4. Discuss on Open Issues 
 
4.1. Yarn Selection 
 

During production, Outlast fabric is easier to 
produce defect point in the form of pure yarn than 
blended yarn, but produces less defect points than 
cotton. Outlast fiber’s main technology lay in 
implanting microcapsule inside the fiber. By the solid 
liquid phase mutually transforming, the thermal 
phase change materials hydrocarbon wax wrapped in 
microcapsule could absorb and then release heat to 
regulate the body temperature [5]. The structures of 
materials are shown in Figs. 4 – Fig. 7. Through the 
observation of pure yarn of Outlast fiber’s transverse 
morphology [6], we could see the Outlast fiber had 
porous structure. Comparing the two kinds of fibers’ 
longitudinal morphology photos, it can be seen the 
Outlast fiber’s longitudinal section was relative 
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coarse, because of the microcapsule implanted in 
spinning solution. So it can not only meet the need of 
temperature adjustment (when Outlast ≥20 %), but 
also reduce yarn channels used and reduce the cost. 

 
 

 
 

Fig. 4. Pure yarn of Outlast fiber transverse section  
(2000 times). 

 
 

 
 

Fig. 5. Pure yarn of Outlast fiber transverse section  
(4000 times). 

 
 

 
 

Fig. 6. Pure yarn of Outlast fiber longitudinal section  
(1000 times). 

 
 

4.2. Cloth Surface Design 
 

Considering the cloth surface appearance and 
style, it’s better to adopt plain loop and interlock 

compound stitch. Adopt interweaved with Outlast 
and cotton yarn for cloth inner side (considering 
wearing), in order to be comfortable and temperature 
adjusting. Then adopt polyester/cotton yarn for cloth 
outer side, to make the fabric in good shape and easy 
to wash, and also to raise the cloth bursting strength 
from 0.3 MPa of ordinary cloth to 1.06 MPa, in order 
to increase resistance to wearing out. 

 
 

 
 

Fig. 7. Ordinary viscose fiber longitudinal section  
(1000 times). 

 
 
4.3. Dyeing and Finishing 

 
Since this fabric use Outlast acrylic fiber, we’d 

better introduce cationic dyeing technique, raising 
Temperature Method, also avoid sodium chlorite 
bleaching. When Outlast is under 85 oC, it has 
exhaustion, so the temperature raised from 60 oC to 
80 oC should be a fast process (see Acrylic dyeing 
technique broken line). When doing after treatment, 
we should add tenacity additive to avoid stitch holes. 

 
 
4.4. Fabric Performance 

 
This product uses Outlast fiber as the material for 

new intelligent fabric, which embed phase change 
materials (PCMs) to fiber being microcapsules. The 
function of temperature adjustment will not 
deteriorate after many times washing. Also the fabric 
does not shrink or elongate after washing. It seems a 
good material for casual coat and children coat. 
 
 
4.5. Wearing Characteristic Test 
 

There are seven kinds of Outlast fibers knitted 
fabrics for the wearability test. There are air 
permeability test, thermal insulation test, moisture 
permeability test, bursting strength test, wrinkle 
elasticity test, draping test, pilling property test [7]. 
Finally fuzzy comprehensive evaluation method is 
used to analyze the wearing characteristic of Outlast 
fiber [8]. A kind of stitch with the optimum wearing 
characteristic can be reached. 
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It can be seen from the wearing performance test 
results of Outlast fiber knitted fabric, the main 
factors affecting the fabric wearing performance is 
draping, thermal insulation, fold elasticity, 
permeability, drapability and flexible. So determine 
the weight factors A and comprehensive evaluation 
matrix B. 

A= (Wrinkles 0.2, Permeability 0.2, Warmth 
retention property 0.1, Permeability 0.1, Drape 0.2, 
Flexible 0.2) R= (Crease-recovery angle, Crease-
recovery, Permeating degree, Heat-insulating, 
Permeability, Drape coefficient, Stiffness) 

 
R=

1 0.9771 0 0.4444 0.3862 0.4092 0.6155
0 0.4458 1 0.3966 0.7373 0.2661 0.539
0.75 0.7195 0.7056 0.573 0.25 0.6391 0.3646
0 0.1028 0.3999 0.6447 1 0.5487 0.7447
1 0.75 0 0.4167 0.25 0.8333 0.5833
0.9122 0.8316 0 0.2957 0.7971 0.6442 0.7354

⎡
⎢

⎣

⎤
⎥

⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥

⎦

 

 
B=A*RT=(b1, b2,…, bm) 
 
B*=A*R*T==(0.6574    0.6831    0.3106    0.4325    
0.5591    0.5493    0.6056) 
 

The results from above show that the B *, 1 + 1 
rib performance of Outlast fiber knitting fabric is the 
best, the performance of full needle rib knitting 
fabric is the worst. 

 
 

4.6. Test Method for Temperature 
Adjustment 

 
1) Warm model test 
Make sock, gloves, and coat with this new 

intelligent fabric and put them on to the model. Test 
the temperature of the key sensitive parts on the 
model, like front breast, front belly, back waist, body 
back, and the joints. The model is shown in Fig. 8. 
Mount thermal sensors on such mentioned parts to 
monitor temperature changing. To evaluate the 
function of temperature adjustment, we can put the 
model in high and low temperature room to simulate 
the environment temperature changing, and trigger 
the phase change materials. We can not only do test 
on temperature difference before adjustment and 
after adjustment, but also do test on temperature 
difference of new material and ordinary material put 
on the model.  

2) Human being group test in laboratory 
The human being group test is shown in Fig. 7. 

Volunteers for the test put on the clothes made of 
new intelligent material, and we put thermal sensors 
on the clothes with the parts related to sensitive in the 
human body, like left/right breast, left/right arm, 
left/right thigh, and left/right leg. We can simulate 
the temperature, moisture, and air flow as the test 
setting. After they walk into the climate simulation 

room, we can collect data of temperature change 
under environment change from every parts with 
sensor, and transmit the data to a computer  
for processing.  

 
 

     
 

Fig. 6. The warm model test. 
 
 

 
 

Fig. 8. The human being group test. 
 
 
5. Conclusions 
 

Outlast fabric can not only be pure yarn, but also 
be interweaved with cotton, polyester, fine wool, and 
other man made fiber, chemical fibers. Although it’s 
now widely used in underwear, warn clothes, home 
textile, and socks, for casual coat and children coat, 
it’s totally new application. Actively develop new 
product with new fiber and occupy the market ahead 
of others, may be a way of exceeding other 
competitors, not only in current economic crisis 
situation but also any time in the future. 
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Abstract: An increasing number of industrial robotic devices are appended to the computerized numerical 
control machine tools for higher efficiency and lower labor cost. At this point the most crucial technology is to 
create communications between the robot and the numerical control controller. The presentation would 
contribute to retrofitting numerical control machine tools into highly flexible and intelligent manufacturing 
systems. Firstly, the miscellaneous function handling mechanism was investigated in the case of Mitsubishi E60 
numerical control system. Secondly, the control system of an experimental pneumatic manipulator was designed 
using the programmable logic controller built-in the numerical control system. Finally, an experiment was 
conducted to verify that the pneumatic manipulator and the numerical control machine could work 
cooperatively. Obviously, the presented method can be used to develop various process equipments to enhance 
the intelligence and flexibility of numerical control machine tools. Copyright © 2013 IFSA. 
 
Keywords: Numerical control system, Miscellaneous function, Pneumatic manipulator, Programmable logic 
controller, Intelligent manufacturing system. 
 
 
 
1. Introduction 

 
For higher efficiency, lower labor cost and more 

flexibility, a growing number of industrial robotic 
devices are employed in modern manufacturing 
system, e.g. automatic tool changers, automatic pallet 
changer, flexible fixtures, industrial robots and so  
on [1, 2]. Consequently, more and more intelligent 
robots have been integrated with computerized 
numerical control (CNC) machine tools to execute 
loading, unloading, handling, clamping, measuring, 
monitoring, and assembling and so on [3, 4]. This not 
only just expands automation capabilities of the 
machine tool but also introduces intelligence into the 
machine tool. To achieve these, the real-time data 
communication between the robot control system and 

the CNC system must be created. Therefore, some 
new integrated CNC controllers or open architecture 
motion controllers have been developed for 
intelligent CNC solutions, enabling highly flexible 
work cells and innovative manufacturing processes. 
For example, Weike Song and coworkers [5] 
presented a multi-robot open architecture of an 
intelligent computer numerical control system based 
on parameter-driven technology. And the proposed 
CNC system has been successfully implemented on 
an H-beam steel-cutting task that requires flexible 
and accurate machining. Luis Morales-Velazquez  
et al. [6] put forward an open-architecture platform 
based on multi-agent hardware–software units, by 
developing a novel multi-agent distributed controller 
system. The hardware units of the proposed system 

Article number P_1561 

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 212-217 

 213

integrate control and monitoring functions providing 
an FPGA-based open architecture for reconfigurable 
applications. Moreover, several international 
consortiums like OSACA in E.U., OMAC in U.S., 
and JOP, have been dedicated to overcoming the 
vendor-specific communication issues through 
standardization of open architecture controllers [6].  

However, incompatibility between hardware and 
software architecture from different vendors, as well 
as high integration costs, hinder the application of 
such new technology in the conventional CNC 
systems. Meanwhile, for most manufacturers, it is an 
affordable and more convenient way to consider how 
to add robotic devices to existing CNC machine 
tools. At this point, the communication between the 
programmable logic controller (PLC) and the CNC 
controller would have a pivotal role. The objective of 
this presentation is to discuss the key technologies of 
a pneumatic manipulator controlled by built-in PLC 
of Mitsubishi CNC system. The remainder of the 
paper is organized as follows.  

Section 2 introduces the CNC-PLC 
communication mode and the handling principle of 
the miscellaneous function (M code) in CNC system. 
Section 3 illustrates the design method of a 
pneumatic manipulator controlled by the built-in PLC 
in CNC controller. Section 4 presents a synergic 
control experiment to verify the pneumatic 
manipulator and the CNC machine could work 
cooperatively. Some conclusions and discussion of 
future work are given in Section 5. 

 
 

2. CNC-PLC Communication Mode 
 
2.1. Flow of Control Signals 
 

As it is known, the CNC system is the heart of a 
CNC machine tool. On receiving standard NC 
programs, i.e. G&M codes, the CNC system firstly 
interprets and encodes NC codes into internal 
machine codes. The interpolator of the CNC system 
then calculates the intermediate positions of the 
motion in terms of the minimum resolution that can 
be handled by the controller. After data processing, 
the preparatory codes (G code) are converted into 
pulses to control the driving system to perform the 
required motions. Other functions such as the 
machine spindle ON/OFF, coolant ON/OFF, tool 
clamp ON/OFF are translated as Boolean logic signal 
for PLC unit. In general, the miscellaneous function 
is specified by an M code.  

Evidently, PLC plays an important role in CNC 
system as an inter-mediator between CNC unit and 
machine tool. It reads in discrete information from 
both CNC unit and machine tool, and after doing 
some corresponding logical calculations, completes 
the control functions of Input/output (I/O). In 
Mitsubishi E60 CNC system, the signal transmission 
between the built-in PLC unit and machine tool, CNC 
unit is illustrated in Fig. 1. In this figure, the devices 
X and Y stand for PLC I/O bit type signal. The device 

R refers to data type I/O signal. Smaller quantities of 
special relay/register signals are also needed, such as 
overheat alarm signal. 

 
 

 
 

Fig. 1. Flow of I/O signals. 
 
 

It might also be noted that the PLC does not 
directly input or output these signals from or to 
hardware or controller. As shown in Fig. 2, it inputs or 
outputs the signals from or to I/O image memory. For 
the reading and writing with the hardware or 
controller, the controller will perform the I/O 
according to the level of the main process or high-
speed process. Only the signals from or to machine 
can be performed with high speed. The high-speed 
processing program starts periodically with a time 
interval of 7.1 ms. But the main processing program 
runs constantly and its scan time depends on program 
size. The pointers P251 and P252 are separately 
reserved for starting PLC high-speed processing 
program and starting PLC main (ladder)  
processing program. 

As shown in Fig. 2, when high-speed input 
designation signal is used in main processing, the 
input signal may change within one scan because 
high-speed processing whose level is higher than 
main processing interrupts. The hatched area is high-
speed input designation part. Whenever the high-
speed processing program runs, data is reset in the 
hatched area. Thus, the signal in the hatched area may 
change in main processing (A) and (B) because the 
high-speed process interrupts between (A) and (B) 
and re-reads the input signal in the hatched area. 
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Fig. 2. Handling of input signals. 
 
 

2.2. Miscellaneous Function Handling 
Procedure 

 
For any given type of CNC controllers, e.g. 

Siemens, FANCU and Mitsubishi, the procedure to 
perform a miscellaneous function completely involves 
three key steps: decoding, M function implementation 
and finish confirmation. In this sequence process, the 
following points must be observed [7]: 

a) When the M function is commanded, the M 
function strobe (MFn) and M code data is output. 

b) MFn is always the trigger in the sequence 
process to start the M function process. 

c) When the designated M function process is 
completed, the "M function finish" signal is returned 
to the controller. 

d) The controller waits for the rising of the M 
function finish signal and then turns MFn OFF. 

e) MFn OFF is confirmed in the sequence process 
and then the "M function finish" signal is turned OFF. 

This completes the series of M function processes. 
As shown in Fig. 3, in M decode circuit,  
the MFn (X230=1) and M code data (R20) are output 
and the auxiliary relay M1 is set to ON. When M 
function is specified, the value following address "M" 
can be identified. The M code data output from the 
controller is a maximum eight digit binary-coded 
decimal  (BCD) code. Then the designated M function 
is processing. After the M function finished, the 
auxiliary relay M2 is set as ON and PLC outputs the 
signal Y226=1 to CNC controller. 

There is another M function strobe, i.e. X231, 
which only can be specified in automatic operation 

machining program other than manual numerical 
command input. It should be noted that there are also 
two "M function finish" signals, namely, "M function 
finish 1" (Y226) and "M function finish 2" (Y227). 
Their only difference is if the next block is proceeded 
to at the falling edge or at the rising edge. These can 
be used separately per operation in one PLC. When 
too many signals FIN1 must be used, this signal FIN2 
can be used instead of signal FIN1 to save time. 

 
 

 
 

Fig. 3. Processing of M function. 
 
 
In short, if the MFn conditions are inserted at the 

M function start and completed signals, the CNC-PLC 
communication would be completed smoothly. For 
the built-in PLC, four sets of M functions can be 
specified at the same time. An example of the timing 
chart for the M function strobe signals (MF1, MF2 
and MF3) is shown in Fig. 4. 

 
 

3. Pneumatic Manipulator Controlled by 
Built-in PLC in CNC System 
 

3.1. Pneumatic Manipulator Configuration 
 
When figuring out the development principle of 

miscellaneous functions, it is not quite difficulty to 
append a loading and unloading manipulator to act 
together with the CNC machine tool. To facilitate the 
interpretation of elementary methods, this paper only 
displays a relatively simple pneumatic manipulator 
whose actuators mainly consists of a rotary actuator, a 
guided air cylinder and an air gripper, as shown  
in Fig. 5.  

 
 

 
 

Fig. 4. Timing chart for the M function strobe signal. 
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Fig. 5. Pneumatic manipulator configuration. 
 
 
The actions sequence of the pneumatic 

manipulator is defined as follows. 
Step 1: When the NC program reaches the new 

added M code (M80), the pneumatic manipulator 
would be activated. 

Step 2: The rotary actuator rotates 90 degree. 
Step 3: The guided air cylinder extends length up 

to 50mm. 
Step 4: The air gripper shrinks and grasps the part. 
Step 5: The guided air cylinder returns. 
Step 6: The rotary actuator rotates back 90 degree. 
Step 7: The air grippe loosens to put down  

the part. 
Step 8: All actions are completed and the rest of 

the NC program continues. 
The listed complex operations can be easily 

simulated using event-based motion analysis with 
SolidWorks simulation to validate the sequencing of 
the design to ensure correct operation. Especially, the 
timeout value between adjacent actions can be 
planned properly. 

 
 

3.2. PLC Control Program 
 
According the foregoing action steps, the PLC I/O 

signals firstly are defined and allocated to I/O 
addresses (Table 1). Then according to the 
aforementioned process of miscellaneous function 
handling, the PLC program was written in Mitsubishi 
GX Developer software as illustrated in Fig. 6. Here, 
the code M80 is defined to trigger the pneumatic 
manipulator. It was evident that the PLC program 
included three parts: decode M command, handle M 
code actions and inform the CNC system that the M 
code was accomplished. Afterwards the PLC program 
can be directly transmitted to the CNC controller via 
RS232 communication port.  

 
 

3.3. Pneumatic System 
 
On the other hand, the pneumatic executing 

system can be built by the air compressor, solenoid 
directional control valves, magnetic induction 

sensors, relays and so forth. Certainly, they are 
essential to achieve automatic control of the designed 
pneumatic manipulator. The pneumatic circuit was 
drawn as presented in the Fig. 7. 

 
 

Table 1. PLC I/O signals. 
 

Input signal Output signal 
Signal name Address Signal name Address 

#1 magnetic 
ring signal of 
guided air 
cylinder 

X2B 
#1 relay to 
make rotary 
actuator rotate  

Y1E 

#1 magnetic 
ring signal of 
air gripper 

X3A 
#2 relay to 
make guided air 
cylinder extend 

Y1F 

#2 magnetic 
ring signal of 
guided air 
cylinder 

X3B 
#3 relay to 
make air gripper 
shrink 

Y20 

#2 magnetic 
ring signal of 
air gripper 

X3D 
#4 relay to 
make guided air 
cylinder return 

Y21 

  #5 relay to 
make rotary 
actuator rotate 
back 

Y29 

  #6 relay to 
make air gripper 
loosen 

Y1A 

 
 

 

 

 

 
Fig. 6. Ladder figure of PLC control system. 

 
 
All selected air cylinders have their own magnetic 

piston rings for position sensing. As illustrated in 
Fig. 8, magnetic cylinder sensors are attached directly 
to the cylinder body and detect a ring magnet in the 
piston through the housing wall made of non-
magnetizable material, e.g. aluminum. Generally, the 
magnetic induction of pneumatic cylinders is between 
5 and 25 mTesla. A response sensitivity of 3 mTesla 
is enough to ensure signal triggering. Apparently, the 
switch logic of magnetic cylinder sensors should be 
the normal opened type. 
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Fig. 7. Pneumatic circuit. 
 
 

 
 

Fig. 8. Magnetic cylinder sensor operating principle. 
 
 
And the flow direction was controlled by the two 

position two way electromagnetic valve. An oil free 
compressor was used as the air supplier with the 
advantages of no messy oil spills, cleaner output air 
and no maintenance except for intake air filter. 

The used CNC system is the Mitsubishi E60 CNC 
system of our laboratory (Fig. 9). Originally this CNC 
system was designed to be fully open and extensible. 
Therefore, there are some PLC communication ports 
reserved for adding new functions. Naturally, this 
offered us the convenience technical platform. When 
all components are connected correctly, the 
experimental machine tool and robot collaborative 
platform is built. 

 
 

 
 

Fig. 9. Mitsubishi E60 CNC system. 

4. Synergic Control Experiment 
 
4.1. Experimental Approaches 

 
Using the built experimental setup, the synergic 

control experiment can be performed. Firstly, a NC 
program was written as follows. 

O0022 
N10 M03 S2000; 
N20 M80;  
N30 G01 X200. Z200. F100.; 
…… 
N 80 M30; 

Then run the program above in automatic 
operations model. It would be observed that when the 
NC program reaches M80, the manipulator would be 
triggered immediately. As soon as all actions are 
finished, the next line code would execute. Fig. 10 
shows the experimental status. The result of 
experiment embodied that the pneumatic manipulator 
and the CNC machine could work cooperatively. 

As has been argued, the defined M80 can also be 
specified by manual numerical command input 
because that the function strobe X230 other than 
X231 is used in the PLC program. 

 
 

 
 

Fig. 10. Experimental set up. 
 
 

4.2. Discussions 
 
Obviously, the whole experiment was successful. 

However, there are a few additional facts to add. 
Firstly, if the pneumatic manipulator may cause 
faults in the course of the M function handling, e.g. 
leakages in the pneumatic circuit, the NC program 
can pause in automatic operations model. After 
troubleshooting, the NC program can continue to run 
when the auto operation "start" command is lunched. 
To achieve this, the fault signal should be input into 
PLC and transferred into the CNC controller using 
the auto operation "pause" command (Y219).This 
would make the pneumatic manipulator more 
intelligent, on the other hand, it is also essential for 
the industrialized application. 

Secondly, the PLC ladder program not only can 
be an M code in the NC program, but also can call a 
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NC macro program. This can be done by sharing the 
data set in the file registers (e.g. R74 and R76). The 
data set in file registers with the PLC can be referred 
to on the macro side with the macro system variables. 
Meanwhile the system parameter #1195 is set to 1, 
the M code can just call the macro program. Thereby 
the more complicated interactions between the 
machine tool and the robot can be accomplished. 

Finally, because the presented paper mainly 
focused on the interaction between the PLC unit and 
CNC controller, the analysis and calculation in statics, 
kinematics, and dynamics were not discussed in 
detail. Factually, this work has been done using the 
simulation and motion analysis functions of the 
Solidworks software. The work in this aspect is 
undoubtedly important for the industry manipulators, 
especially for heavy duty, high-speed manipulators. 

 
 

5. Conclusions  
 
Undoubtedly, the intelligent manufacturing times 

has arrived. For most plants, to retrofit the existing 
CNC machine tool is the first step toward the smart 
factory of the future. The robots, machine tools, 
transducers and virtual worlds in computer are 
connected into a cyber-physical system, providing 
significant real-time quality, flexibility, self-
adaptability and cost advantages in comparison with 
classic production systems. Maybe the presented 
manipulator looks simple enough. However, the core 
technology how to coordinate the robot and machine 
tool is fully shown. Obviously, we can use this 

method to develop various process equipments to 
enhance the intelligence, automation and flexibility 
of the CNC machine tools. 
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Abstract: Blind source separation problem has recently received a great deal of attention in signal processing 
and unsupervised neural learning. In the current approaches, the additive noise is negligible so that it can be 
omitted from the consideration. To be applicable in realistic scenarios, blind source separation approaches 
should deal evenly with the presence of noise. In this contribution, a novel noisy multiple channels blind signal 
separation algorithm was presented by wiener filtering and independent component analysis (ICA) when the 
measured signals were contaminated by additive noise. An improved wiener filtering algorithm was proposed to 
reduce the noise and then the FASTICA algorithm was used to separate the denoised speech. The results show 
that this method may reduce the affect of noise and improve the signal-noise ratio (SNR) of separation speech, 
accordingly renew the original speech. Copyright © 2013 IFSA. 
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1. Introduction 

 
Blind source separation is a technique that 

extracts the original signals from their mixtures 
observed by sensors. The work has been one of the 
most exciting topics in the fields of neural 
computation, advanced statistics, signal processing 
and communication engineering. In order to solve the 
problem of blind signal separation, many techniques 
have been proposed [1-4]. Among them, Independent 
component analysis (ICA) is a statistical and 
computational technique for revealing hidden  
factors that underlie sets of random variables, 
measurements, or signals, and ICA methods are 
based on the assumption of mutual independence of 
the sources [5-10]. Some fast and efficient algorithms 
have been proposed such as FASTICA [11-15]. 
These methods solve the problem of blind signal 

separation effectively. However, all these algorithms 
perform poorly when noise affects the data.  
ICA has some assumption such as source signal 
without noise or noise are small enough to be 
ignored, so it can not solve the problem of the noisy 
blind source separation. Most of ICA methods were 
developed in the case of noiseless data.  
The case of noisy ones remains an active field of 
research. To overcome the limitation, a noisy 
multiple channels blind signal separation  
algorithm based on wiener filtering and ICA is 
proposed in this paper to separate the noisy  
mixed speech. An improved wiener filtering 
algorithm was used to denoise the noisy mixed 
speech signals and then the FASTICA algorithm was 
used to separate the denoised speech. Separation 
results obtained from test demonstrate the feasibility 
of our approach. 
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2. Basic Principle of ICA 
 
ICA is one method for performing blind signal 

separation that aims to recover unknown sources 
from a set of their observations, in which they are 
mixed in an unknown manner. The model of linear 
mixing non-noise ICA can be depicted by Fig. 1. 

 
 

 

┇ ┇ ┇ 

A W 
s(t) x(t) s(t) 

y(t) 

 
 

Fig. 1. The model of linear mixing non-noise ICA. 
 
 
In the basic ICA model, the observed mixture 

signals )(tx  can be expressed as 
 

)()( tt Asx = , (1) 
 

where A is the unknown mixing matrix, and )(ts  
represents the latent source signals which are 
assumed to be statistically mutually independent. 

The ICA model describes how the observed 
mixture signals )(tx  are generated by a process that 
uses the mixing matrix A to mix the latent source 
signals )(ts . Another concern is the presence of 
additive noise, which is usually assumed to follow a 
normal distribution. Denoting the additive noise 
vector )(tv , then a more realistic and general ICA 
model is the noising case: 

 
)()()( ttt vAsx +=  (2) 

 
The simple model of noisy ICA can be depicted 

by Fig. 2. In such model, the independent 
components )(ts  cannot be directly observed and the 
mixing coefficients A and the noise )(tv  are also 
assumed to be unknown. If noise is negligible, only 
the random variables )(tx are observed and both the 
components )(ts  and the coefficients A must be 
estimated using )(tx . Then, the ICA solution is 
obtained in an unsupervised learning process that find 
a de-mixing matrix W. The matrix W is used to 
transform the observed mixture signals )(tx  to yield 
the independent signals. That is: 

 
)()(ˆ tt Wxs =  (3) 

x(t) 
A + Pre-processing 

v(t) 

)(ˆ ts

 
 

Fig. 2. The noisy ICA model. 
 
 
The signals )(ˆ ts  are the estimation of the latent 

source signals )(ts . If 1−= AW , then the recovered 
signals )(ˆ ts  are exactly the original sources )(ts . The 
components of )(ˆ ts , called independent components, 
are required to be as mutually independent as 
possible. To make sure that ICA model can be 
estimated, the following assumptions and restrictions 
often to be satisfied: 

1) The number of sensors is not less than the 
number of original signals. 

2) The original signals are supposed to be 
stationary independent of each other. 

3) Only up to one source may be Gaussian. 
4) The noise can be omitted. 
In this paper, for overcoming the ICA limitation 

for 4), a noisy multiple channels speech blind signal 
separation algorithm based on wiener filtering and 
ICA is proposed. The aim of presented algorithm is 
to realize noisy mixed speech blind separation. 

 
 

3. FASTICA Algorithm 
 
There exist several algorithms performing ICA, 

from among the several ICA algorithm, the 
FASTICA [11-15] algorithm was presented in this 
study. This algorithm is based on fixed-point method, 
comparing the algorithms based on gradient descent 
method, the fixed-point algorithm has a higher speed 
convergence property since the newton method in 
block mode is applied. It is easy to apply in data 
analysis since there is no learning rate parameter that 
must be adjusted. Furthermore, the independent 
components can be extracted one by one or 
simultaneously. This means the condition of the prior 
knowledge of the original signals number will be 
more relaxed. 

In the FASTICA algorithm, the initial step is 
whitening or sphering. This whitening facilitates the 
separation of the underlying independent signals. By 
this linear transformation, the observation )(tx  are 
made uncorrelated and unit-variance. In typical of 
ICA methods, the whitening may be accomplished by 
principal component analysis (PCA) projection. 
Make  

 
)()(ˆ tt Uxx = , (4) 

 
where )(ˆ tx is the whitening signals with 

Ixx =])(ˆ)(ˆ[ TttE , U is the whitening matrix, which is 
usually computed after singular or eigen-value 
decomposition of the covariance matrix of )(tx , the 
process is given by  
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T2
1

VΛU
−

= , (5) 
 

where )](,),1([diag mλλ=Λ  is the diagonal matrix 
with the eigenvalues of the data covariance matrix 

])()([ TttE xx , and V is the matrix with the 
corresponding eigenvectors as its columns. 

Substitute Eq. (1) for Eq. (4), the  
formula becomes: 

 

)()(ˆ tt UAsx =  (6) 
 
And the matrix B=UA is orthogonal. Therefore, 

the solution is now sought in the form: 
 

)(ˆ)(ˆ tt xWs =  (7) 
 
If 1−= BW , then the recovered signals )(ˆ ts  are 

exactly the original signals )(ts .  
In order to calculate W, different cost functions 

are used in the literature, usually involving a 
nonlinearity that shapes the probability destiny 
function of the original signals. However high-order 
statistics, such as the kurtosis, are widely used as well 
[16]. The kurtosis shows how independence the 
signal is because it is the classical measure of non-
Gaussianty. Here kurtosis is used as the judge ruler. It 
can be defined as follows: 

 
224 ])[(3][)(kurt iii SESES −=  (8) 

 
Kurtosis has characters depicted as follows: 
 

)(kurt)(kurt
)(kurt)(kurt)(kurt

1
4

1

2121

xaax
xxxx

=

+=+
 (9) 

 
The kurtosis is negative for original signals whose 

amplitude has sub-Gaussian probability densities, 
positive for super-Gaussian, and zero for Gaussian 
densities. Maximizing the norm of the kurtosis leads 
to the identification of non-Gaussian original signals. 

Then the cost function defined as follows: 
 

22T4TT }])ˆ{([3])ˆ[()ˆ(kurt iii EE xwxwxw −=  (10) 
 
Since observation signals have been pre-whiten, 

Eq. (10) can be simplified as follows  
 

44TT ||||3])ˆ[()ˆ(kurt wxwxw −= ii E  (11) 
 
Seeking the gradient of (8), the following can  

be got: 
 

)(||)(||3])ˆ)((ˆ[ 23T kkkE iiii wwxwxw i −∆ α  (12) 
 
Using the fixed-point algorithm, the iteration of 

fixed-point algorithm can be expressed: 
 

)1(3])ˆ)1((ˆ[)( 3T −−−= kkEk iii ii wxwxw  (13) 
 

Thus the steps of FASTICA algorithm are  
as follows: 

1) Center the data to make its mean zero. 
2) Whiten the data to get )(ˆ tx . 
3) Make i=1. 
4) Choose an initial orthogonal matrix for W 

and make k=1. 
4) Make  
 

)1(3])ˆ)1((ˆ[)( 3T −−−= kkEk iii ii wxwxw . 
 
5) Make 

)(
)()(

k
kk

i

i
i w

ww = . 

6) If not converged, make k=k+1 and go back 
to Step 5). 

7) Make i=i+1. 
8) When i<number of original signals, go back 

to Step 4). 
In this study, the process is iterated until the 

weight |)1()(| T −kk ii ww  equal or close to 1. 
 
 

4. Wiener Filtering 
 
The wiener filtering is a popular technique that 

has been used in many signal enhancement methods. 
The basic principle of the wiener filtering is to obtain 
an estimate of the clean signal from that corrupted by 
additive noise [17]. This estimate is obtained by 
minimizing the mean square error between the 
desired signal and the estimated signal. It is necessary 
to estimate the noise power spectrum of the current 
frame in the priori SNR estimation wiener filter 
speech enhancement algorithm, the classical 
algorithm is calculating the statistical average of the 
silent period to estimate the noise power spectrum, it 
is assumed that the noise power spectrum in the 
sound before and during phonation has not changed, 
such estimation and the assumption are clearly not 
comprehensive enough [18]. In addition, the classical 
algorithm can effectively restrain the noise which 
change range is not big or stable, but in a wide range 
of noise, the effect is not very good. 

This paper calculates the silence signal 
statistically averaged to obtain the initial noise power 
spectrum, by smoothing the initial noise power 
spectrum and noisy speech power spectrum to get the 
new noise power spectrum, to overcome the shortage 
of estimating noise power spectrum depends only on 
the silent period in classical algorithm. And by 
calculating the noisy speech power spectrum and the 
noise power spectrum ratio, updating the noise power 
spectrum, to improve the limitation that the classical 
algorithm only applies to stability or change  
little noise. 

First of all, determine the speech starting frame of 
the noisy speech by endpoint detection, and make the 
average noise variance in the silent period as the 
initial value of the noise power spectrum. 
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where 
2^

)(
ORI

wN
 is the initial value of the noise power 

spectrum, 2)(wYk  is the noisy speech power 
spectrum of the kth frame, m is the starting frame of 
the speech, L is the frame length. 

Starting with the first frame, determine the frame 
for speech signal or noise signal, so as to update the 
noise power spectrum estimation, if it is the noise 
signal of the current frame, smoothing the power 
spectrum of the current frame to update the noise 
power spectrum estimation.  
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where α  is the noise smoothing factor, 2)(wYk is the 
noisy speech power spectrum of the kth frame. 

The spectrum estimation of pure speech signal 
expressed as the following formula 

 

)()()(
^^

wYGwS kkk ξ= , (16) 
 

where )(
^

wSk
 is the spectrum estimation of the kth 

frame pure speech signal, 2)(wYk
 is the noisy speech 

power spectrum of the kth frame. )( kG ξ  is the spectral 

gain function, and 
k

k
kkG

ξ
ξ
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+

=
1

),( , kξ  is the priori 

SNR, kγ  is the posteriori SNR. 
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where β  is the speech smoothing factor. 

The speech signal time domain representation can 

be expressed by inverse fourier transform for )(
^

wS k  
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 (18) 

 

The steps of the algorithm can be shown  
as follows 

1) Get the starting and ending points of the speech 
signals by endpoint detection for speech signals, and 

estimate the noise power spectrum 
2^

)(
ORI

wN  by 

statistical average of noise variance in silent period. 
2) From the beginning of the starting frame of the 

speech signal, determine whether the current frame as 
a speech signal or a noise signal. If it is the noise 
signal, smooth the power spectrum of the current 
frame and update the estimate of the noise power 

spectrum 
2^

)(
NEW

wN . 

3) Get )(
^

wSk  of the current by formula (16). 

4) Perform fourier inverse transform for )(
^

wSk , 
and take the real part as the filtered speech signal. 

5) Get the reconstructed speech signal by 
overlapping of the filtered speech signal frames. 

 
 

5. Performance Evaluations 
 
In particular, in noisy multiple channels speech 

blind signal separation experiments, two kinds of 
experiments were carried out: 

1) FASTICA algorithm was used to separate the 
noisy mixing speech directly.  

2) The proposed algorithm was used to separate 
the noisy mixing speech which using the improved 
wiener filtering algorithm to de-noise before 
separated by FASTICA algorithm. 

Select a female speech s1 and a male speech s2 
supplied by ICALAB for Signal Processing as the 
original signals shown in Fig. 3 (a1) and Fig. 3 (a2). 
The signal sampling frequency 

Zs kHf 8= , the length 

of the data M = 5000. Fig. 3 (b1) and Fig. 3  (b2) 
show the mixed signals. where matix A is given by  

 

⎥
⎦

⎤
⎢
⎣

⎡
=

5089.03298.0
0.10700.6898

A   

 
Add white Gaussian noise to mixed speech, 

Fig. 3 (c1) and Fig. 3 (c2) show the noisy mixed 
signals and the SNR of the signals depicted by 
Table 1. Make 8=α , 95.0=β , Fig. 3 (d1) and 
Fig. 3 (d2) show the signals denoised by the 
improved wiener filtering algorithm. Fig. 3 (e1) and 
Fig. 3 (e2) show the signals separated by FASTICA. 
Fig. 3 (f1) and Fig. 3 (f2) shows the signals separated 
by the proposed algorithm.   
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(a1) (a2) 

  
(b1) (b2) 

  
(c1) (c2) 

  
(d1) (d2) 

  
(e1) (e2) 

  
(f1) (f2) 

Fig. 3. Waveforms of original signals (a), mixed signals (b), noisy mixed signals (c), enhanced signals by the improved 
wiener filtering (d), separated signals by FASTICA (e), separated by the proposed algorithm (f). 
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Table 1. The SNR comparison of speech signals. 
 

Signals SNR(dB) (s1, s2) 
Mixing signals 9.9618 2.9522 
Noisy mixing signals 8.0549 1.9787 
Wierner filtering signals 8.4858 2.4926 
The separation signals  
by method (1) 7.5076 1.8246 
The separation signals  
by method (2) 9.0961 8.2436 

 
 

Fig. 4 shows the spectrograms of original signals 
(a1) and (a2), mixed signals (b1) and (b2), noisy 
mixed signals (c1) and (c2), enhanced signals by the 
improved wiener filtering (d1) and (d2), separated 
signals by FASTICA (e1) and (e2), separated by the 
proposed algorithm (f1) and (f2).As shown in the 
spectrograms, the noise reduction algorithm and 
proposed algorithm can reduce the affect of noise. 
moreover, the high frequency components degraded 
by noise are enhanced by the proposed algorithm.  

 
 

(a1) 
 

 
(a2) 

 

 
(b1) 

 

 
(b2) 

 

 
 

(c1) 
 

 
(c2) 

 

 
 

(d1) 
 

 
(d2) 

 
Fig. 4 (a-d). Spectrograms of original signals (a), mixed signals (b), noisy mixed signals (c),  

enhanced signals by the improved wiener filtering (d). 
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(e1) 

 

 
(e2) 

 

  
 

(f1) 
 

(f2) 
 

Fig. 4 (e-f). Spectrograms of separated signals by FASTICA (e), separated by the proposed algorithm (f). 
 
 
The signal-noise ratio (SNR) of mixing speech, 

noisy mixing speech, wiener filtering signals, 
separation speech by method (1) and separation 
speech by method (2) are shown by Table 1. The 
SNR is defined as: 

 
)dB()/(lg10SNR NS PP= ,  

 
where SP  is the power of signals, NP  is the power  
of noise. 

To evaluate the performance of the algorithm 
with crosstalk error, crosstalk error is defined as 
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where C=WA is the global transfer matrix, Cij is the 
element of C, iji cmax  is the maximum absolute 

value of the ith line, and ijj cmax  is the maximum 

absolute value of the ith column. The performance 
index of the algorithm can be depicted by Table 2. 
 
 

Table 2. The performance of the algorithm. 
 

Algorithm Iterative 
time (s) 

Crosstalk 
error 

FASTICA algorithm 0.3219 0.5135 
The proposed algorithm 0.4327 0.3706 

 
 
The simulation results show that the algorithm 

can be applied successfully to the blind separation of 

noisy speech signal with smaller crosstalk error and 
better performance. However, the proposed algorithm 
spends more time than FASTICA algorithm. 

 
 

6. Conclusions 
 
1) A method for performing ICA in the presence 

of additive noise is described. The method is 
proposed of combining an improved wiener filtering 
and FASTICA to separate noisy mixed speech. An 
improved wiener filtering is introduced to pre-
process the noisy mixing speech signal, and 
FASTICA algorithm is used to separate the de-noised 
speech. 

2) The proposed algorithm reduces the noise 
influences, overcomes the shortcoming of the 
traditional ICA cannot be used in the presence of 
noise model, and makes the online ICA model more 
easily applied.  

3) The simulation and experiment results prove 
the feasibility and validity of the modeling and 
control method based on improved wiener filtering 
algorithm and FASTICA, which can renew the 
original speech effectively. Furthermore, with this 
algorithm, ICA can be used to solve the problem of 
more realistic blind signal separation. 
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Abstract: Network security is one of the most important issues in the field of computer science. The network 
intrusion may bring disaster to the network users. It is therefore critical to monitor the network intrusion to 
prevent the computers from attacking. The intrusion pattern identification is the key point in the intrusion 
detection. The use of the support vector machine (SVM) can provide intelligent intrusion detection even using a 
small amount of training sample data. However, the intrusion detection efficiency is still influenced by the input 
features of the ANN. This is because the original feature space always contains a certain number of redundant 
data. To solve this problem, a new network intrusion detection method based on nonlinear dimensionality 
reduction and least square support vector machines (LS-SVM) is proposed in this work. The Isometric Mapping 
(Isomap) was employed to reduce the dimensionality of the original intrusion feature vector. Then the LS-SVM 
detection model with proper input features was applied to the intrusion pattern recognition. The efficiency of the 
proposed method was evaluated with the real intrusion data. The analysis results show that the proposed 
approach has good intrusion detection rate, and is superior to the traditional LSSVM method with a 5.8 % 
increase of the detection precision. Copyright © 2013 IFSA. 
 
Keywords: Intrusion detection, Nonlinear dimensionality reduction, Support vector machine, Isometric 
mapping. 
 
 
 
1. Introduction 

 
Intrusion detection is critical for the normal 

running of the internet. Terrible intrusion attacks may 
cripple the local network system. Hence, it is very 
urgent to recognize the intrusion in time to prevent 
broken-downs. Up to date, many advanced machine 
learning algorithms have been proposed to detect the 
network intrusion, such as evolution algorithm, 
artificial neural network (ANN), and support vector 
machine (SVM) and so on [1]. Among them, the 
SVM, which has the ability to find the decision 
function from low training set sizes, has been widely 
used as a learning algorithm in a wide variety of 
applications. The concept of the kernel trick allows 
SVM to perform regression and prediction even for 

nonlinear cases. However, SVM detection 
performance is affected by its input feature vector. In 
generally, the intrusion feature data often contains 
some redundancy, which may decrease the SVM 
performance [2]. Although the principal component 
analysis (PCA) [3] and its derivative algorithms have 
been proved to be a useful tool for feature reduction 
and extraction to improve the network attack 
detection accuracy, their main limitation lies in their 
ability is to capture the nonlinear properties of the 
original data [4-6]. The nonlinear dimensionality 
reduction (NDR) methods, including Isomap [4], 
locally linear embedding (LLE) [5] and Laplacian 
eigenmap [6], etc., are hence proposed to deal with 
the underlying nonlinear behavior of the data. Unlike 
the linear eigenvector-based feature extraction 
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algorithms, the Isomap algorithm extends the MDS 
method by introducing the conception of geodesic 
distances to preserve the geodesic of the underlying 
nonlinear manifold in a low-dimensional space [7]. 
The advantage of Isomap, compared with LLE and 
Laplacian eigenmap, is that it uses global geometric 
invariants, which are relatively less sensitive to 
measurement noise [8]. Thus, the Isomap was 
adopted to mine intrinsic geometry structure in 
feature vector of the intrusion data in this work. A 
new integration of Isomap and LS-SVM is proposed 
for the intrusion detection. The innovation of this 
new method is to achieve nonlinear feature reduction 
using Isomap and recognize intrusion patterns  
by LS-SVM. 

By implementing the intrusion detection 
experiments, the analysis results show that the 
feature reduction is very essential in the intrusion 
detection because the original feature space have 
many redundant features to influence the intrusion 
identification. Eliminate these redundancies can 
enhance the intrusion detection.  

This paper is organized as follows. In Section 2, 
the proposed integration method for network 
intrusion detection based on Isomap and LS-SVM is 
described. The application of the proposed method is 
presented for network intrusion detection in 
Section 3. The effectiveness of the proposed method 
is valued by analyzing the practice data. Conclusions 
are drawn in Section 4. 

 
 

2. The Proposed Intrusion Detection 
Approach Based on Isomap and 
LSSVM 
 
Though we can calculate characteristic 

information from the intrusion data, the original 
feature space is inevitably contaminated by 
redundancy. Isomap preserves the geodesic of the 
underlying nonlinear manifold in a low-dimensional 
space [7]. This advantage is essential to maintain the 
nonlinear properties of the input data and thus 
benefits the intrusion pattern identification. 

Isometric Mapping (Isomap). Given a nonlinear 
high-dimensional dataset 1 2[ ] p

nF f f f R= ∈ , 
where n is the total sample number and p the 
dimensionality of each sample, the objective of 
Isomap is to reconstruct a nonlinear mapping to 
project F into a reduced manifold space 

1 2[ ] q
r r r rnF f f f R= ∈  (q<<p).  

For data lying on the manifold, the Isomap aims 
to find geodesic between two data points along the 
surface of the manifold, rather than the straight-line 
Euclidean distance. There are three steps to find this 
“true distance”:  

1) determine neighbors using the Euclidean 
distance dE(i, j) between pairs of points i, j in the 
input space H,  

2) estimate the geodesic distances dG(i, j) 
between all pairs of points on the manifold by 
computing their shortest path distances and  

3) employ MDS to the matrix of graph distances 
M={dG(i, j)} to construct an embedding of H in a 
low-dimensional space.  

The theory behind the Isomap can refer to [9]. In 
this paper, the input space Fm×n (m denotes the 
feature number, n denotes the samples of data) is 
projected into a low-dimensional space Fp×n (p=3) by 
the use of Isomap.  

The Least Square Support Vector Machines 
(LS-SVM). Since the least squares support vector 
machine (LS-SVM) is an improved algorithm based 
on SVM which adopts equality constraint to replace 
the inequality constraints for standard support vector 
machine, put the SVM quadratic programming 
problem into linear equations and realize the 
simplified algorithm. Due to the high accuracy of 
LS-SVM in classification and regression problems 
and non-sensitive of the sample dimension, the 
system adopted the LS-SVM for network intrusion 
detection. LS-SVM theory of detailed derivation and 
demonstration please refer to the reference [10], here 
only give the LS-SVM regression model: 

 

( , )
1

( )
l

K x x bi
i

f x α∑ +
=

= , (1) 

 
where α is the Lagrange multiplier, b is the bias 
constants and RBF kernel adopted for kernel function  

 
2

( , ) exp[ ]22

x xiK x xi σ

−
= −  (2) 

 
The Proposed Detection Model. In this paper 

the Isomap and LS-SVM are proposed for the 
network intrusion detection. The workflow is given 
as follows:  

Step 1: Pre-treat the original network intrusion 
data to standardized data format. 

Step 2: Reduce the feature space by Isomap to 
extract distinguished features. 

Step 3: Train the LS-SVM using the extracted 
features, and determine the network intrusion 
detection result according to the LS-SVM  
model output. 

Step 4: Test the performance of the LS-SVM 
detection model, and provide the test result as the 
base for a valid network intrusion management 
decision. A flow chart of the proposed network 
intrusion detection method is illustrated in Fig. 1. 

 
 

 
Fig. 1. The network intrusion detection system  

based on Isomap and LSSVM. 
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3. Experimental Analysis 
 
In order to validate the performance of the 

proposed algorithm, the intrusion experiments were 
carried out in real intrusion data in the present work 
under four conditions, including normal, DoS, Probe 
and U2R. The recorded intrusion data describes  
41 main attribute of the test network connection, 
including duration, service type, the bytes issued 
from source to destination, the bytes from destination 
to source, etc. In the intrusion detection, 6000 normal 
samples and 6000 intrusion samples  
were investigated.  

In experiments, Isomap was adopted to reduce the 
41 dimension of the original data to 3 dimensions. 
The performance of the nonlinear dimensionality 
reduction using Isomap is shown in Fig. 2. To 
highlight the efficiency of the Isomap, the nonlinear 
dimensionality reduction was compared with LLE 
and Laplacian eigenmap, shown in Fig. 3 - Fig. 4.  

It can be seen from Fig. 2 - Fig. 4 that most of the 
information contained in the original data can be 
presented by the Isomap algorithm, and the intrusion 
data can be clustered correctly into 4 classes. 
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Fig. 2. The feature dimensionality reduction using Isomap. 
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Fig. 3. The feature dimensionality reduction using LLE. 
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Fig. 4. The feature dimensionality reduction using 
Laplacian eigenmap. 

 
However, the LLE and Laplacian eigenmap produce 
another uncertain intrusion pattern. Hence, the 
performance of the Isomap reduction is superior to 
the other two methods. 

After the Isomap processing, the input of the 
LSSVM is better than before, and the intrusion 
detection abilities could be enhanced greatly. This is 
the advantages of the proposed intrusion detection 
method against the existing SVM based approaches. 
The intrusion detection performance is shown  
in Table 1. 

 
 

Table 1. The intrusion detection performance  
of the LSSVM model. 

 
Feature reduction 

algorithm 
Intrusion detection 

error  
None 5.38 % 
LLE 1.09 % 
Laplacian eigenmap 1.13 % 
Isomap 0.92 % 

 
 
The intrusion detection performance of the 

Isomap-LSSVM was compared with no feature 
reduction, LLE reduction and Laplacian eigenmap 
reduction in Table 1. It can be seen from Table 1 that 
by the nonlinear dimensionality reduction, the 
distinct features are obtained and thus the intrusion 
detection error is dominated significantly. Moreover, 
the Isomap reduction yields the best intrusion rate, 
0.92 %. Hence, it can be seen that the proposed 
method can detect intrusion effectively. 

 
 

4. Conclusions 
 
Intelligent method has been widely used in 

intrusion detection, especially for the SVM based 
methods. However, reasonable input feature vector of 
the SVM model plays a critical role in the detection 
performance. This paper proposed a new intrusion 
detection method based on Isomap and LSSVM. The 
innovation is that the new method uses the Isomap 
based nonlinear dimension reduction to eliminate 
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useless information. The real practice data was 
applied to the validation of the proposed approach. 
The analysis results verify the effectiveness of this 
newly proposed method. 
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Abstract: In order to overcomes the drawbacks of fuzzy clustering methods which are sensitive to the initial 
values and easily trapped into local minima in intrusion detection algorithm, a hybrid algorithm is proposed 
based on quantum-behaved particle swarm optimization and semi-supervised kernel fuzzy clustering algorithm. 
This algorithm can supervise and clustering a few labeled data to generate correct model, use this model to 
guide lots of unlabeled data to clustering, and enlarge the labeled data set. Those data still cannot be labeled, 
which are clustered by the kernel fuzzy methods based on quantum-behaved particle swarm optimization, and 
determine mark types. The simulation of KDD CUP 99 data set is implemented to evaluate the proposed 
algorithm. Comparing to other algorithms, the result shows the proposed algorithm can obtain the ideal error 
detection rate and false drop rate in the intrusion detection. Copyright © 2013 IFSA. 
 
Keywords: Intrusion detection, Quantum-behaved Particle Swarm Optimization (QPSO), Semi-supervised 
clustering, Kernel function. 
 
 
 
1. Introduction 

 
Intrusion Detection (ID) refers to monitoring the 

running state of network, finding all kinds of attack 
attempts, aggressive behavior or attack result, to 
ensure the availability, integrity, and confidentiality 
of system resources. Machine learning methods being 
applied into intrusion detection system can make the 
system have a stronger adaptability, self-study habit 
and robustness, and it is currently an important 
direction of intrusion detection research.  

Machine learning is divided into supervised 
learning, unsupervised learning [2] and semi-
supervised learning [3]. A semi-supervised learning 
is divided into semi-supervised classification, semi-
supervised clustering, and semi-supervised 
regression. A semi-supervised clustering [2] is a new 
clustering method in recent years, which integrates 

the advantages of no-supervised learning [1] and 
supervised learning [3], improves the quality of the 
clustering, is one of the important research direction 
in the field of machine learning and pattern 
recognition in recent years. Because the anomaly 
detection algorithm based on supervised learning 
requires to access a lot of category information of tag 
data, and tagged data is relatively limited, a lot of 
cost need to pay for they; simultaneously anomaly 
detection algorithm based on unsupervised learning 
groups according to the similarity of data to 
overcome the shortcomings of tag samples in 
supervised learning method, but its accuracy is 
significantly lower than the supervised detection 
method. However the advantages of a semi-
supervised clustering are in the real application, it is 
possible to get a small amount of the marked sample 
data, which can use a small amount of supervised 
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sample information to guide the samples without 
label to do clustering. The detection accuracy of 
current semi-supervised detection algorithm can still 
be improved, especially for the detection of new 
attack types. 

Aiming to the above problems of anomaly 
intrusion detection based on machine learning, this 
paper proposes a semi-supervised kernel fuzzy  
C-means clustering algorithm based on quantum-
behaved particle swarm optimization [4]. Kernel 
Fuzzy C-means algorithm [5-6] (KFCM) maps the 
samples to feature space, where uses the  
FCM algorithm to do cluster analysis. To some 
extent, overcoming the sensitivity to noise data and 
outliers can correctly clustering to data distributed in 
different shapes, overcoming the dependence on the 
internal shape distribution of data can enhance the 
algorithm robustness.  

But KFCM is as same as K-means and FCM, the 
clustering performance has the shortcomings of 
depending on the selection of initial cluster center 
and easily fall into local optimum, therefore in this 
paper the quantum-behaved particle swarm 
optimization is applied to a semi-supervised kernel 
fuzzy clustering method. At first a few tagged data 
are supervised and clustered to obtain the correct 
models, and then these models are used to guide a lot 
of unlabeled data clustering, expand the tagged data 
set, finally the data which are still not tagged use the 
kernel fuzzy C-means algorithm based  
on quantum-behaved particle swarm nuclear 
optimization to clustering and determine the tag type. 
The simulation of KDDCUP 99 experimental  
data verifies the feasibility and effectiveness of 
QPSO-SKFCM algorithm.  

 
 

2. Kernel Fuzzy C-means Clustering 
Algorithm 
 
Traditional fuzzy C-means clustering algorithm 

[7-8] is a simple algorithm with fast convergence 
rate, has been widely used in practice. However, 
fuzzy C-means clustering algorithm is only suitable 
for the situation that sample distribution appears 
Gaussian or group distribution. When sample 
linearity is inseparable or sample is not Gaussian and 
none-elliptic distribution, the practical applicability 
of algorithm is poor [9]. Aiming to this problem, 
Girolami first put forward the idea of combing the 
nuclear method and the clustering method [9], the 
data in pattern space was nonlinearly mapped to the 
feature space, which increased the linear separable 
probability of model; that is, expanding the 
difference among model classes, and in the high 
dimensional feature space to realize the linear 
gathering. The basic idea of kernel fuzzy C-means 
clustering algorithm [6, 9] is: at first, a nonlinear 
mapping φ  is used, the samples in the original space 
are mapping to the kernel space, then in the high 
dimensional kernel space traditional fuzzy C-means 

clustering is used. In nuclear space the distance 
( ( ), )h kD x mφφ  between any sample ( )xφ  and the 

mean kmφ  is as follows: 

If ,{ 1,2,..., } e
kX x k N R= = ∈  is the sample set 

of waiting for classification, thereinto, N  is the 

sample number; 1, 2,{ ..., }k k k kex x x x= is the  
e-dimensional characteristic vectors. 

(2 1)K K N≤ ≤ − is the supposed clustering number, 

1 2( , ,..., )kC c c c=  is K cluster centers, 
( 1, 2,..., ; 1, 2,..., )iju i K j N= = = is the membership 

functions of the j-th sample to the i-th class, and 

fulfills the conditions 0 1iju≤ ≤ , 
1

1
k

ij
i

u
=

=∑ . The 

fuzzy clustering problem is according to the 
clustering principle functions to solve the K cluster 
centers C of samples set and membership functions 
matrix *[ ]ij k NU u= . The clustering principle 

functions of FCM can be represented as: 
 

2

1 1
( , ) || ||

K N
m
ij j i

i j
J U C u x c

= =

= −∑∑
 

(1) 

 
In the expression, 1m >  is the weighted index. 

The purpose of clustering is to make  
( , )J U C  minimum. 

The non-linear mapping is defined as 
: X Fφ → , then ( )e qx R x Rφ∈ → ∈ , 

thereinto, F is the high-dimensional characteristic 
space. The clustering principle function of KDCM is 
expressed as: 
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(3) 

 
In the expression, ( , )j iK x C is the kernel function; 

( , )F j id x c is the Euclidean distance in characteristic 
space. When kernel function adopts Gaussian score, 
the clustering principle is simplified as: 
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In the expression,  
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δ  is the Gaussian parameter. 
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The Lagrange multiplier method can solve the 
expression (4): 
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3. Quantum-behaved Particle Swarm 
Optimization Algorithm 
 

3.1. The Particle Swarm Optimization  
(PSO) Algorithm 

 
Particle Swarm Optimization algorithm is put 

forward by Dr. J. Kennedy and Dr. Eberhan [10], it is 
based on the evolution search technology of the 
population, but all the basic and the improved PSO 
algorithm can't guarantee the global convergence of 
the algorithm, the basic particle swarm optimization 
algorithm model shows the particle flying speed is 
equal to the search step length, the size directly 
affects the global convergence of the algorithm. 

 
 

3.2. The Quantum-behaved Particle Swarm 
Optimization (QPSO) Algorithm  

 
In 2004, aiming to the convergence problem of PSO 

algorithm, Sun et al. put forward a new model of PSO 
algorithm [11] from the perspective of quantum science. 
This model is based on DELTA trap, the particles are 
regarded as having quantum’s actions, according to this 
model the quantum-behaved particle swarm 
optimization (QPSO) is proposed, and the experimental 
result proves that QPSO convergence has greatly 
improved [11]. In QPSO, the main particles iterative 
formulas are as follows: 

 
( 1) * | ( ) | * ln(1 / ),X t P mbest X t u u randβ+ = + − = (8) 

 

1 2
1 1 1 1

/ ( / , / ,..., / )
M M M M

i i i iD
i i i i

mbest P M P M P M P M
= = = =

= =∑ ∑ ∑ ∑ (9) 

 
(1 ) ,id id gdp P P randφ φ φ= × + − × =

 (10) 
 

1 2 2( ) ( ) /MAXITER t MAXITERβ β β β= − × − +  (11) 
 
In the expressions, β is the coefficient of 

contraction and expansion, it is an important 
parameter of QPSO convergence, β1 and β2 are initial 
value and final value of β respectively. Pi is mbest of 

the i-th particle, Pg is the global optimal, M is the 
particles number, D is the particles dimension, and 
MAXITER is the maximum iteration number, t is 
current iteration number. From literature [4], when β 
is greater than 1.7 , it can not make QPSO algorithm 
convergence, in general, β1 and β2 taking 1.2 and 0.7 
respectively can make the algorithm achieve  
better convergence. 

 
 

4. A Semi-supervised Fuzzy C-means 
Clustering Algorithm Based on 
Quantum Particle Swarm 
Optimization  

 
4.1. The Particle Coding 

 
In particle cluster algorithm, each particle is 

composed of K cluster centers, the dimensions of the 
sample vector is S, therefore particles are represented 
as S K×  dimensional vectors, particle position Xp is 
constructed as follows: 

 

1 2( , ,..., ,..., )p p p pi pkX c c c c=
  

 
In the expression, cpi is the i-th cluster center of 

the p-th particle. 
 
 

4.2. Design of Fitness Function 
 
Particle fitness function f(x) is defined as the 

target function J(U,C) of KFCM algorithm, that is: 
 

,
1 1

( ) ( , ) (2 2 ( ))
K n

m
p ij j i

i j
f x J U C u K x c

= =

= = −∑∑
 

(12) 

 
 

4.3. The Flowchart of Semi-supervised 
Kernel Fuzzy Cluster Algorithm  
Based on Quantum-behaved Particle 
Swarm Optimization 

 
Algorithm: quantum-behaved particle swarm 

optimization semi-supervised kernel fuzzy C-means 
algorithm (QPSO-SKFCM) 

Input: the labeled data set 
{( , ) | 1, 2,... },label i iS x l i n= = the unlabeled data set 

{ | 1, 2,... },unlabel iS x i m= = n m<< , data set 

label unlabelS S S= ∪ . 
Output: the data type of data unlabelx S∈  

(intrusion or normal) 
1) To supervise and clustering the labelS , initialize 

each cluster center Ok, the maximum radius of each 
cluster is Rk. 
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2) Initially clustering the samples 
like unlabelx S∈ , if they can be correctly classified, 
then they will be put into the cluster Ck, otherwise 
they will be put into Cr.  

for i=1 to m do  
calculate the distance between each sample 

unlabelx S∈  and Ok, note as ri, 1, 2,...,i k=  
end for  

' min( | 1, 2,..., )ir r i k= =  

While ' kr R≤  

    Then kx C∈  
or rx C∈  
end 
 
3) While the undetected data set Cr is empty, 

 Using the cluster center Ok, to produce the 
initial membership matrix in data set Cr.  

 Quantum-behaved particle swarm 
optimization        using expression (12) to calculate 
the fitness of each particle; 

Initialize Pi, Pg; 
Using expressions (8), (9), (10), (11) to 

produce the new generation individuals, and update 
Pi, Pg. 

 Kernel fuzzy C-means cluster algorithm 
Pg is regarded as the initial cluster center 

Expression (6) is used to update the membership 
matrix; expression (7) can obtain the new cluster 
center Ps. 

 If ( )sf P < ( )gf P ,  
then Pg is used to replace Ok and acts the new 

cluster center. 
else Ps is used to replace Ok and acts the new 

cluster center. 
end if  
end 
 
4) According to the final membership matrix to 

determine the category of each sample (intrusion or 
normal). 

 
 

5. Experiments and Analysis 
 
In order to evaluate the application effect in 

intrusion detection of a semi-supervised kernel fuzzy 
clustering algorithm with quantum-behaved particle 
swarm optimization, KDD CUP99 network data set is 
chosen as test data set in intrusion detection, which is 
widely used in the field of intrusion detection field. 
Experimental data contains four main types: 

1) DoS, denial of service attack; 
2) U2R, unauthorized access to the local super 

user privileges; 
3) Probe, scanning and detection behavior; 
4) R2L, unauthorized access to the remote host. 

5.1. The Pretreatment of Experimental Data 
 
The data set in the experiment has total 41 feature 

attributes, in these features there are many redundant 
features, only the 21 ones are chosen as the research 
objects which can reflect part of features of user 
behavior, respectively they are: Duration, Service 
(network service at destination terminal), Protocol 
type, Flag (label of connection correct or wrong), etc. 

In order to fulfill the needs of two assumptions in 
the detection algorithm, four groups of data are 
selected as the experimental data from the whole 
detection data set, each group data contains 110029 
pieces of records, thereinto, 108929 pieces are 
normal data, 1100 pieces are intrusion data, and 
normal data accounts for 99 % in each group of the 
experimental data, which satisfy the hypothesis of 
normal data should be far more than the invasion data 
in detection algorithm. 

 
 

5.2. Test Result and Analysis 
 
The performance of intrusion detection algorithm 

mainly considers detection rate and false positive rate 
(FPR). Through these two indexes the detection 
result of algorithm can be effectively measured. 
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In the experiment, all the relevant parameters are 
shown in Table 1, the experiment result is shown in 
Table 2.  

From Table 2, the average detection rate of 
samples reaches 87.13 % using QPSO-SKFCM 
algorithm, the rate of false positives is only 0.89 %. 
This suggests it is feasible that a semi-supervised 
kernel fuzzy clustering algorithm based on quantum-
behaved particle swarm optimization is applied to the 
intrusion detection. 

The performances of detecting the intrusion in the 
data set are compared among QPS-SKFCM 
algorithm, PSO-FCM algorithm, and FCM algorithm. 
The experimental results are shown in Table 3. 

Table 3 shows in QPSO-SKFCM algorithm the 
average detection rate reaches 89.7 % to known 
intrusion, and the average detection rate reaches 
81.9 % for unknown intrusion, comparing with other 
two algorithms, which can better detect intrusion 
behavior. In the unknown attack detection, the 
detection to R2L by this algorithm is lower than other 
type of intrusion detection; this is because R2L 
invasion is disguised as a legal user's identity to 
attack, making its characteristics similar with the 
normal packet, which is easy to cause detection  
more difficult. 

Compared with other two algorithms, in general 
the algorithm has obvious advantages in detection of 
unknown and known intrusion type.  
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Table 1. The selection of experimental parameters. 
 

Parameter Name Value Selection Reasons 
MAXITER 250 The result has no changes after the iteration number is greater than 250 

1β  1.2 According to literature[11] 

2β  0.7 According to literature[11] 

,u φ  [0, 1] Using rand functions to pick up one random in [0, 1] 

M  50 The selected particle number according to the experiment 

K  70 The selected cluster number according to the samples 
σ  150 The default value 

 
 

Table 2. The test results to intrusion by QPSO-SKFCM algorithm (%). 
 

Test data Detection rate Misreporting rate 
Test data in the first group 87.63 0.91 
Test data in the second group 84.20 1.24 
Test data in the third group 90.28 0.69 
Test data in the fourth group 86.41 0.73 
Average 87.13 0.89 
 
 

Table 3. Comparisons between QPSO-SKFCM algorithm and other algorithms. 
 

Known intrusion Unknown intrusion Detection 
algorithm Dos U2R Probe R2L Dos U2R Probe R2L 

QPSO-
SKFCM 82.3 87.4 98.7 87.5 78.9 82.1 93.5 73.2 

PSO-FCM 50.2 83.6 96.1 90.2 62.4 74.3 85.7 67.4 
FCM 32.9 72.7 86.5 93.6 11.2 47.8 21.5 74.6 

 
 

6. Conclusions 
 
Experimental results show that detection rate of 

QPSO-SKFCM algorithm to known intrusion is not 
only close to intrusion detection method based on 
supervision, but also the detection rate to unknown 
attack is higher than the intrusion detection method 
based on non-supervision. Because QPSO-SKFCM 
algorithm using a few labeled samples to produce 
correct sample model to guide lot of unlabeled 
samples to clustering with supervision, for those 
unlabeled samples after clustering, kernel fuzzy  
C-means algorithm via quantum-behaved particle 
swarm optimization proceeds the unsupervised 
clustering to realize the detection of unknown 
attacks, and effectively compensate for the 
shortcomings of intrusion detection algorithm purely 
based on supervised learning or unsupervised 
learning. Table 3 shows the detection of FCM to R2L 
is still slightly higher than the algorithm in this paper, 
and the algorithm in this paper at first will need to 
specify the number of particles and the parameters β1 
and β2 in advance, selecting the appropriate value has 
very important influence on algorithm’s speed and 
detection accuracy, this is also the direction for 
further research. 
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Abstract: The mechanism of message active transmission from WEBGIS server based on the N-layer 
architecture of Internet has been studied and realized in this paper. In the WEBGIS application of facing long 
business operation as well as showing server information in the client in real-time, Socket communication 
mechanism and the client combined with JAVA Applet technology are used to realize the message active 
transmission from the WEB server on WebGIS. A concrete plan of massage active transmission mechanism on 
WEBGIS has been put forward and realized. Through the engineering practice of Guangzhou CATV network 
security monitoring alarm system development, the designed scheme based on the realization plan of Winsock 
has been applied in practice and certified in the operation of the system. The mechanism is combined with 
conventional WEBGIS, so it can play a better performance and practicability of the WEBGIS.  
Copyright © 2013 IFSA. 
 
Keywords: WEBGIS, Message, Initiative transmission. 
 
 
 
1. Introduction 

 
With the increasing development of Internet 

technology and people’s demand for GIS, it is 
becoming an inevitable trend to publish spatial data 
on the web using the Internet, to provide spatial data 
browsing, query and analysis functions for users; At 
the same time, the combination between WEBGIS 
and some new fields such as control systems, mobile 
location-based services, real-time information 
exchange and so on are more and more close. 
According to statistics, 80 % of the information has 
something to do with the location; it usually takes 
people a lot of energy in order to search for a person, 
a place. So, with the development of society, the 
accelerated pace of life, saving time, improving the 
efficiency has become a universal pursuit, thus 

location information also becomes one of the most 
desired information for people. In addition, with the 
increasing development of industrial automation, 
WEBGIS also participates in real-time control 
system, which put forward a challenge to the 
traditional WEBGIS information interactivity way, 
and it also put forward higher requirements to the 
real-time, security, quickness of WEBGIS 
information interactivity. 

At present, WEBGIS has been well embodied in 
the function of GIS in the Internet, in addition to 
realizing the basic display, basic query, it is needed 
to do long transaction operation such as spatial 
analysis. But because of the own reasons of the 
HTTP protocol, the WEB server can only passively 
provide information browsing, there is no way for the 
WEB server to send a request to the client 
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initiatively, which determines that conventional 
WEBGIS is not very good to support a long 
transaction operation. WEBGIS has become the 
developing trend of GIS; it can be well embodied in 
the functions of GIS in the Internet. Among the 
operations which it has provided to the public, in 
addition to the basic map operation, there are other 
operations such as bus transfer, place names inquiry, 
guiding services and so on. Judging from the 
interactivity ways of customers, there are two kinds 
of interactivity ways:  

1) Clients make a request, the server receives and 
processes it, the results are returned to the clients, 
this method is commonly used in functions of basic 
map operations like zoom, roaming. 

2) Clients make a request; the server receives it 
and feedbacks the valid data, Clients timely process 
the data and the server displays the results to the 
users, this method is mainly used in part of the space 
analysis process. 

However, the method used by the vast majority of 
customer interaction system on WEBGIS is relatively 
passive, only when the users make a request, 
WEBGIS server get a request to respond to it and 
process the data for the request, and the result will be 
sent back to the clients, the clients see the results 
map or outcome data through the browser. For 
example, when the users want to get the bus routes 
from A to B, after users input a query condition, the 
information from A to B will be sent to the server 
after proper disposal at the clients, the server 
processes the information accordingly based on 
information transmitted from the clients, obtains 
corresponding data from the database, these data will 
be fed back to the clients through the server, the 
clients can show text, or more intuitive icons to the 
users according to the information.  

 
 

2. Proposal of Message Active 
Transmission mechanism on WEBGIS  

 
WEBGIS has been widely recognized for its 

interactive way that user can conveniently operate 
through browser. While in the light of these 
interactive ways, there is one thing in common, 
namely one requirement gets one result, which means 
users can’t contact server for a long time, reducing 
the real -time performance of WEBGIS. 

With the development of techniques such as 
computer, communication, GIS, GPS, and WEBGIS 
gains great development. Users are not only just 
satisfied with simply viewing map but more 
interested in the real-time geographic data. Users 
want to get the former or present geographic data. 
For example, if they need know the location on the 
road through cell phone or WiFi , they have to send a 
requirement to the server and the server just sends 
the present or former location back to users in one 
time through the present interactive way of 
WEBGIS. In this way, users have to constantly send 
requirements to know their location timely, reducing 

the users’ operation, increasing the burden on the 
user, so we need to propose a better solution. 

Communication between the server and the client 
would be disconnected after every connection 
because of its own disadvantages of HTTP. We use 
Socket to achieve our goal to change this 
communication method during the research and 
realization of mechanism of message active 
transmission. During connection between users and 
server, the server sends the latest information to users 
at any time and receives requirements from users. We 
could make full use of WEBGIS if we combine this 
mechanism with WEBGIS.  

Mobile communication and Internet are two hot 
spot in the development of today’s information 
industry. They are integrated into mobile wireless 
Internet, and its application will certainly become an 
important development direction for information 
industry. In recent years, mobile phone users in 
China rank first in the world. With the development 
of WEBGIS technology, mobile phone value-added 
services based on WEBGIS technology are applied 
widely in tourism, transportation, medical treatment, 
public security and other fields, and become a part in 
people’s lives. 

At present, people’s demand for information 
becomes stronger and stronger. According to 
statistics, 80 % of information is related to the 
location. People often spend a lot of energy to find a 
person or a place. Along with social development 
and acceleration of life pace, therefore, saving time 
and improving efficiency have become a universal 
pursuit. So location information becomes one of 
information people are eager to most. On the other 
hand, the rapid development of spatial location 
technology and mobile communication technology 
also make possible fast delivery of people’s 
geographical location. Under the dual drive of market 
and technology, the LBS (Location-Based Service) 
has developed subsequently. LBS, namely, Location-
based Service, refers to through cooperation of 
mobile terminal and wireless network, determining 
the actual geographical location of mobile users, so 
as to provide information services related to location 
which the users need. Location-based service, 
meanwhile, has become a research focus in the 
academic circles. 

LBS defines the blueprint of spatial information 
service and mobile location service in the future, 
namely, when the users interact with a model in the 
real world, the model can provide different 
information to different users dynamically in 
different time and places. When mobile users interact 
with the model, the users’ views will be changed 
along with the changes of user role and 
environmental [4]. The development and integration 
of spatial information technology, especially, GIS, 
GPS, RS, VR and computer graphics effectively 
bring spatial information and people’s life closer. 
The carrier which can meet the demand for further 
socialization and popularization of spatial 
information is consistent with the development of 
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mobile services, so the dynamic integration of spatial 
information technology and mobile communication 
technology will accelerate the process of 
socialization of spatial information, so LBS has the 
technical source. 

The message active transmission mechanism 
combines with the traditional WEBGIS, catering to 
the requirements of LBS data real-time 
communication, and plays a linking role in data 
communication. Based on the information active 
transmission mechanism, the stream socket applied 
depends on TCP protocol, so that the information can 
arrive at the destination accurately, so as to ensure 
data integrity and security. The paper solves this 
problem: WEB server can take the initiative to send 
information to the client-side on the WEBGIS. To 
combine the mechanism with normal WEBGIS can 
better give play to the role of WEBGIS. 
 
 
3. Key Technology of Message Active 

Transmission Mechanism 
 

Based on the message active transmission 
mechanism system in the paper, the server short-
range order is implemented through using VC++, but 
the client program is through Java. Under this 
premise, Socket communication between VC++ and 
Java will be introduced as follows. 

The operation mode of Applet and Socket server 
is similar to a typical client server mode. The server-

side should be connected to a third party’s server, so 
VC++ is applied for programming. The Applet uses 
Java, so Java’s IDE can be used programming. The 
steps for Applet and Socket work process are  
as follows: 

The server should create a socket for listening, 
and create a new thread to listen to customer requests 
after assigning a port to this socket. The client creates 
the socket used to connect to the server, then calls 
connection function, and requests the connection 
with the server. After listening to the client’s request 
for connection, the server socket calls the receiver 
function to create a socket for connection. Through 
the server’s connection Socket and the client’s 
Socket, the data can be transmitted between the 
Socket server and the client browser’s Applet. After 
appropriately processing data which are acquired 
through data acquisition control card and video 
acquisition card, the server transmits the data to the 
client, and the client Applet displays the processed 
data on the client browser. Meanwhile, the Applet 
transmits the client’s control command to the server, 
and the server sends instructions to output port of 
data acquisition control card to change the operation 
condition of the controlled object according to the 
corresponding control strategy. After the client 
completes the task, the client calls the close function 
to close the socket, and the server also calls the close 
function to close the socket which is connected to  
the Applet. 

 
 

 

 
 

Fig. 1. Workflow Diagram. 
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4. Design for Message Active 
Transmission Mechanism System  

 
4.1. Service-side Design 

 
When the main server listens to the client’s 

connection request, and creates a thread to ensure the 
independent communication with multiple clients 
and the accuracy of data, according to different needs 
of users in each thread, put forward different requests 
to a third-party server, to get different data. If the 
users want to acquire the current geographic 
information, the main server will only send the 
geographical data transmitted by a third party’s 
servicer to the user for one time. After accepting the 
information, the user may not disconnect with the 
main server, but need to send a new request to get a 
new service. However, when the users want to know 
their mobile location in the process of driving, after 
the users send the request to the main server, the 
main server will interact with a third party’s server, a 
third-party’s server will send the geographic 
information of the user in the location moving 
process to the main server at a certain time, and then 
the server sends the information to the user. This is 
the purpose of the main server in message active 
transmission mechanism. 

Why multi-thread is created is to maintain 
communication with multiple clients. Thus, in order 
to receive the information sent by the client-side and 
to send the data to the client in real time, two nested 
loops are used for programming design. The first 
loop is used to receive user information in real time, 
the second loop is used to send information and 
accept the data transmitted by the third party’s server 
in real time. In the meanwhile, the markup is used to 
judge the user’s requirement type, and different 
information transmit modes are adopted. 

In the design, the server-side programs are 
required to ensure successful completion of the 
following functions: 

a) Multiple clients’ effective connection can  
be guaranteed. 

b) The client-side data can be received timely  
and effectively. 

c) The client-side data information can be 
transferred to a third party’s server accurately  
and fast. 

d) When the main server and the client are 
connected, the information uploaded by the client-
side can be accepted at any time, and information can 
be sent to the client at any time. 

e) The information transmitted by the third 
party’s server can be accepted simultaneously and 
fed back to the client timely. 

f) In case the third-party’s server is closed 
because of accident, the users can be notified in a 
timely manner. 

The structure chart below describes the overall 
work process of the server-side, the Socket 

communication is a means of communication we use. 
In the face of specific operational process, a detailed 
plan must be made. What is described in Fig. 2 is the 
main working process of the server-side. 

 
 

4.2. Client-side Design 
 
After the client Socket is created successfully, the 

user selects the required service, in accordance with 
the type of service, the client programs send service 
request to the server. In order not to affect the basic 
operation of WEBGIS map, long-time data receiving 
takes up the main thread, so it is required to create a 
sub-thread responsible for receiving data. The real-
time data information receiving process is 
continuous, so here the loop receiving mechanism is 
applied, to ensure that each data can be  
accurately received. 

In the design, the client programs are required to 
implement the following functions: 

a) Enable the programs connected with the main 
server at any time, and terminate communication 
with the server. 

b) In the communication process with the main 
server, any abnormality can be found and the user 
will be informed timely. 

c) In the communication process, the user can 
implement other client-side operation at will, for 
example, zoom in and zoom out the map,  
roaming, etc. 

d) Data information transmitted by the main 
server can be received in real time; 

e) Determine whether the main server is 
disconnected, and the abnormal results can be 
returned to the user. 

If the users want to get data they want, the first 
step is, of course, to start the connection with the 
main server. The connection between the customer 
services is implemented through the Socket 
communication, so at first it is required to build the 
Socket communication mechanism. 

 
 

5. Concrete Realization and Application 
 

In the above sections, more detailed researches 
have been done on the technology of message active 
transmission mechanism on the WEBGIS, analyzing 
the development of Internet communication program 
under the Windows system. Next, the above-
mentioned remote control software platform based on 
TCP/IP protocol and Guangzhou cable TV network 
security monitoring alarm system developed by us 
will be introduced. 

Fig. 3 shows the structure drawing for remote 
control system based on TCP/IP protocol developed 
by us. 
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Fig. 2. Server-side Workflow Diagram. 
 
 

 
 

Fig. 3. Structure Drawing for Monitoring Alarm System. 
 
 

The main functions of Ts communication server 
in the system are: communication with information 
transit server, log management, server address 
settings, GSM port settings, etc. The SOCKET is 
applied in the communication between Ts 
communication server and information transfer 
server. VC is used for programming the information 
transit server, to achieve the real-time message 
receiving and sending, to save and distinguish the 

client-side connected, to save the information of 
every login client-side, to set up the port and IP 
address for communication interface, to ensure the 
practicality of real-time communication interface. 

After receiving the information sent by Ts 
communication server, according to the Specification 
for GIS Communication Message, the messages are 
analyzed. Through the analysis of messages, the 
message type can be known. When receiving the 
alarm message, the message’s alarm monitor number 
and alarm information such as time, type, channel, 
are analyzed, and alarm information is filled in the 
current alarm data sheet and history alarm data sheet. 
When receiving the alarm reset message, the 
corresponding alarm information in the current alarm 
data sheet is deleted. When receiving the alarm 
message and alarm reset message, each client is 
informed to read the current alarm data sheet and to 
update alarm display. 

 
 

6. Conclusions 
 

The key technology based on network 
communication is discussed in the paper. Through 
the analysis of the discussed key technology, the 
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concrete scheme is put forward to achieve message 
active transmission mechanism on WEBGIS. 
Through the Guangzhou cable TV network security 
monitoring alarm system, the engineering practice is 
developed, and the implementation scheme based on 
the designed Winsock is attempted actually. 
According to the actual system operation, this 
scheme is feasible. 

In the paper, theoretical and practical discussions 
are conducted from the following aspects: 

1) The WEBGIS application and development 
trend are introduced in detail, and the WEBGIS will 
become the inevitable trend of GIS development. To 
combine the message active transmission mechanism 
with normal WEBGIS can better give play to the role 
of WEBGIS. 

2) The Socket communication mechanism’s 
principle and communication implementation process 
are introduced in detail. 

3) The system framework and working process of 
message active transmission mechanism in the 
WEBGIS system are analyzed in detail, and the 
particular design scheme is proposed. 

4) The server and client coding work of message 
active transmission mechanism are realized, to 
ensure the information’s timely interaction. 

5) The study is applied to the practice project, and 
has achieved success. 

Due to the limitation of time, only the 
communication mechanism in the message active 
transmission mechanism has been studied, and the 
information interaction is achieved through 
simulation. However, how to combine it with the 
normal WEBGIS and how to display in the way of 
electronic map are not realized specifically, which 
needs to be improved. In addition, the transmitted 
data are not involved in complex data transmission 
security problem, so there is something missing in 
data security. An in-depth research will be made to 
these questions in the future work and study. The 
idea of message active transmission mechanism has 
been applied and some successful cases have been 
achieved, but there are some aspects needing to be 
improved. Along with the continuous improvement 

of science and technology, there is every reason to 
believe that we can do better. 
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1. Introduction 

 
Recently polymers have attracted much interest in 

the areas of sensors [1-4]. Polymeric sensor consists 
of a sensor layer with chemical or physical 
interactions to the analyte and transducer. Both 
conducting polymers and non-conducting polymers 
have tremendous technological potential for the 
development of sensors. There are many unresolved 
mechanisms in the experiment. Computational 
Science is a multidisciplinary interdisciplinary 
science, including high-performance computing, 
computer networks, physics, chemistry, mathematics, 
etc. Different application software was developed to 
solve computational problems of physics, chemistry, 
molecular dynamics, sensors design and other fields. 
High-performance computing is a research tool for 
modern science and technology together with the 
traditional theory and laboratory experiments, and it 
is one factor of key technologies to promote the 
major scientific discoveries and technological 

developments. How to effectively develop a variety 
of high-performance computing software is becoming 
a hot issue of the application of computational 
science. 

Polymer is everywhere, and all living can be 
regarded as a collection of polymer. To study the 
adsorption between polymer and surface has great 
significance [5-6]. Computer simulation is 
particularly suitable for using to study the properties 
of a block copolymer with complex structure due to 
characteristics of polymer chain topology and 
sequence distribution. We carry a variety of computer 
simulation work for properties of polymer, predict 
the nature of the polymer conformation and provide 
evidence basis as experimental and theoretical 
studies. Parallel computing technology is need in 
these areas of numerical calculations. It is very 
necessary and meaningful for self-developed high-
performance computing software to study  
polymeric nature. 
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Polymer has been studied by a lot of parallel 
computing, such as MPI, OpenMP and GPU and 
other applications [7-10]. There are still many 
researchers whose program is computed to use only 
one single CPU alone in the field of molecular, 
lacking high performance computing applications in 
these areas according to the specific areas. The 
reason, why parallel computing is necessary, is 
mainly due to that the performance of current single-
processor cannot meet the needs of large-scale 
scientific computing for polymer. Parallel computing 
is currently the only way to meet the actual needs of 
large-scale computing supporting technology. The 
reason why parallel computing is feasible, is mainly 
due to that concurrency is a universal property of the 
material world. The scientific computing problems of 
polymer aspects can be decomposed into multiple 
sub-tasks which can be used for parallel computing. 

 
 

2. Physical Models 
 
2.1. Monte Carlo Method 
 

Numerical simulation of polymer is often used in 
molecular dynamics, Monte Carlo and other methods. 
The basic idea of Monte Carlo method is: to create a 
probability model, to set the parameter such as 
probability distributions or mathematical expectation 
which is equal to the known problem solution, to 
calculate the statistical characteristics of the required 
parameters through a large number of samples, and 
finally to get the numerical solution of target 
parameters as the approximate solution. Monte Carlo 
method is the combination product between 
mathematical statistics and computer science. Since 
the polymer chain is made up of a large number of 
repeating unit, there is a random in polymerization. 
The size distribution of the molecular weight, the 
sequence distribution of the copolymer, the molecular 
conformation all exhibit randomness. Therefore, 
Monte Carlo method will undoubtedly become one of 
the best methods to study the polymer problems. 
Since the computer produced, Monte Carlo method 
has been applied in the field of polymers. 

The conformation of polymer chain is completely 
random. The partition function of self-avoiding walk 
(SAW) chain has no precise function expression 
which can be directly resolved. Monte Carlo 
simulation is usually to study static and dynamic 
properties of SAW polymer chains [11-18]. Monte 
Carlo sampling algorithm is shown in Fig. 1. 

The schematic view of a two-dimensional SAW 
chain is shown in Fig. 2, in which Fig. 2 (a) is an 
initial state after the growth chain by self-avoiding 
walk (chain length N = 20). Polymer chain 
movement is simulated by the bond length fluctuation 
model. After a certain time to perform the movement 
of polymer, the schematic diagram is shown in 
Fig. 2 (b). The static and dynamic properties of 
polymer chains are related with interaction intensity 

between the chain and the surface. The monomer can 
be obtained interaction energy E = -1 when the 
monomer is located at the position with the unity 
distance between the monomer and the surface. There 
is a mutual attraction between polymer and surface. 

 
 

 
 

Fig. 1. The flowchart of Monte Carlo  
sampling algorithm. 

 
 

  

 
 

(a) 
 

  

 
 

(b) 
 

Fig. 2. Two-dimensional SAW chain, (a) the initial 
state of chain growth, (b) the state after the chain motion. 
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2.2. Bond Fluctuation Method 
 
In the simulation, the polymer chain does 

Brownian motion continuously as long as the chain 
generated. In the calculation model, one monomer is 
selected randomly and tries to walk one step. The 
direction is selected randomly from six coordinate 
axis. The polymer chain’s motion is simulated by the 
bond fluctuation method. The bond length in simple 
cubic lattice model is allowed as three cases: 1, 2  
and 3 . In the bond fluctuations method, each 
lattice has the coordination number z = 8 in two-
dimensional space, and z = 26 in three-dimensional 
space. The monomer located at z = 1 which is in 
contact with the surface can gain an interaction 
energy E.  

Using the bond fluctuation method [2, 17], we 
simulate polymer chain of random motion, as shown 
in Fig. 3. Mean each monomer of chain attempts to 
move (success or failure) once, the time is called as a 
Monte Carlo time step (MCS). Monte Carlo time step 
is an important unit of time to analyze the polymer 
computing algorithm. One attempt to move is to meet 
the following five conditions: 

1) One monomer is randomly picked from 
monomers of polymer chain. 

2) Check the nearest neighbor (NN) position of 
the monomer and form motion direction set. 

3) The new position is located above the surface. 
4) The new bond length meets the allowed 

conditions (1, 2  and 3 ). 
5) The monomer can move with probability  

exp (-∆E/kBT) which is the Boltzmann factor, where 
∆E is the energy shift before and after the motion. 
The Boltzmann constant kB is set unity in the 
simulation. 

If all the conditions (1) - (5) are met, the 
monomer moves successfully one step. 

 
 

3. Parallel Computing Technology  
and Analysis 
 

3.1. Technology Roadmap 
 
The overall objective to solve problems by 

parallel computing conformational properties of 
polymer is to map problems to the parallel machine, 
through different levels of abstraction mapping to 
achieve. First, we must establish the parallel solution 
model to calculate the physical problems of the 
polymer chains. Second, we design efficient parallel 
algorithm for the model, accurately describe and 
quantitative analyze for solving the problem, and 
compare the different algorithms performance. 
Finally, through the parallel programming, the 
problem to be solved in parallel need changed into 
parallel algorithm for a specific model to compute in 
a parallel manner. The polymer computing is 
achieved to map the parallel machine in high 
performance computing center, as shown in Fig. 4. 

 
 

Fig. 3. The flowchart of bond fluctuation  
movement method. 

 
 

Physical Problems: 
Simulation of 
polymer chains 

Parallel to solve 

Parallel algorithm for 
problem 

 
Parallel programming with parallel language 

High Performance 
Computing Center 
of Parallel 
Computer Systems

Parallel computing 
model 
 

Parallel algorithms for 
parallel computing 
model 

abstract

Precise descript 

Achieve 

Performance Analysis and Optimization 

Parallel program for solving physics 
problems : the nature of polymer chains 

Map

abstract 

Precise descript 

 
 
Fig. 4. The parallel computing for simulating polymer 

properties by self-avoiding walks. 

form motion direction set 

direction set null? 

Randomly select one direction  

Enegy >0 

Update Location 
 

P<exp(-∆E/kBT) 

Direction traversal

N times? 

Finish one MCS 

Yes 

No

Yes 

Yes 

No

No 

No

Yes 

No

Yes 

select one direction 

select one monomer randomly 



Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 242-248 

 245

3.2. Parallel Computer Architecture 
 
Based on the High Performance Computing 

Center of Shandong University, experimental 
environment, we introduce the mainly used cluster 
system architecture. Cluster system is a complete set 
of commercial nodes connected together via 
commercial fleet switch system. Each node in the 
cluster is used for the unified Linux operating system, 
GNU (or Intel) build system and job management 
system, to provide users with a single system image. 
A single node in the cluster contains two six-core 
processors shared memory, as shown in Fig. 5. 
Cluster system primarily supports hybrid 
programming model include message passing and 
storage shared. You can only use message passing 
programming model to achieve the application of 
parallel computing.  

 
 

 
 

Fig. 5. Cluster system architecture diagram. 
 
 
Numerical simulation of self-avoiding chain is 

carried out to calculate and to test on the cluster of 
high-performance computing centers. Test 
environment: high performance cluster systems 
blade-based cluster wave Tissot TS10000 Computer, 
80 NX560T blades, using 32nm process technology 
Intel Xeon 5600 series processors, a total of 
960 computing cores with its peak performance 
reaching 10 trillion times per second. 40 Gb/s 
InfiniBand switches are used to connect the server. 
The advanced water cooling system provides a stable 
and efficient operating environment. 

 
 

3.3. Analysis of Parallel Programming 
Techniques 

 
The parallel cluster machine, which is built up a 

number of SMP, can be carried by the programming 
model with MPI and OpenMP: communication using 
MPI between nodes, communication using OpenMP 
multithreaded shared memory for internal node. 

 
 

4. Analysis of Scalable Parallel 
Computing 

 
Speedup of parallel programs, is an index to 

evaluate acceleration performance. Suppose  

α represents the proportion of the parallel part 
running time, T represents the total running time,  
N represents the number of CPU core (or computer 
nodes), S represents the speedup. We introduce two 
performance models based on two speedup 
indicators, and then discuss two scalable methods. 

 
 

4.1. Amdahl's Law 
 
When the total amount of computation and 

simulation parameters is fixed constant, the main 
goal is to accelerate the computing speed. Pursuit of 
the ideal relationship between S and N is linear 
speedup curve. The calculation process of S is 
described as follows: 

1) When not considering the cost, 
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This equation (1), which is called Amdahl's  

law [19], is used to study one of the basic laws for 
parallel system. It has the following meanings: 

• For a given workload, the maximum upper 

limit of speedup is 1
1 α−

. The sequential part of 

program is the bottleneck; 
• In order to obtain a good speedup, we should 

let α as large as possible; 
• The software hotspot is tested. If the above 

two parts of the problem meet, you consider the hot 
part of the program parallelization, and optimize the 
most commonly used parts. 

2) When considering the cost of T0, 
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The extension of Amdahl's law indicates that we 

can not only reduce bottlenecks in the sequential part 
(1-α), but also increase the average particle size in 
order to reduce the harmful effects of overhead. The 
performance of the parallel program is not only 
limited by sequential bottlenecks, but also limited by 
the average overhead. 

 
 

4.2. Gustafson's Law 
 
In the application area, if the time spent to solve 

the small problems in the small-scale machine is 
about the same as that spent to solve the large 
problem in the major machine, we can consider 
Gustafson law [20]. For example, polymer size has 
increased tenfold, and the task of parallel part 
increases at the same speed and the sequential part 
has a constant execution time, so that the parallel 
work is more scalable. It means that we can apply 
more cores or larger cluster system. 
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Therefore, when the machine increases the size, 
we have increased the workload. Assuming the serial 
calculation time of the original problem is W, where 
α is the percentage of the load section can be parallel, 
the serial load section is 1-α. We will expand the 
workload as: 

 
WWNW ⋅−+⋅⋅=′ )1( αα  (3) 

 
1) When not considering the cost, the parallel 

time after the expansion load on the N nodes:  
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However, the serial time to expand the  

load becomes: 
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So there is a fixed sequential time, the speedup is: 
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The equation (6) becomes Gustafson's law. If the 

workload can be extended in order to maintain a 
fixed sequential execution time, the fixed-time 
speedup is a linear function of N. When the question 
of the expansion has been extended to the available 
computing power to match, the sequential part will 
no longer be the bottleneck. It should be noted, to 
make Gustafson's law to be established, the key is to 
only make a parallelizable workloads  
from αW expanded into αNW, sequential part  
(1-α)W should remain unchanged. 

2) When considering the cost, if the overhead 
time T0 is a function of N, the parallel time is 
expressed as: 

 
WTTp += 0  (7) 

 
So there is expansion speedup: 
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(8) 

 
Seen from (8), T0 contains the part increase 

decreases with the increase in N, or remains constant 
part, so long as the control overhead of a non-

increasing function of N, or a upper bound function, 
the Gustafson law can be obtained a linear speedup. 

 
 

5. Parallel Design and Implementation 
 

5.1. Parallel Strategies of Polymer Simulation 
 
Before the application migration to high 

performance cluster platform, we should first analyze 
application mode suitable for high performance 
cluster computing. High performance cluster uses 
multiple blades nodes interconnected through an 
Ethernet switch, each blade is an SMP parallel 
machine. Therefore, parallel modes are available: 
message passing mode, single-node shared memory 
system model, mixed mode between message passing 
and shared memory. 

This design pattern is first selected to play parallel 
Monte Carlo method in use characteristics. However, 
parallel Monte Carlo method also has limitations. 
When the particle size allocated to each MPI process 
one sample, the parallel calculating performance is 
maximized. In order to increase computing scale, the 
mixed mode between MPI and OpenMP is selected to 
use the process communicate among different 
computing nodes and to use OpenMP multi-threaded 
parallel on a single node. 

 
 

5.2. Parallel Algorithms of Polymer 
Simulation 

 
Algorithm is designed to solve the problem by a 

computer. The nature of the serial algorithm is to 
describe using a serial computer to solve a sequential 
problem or sequence steps. However, parallel 
algorithm is to describe for a plurality of processors. 
Two key steps for parallel algorithm design are 
described as:  

• The computing problem divided into more 
smaller computing ones;  

• The computing parts would be assigned to 
different processors to be executed. 

The parallel computing of polymer simulation 
application is achieved at high-performance cluster 
by using the parallel Monte Carlo algorithms and 
domain decomposition algorithms, as well as MPI 
and OpenMP programming. 

Different samples are computed at different 
nodes, and polymer chain is divided to segments in a 
sample for parallel computing, respectively, using 
MPI and OpenMP implementation. The optimization 
parallel computing model is using MPI + OpenMP 
optimization parallel computing. The applications are 
improved scalability speedup between processors 
with little communication between nodes. The 
parallel grogram flowchart is described in Fig. 6. 
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Fig. 6. Parallel program flowchart with MPI. 
 

 
6. System Test 

 
6.1. System Benchmarks and Analysis 

 
The bond fluctuation motion is the most time-

consuming in the calculation of polymer adsorption 
simulation. The main reason is to complete a 
calculation of each Monte Carlo step, which is 
necessary to traversal for the whole chain once. Each 
traversal must try the current monomer’s six 
directions movement. Finally whether the movement 
should be accepted is based on the conditions 
judgment. With the expansion of the size calculation, 
the entire application program running bond-
fluctuation takes up 95 % of the system over time. 
Therefore, for each hotspot function bond_fluctuation 
optimization process on the final performance results 
will have a qualitative impact. 

 
 

6.2. MPI Parallel Performance 
 
Samples are often independence performed by 

parallel Monte Carlo method. MPI message passing 
programming model is often applied to Monte Carlo 
method. The parallelism characteristics mainly 
reflected that MPI communication time scale is very 

small. Fig. 7 is in MPI mode, use the tool IPM 
measure MPI statement used in the frequency and 
time for cluster with 20 nodes, 240 cores,  
480 samples, a total of 240 processes executed in 
parallel. You can see the MPI communication 
hotspots in two function calls MPI_Reduce and 
MPI_Barrier, but the walls of MPI takes time less 
than 1 %, to meet the conditions of Gustafson's law.  

We calculate the polymer adsorption at a high-
performance cluster. The speedup with MPI parallel 
acceleration on the computing problems expansion 
with the increase of statistics interval time is shown 
in Fig. 8. The results show that the increase in 
computing statistics interval requires to increase 
cores to maintain parallel computing time unchanged. 
When the statistics interval is small, the proportion of 
MPI communication increases with the increase of 
cores. Therefore, the speedup increases slowly. With 
the increases of the statistics interval, the task of 
parallel computing work increases and sequential 
computing work reduces proportionally. Then the 
proportion of MPI communication reduces, the 
speedup tends to increase linearly. According to 
Gustafson's law, the statistics interval continues to 
increase, linear speedup can be obtained. 

 
 

 
 

Fig. 7. Testing parallel MPI program of polymer simulation at high-performance clusters. 
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Fig. 8. Performance test of parallel MPI program  
of polymer simulation. 

 
 

7. Conclusions  
 
In This paper, Monte Carlo method is carried out 

for polymer simulation. We simulate polymer chain 
growth and movement. The initial state of the 
polymer chain is generated by self-avoiding walk 
method to simulate. The polymer chain movement is 
simulated by bond fluctuation model. The static and 
dynamic properties of polymer chains often need a 
large number of samples to calculate statistical 
sampling. Monte Carlo methods are using different 
independent samples for parallel computing to 
achieve the desired speedup. Based on the MPI 
message passing, parallel programming software is 
analyzed and designed to ensure program portability. 
Scientific calculation time can be reduced to an 
acceptable time. In order to further reduce the 
computation time or to calculate longer polymer 
chain, MPI + GPU CUDA is a good choice.  
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Abstract: The global economy has entered the era of rapid industrialization, especially in developing countries; 
however, under the dual constraints of resources and environment, the extensive economic growth mode will 
probably seriously affect the process of China’s industrialization and modernization. To keep a balance between 
industrialization and environment and energy requirements, the development of low-carbon economy is an 
inevitable strategic choice. Through practical algorithm application, we are trying to verify the rationality and 
validity of fuzzy algorithm in the evaluation of low carbon economic development level. Model evaluation 
results can not only classify the low carbon industries, but also demonstrate the relationship among different 
industrial indexes. Copyright © 2013 IFSA. 
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1. Introduction 

 
Nowadays, with the development of modern 

science and technology and the increasing 
environmental awareness, global economy is 
gradually becoming the general trend of regional 
economic development. The industrial revolution is 
the result of science and technology to improve the 
quality of life of people, but with the development of 
industrial economy, population growth, human greed 
and the desire of the production mode of 
consumption excesses, caused serious damage to the 
ecological balance. With the doubling of carbon 
dioxide, ozone layer of the earth is suffering from a 
hitherto unknown crisis, global catastrophic climate 
change appears repeatedly, all of which has serious 
harm to human survival environment and health  
and safety.  

Through the World Meteorological Organization 
and the United Nations Environment Programme 
organized by the Intergovernmental Panel on Climate 

Change (IPCC) who released its fourth assessment 
report, confirmed that "global warming is an 
indisputable fact", the world’s energy problem and 
low carbon development develops into an attractive 
hot issue. Since 2003, the earliest in the form of 
government documents in the "UK energy white 
paper" to "low carbon economy" to 2009 for six 
years. Although the academic circles at home and 
abroad research on low carbon economy is like a 
raging fire, but the concept of "low carbon economy" 
definition is still not completely conclusive. Treffers 
and other scholars of Germany in 2050-1990 based 
on the reduction of GHG emissions by 80 % [1], 
proposed by the relevant policies and measures, 
strong economic growth and reduced GHG emissions 
to achieve is possible. In the British white paper "our 
energy future: creating a low carbon economy", low 
carbon economy is supposed to be realized by new 
ways of production with less consumption of natural 
resources and less environmental pollution while 
more economic output; they thought low carbon 
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economy to be the way to the quality of life and the 
chance to create higher and better standards of living, 
in which opportunities also could be created for the 
development of advanced technology, application 
and output, as well as new business opportunities and 
job chances [2, 3]. 

This paper aims at finding a suitable model for 
evaluation of low carbon economy development level 
to make a more clearly concept framework of the 
new style of economy development. 

 
 

2. The Concept Framework of Low 
Carbon Economy 
 
Low carbon economy is the new development 

mode and economic form of the way the international 
community uses to deal with the problem of 
increasingly large amount of fossil energy 
consumption caused by global industrialization, 
resulting in worldwide climate catastrophic change. It 
is commonly characterized by lower energy 
consumption, less pollution, fewer emissions, and 
lower carbon content but with higher performance, 
higher efficiency and more environment 
optimization, compared to traditional economy 
development mode, all of which can promote the 
harmonious development of human and nature is the 
basic characteristic the economic and social 
development [4]. In the field, most scholars generally 
believe that low carbon economy and stage of 
development, resources, consumption patterns and 
the level of technology driving factors are closely 
related, and through process of lowering carbon 
emissions (or decarbonization) to achieve [5]. 

 
 

2.1. The Origin and Development of Low 
Carbon Economy Research 

 
From the 1992 "United Nations Framework 

Convention on climate change" to the 1997 "Kyoto 
Protocol", then to 2007 "Bali Island road map", many 
countries and organizations are actively to curb 
global warming, reducing CO2 and other greenhouse 
gas emissions, seeking effective ways and means. In 
2003 the British government published the "Energy 
white paper-our energy future: creating a low carbon 
economy", and put forward the concept of low 
carbon economy [6]. This was the first time that low 
carbon economy was formally proposed in official 
documents, making itself a hot topic and promoting 
low carbon economy evolved into the world's 
attention. Not only governments launched a series of 
low carbon action, domestic and foreign scholars 
related concept of low carbon economy to carry on 
the positive research [7]. 

In recent years, the domestic scholars have 
studied a lot to make low carbon economy an 
academic issue from different angle in various fields, 
mainly in: the development of low-carbon economy, 

the importance of low carbon economy development 
path and strategy, foreign low-carbon economic 
development status and enlightenment, low carbon 
technology, low carbon finance and its platform, low 
carbon economy and consumption mode, and low 
carbon economy system construction etc. [8, 9].  

On the basis of previous research, ecological 
crisis can be summed up in a vicious spiral between 
low carbon concept is based on the development of 
industrial economy and the natural environment has 
been destroyed because of the. The essence of the 
target of low carbon economy is in the premise of 
economic development, to achieve low carbon. The 
development of low-carbon economy is a mode of 
production, life style, values and national interests of 
the global revolution [10]. Therefore, we propose that 
low carbon economy is the development process of 
human society to a higher social economic form a 
certain stage, its development model in technological 
innovation and policy measures to support, in order 
to establish an efficient low row of low carbon 
industry chain as the way, so as to realize the 
economic development mode of low carbon, low 
consumption mode of human life carbonization, its 
core is the premise of steady economic growth, the 
ultimate goal is to realize the coordinated 
development of ecological environment and social 
economy [11]. 

 
 

2.2. The Evaluation of Low Carbon Economy 
 
Low carbon economy is a revolution of the mode 

of economic development and the pattern of human 
life, its goal is to mitigate climate change and 
promote sustainable human development, it covers 
the natural, social, environmental and other aspects. 
In this paper, from the initial resource to the final 
consumer market this path according to the industry 
chain, to put forward a low carbon economy 
evaluation logic framework, as shown in Fig. 1. 

 
 

The environment of low carbon society 
(Social awareness, policy orientation) 

Low-carbon 
energy 

Low-carbon 
industry 
output 

Low-carbon 
Consumption 

Low-carbon 
waste 
treatment 
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Fig. 1. The logical framework of low carbon economy 
evaluation. 
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3. The Evaluation Index System of Low 
Carbon Economic Development 
 
In order to evaluate the implementation stage of 

development, the low carbon economy in the process 
of the gap and can take the policy tool, based on 
clearing the low carbon economy connotation, the 
need to establish a multi-dimensional, scientific 
measurement of the level of development of the 
scale, namely low carbon economy evaluation index 
system. The low carbon economy evaluation index 
system, a comparison to far away countries or 

economies from the goal of low carbon economy, on 
the other hand, to be able to compare countries or 
economies to efforts of the transition to a low carbon 
economy. The core elements of low carbon economy 
is to evaluate whether a region to achieve the most 
important factors of low carbon economy or whether 
in low carbonization process, we will focus on 4 core 
elements and exhaust emission of low carbon 
economy as an index to construct low carbon 
economy evaluation system, as shown in  
Table 1 [12].  

 
 

Table 1. The indexes of low carbon economy evaluation. 
 

Target layer Criterion layer Index layer Index 
direction 

D11 The ratio of zero energy positive 
D12 The ratio of clean energy positive 

D1  
Low carbon energy 
index D13 CO2 emissions in per unit of energy consumption negative 

D21 CO2 emissions in per unit of GDP negative D2 
Low carbon 
industrial output 
index 

D22 Energy consumption in per unit of GDP negative 

D31 The per capita carbon emissions negative 
D32 The per capita living carbon emissions negative 

D3 
Low carbon 
consumption index D33 Ratio of consumer goods with low carbon labels  positive 

D41 Living garbage harmless treatment rate positive D4 
Low carbon waste 
treatment index D42 Comprehensive utilization rate of industrial solid waste positive 

D51 The per capita housing area negative 
D52 The number of buses owned by every 10,000 people positive 
D53 Ratio of low energy consumption architecture  positive 
D54 The public low carbon economy knowledge 
popularization rate positive 

D55 Human development index positive 
D56 The forest coverage rate positive 

D5 
Low carbon 
environment and 
society index 

D57 The per capita green area positive 
D61 Ratio of cogeneration of heat and power  positive 
D62 Ratio of R&D investment accounted for the fiscal 
expenditure positive 

The level of 
low carbon 
economy 
development 
(D) 

D6 
Low carbon 
technology index 

D63 Ratio of capture and sequestration (CCS) of greenhouse gas positive 
 

 
4. The Fuzzy Factors in Evaluation  

of Low Carbon Economic 
Development 

 
4.1. The Economic Factors 
 

The economic factors of low carbon economy 
basically contain two meanings: the first one is that 
the low carbon economy should be in accordance 
with the principles and mechanisms of market 
economy to develop; the second is that the 
development of low carbon economy should not lead 
to a decline in people's life and welfare. That is to 
say, both oppose extravagance and waste of energy 
consumption type and the need to constantly improve 
people's standard of living. 

 
 

4.2. The Technological Factors 
 
Technological factors of low carbon economy, 

through technological progress in improving energy 
efficiency at the same time, also reduce carbon 
dioxide and other greenhouse gas emissions intensity. 
That is to say, in the premise of as much as possible 
to reduce energy consumption, and the original 
equivalent economic output; or to the same amount 
of energy consumption, was more effective than the 
original economic output. 

 
 

4.3. The Objective Factors 
 
The target of a low carbon economy, namely, the 

development of low carbon economy is the goal of 
atmospheric concentrations of greenhouse gases to be 
maintained at a relatively stable level, and it will not 
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bring about the impact of rising global temperatures 
in the survival and development of human beings, the 
harmonious development of man and nature to 
achieve [13]. 

Due to the above and low carbon economy 
development level evaluation factors have ambiguity 
series, so the low carbon economic evaluation index 
also has blurred the corresponding. Qualitative 
indicators for goal of subjective judgment, is 
determined by the subjective judgment of the judge. 
In essence, it has interval fuzziness. Then fuzzy 
evaluation and low carbon economy process plus 
related, namely the final result of the evaluation of 
expert evaluation were analyzed, and the evaluation 
index is the interval fuzzy quantity, so the evaluation 
process can only be applied to fuzzy approach to 
draw objective results. 

Based on the above reasons, we think that the 
AHP and Fuzzy set of fuzzy comprehensive 
evaluation method of combining method of low 
carbon economy development level of evaluation is 
more reasonable, the weight of ambiguity can handle 
evaluation index and can be more scientific 
distribution of evaluation indexes. 

 
 

5. The Fuzzy Algorithm in Evaluation  
of Low Carbon Economic 
Development 
 
Due to that current research on low carbon 

economy evaluation system is not abundant, the 
scholars of this field still have no common sense with 
the methods to establish the evaluation system of low 
carbon economy; therefore, the study on the 
evaluation index system is only an attempt, and we 
are hoping to play a role in this field [14]. We also 
hope that all continue to strengthen the study of these 
aspects, to build up the index system of low carbon 
economy evaluation is scientific and reasonable, 
feasible, and promote the construction of the 
theoretical system of low-carbon economy and 
improve, promote low carbon economy accelerated 
from the advanced concept of development into 
practical economic operation mode. 

 
 

5.1. The Establishment of the Hierarchical 
Structure Model and the Judgment 
Matrix 

 
On the basis of previous literature, we think that 

the low carbon economy should include 4 key 
elements: stage of development, resource 
endowment, technology level, and consumption 
patterns. Therefore, the level of low carbon economy 
can be expressed as the following concept model: 

 

( )LCE f E,  R,  T,  C=   
 
Wherein, E represents the stage of economic 

development, mainly in the industrial structure, per 
capita income and city etc.; R represents resource 
endowment, including the traditional fossil energy, 
renewable energy, nuclear energy, and carbon 
resource; T is the representative of the technical 
level, which refers to the main energy consumption 
of product and process level carbon efficiency;  
C represents the consumption patterns, mainly refers 
to the different consumption habits and the quality of 
life of carbon demand or emissions. All the indexes 
listed in Table 1 can be sorted into E, R, T  
and C respectively with the AHP method in the 
following steps. 

The analytic hierarchy process (AHP) is a multi-
objective decision analysis is a combination of 
qualitative and quantitative analysis method. This 
method is suitable for the problems more complex in 
structure, decision rule and not easy decision problem 
of quantization. It is a complex problem to the 
ordered hierarchical structure. Through people's 
judgment, decision analysis on social economic 
system. We plan to use AHP to determine the index 
weight. The index is positive and the dimensionless 
treatment, using the linear weighted method 
(standardized index multiplied by index weights) to 
calculate the level of low carbon economy 
development evaluation in different regions with 
specific data from statistical yearbooks. 

As shown in Table 1, the indexes have been 
sorted into three levels of different layers, the target 
layer, the criterion layer and the specific index layer. 
According to the hierarchical structure is established, 
above a layer element as criterion, the next layer 
under the control of the elements according to the 
important degree of a standard numerical expression 
into matrix form. About how to determine the value 
of the elements in comparison matrix, we use the 
method Saaty proposed, known as 1-9 ratio scale 
method, namely each element in the range of 
comparison matrix will be marked as 1, 2, 3,......, 9, 
and 1, 1 / 2, 1 / 3, ......, 1 / 9, as listed in Table 2. 

 

 
 

Table 2. The meaning of 1-9 ratio scale method. 
 

Scale Meanings 
1 The former and the latter factor affect the target to the same extent 
3 Compared to the former factor, the effect of the latter is a little stronger 
5 Compared to the former factor, the effect of the latter is obviously stronger 
7 Compared to the former factor, the effect of the latter is much stronger 
9 Compared to the former factor, the effect of the latter is absolutely much stronger 

2, 4, 6, 8 The influencing level is between the two scale above respectively 
Reciprocal When the former and the latter change their sequences 
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By comparing the judgment matrix quantization 
of each of the two adjacent factors, for example, the 
criterion layer Dn, with indexes, D11, D12... and 
D63. Compare these indexes in one-to-one mode, 
and then all the results can be represented in the 
comparison matrix D: 

 

( )ij n  nD  d  ×=
 

 
 
Wherein, the dij is the comparison importance of 

the individual index to the target D in one-to-one 
mode. Obviously, dij > 0, and dij= 1/dji (i=1, 2...n; 
j=1, 2...n). 

 
 

5.2. The Calculation of Relative Weights and 
Consistency Check 

 
From the criterion layer judgment matrix D, we 

can mark the vector V, and 
 

1 2 3( , , ... )T
nV v v v v=   

 
So, V is the feature vector of indexes (Dij) under 

the criterion layer (Dn). The feature vector is the 
respective evaluation index ratio according to the 
importance of a layer of criteria ranking, which is 
also called the weight distribution. 

Through the specific data calculation and index 
normalization, we will get 

 
T

1 2 nV= (v ,v ,...,v )
   = (0.32,0.27,0.21,0.14, 0.09,0.18)  

 

 
The results will be stated more clearly with the 

data listed in Table 3. 
 
 

Table 3. The judgment matrix of criterion layer. 
 

D D1 D2 D3 D4 D5 D6 V 
D1 1 1 1/2 1/2 1/4 1/2 0.32 
D2 1 1 1 1/2 1/3 1/2 0.27 
D3 2 1 1 1/2 1/2 1 0.21 
D4 2 2 2 1 1/2 1 0.14 
D5 4 3 2 2 1 2 0.09 
D6 2 2 1 1 1/2 1 0.18 

 
Besides, 
 

max =8.2154, CI=0.0082, RI=1.32, R=CI/RI=0.0062<0.1λ  
So, it is in accordance with the consistency check. 

 
 

5.3. The Index Standardization  
and the Comprehensive Calculation 

 
Due to the different methods of each index, have 

different dimension, direct operation will make the 
evaluation index system is not reasonable, must be 
based on the. According to Table 1, of the 20 second-
level indicators, some indicators of numerical value 

is greater, the regions of low carbon economic 
development level is better, the index is called the 
positive indicators; on the contrary, some indexes 
and the level of low carbon economy development 
area are negatively correlated, called negative index. 
At the same time, because the dimension of each 
index between different, in order to make them more, 
it needs to carry on the dimensionless processing of 
all indicators. To use treatment of dimensionless, the 
normalization method in this study, the formula is: 

 
( 11,12,...63; 1,3,...,30)

max
ij

ij
ij

D
d i j

D
= = =

 
 

 
Wherein, Dij is the actual value of a certain index 

of a certain province; i means the index layer (of the 
20 indexes from Table 1) and j means the 
30 provinces of China (except Tibet). MaxDij is the 
maximum of the index of all the provinces. dij is the 
standardized value of each index in each province 
after the nondimensionalization. Also, to the negative 
indexes, we have to make them positive by the 
formula as below: 

 
''

ij ijd =1-d ( 11,12,...63; 1,3,...,30)i j= =   

 
Then we use the weighted linear method with the 

weight of the 20 indicators multiplied by the 
standardized value of the indexes respectively to 
work out the comprehensive value of LCE which can 
determine the level of low carbon  
economy development of each region, the formula is 
as follows: 

 
20

''
ij

1

d ( 1, 2,...30)n
n

LCE v j
=

= × =∑
 

 

 
Wherein, vn is the weight of each index listed in 

Table 1 and ''
ijd  is the nondimensionalization of the 

value of each index. 
Therefore the final consequence of the calculation 

is shown in the Table 4. 
From the results in the table above, we can see 

that the top ten are the regions whose economy is 
also more developed compared to other regions, on 
the basis of which it can be deduced that the 
economy development level is positively related with 
the low carbon economy development, that is, the 
higher the region’s economic development level is, 
the better the process of low carbon economy 
promotion is. The eastern and the western provinces 
also can be seen clearly that the low carbon 
development is different at levels to a great extent. 

What’s more, with higher economic development, 
the awareness of the local government and the 
citizens of environment protection and low carbon 
development is stronger compared with the regions 
whose political leaders are still eager for quick 
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success and instant benefits that are at the expenses 
of sacrifice of the environment and the ecological 
energy, both of which are hard to recover  
once destroyed.  

 
 

Table 4. The LCE of different regions. 
 

Regions LCE Regions LCE Regions LCE 
Beijing 0.808 Hubei 0.573 Sichuan 0.484 
Shanghai 0.693 Shaanxi 0.561 Shanxi 0.478 
Tianjin 0.661 Hainan 0.553 Henan 0.477 

Zhejiang 0.647 Jiangxi 0.550 Inner 
Mongolia 0.468 

Fujian 0.618 Anhui 0.542 Hebei 0.444 
Chongqing 0.617 Jilin 0.540 Gansu 0.436 
Hunan 0.588 Guangxi 0.536 Qinghai 0.401 
Jiangsu 0.577 Shandong 0.533 Ningxia 0.380 
Heilongjiang 0.576 Yunnan 0.519 Xinjiang 0.359 
Guangdong 0.575 Liaoning 0.496 Guizhou 0.344 

 
 

6. Conclusions 
 
On the basis of the existing research results, we 

define the concept of low carbon economy as below: 
low carbon economy is the development of human 
society to a higher social economic form a certain 
stage, with its development model in technological 
innovation and policy measures to support, with the 
objective to establish a high efficiency and low 
emission of low carbon industry chain way, in which 
the economic development mode of low carbon life 
consumption can be realized. Its core is the premise 
of steady economic growth, the ultimate goal is to 
realize the coordinated development of ecological 
environment and social economy. This concept has a 
broad connotation; it contains the low-carbon energy, 
low carbon industry, low carbon technologies and 
low carbon policy etc. From this point of view and 
connotation of low-carbon economy and industry 
chain construction path, follow the principle of 
evaluation index system of low carbon economy, this 
paper constructs a low carbon economy evaluation 
index system with fuzzy algorithm.  
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Abstract: Retrieval problems of XML-based representation of data have been researched in this paper. In order 
to solve the large time and space overhead problem in building content index, this paper establish a data 
retrieval model advantageous to xml representation using the system automatically build two-dimensional table 
datasets. Take crop diseases and insect pests data for an example, this paper first gives the architecture of 
retrieval system based on XML crop diseases and insect pests’ data; it also discusses about how to construct the 
two-dimensional table dataset and achieve the retrieval process; then it describes the text segmentation 
technique and the XSL style sheet conversion technology. Finally, under the VS.NET platform, using MVC 
design pattern develop and implement a prototype. Copyright © 2013 IFSA. 
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1. Introduction 

 
Extensible Markup Language (XML) is a 

metadata markup language based on the Internet 
which is developed in recent years. It has advantages 
such as openness, platform-independent, self-
descriptive, flexible, scalable and highly hierarchical 
data organization and form, now it is gradually 
replacing HTML, become the main form of 
information that resides on the Web. The benefits of 
using XML to represent data include: effective 
control and use of the information content of the web 
page; strengthen searching performance of data; 
enhance the quality of the data; strengthen the 
integration and interoperability between 
heterogeneous information systems and data sources; 
more flexible way to take advantage of the different 
ways to present the same data sources [1]. 

Because of this, the exploration, study and 
application of the XML from domestic and abroad 

during these years have been increasing, especially 
concerning on XML data retrieval research, [2-5]. 
XML data retrieval methods [6], include two 
methods. One is XML IR / query mode, use the query 
language for XML data like: Query, XPath to 
conduct XML data retrieval; another method is XML 
IR / keyword, extend the keyword search method of 
traditional text documents to the XML data, also can 
use the unique XML structure which is characterized 
as the auxiliary of retrieving information to limit the 
scope of the keywords of the node where. The former 
is mainly for data-centric XML data, the latter 
concentrating on text-centric XML data. To improve 
the efficiency of data retrieval for XML text, recently 
it is used mostly by building efficient indexing 
mechanism to achieve, including the contents of the 
index and structural index, efficient indexing 
mechanism is one of the main methods to achieve 
fast retrieval. However, building indexing, building 
content indexing, it needs a lot of time and space 
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Content indexing documents size is typically as 3 to  
5 times large as that of the original XML document . 
Unlike traditional text documents, XML data search 
includes not only the content information, but also 
the structural information. In this paper, considering 
that the structure of the XML text data has a clear 
hierarchy and clear semantic features, a two-
dimensional table text data retrieval model is 
proposed based on the XML datasets automatically 
building, which avoids the creation of content 
indexing, while the system build the two-dimensional 
table data set stored XML document data in a heap 
cache automatically, solve the overhead problem of 
time and space during the construction of content 
index. In this paper, the retrieval model is applied to 
crop pests’ data retrieval, on the VS.NET platform, 
using the MVC design pattern; we developed an 
XML-based crop pest’s data retrieval system. System 
shows that this method can quickly locate retrieve 
information to achieve the purpose of efficient 
retrieval. 

 
 

2. XML Description of the Crop  
Pests Data 
 
Currently, the data of Crop diseases, insect pests 

and weeds, are stored in a variety of heterogeneous 
databases, due to incompatibilities between different 
database, and most of the information standards are 
not uniform, which bring great difficulties to pests 
data retrieval and data migration, and reduce the 
efficiency of the information sharing. XML can 
easily integrate data from a variety of data sources, 
and data has good portability. In addition, crop pests 
data structure degree is not high, using the semi-
structured data format standard XML to describe is 
undoubtedly a very good solution. 

Take crops of rice for example, by looking though 
some of the information on rice pests, make analysis 
that the rice disease generally include the Chinese 
name, English name, common name, profile, 
symptoms, pathogens, control methods, the incidence 
of the conditions, the route of transmission, 
distribution, disease-resistant varieties, and several 
other part. This paper need to design these several 
parts as the XML element tags. The structure of an 
XML document is a typical layered structure, can be 
simulated as a tree, known as the structure tree. The 
tree contains a root node and a number of element 
nodes, element nodes both can express elements and 
attributes [7]. As shown in Fig. 1 is the tree of the 
rice disease, by the same method we can get 
structural tree of rice pests, weeds tree. 

XML Schema is a specification used to describe 
the structure of XML documents. Marker of the rice 
pests in XML document is self definite, in order to 
ensure the smooth progress of the exchanging and 
sharing of data, the data structure of the XML tag and 
set must pass through XML Schema validation. 

According to the above-described structure, the 
structural diagram of rice diseases was transformed, 
definited .After the process, the XML Schema 
fragment was shown in Fig. 2. 

The following is a specific XML document data 
fragment (rice disease section) This paper use data of 
crop pests, rice, peanuts, soybeans, wheat, common 
diseases, pests and weeds as example. 

 
<Pest weeds Data> 
<Disease ID = "D0001"> 
<Name> 
      Chinese name "稻瘟病 </ Chinese name> 
      <Name> Rice blast </ name> 
      <Common name> blast, fire blast </ common 

name> 
</ Name> 
  Major damage <Introduction> leaf, stem, 

panicle ... </ Description> 
  <Symptoms>  seedlings from three-leaf stage - 

heading stage can be hair ...... </ symptoms> 
  <Pathogenic> the anamorph said gray Pyricularia 

</ pathogen> 
  <Route of transmission of> germs conidia and 

mycelium ... </ transmission route> 
  <Onset conditions> optimum temperature and 

humidity, rain, fog, ... </ incidence conditions> 
<Control methods 
       <The agricultural control> (1) selection of 

ones with huge yield and disease resistance goods ... 
</ agricultural control 

       <Chemical control> (1) 20% tricyclazole 
wettable powder ... </ chemical control 

</ Prevention methods 
<Distribution> </ range of the distribution of the 

country's rice area> 
<Resistant varieties validation ID = "Chongqing 

trial rice 2008005"> 
  < Cultivar name> 陵优 2 < cultivar name> 
   <Varieties Source> 陵 1A× 涪 恢 9802 </ 

varieties SOURCE 
  <Characters> The combinations are mature 

Indica three-line hybrid water ... </ Characteristics> 
  <Rice quality performance> brown rice rate of 

82.6%, and 63.6% of the milled rice rate, ... </ rice 
quality performance 

  Yield performance of "Chongqing Rice two years 
trial, the average yield of 560.2kg on ... </ Yield 
performance> 

</ Resistant varieties 
</ Disease> 
<Disease ID = "D0002"> 
<Name> 
    Chinese name "rice sheath blight </ Chinese 

name> 
          ...... 
</ Disease> 
</ Pest weeds Data> 
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Fig. 1 (a). Rice disease tree. 
 
 

 
 

Fig. 1 (b). Rice weed tree. 
 
 

 
 

Fig. 1 (c). Rice insect pest tree. 
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Fig. 2. Rice disease XML Schema fragment. 
 
 

3.Retrieval System Framework 
 

Crop pests XML-based data retrieval system can 
base on user's concerning about the type of crops 
(rice, wheat, peanuts, soybeans, etc.) and user's 
identity (experts and scholars, ordinary users) to 
narrow the search range, effectively improve retrieval 
efficiency. The search results are processed in 
accordance to the identity of different users, returning 
to different results. Thus return all relevant tag 
information of an insect pest data to experts and 
scholars, and for ordinary users, only return them 
useful marker information. As the XML document is 
a text document, and inconvenient for the user to 
view and find, the system returns the result of the 
XML document and convert it to a table view to 
facilitate the user's browser, reach display 
optimization. Adding a user-defined dictionary, the 
key word after user authentication can be saved to the 
dictionary to prepare for the next search, this 
intelligent way will ensure the retrieval model to use 
the longer, get better retrieval results . The overall 
framework of the retrieval system is shown in Fig. 3. 

Retrieval system framework process is as follows: 
Use DOM to analyze the data (crop diseases, insect 
pests and weeds) represented by the XML, and create 
a structure show index XML tree structure in 
navigation, allow users to be able to see the structure 
of the XML document; the cache heap area will parse 
the XML document data set to construct a two-
dimensional table, use XML tag name as the column 

names in the table, allow users change the retrieval 
process like this: when users retrieve an XML 
document data, it can be converted into the retrieval 
of two-dimensional table. 

 
 

 
 

Fig. 3. Overall framework of the retrieval system. 
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When a user enters search keywords and select 
appropriate tag node in the structure of navigation, 
the system first judge by the user's information 
database, to confirm the type of crop concerned and 
the user's identity , narrow the range of the retrieved 
data sets, then conduct cutting word operation on 
search keywords entered by the user, get one or more 
criteria; Find and match for each keyword in a two-
dimensional table data set, return to the 
corresponding two-dimensional table containing 
keywords information; using XSL style sheet to 
convert search results document described by XML 
into the form of a table view, showed in user-friendly 
browser. 

 
 

4. Key Technical Analysis and Achieve 
 
4.1. Chinese Word Segmentation 
 

Currently, the technology of Chinese Word 
Segmentation is relatively mature, there are three 
categories: Word Segmentation based on word 
matching, Word Segmentation based on the statistical 
words, Word Segmentation based on the 
understanding of the cutting words. This paper use 
common dictionary-based matching method. In 
matching algorithms, Traditional dictionary mostly 
use txt file as storage file system, each word match 
need to find the entire dictionary, average seek 
times>n/2 (n is Dictionary length), the time 
complexity is O (n). In the retrieval system, every 
word in the dictionary is loaded into the memory of a 
tree, get the formation of the dictionary tree [8], so 
that the cut word matching operation change into a 
searching term in the trees, increase the speed of the 
cutting words. 

Specific algorithm thought of Retrieval system 
keywords cutting: 

The first step, sequential scan dictionary file, 
sequence of each word is configured into a tree. Take 
"China", "China People", "deck" as example, the tree 
structure is shown in Fig. 4. The figure shows that the 
main purpose of the contribution is that using the 
word in the dictionary to associate relations tree 
between sub trees. 

The second step, when the user input keywords, 
word cutting program conduct matching of the first 
word of the keywords in the tree, if found, make it as 
the root node of the word, continue to find their child 
nodes. If the second key word is found, two words 
will be combined into one word, and make the 
second word as the root node, then sequential search 
for the child node, if found, these three words be 
combined into one word, continue until the 
completion of the match of the keywords in each 
word. If not found, then make a single word as a 
keyword. In order to describe more intuitive and 
clear, take "rice febrile disease” as example, first find 
the node where "rice" locate, and then use "rice" as 
the root node, sequential search if there is a child 

node of the "febrile" in many of its child nodes, if 
exist ,make "febrile" as root node, sequential search 
if there is a "disease" child node, and finally return to 
the word "rice febrile disease". 

 
 

中

华

甲

人

民

国

人

板

root

 
 

Fig. 4. Dictionary structure tree. 
 
 

4.2. Implements of Retrieval  
 
4.2.1. Two-dimensional Table Data Set 
 

Create a structured index retrieval system by 
reading the XML document data, a heap area is built 
in the cache, and automatically build a two-
dimensional table data set to store XML document, 
the two-dimensional table use marked tag of the 
source XML document as a table column name. 
According to the nested relationship between the 
XML document markup, an XML document can 
build interrelated multi two-dimensional table. So 
that retrieval of XML document data is transformed 
to the retrieval of the data set of the two-dimensional 
table. The benefits of building a two-dimensional 
table data set is: 

1) After a user submitting a search key, the 
system does not have to visit source XML document 
data sets, and will not destroy the contents of the 
source XML document data, which ensures the 
security of the data of the XML document. 

2) The user does not have to go to retrieve the text 
form of the XML document; the user has direct 
access to structured data sets of the two-dimensional 
table to improve the retrieval efficiency. 

3) After the search is finished, the system 
automatically releases the heap space occupied by the 
data set of the two-dimensional table, avoid the waste 
of resources and reduce the memory space. 

Fig. 5 - Fig. 8 are four tables that system builds 
for rice disease data. Four tables built in the cache, 
are virtual column table view. They are associated by 
"disease _Id" , all combined column names are all the 
elements mark rice disease represented by XML. 
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Fig. 5. Two-dimensional table constructed by rice disease 
data - Disease Table. 

 
 

 
 

Fig. 6. Two-dimensional table constructed by rice name 
data - name table. 

 
 

 
 

Fig. 7. Two-dimensional table constructed by rice disease 
prevention and treatment methods - prevention  

method table. 
 
 

 
 

Fig. 8. Two-dimensional table constructed by rice disease 
resistant varieties - varieties of disease-resistant table. 

 
 

4.2.2. Retrieval Algorithm Based on Data Sets 
of the Two-dimensional Table 

 
During the search, first use word-cutting to 

decompose key word input by user into one or more 
criteria, then retrieve of each keyword .If the user has 
no limited to the node, then they would have access 

to all the data sets of the two-dimensional table; If the 
user selects a node, then the search range is 
narrowed, just need to visit the two-dimensional table 
where the corresponding node locate. Retrieval, 
combine with user's database ,determine the user's 
identity, concern about the types of crops, etc, further 
narrow the range of two-dimensional table to retrieve 
data sets. 

XML representation contains grass data and pest 
data. Each disease, pests or weeds are composed by 
fixed node: Chinese name, English name, common 
name, profile, symptoms, etc. Information returned 
from retrieval should be complete, including these 
nodes, but the retrieval system divide these nodes 
separately in a different table when building a two-
dimensional table data set , we need to diaplay the 
completed results. Specific algorithm to return search 
results are the following: 

 
For traverse and retrieve every keyword term 
Read every rows of the table where key word 

locate in and record Id column values  
For traverse each data table set from where all the 

two-dimensional table data set dslist in dscache heap 
area 

in ds find the data set tables where Tern appears  
For traverse tables where each table dt 
Tin ds find the datarows where Tern appears  
For traverse each line dr of datarows  
In Id ,judge whether its Id is in accordance 

with Id from the For loop, if they are same ,then 
display information in the dr 

End For 
End For 
End For 
End For 
 
For example, users enter a search keyword "rice 

febrile disease" and select the name of the node of 
rice under the name of Chinese, retrieve first row of 
data in a two-dimensional table data set from name 
table (Fig. 6), but we hope to show not just the name 
of the table of information, but also to show the other 
tables related to rice febrile disease, and then 
combine with a complete disease information. Taking 
into account these tables are associated with the 
column "disease _Id", if the row of data of the name 
table is known, all data sets of the two-dimensional 
table must be traversed, to find out all of the data 
table from the data set, and then from the data find all 
the rows in the table, and then loop through all the 
rows, see whether Id column we find out is in 
accordance with the Id column information from 
name table, if they are same, then display 
information. 

 
 

4.3. Optimized Search Results 
 

Extensible Stylesheet Language (XSL) is an 
XML-based language, which is designed to transform 
the XML document into another version of XML 
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document or HTML document [9]. The system 
returns to data fragment of source XML document, 
which is inconvenient for users to browse. 
Considering the XML document data is separated 
with the display format ,for the same results from 
XML documents, we can show a different format 
according to the different users. For experts and 
scholars, all XML markup data of the pests would be 
shown, for ordinary users, they are more concerned 
with the control methods against crop grass pest , we 
only display Chinese name and prevention methods. 
Retrieval system displays search results from XML 
document into a table view. 

 

Fig. 9. Convert document XSL. 
 
 
For Experts and scholars, XML documents is 

converted into table view, is shown in Fig. 10. 

 
 

Fig. 10. XML table view. 
 
 

5 Conclusions 
 

XML has become main standard for expressing 
and exchanging data on the Internet, how to conduct 
fast and efficient retrieval of XML data, it is one of 
the main problems we face. This paper, combine with 
the characteristics of the XML data, use the method 
that system automatically builds a data set of the two-
dimensional table, and take crop pests data for 
example, build an crop pests data retrieval system 
XML-based. The retrieval system avoids the 
overhead of time and space which are required to 
create a content index .For element tags which can 
identify an insect pest data , such as the Chinese 
name, English name, common name, etc, make a 
strict interpretation of their structural constraints 
during retrieval, the accuracy rate of results from 
retrieval can reach 100 %. Retrieval system uses the 
most simple string matching method, which is slow. 
Although in the current data sets case, the 
disadvantage of this algorithm hasn't been reflected, 
however, with the incensement of the data set, the 
algorithm remains to be further optimized. In 
addition, the retrieval system does not consider the 
order of presentation of search results, which is the 
next focus of the work. 
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<?xml version="1.0" encoding="utf-8" ?>  

<病害数据> 

<病害 编号="D0001"> 

<名称> 

  <中文名>稻瘟病</中文名>  

  <英文名>Rice blast</英文名>  

  <俗名>稻热病,火烧瘟</俗名>  

</名称> 

<简介>主要为害叶片、茎秆、穗部……</简介>  

<症状>秧苗自三叶期--穗期均可发……</症状>  

<病原>无性态称灰梨孢</病原>  

<传播途径>病菌以分生孢子和菌丝……</传播途径>  

<发病条件>适温高湿，有雨、雾、……</发病条件>  

<防治方法> 

  <农业防治>(1)选用高产抗病品……</农业

防治>  

  <药剂防治>(1)20％三环唑可湿性粉……</

药剂防治>  

</防治方法> 

<分布范围>分布在全国各稻区</分布范围> 

<抗病品种 审定编号="渝审稻2008005"> 

<品种名称>陵优2号</品种名称>  

   <品种来源>陵1A×涪恢9802</品种来源>  

   <特征特性>该组合属中籼迟熟三系杂交水

……</特征特性>  

   <米质表现>糙米率82.6%，整精米率63.6%

，……</米质表现>  

   <产量表现>重庆市水稻两年区试，平均亩

产560.2kg对……</产量表

现>  

</抗病品种> 

…… 

</病害数据> 
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Abstract: Packet sets (P-sets) are proposed by introducing dynamic characteristics into Cantor set X , and they 

can be returned to finite Cantor set. P-sets are combined with internal packet set FX  and outer packet set FX . 
In other words, P-sets possess dynamic characteristic, and denoted by ( , )F FX X . Packet reasoning is a new 
reasoning method based on P-sets, this method includes internal packet reasoning and outer packet reasoning. 
The dining and reasoning on inner-outer unknown information is studied by using P-sets and P-reasoning, and 
the related theorem and criteria are given. Finally, this paper presents the application concerning the reasoning 
and dining of inner-outer unknown information. Copyright © 2013 IFSA. 
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1. Introduction 

 
In 2008, the literature [1, 2] proposed packet sets 

(P-sets) by introducing dynamic characteristics into 
Cantor set X . P-sets are the set pair which combines 
internal packet set FX  and outer packet set FX , in 
other words, P-sets possess dynamic characteristic, 
and denoted by ( , )F FX X . In 2011, the literature [3] 
proposed packet reasoning by using P-sets. Packet 
reasoning is a dynamic reasoning, and be composed 
of internal packet reasoning and outer packet 
reasoning. The literature [4-26] presented several 
applications of P-sets in dynamic  
information system. 

Given the attribute set α  on finite cantor set X , 
if we go on adding the attribute into α, 

1 2 1
F F F F

n nα α α α α−⊆ ⊆ ⊆ ⊆ ⊆ , then X  becomes a 
series of internal p-sets: 1 2 1

F F F F
n nX X X X−⊆ ⊆ ⊆ ⊆ ; 

if we go on deleting the attribute from α, 

1 2 1
F F F F
n nα α α α α−⊆ ⊆ ⊆ ⊆ ⊆ , then X  becomes a 

series of outer p-set: 1 2 1
F F F F

n nX X X X−⊆ ⊆ ⊆ ⊆ . If 
the finite cantor set is defined as known information, 
then F

kX X⊆  is the inner unknown information of 
X , and F

kX X⊇  is the outer unknown information 
of X . The fact of F

kX  in X  is unknown to people 
before some attributes are added into α, and the fact 
of F

kX  out of X  is unknown to people before some 
attributes are deleted into α. In investigating dynamic 
information system, people often need to know the 
existence of inner-outer unknown information. For 
example, if system malfunction occurs in the 
studying of system fault diagnosis, then which 
information cell from system output would be lost? 
Or which information cell in X  would be lost, then 

1 2{ , , , }qX x x x U= ⊂  becomes F
kX  ( F

kX X⊆ )? 
People wonder if inner-outer unknown information 
would be found by using P-reasoning. If yes, then 
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what condition and criterion would be required? This 
paper gives some discusses about these problems by 
using P-sets and P-reasoning. 

 
 

2. P-sets and P-reasoning 
 

P-sets and its dynamic characteristics 
Given P-sets 1 2{ , , , }qX x x x U= ⊂ , 1{ ,α α=  

2 , , }kα α V⊂  is the attribute set on X , the 
internal packet set derived from X  is denoted by 

FX , or FX is the inner packet set, and that: 
 

FX X X −= − , (1) 
 

where 1 2{ , , , }F
pX x x x= , p q≤ , ,p q N +∈ . 

X −  is called as F -element deleted set of X , X −  is 
defined as: 
 

{ | , ( ) , }X x x X f x u X f F− = ∈ = ∈ ∈  (2) 
 

The attribute set Fα  of FX satisfy: 
 

{ | ( ) , }F f f Fα α α β α α′ ′= = ∈ ∈∪ , (3) 
 

where , ,V f Fβ β α∈ ∈ ∈ , ( )f β α α′= ∈ ; 
FX φ≠ . 

Given a set 1 2{ , , , }qX x x x U= ⊂ , 

1 2{ , , , }k Vα α α α= ⊂  is the attribute set on X , 
FX  is called as the outer packet set derived from 

X , or FX  is the outer packet set, and that: 
 

FX X X += ∪ , (4) 
 

where 1 2{ , , , }F
rX x x x= , q r≤ , ,q r N +∈ . 

X +  is called as F -element supplement set of X , 
X +  is defined as: 

 
{ | , , ( ) , }X u u U u X f u x X f F+ ′= ∈ ∈ = ∈ ∈    (5) 

 
the attribute set Fα  of FX satisfy: 

 
{ | ( ) , }F

i i if f Fα α β α β α= − = ∈ ∈ , (6) 
 

where ,i f Fα α∈ ∈ , ( )i if α β α= ∈ , Fα φ≠ . 
The packet sets derived from X  is the set pair 

composed of the inner packet set FX  and the outer 
packet set FX , is denoted as: 

 
( , )F FX X , (7) 

 
X  is called basic set of ( , )F FX X . 

Where U  is a finite set of the universe, V  is the 
domain of a finite attribute set, X  is a finite cantor 
set; 1 2{ , , }nF f f f=  and 1 2{ , , }nF f f f=  are the 

element transferring family; f F∈ and f F∈  are 
the element transferring operator; the characteristic 
of f F∈  is: , ,u U u X f F∃ ∈ ∈ ∈  such that 

( )f u x X= ∈ , or , ,V f Fβ β α∃ ∈ ∈ ∈  such that 

( )f β α α′= ∈ . The characteristic of f F∈ is: 

,ix X∃ ∈ f F∈  such that ( )i if x u X= ∈ , or 

,i f Fα α∃ ∈ ∈  such that ( )i if α β α= ∈ . 
From (3), we can get: 
 

1 2 1
F F F F

n nα α α α−⊆ ⊆ ⊆ ⊆  (8) 
 
The inner packets set satisfy (8) is: 
 

1 2 1
F F F F
n nX X X X−⊆ ⊆ ⊆ ⊆  (9) 

 
From (6), we can get: 
 

1 2 1
F F F F
n nα α α α−⊆ ⊆ ⊆ ⊆  (10) 

 
The outer packets set of (10) is: 
 

1 2 1
F F F F

n nX X X X−⊆ ⊆ ⊆ ⊆  (11) 
 
From (9) and (10), we can get: 
 

{( , ) | , }F F
i jX X i I j J∈ ∈  (12) 

 
The formula (12) is general expression of P-sets, I 

and J are the index set. The formula (12) indicates:  
P-sets is the set pair family composed by several set 
pair ( , )F F

i jX X . 
From (1) - (6), (8) - (11), we can get: 
Theorem 1 (the theorem of the first relation 

between P-sets and finite cantor set) f F F φ= = , 
then packets set and finite cantor set satisfy: 

 

( , )F F
F FX X Xφ= = =  (13) 

 
Proof: if F F φ= = , then according to (2), 

{ |X x x− = ∈ , ( ) , }X f x u X f F φ= ∈ ∈ = , from (1), 

we can get FX =  X X X−− = ; according to (3), 
{ | ( ) , }f f Fα β α α′ ′= ∈ ∈ φ= , i.e. Fα α= ; from (5), 

{ | , , ( )X u u U u X f u+ = ∈ ∈ = , }x X f F′∈ ∈ φ= , 

from (4), FX X X X+= =∪ ; from (6), then (6) becomes 

that Fα α= . Or, if F F φ= = , then F FX X X= = , 
we can get (13). 

Theorem 2 (the theorem of the second relation 
between P-sets and finite cantor set) if F F φ= = , 
then packets set and finite cantor set satisfy: 
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{( , ) | , }F F
i j F FX X i I j J Xφ= =∈ ∈ =  (14) 

 
The Theorem 1, 2 indicate that: when F F= = , 

φ  packets set is reverted to finite cantor set X : in 
other words, P-sets lose dynamic characteristics, and 
just become finite cantor set. 

P-reasoning and its framework 
By using P-sets, the literature [3] pointed out: 

1
F
kX +  is derived from the internal packet 

reasoning of F
kX , 1

F
kX +  is called as internal packet 

reasoning set; with regard to the attribute set F
kα  of 

F
kX  and the attribute set 1

F
kα + of 1

F
kX + , F

kX  and 

1
F
kX +  satisfy: 

 

1 1if , then F F F F
k k k kX Xα α + +⇒ ⇒ , (15) 

 

where “ 1 1if , then F F F F
k k k kX Xα α + +⇒ ⇒ ” is called as 

the internal packet reasoning derived from inner P-
sets, just be called as inner P-reasoning in short. 
“ 1

F F
k kα α +⇒ ” is called as the condition of inner  

P-reasoning, and “ 1
F F
k kX X+ ⇒ ” is called as the 

conclusion of inner P-reasoning. 
Where (1, 2, , 1)k n∈ − , “ 1

F F
k kα α +⇒ ” is 

equivalent to “ 1
F F
k kα α +⊆ ”, “ 1

F F
k kX X+ ⇒ ” is 

equivalent to “ 1
F F
k kX X+ ⊆ ”.  

1
F
kX +  is derived from the outer P-reasoning of 

F
kX , and just be called as the outer P-reasoning set; 

with regard to the attribute set F
kα  of F

kX  and the 

attribute set 1
F
kα +  of 1

F
kX + ,  F

kX  and 1
F
kX +  satisfy: 

 

1 1if , then F F F F
k k k kX Xα α+ +⇒ ⇒ , (16) 

 

“ 1 1if , then F F F F
k k k kX Xα α+ +⇒ ⇒ ” is called as the 

outer packet reasoning derived from outer P-sets, just 
be called as outer P-reasoning in short. “ 1

F F
k kα α+ ⇒ ” 

is called as the condition of outer P-reasoning, and 
“ 1

F F
k kX X +⇒ ” is called as the conclusion of outer  

P-reasoning. 

1( , )F F
k kX X +  is derived from inner P-reasoning 

and outer P-reasoning, and be called as the  
P-reasoning set in short; 1( , )F F

k kα α +  and 1( , )F F
k kα α+ , 

1( , )F F
k kX X +  and 1( , )F F

k kX X+  satisfy 
 

1 1 1if ( , ) ( , ), then ( , )F F F F F F
k k k k k kX Xα α α α+ + +⇒ ⇒  

1( , )F F
k kX X + , 

(17) 

 

“ 1 1 1if ( , ) ( , ), then ( , )F F F F F F
k k k k k kX Xα α α α+ + +⇒ ⇒ 1)F

kX +

” is called as packet reasoning derived from P-sets, just be 

called as P-reasoning in short. “ 1 1( , ) ( , )F F F F
k k k kα α α α+ +⇒ ” 

is called the condition of P-reasoning, and 
“ 1 1( , ) ( , )F F F F

k k k kX X X X+ +⇒ ” is called as the conclusion 
of P-reasoning. 

Where “ 1 1( , ) ( , )F F F F
k k k kα α α α+ +⇒ ” denotes that 

1 1,F F F F
k k k kα α α α+ +⇒ ⇒ , and “ 1 1( , ) ( , )F F F F

k k k kX X X X+ +⇒ ” 

denotes that 1 1,F F F F
k k k kX X X X+ +⇒ ⇒ . 

Fig. 1, Fig. 2 give the intuitional expression of 
inner P-reasoning and outer P-reasoning: 

 
 

 
 
 
More conceptions and characteristics of P-

reasoning can be got from [3]. According to the 
conception from [2], we can get inner-outer unknown 
information and its feature characteristics. 
 
 

3. Inner-outer Unknown Information 
and its Feature Characteristics 
 
To describing conveniently, we just denote 

, ,F FX X X  from 2 by ( ), ( ) , ( )F Fx x x  in the 
discussion of 3-5, in other words, 
( ) , ( ) , ( )F F F Fx X x X x X= = = . 

Definition 1 1 2( ) { , , , }qx x x x U= ⊂  is the 

information, ( )kx x∀ ∈  is called as the information 
cell of ( )x , if ( )x  possesses the attribute set α ,  
and that 
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1 2{ , , , }kα α α α=  (18) 
 

Definition 2 1 2( ) { , , , }F
px x x x U= ⊂  is an 

inner information derived from ( )x , just be called as 
inner information; if some attribute is added into the 
attribute α  on ( )x , α  is changed to Fα , and that 

 

1 2 1{ , , , , , , }F
k k λα α α α α α+=  (19) 

 
Definition 3 1 2( ) { , , , }F

rx x x x U= ⊂  is an 
outer information derived from ( )x , just be called as 
inner information; if some attribute is deleted from 
the attribute α  on ( )x , α  is changed to Fα ,  
and that 

 

1 2{ , , , }F
k tα α α α −= , (20) 

 
where , , ,p q r p q r +≤ ≤ ∈ Ν  in Definition 1-3. 

Definition 4 the information pair composed of 
inner information ( )Fx  and outer information ( )Fx  
is called as inner-outer information derived from 
( )x , and that 

 

(( ) , ( ) )F Fx x  (21) 
 
From Definition 1-4, we can get: 
Theorem 3 (inner-information attribute theorem) 

( )F
kx  is inner-information of ( )x  if there exists the 

attribute set F
kα φ∇ ≠  such that the attribute set F

kα  

of ( )F
kx  and the attribute set α  of ( )x  satisfy: 

 
F F
k kα α α− = ∇  (22) 

 
Theorem 4 (outer-information attribute theorem) 

( )F
kx  is outer-information of ( )x  if there exists the 

attribute set F
kα φ∆ ≠ , the attribute set F

kα  of ( )F
kx  

and the attribute set α  of ( )x  satisfy: 
 

F F
k kα α α− ∆ =  (23) 

 
Theorem 5 (inner-outer information attribute 

theorem) (( ) , ( ) )F F
kx x λ  is inner-outer information of 

( )x  if (( ) , ( ) )F F
kx x λ  possesses the pair of attribute set, 

and that: 
 

,* ,*( , )F F
k λα α , (24) 

 

where ,* ,*,F F F F
kk λλα α α α α α= ∇ = − ∆∪ ∪ . 

The proof of Theorem 3-5 can be got  
from (1)-(3), (4)-(6) in 2 and Definition 1-4, and be 
omitted here. 

4. P-reasoning and Dining Theorem  
of Inner-outer Unknown Information 
 
Theorem 6 (P-reasoning and dining theorem of 

inner-outer unknown information) ,F
kα α  are the 

attribute set of ( ) , ( )F
kx x  respectively, inner  

P-reasoning would be satisfied: 
 

if ,F
kα α⇒ then ( ) ( )F

kx x⇒ , (25) 
 

then there exists information ( )F
kx∇ , ( )F

kx  is inner 

unknown information after ( )F
kx∇  is deleted  

from ( )x . 

Proof: ,F
kα α , ( ) , ( )F

kx x  satisfying “if 

,F
kα α⇒ then ( ) ( )F

kx x⇒ ” is equivalent to “if 

,F
kα α⊆ then ( ) ( )F

kx x⊆ ”; ( )F
kx∇  is an 

information, since ( ) ( )F
kx x⊆ , “ ( ) ( ) ( )F F

k kx x x= − ∇ ” 

holds; or ( )F
kx  can be got after ( )F

kx∇  is deleted 

from ( )x ; from Definition 2, ( )F
kx  is the inner 

information of ( )x ; since F
kα α⊆ , then we can get 

F
kα  after some attribute is added into α . Before the 

attribute is added into α , ( )F
kx  is inner-unknown 

information hidden in ( )x . 

Proposition 1 if ( )F
kx  is inner-unknown 

information, and satisfy inner P-reasoning 
 

if ,F
kα α⇒ then ( ) ( )F

kx x⇒ , (26) 
 

then many attributes are supplied into the attribute set 
α  of ( )x . 

Theorem 7 (reasoning and dining theorem of 
inner unknown information) if ,F

kα α  are the 

attribute set of ( ) , ( )F
kx x  respectively, satisfy inner  

P-reasoning 
 

if ,F
kα α⇒ then ( ) ( )F

kx x⇒ , (27) 
 

then there exists information ( )F
kx∆ , ( )F

kx  is outer-

unknown information which is found after ( )F
kx∆  is 

supplied into ( )x . 
The proof process is similar to Theorem 6, just  

be omitted.  
Proposition 2 if ( )F

kx  is outer-unknown 
information of ( )x , and satisfy outer P-reasoning: 

 

if ,F
kα α⇒ then ( ) ( )F

kx x⇒ , (28) 
 

then many attributes are deleted from the attribute 
set α  of ( )x . 
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Theorem 8 (reasoning and dining theorem of 
inner-outer unknown information) if , ,F F

k kα α α  are 

the attribute set of ( ) , ( ), ( )F F
k kx x x  respectively, and 

satisfy P-reasoning: 
 

if ( , ) ( , )F F
k kα α α α⇒  then 

(( ) , ( )) (( ), ( ) )F F
k kx x x x⇒ , 

(29) 

 
then there exists information ( )F

kx∇ , ( )F
kx∆ ; ( )F

kx  

can be got after ( )F
kx∇  is deleted from ( )x , ( )F

kx  

can be got after ( )F
kx∆  is supplied into ( )x ; ( )F

kx  

and ( )F
kx  constitutes inner-outer unknown 

information of ( )x . 

Where ( ) ( )F
kx x⊆ , ( ) ( )F

kx x⊆ , (1,2, , 1)k n∈ − . 
The proof can be got from Theorem 6, 7, and just 

be omitted. 
 
 

5. The Application about the Reasoning 
Dining of Inner-outer Unknown 
Information in Information 
Recognition 
 
Before discussing the application, we first give 

the conception of information dining coefficient and 
information dining round, the dining criterion of 
inner-unknown information and outer-unknown 
information. 

Definition 5 F
kγ  is called as inner-dining 

coefficient of inner-unknown information ( )F
kx  with 

regard to information ( )x , just be called as inner-
dining coefficient in short, and that: 

 
card(( ) ) / card(( ))F F

k kx xγ =  (30) 
 
Definition 6 F

kγ  is called as outer-dining 

coefficient of outer-unknown information ( )F
kx  with 

regard to information ( )x , just be called as outer-

dining coefficient of ( )F
kx , and that 

 
card(( ) ) / card(( ))F F

k kx xγ = , (31) 
 

where card=cardinal number in (30) and (31). 
Apparently, the dining coefficient of known 

information is: card(( )) / card(( )) 1x xγ = = . 
Using coordinate origin O as the centre of a 

circle, we draw a circle O  with the dining 
coefficient γ  as the radius, O  is an information 
dining unit circle derived from the information ( )x ; 

furthermore, we can draw F
kO  and F

kO  by using the 

inner-dining coefficient F
kγ  and the outer-dining 

coefficient F
kγ  as the radius respectively. Fig. 3 

gives the intuitionistic plot of O , F
kO  and F

kO ; 
F

kO  and F
kO  are called as inner-information dining 

circle and outer-information dining  
circle respectively. 

 
 

 
 

Fig. 3. The unit circle O  derived from the information 
( )x  is drawn by real line; the unit circle F

kO  derived from 

inner-unknown information ( )F
kx  is drawn by broken line; 

the unit circle F
kO  derived from outer-unknown 

information ( )F
kx  is drawn by broken line; , ,F F

k kγ γ γ  are 

the radius of , ,F F
k kO O O  respectively. 

 
 

The reasoning dining criterion of inner-
unknown information 

If ( )F
kx  is inner-unknown information of ( )x  by 

means of inner P-reasoning, then F
kO  created by 

( )F
kx  is an inner-concentric circle of O . 
The reasoning dining criterion of outer-

unknown information 
If ( )F

kx  is outer-unknown information of ( )x  by 

means of outer P-reasoning, then F
kO  created by 

( )F
kx  is an outer-concentric circle of O . 
The dining-recognition of inner-unknown 

information 
This example is from a kindergarten in 

Zhumadian china. There are ten apples in an opaque 
box: 1 2 3 4 5 6 7 8 9 10, , , , , , , , ,x x x x x x x x x x , they have 
different size and weight, but all is red and 
melliferous. We separate them into three classes: the 
big is assigned to the children with 6 years old, the 
middle to the children with 5 years old, and the small 
to the children with 4 years old. We don’t which one 
from x1 – x10 is big, middle or small. From the 
discussion in 3, 4, we can get the information ( )x  
and its attribute set α , and that 

O

O
F

kO
F
kγ 1γ = F

kγ

F
kO
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1 2 3 4 5 6 7 8 9 10( ) { , , , , , , , , , }x x x x x x x x x x x=  
1{α α= = red, 2α = melliferous} 

1 2{ , }α α=  
(32) 

 
If 1( )Fx  denotes “the big”, 2( )Fx  denotes “the 

middle”, and 3( )Fx  denotes “the small”, then 1( )Fx , 
2( )Fx  and 3( )Fx  are inner - unknown information of 

( )x , because that 1( ) ( )Fx x⊂ , 2( ) ( )Fx x⊂ , 
3( ) ( )Fx x⊂ . We now define that the diameter of the 

big apple is 6 cm, the diameter of the middle apple is 
5 cm, and the diameter of the small apple is 4 cm, or 
use the attribute 3α ′ =  the diameter with 6 cm, 

3α ′′ = the diameter with 5 cm, 3α ′′′ = the diameter 
with 4 cm, by using inner P-reasoning in 2,  
we can get: 

 

if 1 ,Fα α⇒ then 1( ) ( )Fx x⇒ , 

if 2 ,Fα α⇒ then 2( ) ( )Fx x⇒ , 

if 3 ,Fα α⇒ then 3( ) ( )Fx x⇒ , 

(33) 

 

where 1 3 1 2 3{ } { , , }Fα α α α α α′ ′= =∪ , 2
Fα α= ∪  

3 1 2 3{ } { , , }α α α α′′ ′′= , 3 3 1{ } { ,Fα α α α′′′= =∪ 2 3, }α α ′′′ . 
From (33), Table 1 can be got. 

 
 

Table 1. Inner-unknown information  

1 2 3( ) , ( ) , ( )F F Fx x x  of ( )x . 
 

(x) x1
 x2

 x3
 x4

 x5
 x6

 x7
 x8

 x9
 x10

1( )Fx  
x1

      x7
    

2( )Fx  
 x2

 x3
 x4

 x5
   x8

   

3( )Fx  
     x6

   x9
 x10

 
 
Table 1 shows that 1 1 7( ) { , }Fx x x= , 1( )Fx  has the 

attribute set 1
Fα ; 2 2 3 4 5 8( ) { , , , , }Fx x x x x x= , 2( )Fx  has 

the attribute set 2
Fα ; 3 6 9 10( ) { , , }Fx x x x= , 3( )Fx  has 

the attribute set 3
Fα . Apparently, we supply the 

attribute 3 3 3, ,α α α′ ′′ ′′′  into the attribute set α of ( )x  

respectively, 1 2 3( ) , ( ) , ( )F F Fx x x  would be got; 

1 2 3( ) , ( ) , ( )F F Fx x x  are inner-unknown information of 

( )x ; 1 2 3( ) , ( ) , ( )F F Fx x x  are hidden in (x); because 

1 2 3( ) , ( ) , ( )F F Fx x x  are unknown to people before no 
attribute is supplied into α ; in other words, 

1 2 3( ) , ( ) , ( )F F Fx x x  is inner-unknown information  
of ( )x  before no attribute is supplied into α . 

From Definition 5, 6 and Fig. 3, we can find: 

1 2 3( ) , ( ) , ( )F F Fx x x  create 1 2 3, ,F F FO O O  respectively; 

1 2 3, ,F F FO O O  are all inner-concentric of O , O  is 
the information dining unit circle derived from ( )x . 
From The reasoning dining criterion of inner-
unknown information, we can find: 

 

1 2 3 IDE=identificationIDE{ , , , }F F FO O O O   
1 2 3(( ) , ( ) , ( ) )F F Fx x x φ=∩  

(34) 

 
Because that some attribute is supplied into the 

attribute set α , 1 2 3( ) , ( ) , ( )F F Fx x x  are discovered and 

recognized; 1 2 3( ) , ( ) , ( )F F Fx x x  have inner-dining 

coefficient 1 0.2Fγ = , 2 0.5Fγ = , 3 0.3Fγ =  respectively. 
The dining-recognition of outer-unknown 

information. 
This example is from a Groups Company 

Zhumadian China. For the commercial secrecy, we 
denote the Groups by the symbol X , and the filiale 

kx X∈ . Table 2 and Table 3 present the merchant's 
profit data of this filiale, the data has been processed 
by a certain technique. The Groups has 8 finiales: 

1 2 3 4 5 6 7 8, , , , , , ,x x x x x x x x ; 1 2 3 4 5 6{ , , , , , }α α α α α α α=  
is the attribute set of the market, 5 6,α α α∈  are the 
attribute of market risking.  

In December, 2008 the world finance crisis arose, 
and the Groups are attacked and threatened from 
June to December 2009 (the risking attributes 5 6,α α  
are added into α ) the filiales 4 7,x x  are closed 
because of minus profit. Under this condition, the 
Groups Company X  and it’s the attribute set α  are: 

 
1 2 3 5 6 8{ , , , , , }X x x x x x x=  (35) 

 
1 2 3 4 5 6{ , , , , , }α α α α α α α=  (36) 

 
Table 2 presents the profit distribution under the 

existence of risking attribute. 
 
 
Table 2. The profit distribution under the existence  

of risking attribute (2009.6 -12). 
 

X 6 7 8 9 10 11 12 

Y  1.03 1.16 0.92 1.07 1.24 1.10 1.21 

 
 
In table, ,

1,3,5,6,8
,k k p k

P
y Y y y

=
∈ = ∑ , 

6,7,8,9,10,11,12k = ; ,p ky
 
is the finiale, px X∈  is 
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the profit distribution from June to  
December in 2009; the data of 

,6 ,7 ,8 ,9 ,10 ,11 ,12{ , , , , , , }p p p p p p p py y y y y y y y=  is 

omitted, 1,3,5,6,8p = ; the risking attributes 5 6,α α  
invade in α  because finance risking; 5α  expresses 
that the order is rejected, 6α  expresses that the 
contract is terminated. The Groups X  worked under 
low profit. 

From June to December in 2010, the assault of 
finance risks lowed, the risking attributes 5 6,α α  
went away, the filiales 4 7,x x  came back to the 
producing, and went into the Groups Company again, 
(35), (36) turned to:  

 

4 7{ , }FX X x x= ∪  
1 2 3 4 5 6 7 8{ , , , , , , , }x x x x x x x x=  

(37) 

 

5 6{ , }Fα α α α= − 1 2 3 4{ , , , }α α α α=  (38) 
 
Table 3 presents the profit distribution after the 

risking attribute disappeared. 
 
 

Table 3. The profit distribution after the risking 
attribute disappeared (2010.6-12). 

 
FX  6 7 8 9 10 11 12 
FY  1.96 1.78 1.92 1.89 1.69 1.90 1.73 

 
 

In Table 3, ,
1,2, ,8

,F
k k p k

P
y Y y y

=
∈ = ∑ , 

6,7,8,9,10,11,12k = ; ,p ky ,p ky is the finiale, 
F

px X∈  is the profit distribution from June to 
December in 2010; the data of 

,6 ,7 ,8 ,9 ,10 ,11 ,12{ , , , , , , }p p p p p p p py y y y y y y y= is 
omitted, 1,2,3,4,5,6,7,8p = . 

We denote , FX X  in (35), (37) by ( ), ( )Fx x  

respectively, or ( ) , ( )F Fx X x X= = . We get (39) by 
using P-reasoning in 2: 

 

if ,Fα α⇒ then ( ) ( )Fx x⇒  (39) 
 

( )Fx  is outer-unknown information of ( )x , because 

( )Fx  is unknown to people before the risking 

attribute 5 6,α α  disappear; and ( )Fx  in hidden out of 
( )x  before the risking attribute 5 6,α α  disappear, in 

other words, ( ) ( )Fx x⊆ . 

By Definition 6, ( )Fx  creates FO , FO  is outer-
concentric circle of O , O  is the information dining 
unit circle created by ( )x . (40) is can be got by the 
reasoning dining criterion of outer-unknown-
information. 

IDE=identificationIDE{ , }FO O   

( ) ( ) ( )F Fx x x=∪  
(40)

 
Because the attribute 5 6,α α  are deleted from α  

(the risking attribute 5 6,α α  disappear from α), ( )Fx  

is discovered and recognized; ( )Fx  has outer-dining 

coefficient 1.3Fγ = . 
Fig. 4 presents the profit distribution curve of 

Groups Company. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 4. “- - - - - -” is the profit distribution under risking  
(2009.6-12),  

“————” is the profit distribution after the risking 
disappear (2010.6-12). 

 
 
6. Discussion 

 
Many problems in information science and 

system science has dynamic feature, and it’s difficult 
to research these problems with classic mathematical 
methods. So the literature [1, 2] proposed Packet sets 
(P-sets) with dynamic feature. The literature [4-26] 
presented several applications of P-sets. An 
important model of dynamic reasoning is hidden in 
dynamic structure of P-
sets: 1 2 1

F F F F
n nX X X X−⊆ ⊆ ⊆ ⊆ , 

1 2 1
F F F F

n nX X X X−⊆ ⊆ ⊆ ⊆ . The literature [3] 
proposed this dynamic reasoning model:  
P-reasoning (Packet reasoning), and some 
applications. This paper crosses P-reasoning and  
P-sets, research the reasoning dining of inner-outer 
unknown information, and presents some important 
results and applications. In fact, the information ( )x  
we fall across is not static but dynamic, unknown 
information ( )F

kx  is hidden in ( )x , and unknown 

information ( )F
kx  is hidden out of ( )x . People 

require knowing ( )F
kx  or ( )Fx , then what methods 

can be used to find them? This paper presents the 
related discussions. P-reasoning provides a new 
mathematical reasoning method for studying 
dynamic information system. 

6 

from the data of 
Table 3 from the data of 

Table 2 

X

2 

1 

12  11  10  9 8  7 

O
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Abstract: Based on the theory of buffer operators in the grey system, some new exponential strengthening 
buffer operators are established, and the relevant theorems are proved according to the axiomatic of buffer 
operators. The problem that there are some contradictions between quantitative analysis and qualitative analysis 
in pretreatment for vibration data sequences is resolved effectively. An example simulation shows compared 
with the existing strengthening buffer operators, the kind of new strengthening buffer operators increases the 
forecast precision of GM (1, 1) remarkably. Copyright © 2013 IFSA. 
 
Keywords: Grey system, Buffer operator, Exponent, Simulation, Exponential. 
 
 
 
1. Introduction 

 
The grey system theory has been caught great 

attention by researchers since 1982 and has already 
been widely used in many fields, such as industry, 
agriculture, zoology, market economy and so on. 
GM (1, 1) has been high improved by many scholars 
from home and abroad. The grey system theory can 
effectively deal with incomplete and uncertain 
information system. 

Although the data of the objective system is 
scattered, they always have their overall function, and 
inevitably contains a certain rule. The key is how to 
choose the appropriate methods to mining and 
utilization. Professor Liu Sifeng put forward the 
concept of impact disturbance buffer operator, and 
constructs a kind of buffer operator extensively. The 
weakening buffer operator and strengthening buffer 
operator are researched deeply by some scholars. The 
concept of buffer operator is put forward, and some 
widely used buffer operator is structured by paper [1-

5]. The properties of strengthening buffer operator 
are studied by paper [6-7].  
A new strengthening buffer operator 

1
1

1
( )( ) ( )
( )

n kx kx k d x k
x n

− +⎛ ⎞
= ⎜ ⎟

⎝ ⎠
 is put forward by 

paper [8], the average strengthening buffer operator, 
weighted average strengthening buffer operator and 
the geometric mean strengthening buffer operator are 
structured. At last, electricity consumption per capita 
is constructed through two order enhancement 
treatment by this method. It has improved the 
precision of fitting and prediction accuracy. A new 

buffer operator 1
( )( ) ( )

( ) ( )
x kx k d x k

x k x n
=  is 

obtained by paper [9], and it is used to simulate to 
examples. The result shows good prediction accuracy 
of GM (1, 1) model. Several kinds of variable weight 
strengthening buffer operator are presented by  
paper [10], the problem of traditional buffer operator 
which interact too strongly or too weakly is solved. 
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2. Several Concepts 
 
Definition 1 Suppose that { }(1), (2),...., ( )X x x x n=  

is a non-negative data sequence, we can obtain that: 
1) If for 1, 2 , ..., 1k n∀ = − , there 

exists ( ) ( 1)x k x k< + , the data sequence X  is defined 
as a monotone increasing sequence; 

2) if for 1, 2 , ..., 1k n∀ = − , there exists 
( ) ( 1)x k x k> + , the data sequence X is defined as a 

monotone decreasing sequence; 
3) if for ', {1, 2 , ..., 1}k k n∃ ∈ − , there exists 

( ) ( 1)x k x k< + , ' '( ) ( 1)x k x k< +  the data sequence X  
is defined as an oscillatory sequence. 

 
{ }
{ }

max{ ( ) 1,2,..., }

min{ ( ) 1,2,..., }

M x k k n

m x k k n

⎧ = ∈⎪
⎨

= ∈⎪⎩

  

 
The value of M-m is called the amplitude of 

sequence X . 
 
Definition 2 Suppose that X  is a non-negative 

data sequence, D is the operators of X , the data 
sequence which acts by D is gotten as follows. 

 
( (1) , (2) , ..., ( ) )XD x d x d x n d=   

 
Then, D is called sequence operators. 
The data sequence is acted continuously, two step 

operator, three step operator, even r step operator are 
gotten as follows. 

 
2 3, ,...., rXD XD XD   

 
Axiom 1 (Fixed-point axiom) Suppose that X  is 

a non-negative data sequence, D is the sequence 
operators, then D meets that: 

 
( ) ( )x n d x n=   

 
Axiom 2 (Full use of information axiom) Each 

data ( )( 1, 2, ..., )x k k n=  in system behavior data 
sequence X  should be the whole process fully 
participate in the operator function. 

Axiom 3 (Analytical, normative axiom) Any 
( ) ( 1, 2, ..., )x k d k n=  can be expressed by a 

unified elementary analytic type (1), (2), ..., ( )x x x n . 
The three axioms above are called three axioms of 

buffer operator. Sequence buffer which satisfies three 
axioms of buffer operator is defined as  
buffer operator. 

Definition 3 Suppose { }(1), (2),...., ( )X x x x n=  is a 
non-negative data sequence, then 

( (1) , (2 ) ,X D x d x d=  is ..., ( ) )x n d  called  
buffer operator. 

1) When X  is a monotone increasing  
sequence, D is strengthening buffer 
operator ( ) ( ), 1,2,x k d x k k⇔ ≤ =  3,...., n . 

2) When X  is a monotone decreasing  
sequence, D is strengthening buffer  
operator ( ) ( ), 1,2,x k d x k k⇔ ≤ =  3,...., n  

3) When X  is an oscillatory sequence, D is 
strengthening buffer operator⇔  

 
{ } { }

1 1
max ( ) max ( )

k n k n
x k x k d

≤ ≤ ≤ ≤
≤ { } { }

1 1
min ( ) min ( )

k n k n
x k x k d

≤ ≤ ≤ ≤
≥  

 
From above, the data of monotone increasing 

sequence under strengthening operator is shrunk. The 
data of monotonic decay sequence under 
strengthening buffer operator is expanded. 

 
 

3. The Construction of a New Index 
Strengthening Buffer Operator 
 
Theorem 1 Suppose that { }(1), (2),...., ( )X x x x n=  

is a non-negative data sequence, 
1 1 1( (1) , (2) ,XD x d x d= 1..., ( ) )x n d  is defined as buffer 

sequence. Where 
 

( ) ( )
( ) ( )

1( ) ( )
x k x n

x k x nx k d x k e
−

= , 1, 2,...,k n=   

 
D1 is defined as a strengthening buffer operator 

when X  is a monotone increasing sequence, or a 
monotone decreasing sequence, or even an  
oscillatory sequence. 

Prove: It is easily gotten that D1 satisfies three 
axioms of buffer operator, so that D1 is  
buffer operator. 

Suppose X  is a monotone increasing sequence, thus 
 

( ) ( )
( ) ( )( ) ( ) 0, 1

x k x n
x k x nx k x n e

−

− ≤ ≤   

 
Thus, 
 

( ) ( )
( ) ( )

1( ) ( ) ( )
x k x n

x k x nx k d x k e x k
−

= ≤  
 
We can obtain that 1( ) ( )x k d x k≤ , so D1 is 

strengthening buffer operator. 
Suppose X is a monotone decreasing sequence, thus 
 

( ) ( )
( ) ( )( ) ( ) 0, 1

x k x n
x k x nx k x n e

−

− ≥ ≥   

 
Then, 
 

( ) ( )
( ) ( )

1( ) ( ) ( )
x k x n

x k x nx k d x k e x k
−

= ≥   

 
We can obtain that 1( ) ( )x k d x k≥ , so D1 is 

strengthening buffer operator. 
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Suppose X  is an oscillatory sequence, thus 
 

{ }
{ }

1

1

( ) ( )
( ) ( )

1

( ) max ( ) 1, 2, ...,

( ) min ( ) 1, 2, ...,

( ) ( ) 1

k n

k n

x a x n
x a x n

x a x k k n

x b x k k n

x a d x a e

≤ ≤

≤ ≤

−

= =

= =

= ≥

 
 

 
Thus, { } { }11 1

max ( ) max ( )
k n k n

x k x k d
≤ ≤ ≤ ≤

≤ . 

In the same way that { } { }11 1
min ( ) min ( )

k n k n
x k x k d

≤ ≤ ≤ ≤
≥  

can be obtained, thus 1D  is strengthening  
buffer operator. 

Corollary 1: Two step strengthening buffer 
operator can be obtained based on strengthening 
buffer operator 1D  defined in Theorem 1.  

 
2 2 2 2

1 1 1 1 1 1( (1) , (2) ,..., ( ) )XD XD D x d x d x n d= =   
 

Thus, 
1 1

1

( ) ( )
( ) ( )2

1 1( ) ( )
x k d x n d
d x k x nx k d x k d e

−

=  
 
It is easily obtained that 2

1d  is two step 
strengthening buffer operator when X  is a monotone 
increasing sequence, or a monotone decreasing 
sequence, or even an oscillatory sequence. 

Theorem 2 Suppose that { }(1), (2),...., ( )X x x x n=  is 
a non-negative data sequence, 2 2 2( (1) , (2) ,XD x d x d=  

2..., ( ) )x n d is defined as buffer sequence. Where 
 

( 1)( ( ) ( ))

( ) ( )

2( ) ( )

n

i k

n k x k x n

x i x n

x k d x k e =

− + −

∑
= , 1, 2,...,k n=  

 
2D  is defined as an arithmetic mean strengthening 

buffer operator when X  is a monotone increasing 
sequence, or a monotone decreasing sequence, or 
even an oscillatory sequence. 

Prove: It is easily gotten that D2 satisfies three 
axioms of buffer operator, so that D2 is  
buffer operator. 

Suppose X  is a monotone increasing sequence, thus 
 

( 1)( ( ) ( ))

( ) ( )

( ) ( ) 0, 1

n

i k

n k x k x n

x i x n

x k x n e =

− + −

∑
− ≤ ≤  

 

 

Thus, 

( 1)( ( ) ( ))

( ) ( )

2( ) ( ) ( )

n

i k

n k x k x n

x i x n

x k d x k e x k=

− + −

∑
= ≤  

 
We can obtain that 2( ) ( )x k d x k≤ , so 2D  is 

strengthening buffer operator. 
Suppose X  is a monotone decreasing sequence, thus 
 

( 1)( ( ) ( ))

( ) ( )

( ) ( ) 0, 1

n

i k

n k x k x n

x i x n

x k x n e =

− + −

∑
− ≥ ≥  

 

Thus, 

( 1)( ( ) ( ))

( ) ( )

2( ) ( ) ( )

n

i k

n k x k x n

x i x n

x k d x k e x k=

− + −

∑
= ≥  

 
We can obtain that 2( ) ( )x k d x k≥ , so D2 is 

strengthening buffer operator. 
Suppose X  is an oscillatory sequence, thus 
 

{ }
{ }

1

1
( 1)( ( ) ( ))

( ) ( )

2

( ) max ( ) 1,2,...,

( ) min ( ) 1,2,...,

( ) ( ) 1

n

i k

k n

k n
n k x k x n

x i x n

x a x k k n

x b x k k n

x a d x a e =

≤ ≤

≤ ≤

− + −

= =

= =

∑
= ≥

 
 

 
Thus, { } { }21 1

max ( ) max ( )
k n k n

x k x k d
≤ ≤ ≤ ≤

≤  

In the same way that { } { }21 1
min ( ) min ( )

k n k n
x k x k d

≤ ≤ ≤ ≤
≥  

can be obtained, thus D2 is strengthening  
buffer operator. 

Corollary 2: Two step strengthening buffer 
operators can be obtained based on strengthening 
buffer operator D2 defined in Theorem 2. 

 
2 2 2 2

2 2 2 2 2 2( (1) , (2) ,..., ( ) )XD XD D x d x d x n d= =   
 

Thus, 

2 2

2

( 1)( ( ) ( ) )

( ) ( )
2

2( ) ( )

n

i k

n k x k d x n d

d x i x n

x k d x k e =

− + −

∑
=  

 
It is easily obtained that 2

2d  is two step 
strengthening buffer operator when X  is a monotone 
increasing sequence, or a monotone decreasing 
sequence, or even an oscillatory sequence. 

Theorem 3 Suppose that { }(1), (2),...., ( )X x x x n=  
is a non-negative data sequence, 

3 3 3( (1) , (2) ,XD x d x d=  
3..., ( ) )x n d  is defined as buffer 

sequence. Where 
 

( 1)( )( ( ) ( ))

2 ( ) ( )

3( ) ( )

n

i k

n k n k x k x n

i x i x n

x k d x k e =

− + + −

∑
= , 1,2,...,k n=  

 
D3 is defined as a weighted arithmetic mean 

strengthening buffer operator when X  is a monotone 
increasing sequence, or a monotone decreasing 
sequence, or even an oscillatory sequence. 

Prove: It is easily gotten that D3 satisfies three 
axioms of buffer operator, so that D3 is  
buffer operator. 

Suppose X  is a monotone increasing sequence, thus 
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( 1)( )( ( ) ( ))

2 ( ) ( )

( ) ( ) 0, 1

n

i k

n k n k x k x n

i x i x n

x k x n e =

− + + −

∑
− ≤ ≤  

 

 

Thus, 

( 1)( )( ( ) ( ))

2 ( ) ( )

3( ) ( ) ( )

n

i k

n k n k x k x n

i x i x n

x k d x k e x k=

− + + −

∑
= ≤  

 
We can obtain that 3( ) ( )x k d x k≤ , so D3 is 

strengthening buffer operator. 
Suppose X  is a monotone decreasing sequence, thus 
 

( 1)( )( ( ) ( ))

2 ( ) ( )

( ) ( ) 0, 1

n

i k

n k n k x k x n

i x i x n

x k x n e =

− + + −

∑
− ≥ ≥  

 

Thus, 

( 1)( )( ( ) ( ))

2 ( ) ( )

3( ) ( ) ( )

n

i k

n k n k x k x n

i x i x n

x k d x k e x k=

− + + −

∑
= ≥  

 
We can obtain that 3( ) ( )x k d x k≥ , so D3 is 

strengthening buffer operator. 
Suppose X  is an oscillatory sequence, thus 
 

{ }
{ }

1

1

( 1)( )( ( ) ( ))

2 ( ) ( )

3

( ) max ( ) 1, 2,...,

( ) min ( ) 1,2,...,

( ) ( ) 1

n

i k

k n

k n

n k n k x k x n

i x i x n

x a x k k n

x b x k k n

x a d x a e =

≤ ≤

≤ ≤

− + + −

= =

= =

∑
= ≥

 

 
Thus, { } { }31 1

max ( ) max ( )
k n k n

x k x k d
≤ ≤ ≤ ≤

≤  

In the same way that { } { }31 1
min ( ) min ( )

k n k n
x k x k d

≤ ≤ ≤ ≤
≥  

can be obtained, thus D3 is strengthening  
buffer operator. 

Corollary 3: Two step strengthening buffer 
operator can be obtained based on strengthening 
buffer operator D3 defined in Theorem 3.  

 
2 2 2 2

3 3 3 3 3 3( (1) , (2 ) , ..., ( ) )X D X D D x d x d x n d= =  
 

Thus, 

3 3

3

( 1)( )( ( ) ( ) )

2 ( ) ( )
2

3( ) ( )

n

i k

n k n k x k d x n d

id x i x n

x k d x k e =

− + + −

∑
=  

 
It is easily obtained that 2

3d  is two step 
strengthening buffer operator when X  is a monotone 
increasing sequence, or a monotone decreasing 
sequence, or even an oscillatory sequence. 

Theorem 4 Suppose that { }(1), (2),...., ( )X x x x n=  
is a non-negative data sequence, 

4 4 4( (1) , (2) ,XD x d x d= 4..., ( ) )x n d  is defined as 
buffer sequence. Where 

 

1
1

( ( ) ( ))

( ) ( ) )

4( ) ( )

n
n k

i k

x k x n

x i x n

x k d x k e
− +

=

−

∏
= , 1, 2,...,k n=  

 
D4 is defined as a geometric average 

strengthening operator when X  is a monotone 
increasing sequence, or a monotone decreasing 
sequence, or even an oscillatory sequence. 

Prove: It is easily gotten that D4 satisfies three 
axioms of buffer operator, so that D4 is  
buffer operator. 

Suppose X  is a monotone increasing sequence, thus 
 

1
1

( ( ) ( ))

( ( ) ( ) )

( ) ( ) 0, 1

n
n k

i k

x k x n

x i x n

x k x n e
− +

=

−

∏
− ≤ ≤  

 

 

Thus, 

1
1

( ( ) ( ))

( ( ) ( ) )

4( ) ( ) ( )

n
n k

i k

x k x n

x i x n

x k d x k e x k
− +

=

−

∏
= ≤  

 
We can obtain that 4( ) ( )x k d x k≤ , so D4 is 

strengthening buffer operator. 
Suppose X  is a monotone decreasing sequence, thus 
 

1
1

( ( ) ( ))

( ( ) ( ) )

( ) ( ) 0, 1

n
n k

i k

x k x n

x i x n

x k x n e
− +

=

−

∏
− ≥ ≥  

 

 

Thus, 

1
1

( ( ) ( ))

( ( ) ( ) )

4( ) ( ) ( )

n
n k

i k

x k x n

x i x n

x k d x k e x k
− +

=

−

∏
= ≥  

 
We can obtain that 4( ) ( )x k d x k≥ , so D4 is 

strengthening buffer operator. 
Suppose X  is an oscillatory sequence, thus 
 

{ }
{ }

1
1

1

1

( ( ) ( ))

( ( ) ( ) )

4

( ) max ( ) 1, 2,...,

( ) min ( ) 1, 2,...,

( ) ( ) 1

n
n k

i k

k n

k n

x k x n

x i x n

x a x k k n

x b x k k n

x a d x a e
− +

=

≤ ≤

≤ ≤

−

= =

= =

∏
= ≥

 
 

 
Thus, { } { }41 1

max ( ) max ( )
k n k n

x k x k d
≤ ≤ ≤ ≤

≤  

In the same way that { } { }41 1
min ( ) min ( )

k n k n
x k x k d

≤ ≤ ≤ ≤
≥  

can be obtained, thus D4 is strengthening  
buffer operator. 

Corollary 4: Two step strengthening buffer 
operators can be obtained based on strengthening 
buffer operator D4 defined in Theorem 4. 

 
2 2 2 2

4 4 4 4 4 4( (1) , (2) ,..., ( ) )XD XD D x d x d x n d= =   
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Thus, 

4 4
1

1
4

( ( ) ( ) )

( ( ) ( ) ))
2

4 4( ) ( )

n
n k

i k

x k d x n d

d x i x n

x k d x k d e
− +

=

−

∏
=  

 
It is easily obtained that 2

4d  is two step 
strengthening buffer operator when X  is a monotone 
increasing sequence, or a monotone decreasing 
sequence, or even an oscillatory sequence. 

 
 

4. Example 
 
We take the number of one city’s mobile  

phone users (unit: million) as an example to validate 
the strengthening buffer operator in GM (1, 1) 
proposed by this paper. We select  
the number of 1996-2003 mobile phone 

(65.20 67.16 70.61 75.66 83.22 93.21 103.93 116.92)X =
 as the original data. Where the number of 1996-2001 

is used as modeling data, the number of 2002-2003 is 
used as simulation test data. Average annual growth 
rates of the user number of mobile telephone were 
3.11 %, 5.15 %, 7.16 %, 10.01 %, 12.01 % from the 
original data in1996-2001. Thus it can be seen, the 
growth of original data sequence before half part 
slows than the latter part. Using the data to predict is 
difficult to believe. Analysis of this situation,  
from 2000, in order to expand the amount of mobile 
phone users, China telecommunication enterprises 
launched a series of services that stimulated the 
demand for mobile phone. In order to make a 
reasonable forecast of the number of mobile phone 
users, the original data should be strengthen firstly.  

The original data which was treated with the one 
step strengthening buffer operator proposed by this 
paper firstly establishes prediction model as shown  
in Table 1. 

 
 

Table 1. Model GM (1, 1) produced by different Strengthening butter Operators. 
 

Predict Relative error Seq GM (1, 1) model 2002 2003 2002 2003 

X  
0.0845(1996 ) 741.1041e

-675.9041

kx k+ =  99.70 108.49 4.07 7.21 

1XD  
0.1173(1996 )=463.2526e

417.7323

kx k+
−

 103.65 116.54 0.27 0.32 

2XD  
0.1679(1996 )=240.6445e

 193.9488

kx k+
−

 101.83 120.45 2.01 3.02 

3XD  
0.2639(1996 )= 100.4510e

 65.9642

kx k+
−

 103.19 124.36 0.71 6.36 

4XD  
0.0845(1996 )=   775.5209e

 710.3213

kx k+
−

 104.28 113.47 0.33 2.95 

 
 
The relative error which the original data 

sequence modeling under strengthening buffer 
operator 1 2 3 4, , ,D D D D  is much smaller as shown  
in Table 1. 

The prediction relative error is the best under D1. 
The predict values of mobile phone were 103.6454, 
116.5447 for 2002 and 2003, which approach the 
actual values 103.93, 116.92. Relative errors were 
only 0.27 % and 0.32 %, prediction accuracy is very 
good. Compared with paper [9], the practical 
application results show the effectiveness of the 
proposed approach. 

 
 

5. Conclusions 
 
Based on the theory of buffer operators in the 

grey system, some new exponential strengthening 
buffer operators are established, and the relevant 
theorems are proved according to the axiomatic of 
buffer operators. The problem that there are some 
contradictions between quantitative analysis and 
qualitative analysis in pretreatment for vibration data 

sequences is resolved effectively. An example 
simulation shows compared with the existing 
strengthening buffer operators, the kind of new 
strengthening buffer operators increases the forecast 
precision of GM (1, 1) remarkably. 
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Abstract: Differential evolution (DE) algorithm is a good optimization technique based on population which 
has been successfully applied in many research and application areas. Log-linear model is a statistical model 
which can easily blend multiple features, a variety of knowledge sources can be added to the model in the form 
of feature functions. Traditional differential evolution algorithm is easy to fall into local optimum value and the 
convergence rate is slow. To solve these problems, an improved differential evolution algorithm based on log-
linear model is proposed and implemented in this paper. There are two mainly works in this paper. Firstly, we 
introduce log-linear model to differential evolution algorithm which can enhance decision making ability. 
Secondly, some operations are presented to improve global optimization capability. Experiments showed that 
the improved algorithm has more powerful global exploration ability and faster convergence speed.  
Copyright © 2013 IFSA. 
 
Keywords: Differential evolution, Log-linear model, Statistical model, Function optimization. 
 
 
 
1. Introduction 

 
Differential evolution algorithm [1, 2] (DE) is a 

novel evolutionary algorithm proposed by Rainer 
Storn and Kenneth Price. Compared to traditional 
evolutionary algorithm, DE algorithm has better 
optimization performance and can reduce the genetic 
complexity. At presents, DE has been applied 
successfully to all kinds of optimization  
problems such as neural networks [3], Image 
Classification [4], voltage control [5, 6], and images 
segmentation [7], etc. 

However, for some complex optimization 
problems, the convergence rate of DE algorithm is 
slow and easy to fall into local optimal solution. In 
order to improve the optimization performance of 
differential evolution algorithm, many researchers 
have proposed some improved algorithm [8, 9], but it 
is still difficult to get good results.  

At the selection of probability model, we signed 
by the log-linear model of thinking [10]. In statistics, 
linear model is used in different ways according to 
the context. Log-linear model is a mathematical 
model that takes the form of a function whose 
logarithm is a polynomial function of the parameters 
of the model. Log-linear model is widely used in 
part-of-speech tagging [11], statistical machine 
translation [12] and other fields. 

In this paper, we proposed an improved algorithm 
based on log-linear model. The advantage of log-
linear model is the ability to easily blend multiple 
features which can enhance decision making ability 
of the model.  

This paper is organized as follows. In Section 2 
the background of DE is presented. The improved 
algorithm is presented in Section 3. In Section 4 
some experimental tests, results and conclusions are 
given. Section 5 concludes the paper. 

Article number P_1572 
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2. Introduction to DEA 
 
Suppose the individual i  of generation G is 

represented as 1 2( , , ), 1,2 .D
iG iG iG iGX x x x i= =  

Basic operations such as mutation, selection and 
crossover is the basis of the difference algorithm. 

1) Mutation operation. 
An individual can be generated by the  

following formula: 
 

, 1 1, 1 2, 3,* ( )i G r G r G r GX X F X X+ += + − , 
 

where 1, 2, 3r r r  are the random numbers generated, 
variation factor F  is a real number. 

2) Crossover operation. 
In difference algorithm, the cross operate is 

introduced to the diversity of the new population. 
New individuals can be represented as follow: 

 

, 1 1 , 1 2 , 1 , 1( , ), 1,2 .i G i G i G Di GX x x x i+ + + += =
 

 
Where  
 

, 1
, 1

, 1

, ( ( ) ) ( ( ))

, ( ( ) ) ( ( ))

( 1, 2 ),

ji G
ji G

ji G

V if randb j CR or j mbr i
x

V if randb j CR and j mbr i

j D

+
+

+

≤ =⎧⎪= ⎨ > ≠⎪⎩
=

 
and ( )randb j  is uniformly distributed in the  
interval [0, 1], CR  is crossover probability. ( )mbr i  
means a random number. 

3) Selection operation. 
Selection operation is a greedy strategy, the 

candidate individual generated from mutation and 
crossover operation competition with target individual. 

 

, , , 1
, 1

, 1 , , 1

, ( ( ) ( ))
, ( ( ) ( ))

i G i G i G
i G

i G i G i G

U if f U f x
x

x if f U f x
+

+
+ +

>⎧⎪= ⎨ ≤⎪⎩
,

 
 

where f  is the fitness function. 
The basic differential evolution (DE) algorithm is 

shown as Algorithm 1. 
 
Algorithm 1. The differential evolution algorithm. 
 
1) Initialize the number of population NP , the 

maximum number of evolution intMax er , the 
scale factor and cross-factor; 

2) Initialize the population pop ; 
3) Follow the / /1 /DE rand bin policy 

enforcement options, and produce a new generation 
of individual: 

a) Mutation operation; 
b) Crossover operation; 
c) Selection operation. 
4) Until the termination criterion is met. 

3. An Improved Differential Evolution 
Algorithm Based on Log-linear Model 
 
In this section, we implement an improved 

algorithm based on log-linear model. Firstly, log-
linear model is used to implement a multi-probability 
adaptive model. Secondly, release operation and 
reproductive operation are proposed to improve the 
performance for the algorithm. 

 
 

3.1. Log-linear Model 
 

Supposed the state vector of individuals is 

1 2( , )nX x x x= , where 1 2, nx x x  is status of 
the individual. The basic form of the decision making 
probability model based on the log-linear model can 
be defined as equation (1). 
 

1

1

exp[ ( )]
P( )

exp[ ( )]
i

M

m m i
m

i M

m m iX
m

f X
X

f X

α

α

=

′
=

=
′

∑

∑ ∑
,

 

(1) 

 
where ( ) , ( 1, 2 )m if X m M= are the feature 
function, and ( 1,2 )m Mα =m is the weight of 
feature function.  

The setting of feature function has an important 
role for the entire performance of the log-linear 
model. In order to realize the significance of the 
model, we must select some effective feature 
functions. In the experiment, we can choose diversity 
function and average distance metrics function as 
feature function. 

 
 

3.2. New Operation 
 
1) Release operation 
If P( )iX  below threshold 1T , then the space of 

the individual  is released. 

1(P( ) )iif X T>  Perform release operation. 
2) Reproductive operation 
The global exploration ability of traditional DE 

algorithm is poor. So we propose an improved 
algorithm based on reproductive behavior. 

2(P( ) )iif X T<  Perform reproductive operation. 
The reproductive operation can be defined as 

equation (2). 
 
1 ( * , * )i iX X random n step n step+ = + − , (2)

 
where n  is the number of new individuals, step  is 
step size. 
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3.3. The Improved Algorithm Based  
on Log-linear Model (LDE) 

 
The improved algorithm is shown as follows. 
 
Algorithm 2. The improved algorithm based on 

log-linear model. 
 
1) Initialize the number of population NP , the 

maximum number of evolution int maxer , the 
scale factor and cross-factor; 

2) Perform the following behavior: Mutation, 
Crossover and Selection, and produce a new 
generation of individuals; 

3) Construct log-linear probability model by 
equation (1); 

4) 1(P( ) )iif X T> , then perform release 
operation by equation; 

5) 2(P( ) )iif X T< , then perform reproductive 
operation by equation (2); 

6) Until the termination criterion is met. 
 
 
4. Experiment 
 
A set of unconstrained real-valued benchmark 

functions was used to investigate the effect of the 
improved algorithm are shown in Table 1. 

 
 

Table 1. Functions used to test the effects of different algorithm. 
 

Function Function expression Optimal  value 

Sphere function ( ) 2
1

1

n

t
t

f x x
=

= ∑  0 

Rastrigrin function ( ) ( )2
3

1

( 10cos 2 10)
n

t t
t

f x x xπ
=

= − +∑  0 

Ackey function 
( )2

1 1

cos 2
0.2

4 ( ) 20 20

n n

t t
t t

x x

n nf x e e e

π
= =−
∑ ∑

= + − −
0 

Shaffer's function ( ) ( )
2 2 2

1 2
5 2 2 2

1 2

(sin ) 0.5
0.5

(1 0.001 )
x x

f x
x x

+ −
= +

+ +
 0 

 
 
Sphere function is a single-peak function, we can 

find the optimal value is 0 through the analysis for 
function expression, the function image is shown  
in Fig. 1. 

 
 

 

 
Fig. 1. The image of Sphere function. 

 
 
Rastrigrin function is a multi-peak function, we 

can find the optimal value is 0 through the analysis 
for function expression, the function image is shown 
in Fig. 2. 

 

 
Fig. 2. The image of Rastrigrin function. 

 
 
Ackey function is a multi-peak function, we can 

find the optimal value is 0 through the analysis for 
function expression, the function image is shown  
in Fig. 3. 

Shaffer function is a multi-peak function, we can 
find the optimal value is 0 through the analysis for 
function expression, the function image is shown  
in Fig. 4. 

The results are shown in Table 2. Each point is 
made from average values of over 10 repetitions.  
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Fig. 3. The image of Ackey function. 

 
 

 

 
Fig. 4. The image of Shaffer function. 

 
 

Table 2. The performances of different algorithm. 
 

DE LDE Algorithm Optimal Time (s) Optimal Time (s) 
Sphere 0.37 2.07 0.00096 2.03 
Rastrigrin 43.19 2.33 28.57 2.16 
Ackley 2.15 2.26 0.064 2.28 
Shaffer 0.0004 2.31 0 2.17 
 
 

Compared with the standard DE algorithm, LDE 
algorithm can effectively improve the accuracy such 
that the optimal value obtained is much closer to the 
theoretical one for all the four functions. 

On the convergence time, no algorithm has 
obvious advantages than other algorithms. For 
Sphere function, Rastrigrin function and Shaffer 
function, LDE is better than DE algorithm. For 
Ackley function, LDE is not as good as the standard 
DE algorithm, but the difference is small  
and acceptable. 

The comparison of two methods with convergent 
curves is shown in Fig. 5 to Fig. 8. 

These experimental results show that improving 
algorithm can effectively improve the convergence 
speed with excellent convergence effect. 
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Fig. 5. Sphere function. 
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Fig. 6. Rastrigrin function. 
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Fig. 7. Griewank function. 

 

0 20 40 60 80 100
0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01
Performance omparison of different algorithms

Iterations

Fi
tn

es
s 

va
lu

e

DE
LDE

 

 
Fig. 8. Shaffer function. 
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5. Conclusions 
 
In the paper, we proposed an improved 

differential evolution algorithm base on log-linear 
model. Experiments show the improved algorithm 
has more powerful global exploration ability with 
faster convergence speed.  

We can get the following conclusions. 
1) The log-linear model can enhance decision 

making ability of the algorithm. 
2) The operation of individuals is essential for 

better performance.  
In the future, we will introduce some new 

operations and apply this idea to other  
optimization tasks. 
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Abstract: It describes the development history flat bottom silo, characteristics and testing system, composition. 
For the poor current theory and computer simulation study on horizontal spiral conveyor in the system, Using 
Solidworks to establish a reasonable three-dimensional model of flat bottom silo Horizontal Screw Conveyors, 
to import the model into EDEM software, simulation. By setting parameters and the model material parameters, 
draw motion vectors of the material along the helical axis, horizontal screw conveyor average number of 
transported materials particles, The results with experimental results compared to abroad, Flat bottom silo 
systems used EDEM software for the efficiency study of horizontal screw conveyors is authenticity and 
reliability, at the same time, the simulation makes the screw conveyor filling rate to identify more specific , Save 
time on flat bottom bunker system design, shorten the development cycle. Copyright © 2013 IFSA. 
 
Keywords: Flat bottomed bin, Horizontal screw conveyor, Solidworks, EDEM simulation. 
 
 

 
1. Introduction 

 
Flat bottomed bin is also called the mammoth bin 

or giant bin (see Fig. 1) [1], its development can date 
back to the 1960s. The earliest flat bottomed bin was 
set up by ESI Eurosilo company, installed in the 
Netherlands AVEBE starch company, used to solve 
the problem of a large number of long-term storage 
for potato starch, thus protecting it from seasonal 
fluctuations. 

Flat bottomed bin has been widely used in 
Europe in the 1970s, between the end of the 20th 

century to the beginning of the 21st century, Japan 
determined to realize the industrialization and 
modernization for potato starch products, and the 
storage capacity of potato starch were improved 
significantly. 
 

 
 

Fig. 1. Flat bottom silo structure. 
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With the development of science and technology, 
by installing special spiral rotary devices in bins, 
makes flat bottomed bin not only suitable for storage 
of liquid loose material, but also applicable for 
adhesiveness. 

Now, flat bottomed bin has been widely used in 
energy, chemical industry, agriculture and other 
fields for storage bulk material, compared with the 
traditional way of storage, flat bottomed bin has the 
following advantages [2]. 

1) The enclosed design protects the internal 
material, no pollution to the environment; 

2) It has a high storage capacity, covers a very 
small area; 

3) The loading process realizes automatic precise 
control, without the artificial site operation; 

4) The high degree of integration, can integrate 
dehydration, storage and discharging in a fully 
automated system; 

5) The internal structure adopts modular design, 
can replace components easily. 

6) It is not only suitable for access to a single 
material, but also applied to homogenize a variety of 
materials. 

Flat bottom silo system (shown in Fig. 2) is 
mainly composed of flat bottomed bin, reversible belt 
feeder, wavy guard ring rail crane, corrugated wall 
belt conveyor, rotation/revolution of screw conveyor 
automatically loading /unloading device, general belt 
conveyor, transfer device and electric control, etc. 

 
 

 
 

Fig. 2. Flat bottom silo systems. 
 
 

2. Flat bottom Silo System Horizontal 
Screw Conveyor 
 

2.1. Horizontal Screw Conveyor 
 

Inside the flat bottomed bin was decorated a 
rotation/ revolution of screw conveyor automatically 
layout/feed system (see Fig. 3), its principle is to put 
the two screw conveyor in a line, through motor’s 
positive and negative rotation to realize the screw 
conveyor's rotation, so that the material move to the 
middle or around, realizing the role of auxiliary 
unloading and loading. 

 
 

Fig. 3. Flat bottom silo systems. 
 
 
Screw conveyor is a conveying machinery, which 

do not have flexible traction components , open 
horizontal screw conveyor is mainly composed of 
spiral blades, shaft and drive [3], see its structure in 
Fig. 4. Its operating principle is: screw conveyor 
insert material surface, the axis drives helical blade 
rotation, due to the effect of material's gravity and its 
internal friction , makes it not rotate with the spiral, 
but under the effect of spiral thrust, it moves along 
the axial , the direction of feeding and discharging is 
in a horizontal angle of 90 degrees [5]. 

 
 

 
 

Fig. 4. Open horizontal screw conveyor horizontal  
screw conveyor’s layout drawings. 

 
 
The transmission capacity of horizontal screw 

conveyor which owns physical helical surface is [6]: 
 

3
2k470Q rnD  (t/h), 

 

where   is the filling coefficient of the material, 2k  
is the screw pitch and screw axis diameter ratio,   is 

the packing density of the material to be delivered 
[kg/m3], n  is the speed of screw [rpm] and D  is the 
screw diameter [m]. 

We find that when the horizontal screw conveyor 
conveys certain material, increasing the filling 
coefficient ψ of material, screw speed n and screw 
diameter D  can also increase the productivity. In 
order to reduce the cost and self-weight of the 
conveyor and meet delivery capacity while does not 
affect the efficiency of the case, we try to reduce the 
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screw axis diameter d, however, the increase of 
material filling coefficient ψ and screw speed n make 
the material rolling around the screw axis in the 
process of delivery, reducing conveying efficiency, 
thus to meet the transmission efficiency of horizontal 
screw conveyor, the filling coefficient   of material, 

screw rotational speed n and other parameters must 
be reasonable designed. 

In this paper, the studies on flat bottom silo with 
opened horizontal screw conveyor, its conveying 
capacity is not only related to screw diameter, screw 
speed, but also related to the filling coefficient. To 
determine reasonable parameters, we must apply 
advanced design method to determine the constraint 
relationship between the parameters and their effects 
on the conveying process. 
 
 
2.2. The Comparison of traditional Design 

Method and Advanced Design Method 
 

The traditional mechanical design methods are 
analogy design method, test algorithm, Table, Fig., 
etc. These methods are based on experience, 
sensibility, static manual labor. The design workload 
is massive; design cycle is long and can not obtain 
ideal results easily. 

The design method of advanced computer 
simulation is a scientific, rational, dynamic 
computerized process, through the analysis of 
original data, adopting the technical means and 
methods to draw the most economic and reasonable 
parameters, makes design results more optimal. 

EDEM is global CAE software which is based 
on the discrete element method simulation, analysis 
particle system process and the production operation. 
EDEM solves the movement of particles, momentum 
and energy transfer. Now a lot of industries, such as 
chemicals, food, minerals, raw material processing 
and so on all, apply EDEM design analysis software 
to design and analysis quickly, so the application of 
EDEM reduces development time and costs. 

 
 

3. Simulation of Loading/unloading 
Efficiency 
 

Shimizu and Cundall first describes the DEM 
simulation of screw conveyor motion state of the 
material, they studied the performance of the screw 
conveyor and according to the experience of the 
previous work they compared the DEM simulation 
and actual test results. Owen, etc employ a single 
spiral blade model to explore the performance of the 
screw conveyor. But the research content is the study 
of vertical screw conveyor, and for the simulation of 
horizontal screw conveyor is more a lack of, 
especially the flat bottomed silo horizontal screw 
conveyor in the loading/unloading problem. 

This article uses Solidworks to fulfill modeling 
and simulated with EDEM software, getting a result 
of unloading efficiency, particle velocity and mass 

flow rate, energy loss and power consumption of the 
horizontal screw conveyor in the flat bottomed silo, 
meanwhile analyzes the inside flat bottomed silo of 
the horizontal screw conveyor' change of the internal 
material flow state under different conditions. 

 
 

3.1. Modeling for the Flat Bottomed Silo 
Horizontal Screw Conveyor 

 
The establishment of model references Ekke 

Oosterhuis's test method which is used to study flat 
silo screw conveyor unloading efficiency , converted 
the screw conveyor's rotation motion to horizontal 
motion, placed the horizontal screw conveyor in the 
bin, by adding rectangular particle plant in the bin to 
feed screw conveyor, and by giving different heights 
of particle plant to realize the different filling rate, 
finally made the screw conveyor do rotation and 
horizontal motion at the same time. Modeling with 
Solidworks was shown in Fig. 5. 

 
 

 
 

Fig. 5. Analog unloading model to flat mammoth silo. 
 
 

The content mainly research conveying material 
under different fill rates for open screw conveyor, 
there are three main parameters: (1) the unloaded 
particles amount, namely the comparison of the 
unloading efficiency; (2) the comparison of particle 
velocity, including four aspects, such as average 
speed variation, average axial velocity, average 
rotational speed and average speed; (3) the 
comparison of mass flow rate. Importing the entity 
model which was built by Solidworks software into 
EDEM software, simulation by setting movement 
parameters, it provides unlimited flexibility for both 
the specified 3D geometric model and the interaction 
among the particles. 

The simulated horizontal screw conveyor is 
standard pitch, single screw blade, when turn a circle 
around the shaft, the length is defined as a pitch. Due 
to the simulation results should be compared with the 
abroad experimental results [4], the parameter of 
horizontal screw conveyor model is set to: screw 
diameter D = 300 mm, screw pitch S = 300 mm, 
screw axis diameter D = 150 mm, screw length  
L = 1500 mm. To build a model for horizontal screw 
conveyor as Fig. 6.  

 
 

 
 

Fig. 6. Horizontal screw conveyor model. 
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This article treats the coal ash which its packing 
density is 500 kg/m3 as the research object, the 
particle size of coal ash is among 0 to 1000 μm, 
evenly distributed on the quality of a uniform. 

 
 

3.2. Determination of Simulation Parameters 
 

In EDEM simulation, reasonably determine the 
mechanical properties for materials is a key factor to 
ensure the simulation results, material for all the parts 
of the structure which was involved in the simulation 
are shown in Table 1 and Table 2 [7]. 

 
 

Table 1. Material properties table. 
 

Material 
Poisson 

ratio 

Shear 
modulus 

/(pa) 

Density 
/(kg/m3) 

coal ash 0.5 1e+08 500 
steel 0.3 7e+10 7850 
 
 

Table 2. Contact property table. 
 

Interaction 
Coefficient 

of 
restitution 

Static 
friction 

coefficient 

Rolling 
friction 

coal ash-coal 
ash 

0.5 0.6 0.05 

coal ash-steel 0.5 0.4 0.05 
Steel-coal ash 0.5 0.4 0.05 
 
 
The simulation refers to foreign experimental 

parameters [4], screw shaft speed was set to 300 rpm, 
horizontal movement speed was set to 10 mm/s, and 
set up three different filling rate, such as 8 %, 15 %, 
30 %, [8] (the three values is set up to compare with 
the abroad experimental data, to verify the 
simulation's accuracy and feasibility of EDEM 
software, while it does not represent the fill rate's 
actual optimal value of screw conveyor). 

 
 

3.3. Results of Simulation 
 

3.3.1. Particles Distribution in the Process  
of Conveying for Horizontal  
Screw Conveyor 

 
We specified that the right-hand of screw was the 

unloading area, screw speed was set to 300 rpm, the 
material's initial filling rate is 8 %, 15% and 30 % 
respectively (as shown in Fig. 7, screw conveyor 
submerged into different depth of materials was 
satisfied for different fill rates). According to the 
material's speed, we pained material particles, the 
particle which moves slowest was pained blue, speed 
is of slightly higher was painted green, speed is of the 
highest was painted red; then applied breakout 
section view command in the EDEM to analysis the 
material's conveying status when the horizontal screw 

conveyor stably operated, and through breakout 
section, the longitudinal section for the particle 
distribution of internal material was shown in Fig. 7-a 
and 7-b, 7-c, transverse sections was shown in  
Fig. 8-a, 8-b, 8-c. 

From Fig. 7, we find that the actual and expected 
conveying effect of open screw conveyor are the 
same, in the process of operation, with the 
improvement of filling rate, there will be a part of 
material particles cannot do axial movement along 
with the screw conveyor, but get over the screw shaft 
to the material inflow side, they can not be conveyed, 
and when fill rate of screw conveyor is higher, the 
more material particles get over the screw axis.  

 
 

 
 

(a) Fill rate in 8 %. 
 

 
 

(b) Fill rate in 15 %. 
 

 
 

(c)  Fill rate in 30 % 
 

Fig. 7. Screw conveyor longitudinal cross-sectional  
of material particle distribution in three fill rate. 

 
 

In Fig. 7-a, screw conveyor's filling rate is 8 % 
which is the minimum, its handling efficiency can 
reach 85 % or higher, material mainly do axial 
movement along with the screw conveyor, the 
average speed of the material is not high, basically is 
blue, material is mainly in the screw axis side 
(material handling side). In Fig. 7-b, the screw 
conveyor's filling rate is increased to 15 %, this time 
material gets over the screw axis and in the side of 
material flow into, the quantity of material particle is 
increased, the handling efficiency decreases about 70 
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% or so, and you can see the material which close to 
the screw axis trends to move faster compared with 
Fig. 7-a. In Fig. 7-c, screw conveyor's filling rate has 
been increased to 30%, we can see that most of the 
material is rolling-over, it gets over the screw axis 
and in the side of material flows into, thus it can't be 
carried forward, handling efficiency is significantly 
lower, about 50 %, while material moves evidently 
faster, especially above the screw axis and the side of 
material flows into, color has been red, jumping 
phenomenon is obvious. 

From Fig. 8 we can see material's distribution 
along the screw conveyor under three different fill 
rates. While the screw conveyor does translation and 
rotation, material moves along the screw conveyor, 
handling from bottom of the conveyor to the 
unloading end. The material's filling rate is the 
highest near the unloading end, it shows that the 
handling is a process of gradual accumulation when 
in the process of handling material along the screw 
conveyor axial, and when material’s filling rate 
increases , material accumulate more obvious near 
the unloading end ( shown in Fig. 8-c). 

 
 

 
 

(a) Fill rate in 8 %. 
 

 
 

(b) Fill rate in 15 %. 
 

 
 

(c) Fill rate in 30 %. 
 

Fig. 8. Screw conveyor transverse cross-sectional 
distribution of material particles in three fill rate. 

3.3.2. Vector Diagram for Particle 
Distribution 

 
Longitudinal interface of screw conveyor can be 

divided into three parts, which are used to analysis 
material's motion vector. When the filling rate is 
lower (Fig. 9-a), we find that some of the material in 
three parts moves along the screw axis, and some of 
the material moves perpendicular to the screw axis, 
and the central is the main force for material moving 
along axial, above the central, the material start to 
move in all directions, most moves to the left and 
forms a stack, a few part gets over the screw 
conveyor to the side of material flow into. 

When material's filling rate increased to 15 % 
(Fig. 9-b), the lower material moving along the screw 
axis becomes very few, they basically move 
perpendicular to the screw axis, while the central 
material is still the main force for material moving 
along axial, the number of particles which handled 
along the axial is lower than the low filling rate, the 
number of upper material particle also significantly 
increases, most material particle moves perpendicular 
to the screw axis, and turns to the non-handling 
direction. When the filling rate increased 30 %  
(Fig. 9-c), the movement directions of the three parts 
are mostly perpendicular to the screw axis, and 
velocity is improved obviously. 

 
 

 
 

(a) Fill rate in 8 %. 
 

 
 

(b) Fill rate in 15 %. 
 

 
 

(c) Fill rate in 30 %. 
 

Fig. 9. The material particle motion vector in three fill rate. 
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3.3.3. Handling Efficiency of Horizontal 
Screw Conveyor 

 
From Fig. 10, we find that when the filling rate 

is 8 %, the average number of conveying particles is 
about 210, when the filling rate is up to 15 %, the 
average number of conveying particles will reduce 
about 150, when the filling rate is up to 30 %, the 
average number of conveying particles is down to 
about 86. In Ekke Oosterhuis trial, when the fill rates 
are 8 %, 15 % and 15 %, the conveying efficiency is 
85 %, 68 % and 45 %, respectively. We can find that 
the results which get by computer simulation and 
experimental are basically identical. It has concluded 
that simulation results and experimental results are 
basically consistent, and namely that computer 
simulation can replace physical experiment, it both 
saves the cost and shortens the research time. 

 
 

 
 

(a) Filling rate in 8 %. 
 

 
 

(b) Filling rate in 15 %. 
 

 
 

(c) Fill rate in 30 %. 
 

Fig. 10. The material particle number conveyed by screw 
conveyor versus time in three fill rate. 

3.3.4. Average Speed of Particle Movement 
 

In Fig. 11, we can see that it is a curve of 
average speed over time when material under 
different filling rates does circumferential motion, 
and we also find that when the filling rate increases, 
material's speed will also increases. Combining with 
Fig. 8 we concluded that speed increasing was mainly 
due to the increasing speed of perpendicular to the 
axial, while the speed along the axial did not 
increase, it illustrates that increasing the filling rate 
doesn't improve the conveying efficiency.  

 
 

 
 

(a) Filling rate in 8 %. 
 

 
 

(b) Filling rate in 15 %. 
 

 
 

(c) Filling rate in 30 %. 
 

Fig. 11. The material particle motion average speed versus 
time in three fill rate. 

 
 

4. Conclusion 
 

In this paper, firstly it introduced the composition, 
characteristics and working principle of flat bottomed 
bin system, then it used Solidworks software to 
establish three-dimensional model for flat bottomed 
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bin's unloading part and horizontal screw conveyor, 
imported the model into EDEM software, by setting 
model and different motion parameters, we studied 
the simulation and get the following conclusions: 

1) While the filling rate of material increases, 
material's motion vector along the screw axis is 
reduced, vector of perpendicular to the screw axis 
increases, so it makes the material particles along the 
screw axis running forward trends abate, but rotates 
with a screw axis and does reverse movement. 

2) The average conveying number of material 
particles for screw conveyor is different when 
materials under different filling rates, the average 
conveying number of material particles reduces while 
the filling rate increases. 

The results which get from computer simulation 
are basically identical with experimental results. 
Foreign experimental results are follows: when filling 
rate < 8 %, the speed of material particles along the 
axial is the largest, the material particles' conveying 
number is the highest , conveying efficiency reached 
more than 80 %; While the filling rate increases, 
axial velocity of material particle does not increase, 
and radial velocity perpendicular to the axial 
increases, material particles starts rotating with the 
screw axis, the number of conveyed material particles 
is reduced, also conveying efficiency is reduced, 
when the filling rate > 40 %, conveying efficiency is 
below to 50 %. 

The research fills the domestic blank in the 
research of simulation for flat bottomed bin opened 
horizontal screw conveyor. The simulation makes the 
filling rate of screw conveyor more specification. At 
present, the existing theory is: for the horizontal 
screw conveyor, the filling coefficient of material can 
not increase without limit, instead small values have 
advantages, generally adopts the value less than 50 % 
[6]. By simulating with EDEM software, it provides a 
reliable and efficient mean to reasonably determine 
the best filling rates for material. At the same time, to 
a certain extent, it is also verified that it is an 
authenticity and feasibility research for 
loading/unloading efficiency of flat bottomed bin 
system. It both saves time for design flat bottomed 
bin systems and shortens the construction cycle. 
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Abstract: A decoupling method based on radical basis function neural network (RBFNN) for a novel three-
dimensional force flexible tactile sensor is presented in this paper. A numerical model of the tactile sensor is 
built through finite element analysis, which simulates the mapping between three-dimensional force applied on 
top surface of the sensor and deformation of the sensor. Furthermore, the RBFNN is applied to approach the 
nonlinear relationship between the deformation and the three-dimensional force. The row-column resistance 
values corresponding to the deformation are computed by a mathematical model. At last, the high dimensional 
nonlinear mapping relationship between resistance and three-dimensional force is also decoupled by RBFNN 
algorithm. Hence the decoupling system for the tactile sensor is implemented by using RBFNN twice. The 
decoupling results show that the RBFNN with high nonlinear approximation ability has good performance in 
decoupling three-dimensional force and satisfies both the decoupling accuracy and real-time requirements of the 
tactile sensor. Copyright © 2013 IFSA. 
 
Keywords: Tactile sensor, Decoupling method, Radical basis function, Neural network, Three-dimensional 
force. 
 
 
 
1. Introduction 
 

Tactile sense is an important perception for robot 
to obtain external environment information. Unlike 
other sensing modalities, it can acquire a lot of useful 
information from the object directly, such as shape, 
elasticity, hardness, roughness, and surface vibration 
signal etc. In view of tactile perception having many 
unique functions, researching and improving the 
flexible multi-dimensional tactile sensor become the 
key issue in recent intelligent robot field and 
industrial manufacturing areas. 

The tactile sensor is an essential part of the 
intelligent bionic robot. Recently, the design of that 
tactile sensor is mainly attracted to realize the 
flexibility and the measurement of three-dimensional 
(3-D) force [1-2]. The design principle is 
concentrated in piezoelectric [3], capacitor [4-5], 
optical fiber [6], elastic conductors [7], and 
conductive rubber [1, 8-9] techniques, from which 
researchers acquired a series valuable 
accomplishment. V. Maheshwari et al [10] developed 
a high-resolution thin-film device to sense texture by 
touch, both the lateral and height resolution of texture 
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are comparable to the human finger. H. Hu et al [11] 
developed a flexible capacitive tactile sensor, where 
PDMS is used as substrate material, 16x16 units can 
be integrated in 1 mm2 areas. J. G. Rocha et al [2] 
proposed a capacitive tactile sensor which can detect 
3-D force. With the development of the tactile sensor, 
conductive rubber has been widely used for flexible 
tactile sensors as its good force-sensitivity and 
flexibility, but some of that sensors can only measure 
the Z-directional force or pressure [12-13], and some 
of them are not flexible enough to be used as bionic 
robots’ skin. In [13], F. Xu et al proposed a flexible 
tactile sensor based on conductive rubber, which is 
flexible and can detect pressure accurately. 

Because coupling relationships generally exist 
among variables of the 3-D force tactile sensor, the 
decoupling strategy for the 3-D force takes a very 
important part in the design of flexible tactile sensors. 
Researchers pay more attention to the design of 
decoupling methods of the tactile sensor. J. X. Ding 
[14] presented a decoupling algorithm based on 
homotopy theory for 3-D tactile sensor arrays.  
F. L. Wang [12] decoupled the mapping relationship 
between resistance and deformation with BPNN.  
J. M. Kim et al [15] designed a bio-mimetic tactile 
sensor, which can measure three components forces. 
That sensor is composed of 100 micro force sensors, 
and its force capacity is 0.3N in the three-axis.  

In Sec. 2 of this paper, principles of the tactile 
sensor are introduced. In Sec. 3, the Finite Element 
Analysis (FEA) method is used to construct the 
numerical model of the tactile sensor based on the 
force-sensitive conductive rubber, and to simulate the 
mapping between 3-D force and deformation. In  
Sec. 4, the Radical Basis Function Neural Network 
(RBFNN) algorithm is applied to realize the mapping 
from deformation to 3-D force, and then decouple the 
3-D force from resistances directly. At last, some 
conclusions are drawn in Sec. 5. 

 
 

2. Principles of the Tactile Sensor 
 

2.1. Characteristic of Force-sensitive 
Conductive Rubber 

 
The conductive rubber is made by conductive 

particles (such as carbon black) which are mixed and 
dispersed in silicone rubber material [16]. It has 
many excellent features, such as flexibility, low cost, 
electricity conducting, and force-sensitivity. If there 
is no force applied on the conductive rubber, the 
conductive particles in the interior of the rubber are 
positioned apart from each other, and the resistance is 
very large. However, when the conductive rubber is 
subjected to external force, the resistance value of its 
own will be changed and become smaller accordingly. 
This characteristic of the conductive rubber is called 
force-sensitive property. 

Recently, many searchers have studied the force-
sensitive property of conductive rubber. In paper 
[17], the authors got the pressure-conductive feature 

of a rubber at different concentrations of carbon 
black (Fig. 1), which reflects the conductive rubber’s 
resistivity is changing along with external force.  

 
 

 
 

Fig. 1. Relationship between resistivity and external force. 
 
 

2.2. Structure of the 3-D Force Tactile Sensor 
 
As shown in Fig. 2, a flexible tactile sensor based 

on conductive rubber with carbon black filler, which 
can detect 3-D force is designed for our experiments. 
The electrodes and wires are distributed in the 
interior of the sensor. They are disposed as two layers 
in the tactile sensor. The upper electrodes are 
connected through row-wires at the upper layer, 
while the lower electrodes are connected by column-
wires at lower layer, as shown in Fig. 2.  

 
 

 
 

Fig. 2. Structure of the tactile sensor. 
 
 
The resistance between a row-wire of the upper 

layer and a column-wire of a lower layer is called 
“row-column resistance” [1]. In the tactile sensor, the 
upper layer array is N1×N2, and the lower layer array 
is N3×N4. Here, N1 is number of row-wires, N2 is 
number of electrodes in each row-wire, N3 is number 
of column-wires and N4 is number of electrodes in 
each column-wire. We need to keep N4=3*N2, so Eq. 
(1) is proper to be solved. In practical application, the 
array size and the number of the electrodes can be 
adjusted according to the scale and resolution of the 
senor. In this paper, N1=10, N2=10, N3=3, N4=30. 
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In the simulation model, it is assumed that there are 
10 row-wires distributing at the upper layer of the 
tactile sensor and 10 electrodes on each row-wire. 
There are also 30 column-wires listed on the lower 
layer, and each of them has 3 electrodes. 

When a 3-D force exerted on the top surface of 
the sensor, the deformation of it can be gained by 
scanning the “row-column resistances”, then we can 
use computation method such as RBFNN algorithm 
to decouple the 3-D force from deformation and 
resistances separately, which are introduced in Sec. 4. 

The detection principle of the 3-D force flexible 
tactile sensor can be briefly described: if there is a  
3-D force loaded on the sensor, the conductive rubber 
as the sensitive material of the sensor would be 
deformed. Meanwhile, the coordinate of electrodes 
on the upper layer changed, which would make the 
“row-column resistance” transformed. The “row-
column resistance” can be measured from the circuit, 
and the deformation of the electrodes can be solved 
through a mathematical model (1). Then the mapping 
between resistance and 3-D force would be searched. 
Eventually, in this paper, the 3-D force information 
can be decoupled based on RBFNN. 
 

 

2 2 2
1 1

1

( ) ( ) ( )

1
, 1...3 ,

1 M N

j i
i ijk i ijk i ijk

k

x x y y z z

k N
R

g = = − + − −

= =

∑∑
 (1)

 
where N is the number of the electrode nodes on each 
row-wire, M is the number of the electrode nodes on 
each column-wire, i and j are the label of the 
electrodes on the current row-wire and the column-
wire separately, k is the label of the column-wire, xi, 
yi, and zi represent the 3-D deformation of the i-th 
node on a row-wire under the 3-D force; ijkx , ijky , 

and ijkz  are the coordinate difference between the 
upper electrode nodes and the lower electrode nodes, 
whose values are already known when we design the 
sensor when there is no pressure; Rk is the row-
column resistance between the current row-wire and 
the k-th column-wire; g is the resistance rate of the 
conductive rubber. In our experiment, M=3, N=10. 

In actual design, the resolution of the tactile 
sensor could be advanced by reducing the distances 
between the electrodes and adjusting the size of the 
sensor array, so that it could meet the actual needs for 
detecting 3-D force under different conditions. 

 
 

3. Finite Element Analysis 
 

The flexible tactile sensor is composed of force-
sensitive conductive rubber. In the simulation of the 
rubber, there are some problems, such as viscosity, 
hysteresis, and detection error. In order to overcome 

those problems, we apply ANSYS advanced 
parametric design language to produce training and 
testing samples directly through intelligent analysis, 
to analyze the feasibility of numerical model, and to 
optimize the sensor’s structure. In the simulation, we 
assume that the conductive rubber is a linear, 
isotropic, repetitive and non-viscoelastic material. In 
this section, a preliminary numerical model of a 3-D 
force tactile sensor based on Finite Element Analysis 
(FEA) is constructed. Using FEA technology to 
optimize the sensor, which verify the feasibility of 
the design strategy and provide the basis for the 
theoretical analysis of the new sensor’s structure. 

This paper generates the model in the way of 
mapped 10×10×5 line meshing, as shown in Fig. 3. In 
the modeling and meshing progression, the tactile 
sensor model is set into a cuboid, the size of which is 
30 mm × 30 mm × 5 mm. The wires at the upper 
layer are parallel to the x-axis and the wires at the 
lower layer are parallel to the y-axis. Considering the 
features of the conductive rubber, hyperelastic 
Mooney-Rivlin unit is adopted to establish the 
relationship between 3-D force and deformation. This 
paper chooses the HYPER58 unit, in which the 
Young’s modulus is 2.08e5 N/mm2, Poisson’s ratio is 
0.499, density is 1e-9 t/mm3, and Mooney constant 
c10, c01 are 0.3286, 0.08215, respectively. In the 
simulation, fixed support is exerted on the lower 
layer, the 3-D force is loaded on the upper surface of 
the sensor, and then the mapping between the 3-D 
force and deformation of the optimized tactile sensor 
is constructed by ANSYS simulation. Through the 
simulation of the material and structure, we can 
design the tactile sensor more accurately, and get 
effective supports to modify the model. 

 
 

 
 

Fig. 3. The ANSYS model of the tactile sensor. 
 
 
To simplify the calculation, we divided the upper 

surface of the sensor into 6 small areas, and set the  
3-D force on them respectively, as shown in Fig. 3. 
Then we can get the corresponding deformation of 
the electrode nodes on the lines of the upper layer. 
The deformations are used as training or testing 
samples in the RBFNN algorithm. By applying 
different force on different areas, we get enough 
samples for the RBFNN. Fig. 4 shows the simulation 
result when there is a 3-D force loaded on the first 
area. It demonstrates that the nodes on or near the 
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corresponding area have obvious deformation, while 
the other nodes which are far from the first area have 
less or no deformation. 

 
 

 
 

Fig. 4. The deformation induced by the applied force 
 
 
In the ANSYS simulation, 100 groups of 3-D 

force are loaded on 6 areas respectively, and the 
deformations of the 10 electrodes on each row-wire 
are gained. We choose the deformation (30-D) of a 
line as the experimental data for the RBFNN. 
Therefore, we get 600 samples as the training set. 
After that, we select one of the 6 areas randomly, and 
apply 100 different 3-D forces on that area, then gain 
the deformations of the 10 electrodes on the same 
line further, which are used as the testing set. 

Therefore, 600 training samples and 100 testing 
samples are produced by ANSYS model for the 
tactile sensor. Each sample includes 3-D force 
applied on an area of the upper surface and 
corresponding 30-D deformation of 10 electrodes on 
a row-wire. In the simulation, the 3-D force is applied 
along x, y, and z direction at the same time, and we 
gain the deformation of all the electrodes along  
x-axis, y-axis, and z-axis correspondingly. The 
decoupling results of that is the improvement of 
paper [12], which only gives the z-directional 
deformation. Through the simulation, we can design 
the tactile sensor more accurately and decouple the  
3-D force more conveniently. 

 
 

4. Decoupling Algorithm for the Three-
dimensional Force Based on RBFNN 
 
There are 3 main steps to realize the decoupling 

system for the 3-D force tactile sensor. The first step 
is to decouple mapping relation between resistance 
and deformation, which is carefully described in [12] 
based on BP neural network. The second step is to 
approach the mapping relationship from deformation 
to 3-D force. The third step is to decouple the 3-D 
force from resistance directly, as the resistance can be 
detected from the acquisition circuit in actual 
experiment. Step 2 and Step 3 are introduced in this 

part and both accomplished by the RBFNN 
algorithm. 

 
 

4.1. Radius Basis Function Neural Network 
 
RBFNN (as is shown in Fig. 5) is a typical local 

approximate neural network. It has 3 layers, namely 
input layer, hidden layer and output layer. In the RBF 
network, the mapping from the input layer to the 
hidden layer is nonlinear, but the transformation from 
the hidden layer to the output layer is linear. 

In this paper, RBFNN is used as an approximate 
machine to approach the mapping from deformation 
to 3-D force, and the relationship between resistance 
and 3-D force separately. The RBFNN translate the 
original non-linear separable feature space into 
another high-dimensional space firstly, and make the 
original problem linearly separable in the new feature 
space by selecting a reasonable transformation, at last 
a linear layer is applied to solve the problem. 
Actually, this paper utilizes RBFNN to solve the 
high-dimensional interpolation problem. 
 
 

 
 

Fig. 5. Structure of RBFNN. 
 
 
Considering the mapping from m-dimensional 

input space to one-dimensional output space, the m-
dimensional vector of the input space is Xp 
(p=1,2,…,N) and the corresponding target output of 
the output space is dp (p=1,2,…,N). There are N 
input-output samples that are consist of the input 
vector Xp and output vector dp. The main purpose of 
an interpolation problem is searching a nonlinear 
mapping function F(X), which satisfies the 
interpolation conditions. F(X) is also an approximate 
function from the input vector to the output vector. 

 
 ( ) , 1, 2,...,= =p pF X d p N  (2) 

 
It is supposed that there are m neural nodes in the 

input layer and one node in the output layer. The 
hidden layer is consists of the neural nodes whose 
number is equal to the number of input/training 
samples. Each nodes of the hidden layer could be 
used as a radial basis function. The input nodes and 
hidden nodes are directly connected, there are no 
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weights among them, but the hidden nodes and the 
output nodes are connected by weight values. 

Using radial basis functions technology to solve 
interpolation problem should select appropriate radial 
basis functions and each radial basis function should 
correspond to the training data. The form of the radial 
basis function is 

 
 (|| ||), 1, 2,...,ϕ − =pX X p N , (3) 

 
where ϕ is the nonlinear radial basis function, X is 
the input vector of the input layer, and Xp is the 
center of ϕ  function. 

In this paper, we use Gauss function as the radial 
basis function 

 

2
2

1
(|| ||) exp( || || ),

2

1, 2,...,
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− = − −
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p p
p

X X X X

p N
(4)

 
The definition of interpolation function based on 

radial basis functions is a linear combination, such as 
 

 ( ) (|| ||), 1, 2,...,ω ϕ= − =p pF X X X p N (5)
 

If we put the interpolation conditions described in 
Eq. (2) into Eq. (5), a set of equations about unknown 
weights {ωp, p=1,2…,N} can be written as 

 
 

1 1
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(6) 

 
Let 

(|| ||), 1, 2, ..., , 1, 2, ...,ϕ ϕ= − = =ip i pX X i N p N ,  
so Eq. (6) can be changed into 
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We set 

 
 

, 1{ }φ ϕ == N
ip i p , (8) 

 [ ]1 2ω ω ω= … T

NW  (9) 

 [ ]1 2= … T

Nd d d d  (10) 

In (8), φ represents the ×N N  matrix which 

consists of ϕip . In (9) and (10), W and d represent 
the linear weight vector and the desired output vector 
separately. Then Eq. (7) can be replaced by 

 
 φ =W d , (11) 

 
where φ is the interpolation matrix, if φ  is a 
nonsingular matrix, W could be solved by (12). 

 
 1φ−=W d  (12) 

 
Radial basis functions satisfy Micchelli theorem. 

Due to the Micchelli theorem, if all the input vectors 
{Xd} are different, it ensure that matrix φ  is 
nonsingular. It includes that if the input samples are 
different, the weight vector W can be solved. 

There are two stages in the training process of the 
RBFNN. The first stage is unsupervised self-
organizing learning phase, whose task is to find the 
center for radial basis functions through self-
organized clustering method and determine the 
spreading constant of the hidden nodes. The second 
stage is supervised learning phase, the task is to use 
supervised learning algorithm such as the least 
squares method to decide the output layer’s weights. 

In the training process of RBFNN, it needs to 
determine the main parameters that are the radial 
basis function’s center, the spread of the radial basis 
function, the number of the radial basis, and the 
weights between the hidden nodes and the output 
nodes. In this paper, we utilize Gauss function as the 
radial basis function for the hidden layer and use K-
means clustering method [18] which is easily 
accomplished and has good performance in finding 
the spreading constant to search the center of the 
radial basis function, that change the input vector into 
a high-dimension space. Then, recursive least square 
method [19] is used to decide the weights between 
the hidden layer and the output layer. At last, the 
network’s output is gained through the linear weights 
summation of the hidden layer’s output. 

This paper adopts the RBFNN to evaluate the 
high-dimensional nonlinear mapping between 
deformation and 3-D force and the relationship 
between resistance and 3-D force respectively. When 
we study the decoupling problem of the 3-D force 
flexible tactile sensor, the sensor model is viewed as 
a black box, which produces a large number of 
training data. We train the training samples reversely 
based on the RBFNN method as far as possible to 
approximate the original model equation. 

 
 

4.2. Decoupling 3-D Force from Deformation 
 
In the decoupling process, we choose the row-

wire at the center of the top layer as a typical 
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example. The decoupling principles of the other row-
wires are similar. Fig. 6 shows the selected row-wire 
has no deformation when there is no pressure loaded. 
Fig. 7 shows the simution result of that row-wire 
when there is a 3-D force loaded on the first area 
shown in Fig 3. Fig. 7 implies that electrodes on or 
near the corresponding area has obvious deformation, 
while the other electrodes far from the first area have 
less or no deformation. The results decoupled by 
RBF method are match to that of the ANSYS 
simulation as shown in Fig. 4. 
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Fig. 6. There is no deformation when there is  
no force loaded. 
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Fig. 7. Deformation of wire nodes when 3-D force loaded. 
The simulation is carried by ANSYS. 

 
 
In the experiments, 600 training samples and  

100 testing samples are gained via the ANSYS 
simulation for the 3-D force flexible tactile sensor. 
Each sample is composed of a 3-D force loaded on 
the upper surface of the tactile sensor and a 30-D 
deformation of 10 nodes on the row-wire. We use 
RBFNN to approach the mapping relation between 
the 30-D deformation and 3-D force. The input vector 
X=[x1, x2, … , x30] of our RBFNN is a 30-D 
deformation, and the output vector O=[Fx, Fy, Fz] is a 
3-D force. Generally, the maximum deformation 
ratio of the conductive rubber does not exceed  
20 % of the sensor’s thickness, and the followings 
are the range of the actual 3-D force: 

 
Fx∈[-1N, 1N], Fy∈[-1N, 1N], Fz∈[-6N, 0] 
 

Next step is to construct and train the RBFNN. 
The 600 groups of input vectors and target output 
vectors in the training samples are used to train the 
RBFNN. After that, the mapping between 30-D 
deformation values and 3-D force can be obtained. 
This means that the model of RBFNN could be 
applied to decouple the 3-D force as acquired. The 
RBFNN we build is optimized by K-means [18] 
method and least square method [19] to improve the 
accuracy further. 

Finally, the trained RBFNN model is used to test 
the performance of decoupling results of 3-D force. 
In order to simulate the actual situation, the 30-D 
deformations in the testing sample from ANSYS 
simulation are put into the trained RBFNN’s input 
layer to solve the 3-D force, and then the decoupling 
results of 3-D force are gained at the output layer. 
Good approximate ability of the high nonlinear 
mapping from deformation to 3-D force is tested by 
the RBFNN. 

In the RBFNN, a large spread rang would make a 
wide receptive field of the radial basis neurons and 
those neurons are insensitive to input data. In this 
way, even if the number of neurons is large, the 
effect of network may be very poor, and the network 
may show “less fit”. On the contrary, if the spread 
rang is small, which may make the receptive field of 
the radial basis neuron smaller as some neurons can’t 
be covered, and the neurons are very sensitive to the 
input. And then, it may lead to a lot of errors. So, if 
we blindly increase the number of neurons in the 
hidden layer that would produce "over fitting" 
phenomenon, which means that the response of the 
network is very good for the known input but the 
network may lead to lots of errors for the unknown 
input. The decoupling errors between the actual 3-D 
force and the decoupled 3-D force based on RBFNN 
with different spreads are given in Table 1 
respectively. 

 
 

Table 1. Decoupling errors of 3-D force under different 
spreads with 100 testing samples. 

 
Average relative decoupling errors of Fx,y,z Spread δFx δFy δFz 

0.8 3.13 % 9.06 % 15.63 % 
0.9 1.39 % 1.63 % 14.96 % 
1.0 0.90 % 1.04 % 7.56 % 
1.2 0.88 % 0.53 % 6.15 % 
1.5 0.16 % 0.39 % 3.44 % 

 
 
where, δFi is the average relative decoupling error of 
100 testing samples of Fi (i=x, y, z) are computed by 
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In Eq. (13), '
ti

F denotes the decoupling result of 
the force loaded on the i-axis (i=x, y, z) direction 
based on RBFNN, 

ti
F  denotes the actual force 

loaded on the i-axis. Table 1 shows that the 
decoupling results of 3-D force are very good, and 
with the increase of spread values the decoupling 
errors of 3-D force decreases quickly. Especially, 
when spread is 1.5, the best average decoupling 
errors between the decoupled 3-D force and the 
original 3-D force are 0.16 %, 0.39 %, 3.44 %, which 
reflect that the RBNN model we constructed has 
good functions in decoupling the 3-D force. 

With comprehensive consideration, we present 
the decoupling results of 3-D force under the 
condition with spread being 1. Figs. 8-10 display the 
decoupling results of Fx, Fy, and Fz, respectively. 
The relative decoupling errors of 100 testing samples 
of the 3-D force based on the RBFNN whose spread 
is 1 are given in Fig. 11. Figs. 8-11 concluded that 
the decoupled 3-D force match to the original 3-D 
force very well. From Fig. 11, we know that all of the 
decoupling results of Fx and Fy are excellent, whose 
largest relative errors are all less than 0.15 (15 %), 
and the average relative error of them are 0.90 % and 
1.04 %. The average relative error of Fz, 7.56 %, is 
not so good as that of Fx and Fy, but is still 
acceptable.  
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Fig. 8. Decoupling results of Fx. 
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Fig. 9. Decoupling results of Fy. 

10 20 30 40 50 60 70 80 90 100
-6

-5

-4

-3

-2

-1

0

1

Lable of test data

Fz
-R

es
ul

ts
 b

y 
R

B
F

 

 
Fz decoupled by RBF
Original Fz

 
 

Fig. 10. Decoupling results of Fz. 
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Fig. 11. Relative error of decoupling results. Fx-Relative 
Error, Fy-Relative Error, and Fz-Relative Error denote the 
relative errors of the decoupled force along x, y, and z 
direction respectively. 

 
 
Above results verify that the optimized RBFNN 

has good performance in approaching the nonlinear 
relationship between deformation and 3-D force, and 
could decouple 3-D force accurately and quickly. 

 
 

4.3 Decoupling 3-D force from Resistance 
 
We still gain samples about 3-D force and 

corresponding deformations by ANSYS analysis as 
before. In this part, the deformations are applied to 
compute the row-column resistances for the tactile 
sensor through the mathematical model (1). We put 
the values of 30-D deformation of the 10 electrodes 
on a row-wire into Eq. (1), and then the 30 row-
column resistance values which denote the 
resistances between the current row-wire at the top 
layer and the 30 column-wires at the bottom layer are 
gained. In actual experiments, when there is a 3-D 
force loaded on the sensor, the row-column resistance 
values can be measured by the acquisition circuit. 
Then, we can use RBFNN algorithm to decouple the 
high-dimensional nonlinear mapping from resistance 
to 3-D force information directly. 

In this section, we still have 600 training samples 
and 100 testing samples. The 30 resistance values and 
3-D force are used as the input vector and desired 
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output vector to train the RBFNN. After that, the 
mapping relationship from resistance to 3-D force is 
gained. At last, the 100 testing dataset are applied to 
test the nonlinear mapping ability of the RBNN. The 
30 resistances are put into the trained RBFNN’s input 
layer, and the decoupling results about the 3-D force 
are obtained directly at the output layer. 

Fig. 12 shows the average relative decoupling 
errors of 3-D force from resistance based on RBFNN 
with different spread values. δFi (i=x, y, z) has the 
same meaning as that in Table 1 and Eq. (13). From 
Fig. 12, it can be seen that with the decrease of 
spread values, the decoupling errors of 3-D force 
decreases quickly, which is contrary to that in Table 
1. Those phenomenons conclude that the best results 
may accompany with different spread values under 
different conditions, and there is an optimal spread 
value. 

In Fig. 12, the best results are gained when spread 
value is 1. The best values of δFx, δFy and δFz are 
4.11 %, 0.11 % and 1.03 %, respectively. These best 
results in Fig. 12 are much better than those in Table 
1 whose spread value is 1.5. This strongly implies 
that the optimized RBFNN also has good ability in 
decoupling nonlinear mapping from resistance 
information to 3-D force. As the resistance can be 
gained from the acquisition circuit of the sensor, 
decoupling the 3-D force from resistance directly has 
great significance in actual application. It means that 
we can decouple the 3-D force by computation 
method through detecting the peripheral circuit 
directly, and make the experiment more simple, 
convenient, and accurate. The decoupling results 
show that the 3-D force can be accurately and quickly 
detected through RBFNN algorithm, which satisfies 
the real-time requirements of the multi-dimensional 
tactile sensor and improves the performance of the 
flexible tactile sensor further. 
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Fig. 12. Decoupling errors of 3-D force with different 
spreads by RBFNN. δFi denotes the average relative 
decoupling error of 100 testing samples of Fi (i=x, y, z) 

 
 
The detailed decoupling results are presented in 

Figs. 13-15 when spread value is 0.5. The three 
figures are the decoupled results of Fx, Fy, and Fz, 

respectively, which indicate that the decoupling 
absolute errors of the 3-D force represented by  
Fx-Error, Fy-Error, and Fz-Error are very small. 
Especially, most of the errors between decoupled Fy 
(Fz) and original Fy (Fz) are nearly zero, which mean 
that the decoupled results based on RBFNN 
algorithm match to the actual 3-D force very well. 
Fig. 16 shows the relative decoupling errors of  
100 testing samples of the 3-D force when spread is 
0.5, and the average relative decoupling errors of 3-D 
force from resistance are 5.18 %, 0.41 %,  
and 1.79 %. 
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Fig. 13. Decoupling results of Fx from resistance. 
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Fig. 14. Decoupling results of Fy from resistance. 
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Fig. 15. Decoupling results of Fz from resistance. 
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Fig. 16. The relative decoupling errors of 100 samples with 
spread=0.5. Fx-Relative Error, Fy-Relative Error, and Fz-
Relative Error denote the relative errors of the decoupled 
force along x, y, and z direction respectively. 

 
 
All of the decoupling results above imply that 

RBFNN is a very efficient method to decouple the  
3-D force and approximate the high-dimensional 
nonlinear relationship between the 30 resistances and 
the 3-D force. If we gain the precision resistance 
values from the external circuit, the 3-D force can be 
decoupled quickly and accurately based on RBFNN 
algorithm. 

 
 

5. Conclusions 
 

This paper proposes a decoupling method for a 
novel 3-D force flexible tactile sensor. The method 
based on Radical Basis Function Nueral Network 
(RBFNN) algorithm is proposed. At first the finite 
element analysis is used to construct the numerical 
model of the tactile sensor and compute the 
deformation induced by 3-D force applying on the 
top surface of the sensor. Then, the RBFNN is trained 
by the samples produced via the numerical model. At 
last, the RBFNN is used to decoule 3-D force from 
deformation and resistance respectively.  

All of the numerical experiments show that the 
improved RBFNN algorithm deals the decoupling 
process very well. Analysis about the dcoupling 
results indicates that the RBFNN with high nonlinear 
mapping ability has high performance in both 
accuracy and anti-noise ability, which also satisfies 
the rea-time requirement of decoupling for the 3-D 
force tactile sensor. 
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Abstract: With deeper research of wind key technologies, concern on optimization of power allocation for a 
power system with wind farms has been aroused greatly. A typical hybrid power system interconnected with the 
main grid, including wind power, hydro power, storage devices and local load, is taken as our study case. Its 
mathematical model used in optimizing power allocation was firstly constructed, PSO (Particle Swarm 
Optimization) algorithm was applied to slow the optimization problem and the optimal power allocation is 
gotten. Finally, numerical simulation is discussed which demonstrated that storage battery with larger capacity 
will decrease the waste of wind resources, and improve operation performances of the hybrid wind-hydro power 
system. Copyright © 2013 IFSA. 
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1. Introduction 
 

With the commercial application of wind 
generation technologies, wind energy becomes one of 
the fastest developed energy among all of renewably 
energy resources. As we known, wind resource is 
scatter and its deposit is abundant. One of the best 
ways to consume plenty of output produced by wind 
units is to incorporate wind farms into main grids [1]. 
However, wind speed inputted into wind units is 
random. Then, to accurately predict wind power of 
next day is rather difficult [2]. The uncertain wind 
power would affect the correctness of daily operation 
scheme and result in making power allocation 
scheme difficultly for the power system. More over, 
great unsteady output from wind units would 
endanger the security and stability of power system 
potentially [3]. 

Supposing a hybrid system with wind energy and 
other kinds of energy were constructed, whose 
characteristics is complementary to wind resource, 
then we able to fully utilize wind resource and other 
energy resources synthetically. Meanwhile, such a 
system would provide users power supply with high 
reliability. In fact, such a hybrid system is very 
common in those isolated wind farms. For example, 
wind-diesel hybrid system [4], wind-solar hybrid 
system, wind-hydrogen hybrid system [6] and so on 
have been reported.  

However, for wind-diesel hybrid system, fossil 
fuel is needed which may produce environment 
pollution. As for wind-solar hybrid system, wind 
energy is only complementary to solar energy in 
seasons, which means that there is plenty of wind and 
lack of sunshine in winter, and vise verse in summer. 
Wind-hydrogen storage system is depended on the 
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construction of hydrogen supply and hydrogen 
consumption system. To accomplish hydrogen 
project from demonstration to commercial 
application would need some years awaiting. 

Actually, for short term, which is commonly 
referred to one day, the better complementary 
characteristic exists between water resource and wind 
resource, this founding was proposed by some 
experts in late 90's [7, 8], and some valuable 
suggestion was put forward. Research of daily 
optimal power allocation had not researched until 
2005 [9]. In that literature, a hybrid wind-pumped 
storage hydro-power station was discussed [10, 11]. 

As we known, to construct a pumped-storage 
hydro-power station needs plenty of investment, and 
its operation cost is also very expensive. As a result, 
pump-storage power stations usually account for very 
low percentage of capacity in a power system. What 
is even worse, some power systems may have no 
pumped-storage station. Therefore, for a large power 
grid, if the capacity of pumped-storage hydro-power 
plants were as low as not to bear the surplus or deficit 
of wind power outputted, its ability of power 
regulation would be very limited. In this case, such a 
hybrid system incorporated wind farms only with 
pumped-storage hydro-power plants is difficult to be 
applied into practice, when main grid is required to 
accept plenty of wind power injected. A novel 
proposal [12] was proposed in 2009, which is to 
construct a hybrid system including wind farms and 
variable-head hydro power plants. This proposal is 
wonderful to find a better way to utilize wind energy 
maximally with help of the regulation characteristic 
of reservoir. Such a hybrid power system is regarded 
as an independent sub-system to the main grid and 
would not only decrease the unnecessary waste of 
wind energy, but also greatly decrease interrupt to the 
main grid and improve the steady and security of the 
main grid. 

Whereas, hydro-plant is not likely to consume the 
excessive wind output. The reason is because a 
variable-head hydro-power plant is only available to 
regulate power by stopping hydro turbines when 
wind turbines generate electricity [13]. Therefore, 
certain capacity of energy-storage devices is 
necessary for such a hybrid wind-hydro power 
system in order to store excessive power from wind 
units. With such a wind-hydro power system with 
storage devices will utilize wind energy maximally 
during one-day period. 

Regarding to the discussed hybrid system which 
has a storage device and interconnect with the main 
grid, our focus is how to coordinate various sources 
to get maximal profit is very important. In addition, 
how much capacity of storage devices is designed for 
getting better operation performance. Therefore, the 
first step is to understand fundamental characteristics 
of power generation resources, then to build the 
corresponding mathematical model, finally to 
simulate the operation of the designed hybrid wind-
hydro power system and to find the proper capacity 
the storage devices should be adopted. 

2. Composition of the Hybrid Wind-
Hydro System 
 
China is abundant of wind resource and water 

resource in west areas and north areas [16]. 
Therefore, to configure a hybrid wind-hydro power 
system is accessible. From view of the daily 
operation characteristic, output of variable-head 
hydro power station fluctuate little, its run-off flow is 
steady in one day, while wind fluctuate greatly [12]. 
Therefore, combining the adjustable output of 
variable-head hydro power plants with the 
uncontrolled output of wind farms would produce a 
synthetic output characteristic with a less fluctuation 
and decrease interrupt to main grids connected. 

Considering that conventional hydro power 
station is not available to storage energy like pump-
storage hydro-electric power plant. But, when the 
output of wind power is lager than what the local 
load need, the excessive output needs some storage 
devices to store, then wind resource will not be 
waste. At present, there are many ways to store 
electricity [17]. Compared to superconducting 
magnetic energy storage (SMES), pumped storage 
and so on, storage battery is with many advantages, 
which are demonstrated in higher efficiency of 
energy conversion, simple structure, higher 
reliability, faster speed of discharging power r, longer 
life cycle, lighter weight and so on. Therefore, 
storage battery is applied more widely. We use 
storage battery to store the excessive wind energy 
and to discharge at the proper intervals. 

Micro-grid is gradually formed with the 
development of distribution generation technology. 
Micro-grid is an autonomy system. With power 
electronic technology, power flows in bi-direction 
between the main-grid and the micro-grid. As of 
difference in resources among micro-gird, the 
structure of micro-grid is not the same. The micro-
grid interconnected to the main-grid we discussed is 
consisted of a wind farm, a hydro-plant, a storage 
battery and local load, see Fig. 1, where the flow 
relation among these resources is illustrated clearly. 

 
 

 
 

Fig. 1. The structure of micro-grid with hybrid wind-hydro 
power system. 
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where Ph, PhD and Phs represent the output from 
hydro-plant and part of power supplied to local load. 
Part of power supplied to the main-grid. Pw, PwD, Pxc, 
Pws represent output of wind units part of power 
supplied to local load, parts of power supplied to 
storage battery and part of power supplied to the 
main grid. PD is local load. Ps is the power supplied 
from main grid to the micro-grid. Pxf is the power 
supplied from battery to local load. 
 
 
3. Mathematical Model of Daily Optimal 

Power Allocation for the Hybrid 
Wind-hydro Power System 

 
3.1. Objection 
 

One day is divided into 24 hours, then the 
objection for maximizing profit of the hybrid wind-
hydro micro-grid is  

 

})({max 32
1

1 thtxt

N

t
wt PCPCPPCF −++=∑

=

 (1) 

 
In equation (1), the meaning of all variables is 

explained as follow: 
N is the period we discussed (hour), N=24; 
C1 is the price per kW for wind units (Yuan/kW); 
C2 is the price per kW for hydro-plant 

(Yuan/kW); 
C3 is the price for the main-grid selling to micro-

grid (Yuan); 
Pwt is the output for wind units at t interval (kW); 
Pht is the output for hydro-plant at t interval (kW); 
Pxt is the charging/discharging power for storage 

battery at t interval (kW) (the positive value is 
referred to discharge, and the negative is referred to 
charge); 

Pt is the power supplied from main-grid at t 
interval when the micro-grid is short of supply 
capacity (kW); 

In addition, it is assumption that price of wind 
units is simply considered as the same as price of 
hydro-plant. 

 
 

3.2. Constrains 
 

Referred to the optimization of power allocation, 
there are a lot of constrains, including: 

1) Power equilibrium equation for the micro-grid 
 

Dttxthtwt PPPPP =∆+++ , (2) 
 

where ∆Pt refers to the power that the micro-grid 
exchange with the main grid, see equation (4). 
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Pwst and Phst refer to the excessive power injected 
to the main-grid by wind units and hydro-plant at  
t interval.  

2) Water equilibrium equation for the reservoir  
 

tQqVV tttt ∆•−+=+ )(1
 (4) 

 
3) Capacity limit of the reservoir 
 

maxmin VVV t ≤≤  (5) 
 
4) Output limit of the hydro-plant 
 

maxmin hhh PPP ≤≤  (6) 
 
5) Water discharge limit of the hydro-plant 
 

maxmin QQQ t ≤≤  (7) 
 
6) Power equilibrium equation for the storage 

battery 
 

tPWW Xttt ∆•+=+1
 (8) 

 
7) Capacity limit of storage battery  
 

maxmin WWW t ≤≤  (9) 
 
The meaning of variables from equation (2) to (9) 

is explained as following: 
∆Pt is the input or output power to the main-grid 

at t interval (kW); 
PDt is the local load at t interval (kW); 
Wt is the initial capacity of storage battery at  

t interval (kWh); 
Wt+1 is the final volume of storage battery at  

t interval (kWh); 
Vt is the initial volume of the reservoir at  

t interval (×108 m3); 
Vt+1 is the final volume of the reservoir at  

t interval (×108 m3); 
qt is the average runoff of the hydro-plant at  

t interval (m3/s); 
Qt is the discharging flow used in generating 

electricity for hydro-plant at t interval (m3/s); 
∆t is the length for every interval, ∆t=1 h.  

Supposing that charging or discharging for storage 
battery is accomplished without one second delay.  

In equation (2), the output of hydro-plant is 
calculated as follow: 

 

ttht HQAP ••=  (10) 
 
where Ht is the net head for hydro-plant at t interval, 
which is determined as follow. Water level at the 
upstream is substracted by the sum of water level at 
the down-stream plus the head loss. Wherein, the 
water level at the up-stream is depended on the 
capacity of reservoir, and the water level is depended 
on the discharging flow, the head loss is neglected. 
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A - the coefficient of hydro-plant, typically, large-
size hydro-plant is given as 8.5, and medium-size 
hydro-plant is given as 8.0~8.5, and small-size is 
given as 6.0�8.0. 

In equation (2), the output of wind units is 
described as below. 

 
ci co

ci R

R R co

0 0 V V ,V V
P f (V ) V V V

P V V V

≤ < ≥⎧
⎪= ≤ ≤⎨
⎪ ≤ ≤⎩

 (11) 

 
In equation (12), Vci refers to the cut-in speed of 

wind units. VCO refers to the cut-out speed of wind 
units. VR refers to the rated speed of wind units. f(V) 
is used in expressing the wind power function of 
wind speed when wind speed is within Vci and VR. 
There are three operation conditions for wind units.  

1) When V < Vci, the output of wind units is set at 
0. When V ≥ Vco, wind units will stop running for the 
sake of protection. 

2) When Vci ≤ V < VR, wind units will convert 
wind energy into electric power at the maximal 
efficiency. 

The cubic function is usually used in describing 
output of wind units approximately. 

 
)/()()( 3333

ciRciR VVVVPVf −−=  (12) 
 
3) When VR ≤ V < VcO, for the capacity limit, 

wind units will operate at the rated condition. 
 
 

4. Optimization of Power Allocation  
for Hybrid Wind-hydro Power System 
based on PSO Algorithm 

 
To solve the complicate problem we discussed 

above, optimization approach is needed. PSO 
(Particle Swarm Optimization) [18], as an emerging 
optimization algorithm, was firstly proposed by Mr. 
Eberhart and Mr. James Kennedy in 1995. Similar to 
other evolution algorithms, PSO is also based on 
colony concept. The remarkable advantage of PSO 
algorithm is attributed to its simple calculation, fast 
convergence, few parameters, easy realization and so 
on. The most excellent advantage of the algorithm 
demonstrates in overall searching ability subjected to 
those problems with non-linear, and multiple 
modality. As of high efficiency, PSO has been 
applied in many fields. 

 
 

4.1. Principle of PSO Algorithm 
 
When PSO is used in solving the optimization 

problem, every solution is taken as the position of a 
bird within the searching space. And these birds are 
termed as particles. Every particle has its fitness 
which is determined by objection function. The 

velocity and position will determine the direction and 
distance of these particles. 

At first, to generate a random group with m 
particles acts as initial solution. The position of every 
particle will be potential solution. The particle group 
is flying within D-dimension search space, and every 
particle will find its best solution by a few of 
iterations. At every iteration, the particle will update 
its position and velocity by tracing two best values. 
One is the best solution is so-called its individual 
solution among the local area, denoted as pBest. the 
other is the best solution among the global domain, 
denoted as gBest, see equation (13) and (14). 

Supposing there are m particles, and the 
information of the ith particle is D dimensions, the 
position vector is expressed as Xi=(Xi1, Xi2, …, XiD), 
the velocity vector is expressed as Vi=(Vi1, Vi2, …, 
ViD), i=(1, 2, …, m), others vectors are similar to 
those indicated above. The updated equation of 
position and velocity are shown as: 
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(14) 

 
In these formulas, k refers to the current time of 

evolution; d=(1, 2, …, D).ω refers to weight factor of 
inertia, which is the coefficient of keeping the former 
velocity, commonly is set to [0.8, 1.2]. c1 and c2 refer 
to learning factors, used in representing the weight 
coefficients tracing the best history value itself and 
the globe best value. These coefficients demonstrate 
the knowledge degree of the particles, which are set 
as 2. rand1 and rand2 are the random number within 
[0, 1]. Vidk is the flying velocity for the ith particle 
within d-dimensions. Xidk is the position for the ith 

particle within d- dimensions. 
For ensuring the particle is always within the 

designated range, the velocity at every dimension is 
limited at a maximal velocity Vmax. If the updated 
velocity at a dimension is greater than Vmax, then this 
velocity is set as Vmax. 

 
 

4.2. Principle of PSO Algorithm 
 
PSO algorithm is preceded according to the 

following steps: 
1) To give the initial parameters of PSO 

algorithm. 
2) To initialize the velocity and position of m 

particles. 
3) To calculate the objection of m particles, write 

down the individual best value of every particle and 
choose the particle with the maximal best value as the 
globe best value, and denote the corresponding the 
series number of particle. 

4) To update the velocity and position for ith 
particle according to the equation (13) and (14). 
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5) To check if the velocity is greater than Vmax, if 
it’s true, denote the velocity as Vmax. 

6) To calculate the objection for all particles and 
update the best position and the best globe position 
based on the current iteration.  

7) To check if the ending condition is satisfied, 
i.e. If the maximal iteration times is reached or the 
best solution is got, or there is no any change in the 
velocity or position, then to stop the iteration. 
Otherwise, go to the step 4) and continue to iterate. 

 
 

4.3. Optimization of Power Allocation for 
Hybrid Wind-hydro Power System 

 
In fact, Optimization of power allocation is 

essentially to dispatch the discharging or charging 
power Pxt of the storage battery and discharging flow 
Qt of the hydro-plant within a day. The best Pxt and Qt 
at every interval will satisfy all constrains and 
minimize the disturbance to the main-grid and 
maximize profit of the hybrid wind-hydro power 
system. 

Now the problem is attributed to find the decision 
variable Pxt and Qt. The final volume of reservoir at  
t interval is solved by Qt , then the water level at the 
up-stream, water level at the down-stream, and output 
of hydro-plant will be determined. Finally, the 
exchanging power ∆Pt between the hybrid wind-
hydro power system will be gotten.  

Supposing the dimension of particle is 24×2�Pxt 
and Qt are respectively vectors with 24-dimensions. 
Then the position of the ith particle is expressed 
below. 

 
],...,,,...,,[ 24212421 QQQPPPx xxx=  (15) 

 
Velocity Vector Vi represents the variation of 

every particle at the ith interval. It should be noted 
that all value after updating must meet the 
requirements from all constrains. 

Based on above analysis, the program is designed 
with MATLAB as below. 

1) To set all parameters used in PSO, such as 
iteration times kmax, weight of inertia, the maximal 
velocity of particle Vmax and so on.  

2) To calculate the output of wind units Pwt at 
every interval with known wind speed Vt.  

3) To determine the variation range of 
charging/discharging capacity Pxt for storage battery 
with known the local load PDt and output of wind 
units Pwt, to produce particles at all intervals 
randomly. 

4) To produce particles of discharging flow Qt of 
hydro-plant at all intervals randomly, and to calculate 
the finial volume of reservoir and the output Pht of 
hydro-plant with known initial volume of reservoir 
and average discharging flow. In this case, the 
volume of reservoir is always restricted within the 
permitted range. 

5) To calculate the exchange power ∆Pt between 
the main-grid and hybrid wind-hydro power system 
with known PDt, Pwt, Pxt and Pht. 

Finally, taking the objection as fitness function of 
PSO algorithm, the optimal solution will be got after 
many times of iterations. 

 
 
5. Simulation and its Analysis 

 
5.1. Parameters of PSO Algorithm 
 

Some parameters used in PSO algorithm are 
needed to be given in advance, see Table 1.  
 
 

Table 1. Parameters in the PSO. 
 

C1 C2 ωmax ωmin kmax Vmax 

2 2 0.95 0.4 500 100 
 
 

5.2. Parameters and Curves Used  
in the Model 

 
Subjected to the example as below, some 

parameters or curves must be known in advance in 
order to proceed optimization calculation, including: 

1) Price used in objection. 
Let C1=0.56, C2=0.43, C3=0.61.  
2) Parameters of the reservoir and its 

characteristic curves. 
The capacity of reservoir is 1.0343×108 m3, the 

storage level of reservoir is normally 1179.6 m, the 
corresponding volume of reservoir is 2990×104 m3. In 
flood season, the minimum water level is 1177.1 m. 
The flood-controlled volume of reservoir is  
930×104 m3, the dead level is 1175.8 m, the dead 
volume of reservoir is 5730×104 m3. The average 
runoff is 7244×104 m3 based on many years statistic 
data and the runoff in one day is approximately 
considered constant (except flood period). The 
average runoff in spring season is 2.3 m3/s. 

The water level curve of reservoir with the 
capacity of reservoir is shown as Table 2. Supposing 
that down-stream level is kept at 1149.7m and daily 
water volume available is 7032.143×104 m3. 

 
 

Table 2. The water level curve with reservoir capacity 
Unit: m, 108 m3. 

 

Water level 1175.8 1177.1 1177.5 1178.2 
Capacity of 
reservoir 0.573 0.67 0.7032 0.763 

Water level 1179.6 1180.8 1181.9 1183.1 
Capacity of 
reservoir 0.89 1.0146 1.0298 1.034 

 
 



Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 299-306 

 304

3) Parameters used in calculating output of hydro-
plant. 

The hydro-plant is consisted of 3 units with 
capacity of 800 kW and 1 unit with capacity of  
400 kW, the total capacity is 2800 kW. Referred to 
this simulation, one unit with capacity of 800 kW is 
operating, its maximal discharging flow is 3.56 m3/s. 
And no special consideration of flood-controlled is 
not considered. As the installed capacity of the 
discussed hydro-plant is small, then hydraulic 
coefficient is set as A =7.5 (6.0�8.0). 

4) Output characteristic of wind unit and daily 
anticipant wind speed curve. 

An anticipant wind speed is shown in Fig. 2, 
where we see that wind speed varies stochastically in 
a day. Normally, wind speed is bigger in the 
afternoon or at night. The maximal wind speed 
occurred at 21 intervals, and the minimal wind speed 
occurred at 8 intervals, the average is 5.12 m/s. 
Putting these wind data into equation (12), the output 
of wind unit is gotten. 

 
 

 
 
Fig. 2. Predicted wind speed curve for a typical day. 
 
 
In addition, the installed capacity of wind farm is 

3600 kW consisted of 6 wind units with capacity of 
600 kW. Output curve of wind units with wind speed 
is shown as Fig. 3. 

 
 

 
 

Fig. 3. The wind power curve with speed. 
 
 
5) Capacity of storage battery. 

The capacity of storage battery is determinate by 
the installed capacity of wind farm and its local load. 
Whether lager-size battery or small-size battery is not 
recommended. A capacity with 600 kWh is available 
for the wind farm which installed capacity is  
3600 kW. 

6) Local load curve. 
Local power demand for users in 24 hours is 

indicate in the Fig. 4. Then we find that load varied 

stochastically. The morning peak occurred at  
10 interval and the evening peak occurred at 19 
interval. Daily average load is 548.2 kW, and daily 
load rate is 39.79 %, the difference between peak and 
valley is 1236.6 kW. 

 
 

 
 

Fig. 4. Daily load curve on a typical day. 
 
 
7) Limit of exchanging power for the main-grid  
Supposing [-500, 500] kW is the available power 

accepted by the main-grid, the value is used in 
checking whether the main-grid operates securely 
and steady. 

8) Boundary constrains for inequality equation 
All limits used in boundary constrains From 

equation (3) to (10) is shown as Table 3. 
 
 

Table 3. Limits for inequality equations. 
 

Variables Phmin Phmax Vmin Vmax 

Unit kW kW 108m3 108m3 

Values 0 2800 0.573 0.89 

Variables Qmin Qmax Wmin Wmax 

Unit m3/s m3/s kWh kWh 

Values 0 3.56 0 600 
 
 

5.3. Optimization Calculation 
 

Putting the above parameters into the designed 
program with Matlab, all allocated power, including 
output of wind units which is accepted by wind units, 
power of storage battery, output of hydro-plant, the 
excessive output inputting to the main-grid, and 
supplying power by the main-grid is shown  
in Fig. 5. 

In Fig. 5, the value above the horizonal axis 
represents the sum of allocated power within wind 
units, hydro-plant and storage battery at every 
interval, and value under the horizontal axis 
represents the excessive output of wind units inputted 
into the main-grid. 

1) As wind speed from 7 interval to 15 interval 
and from 18 interval to 20 interval is so low that the 
need from load is not met by wind units. At these 
intervals, hydro-plant outputs power to supply load. 
With the complementary characteristic existed 
between wind units and hydro-plant, the output 
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characteristic of wind units is to be optimized. 2) 
During the period from 1 interval to 6 interval, from 
16 interval to 17 interval, from 21 interval to  
24 interval, the wind speed is greater and demand 
from load is low, it’s better to preferentially consume 

electricity from wind units, the excessive electricity 
is used in charging storage battery, then sent to the 
main grid. While the hydro-turbine is arranged to 
stop and the runoff is stored at these intervals. 

 
 

 
 

Fig. 5. Power allocation for hybrid wind-hydro power system. 
 
 

3) No excessive output from hydro-plant is sent to 
the main-grid, this is because that reservoir is 
available to store energy from runoff, which is 
different from wind units. For wind units, when wind 
speed is greater, the excessive output from wind units 
either is given to the storage battery or sent to the 
main-grid. 

4) The disturbance from hybrid wind-hydro 
power system is suggested to be minimum. 
Unfortunately, the equilibrium between supply from 
wind-hydro power system and load at some intervals 
is difficult to reach. For example, at 10 interval and 
19 interval, the load is so great that hybrid wind-
hydro power system is not available to supply enough 
power. In this case, to ensure reliable electricity to 
users, electricity from the main-grid is needed to 
supply load. While as, at 4 interval, 16 interval,  
21 interval, 23 interval and 24 interval, the output 
from wind-hydro power system is enough to meet the 
demand for local load and fulfill storage battery, then 
the excessive electricity is sent to the main-grid. 
Specially, at 4 interval and 21 interval, the output 
from hybrid wind-hydro power system excesses the 
permitted capacity accept by the main-grid, these 
wind resources have to be wasted. 

Obviously, when configuring a larger capacity of 
storage battery, the less interrupt the main-grid would 
be realized, which means wind power is more 
friendly to the main-grid as of better output 
characteristic and decrease disturbances to the main-
grid. Table 4 demonstrates the excessive power to the 
main-grid when configuring different capacity of 
storage battery. 

It is found that less disturbance to the main-grid 
when the capacity of storage battery is 800 W 
compared to the capacity with 600 kW. Meanwhile, 

no waste of wind power occurred anymore. In 
addition, when capacity of storage battery is 800 kW, 
the profit for the hybrid wind-hydro power system is 
increased from 5941.86 Yuan to 6043.86 Yuan. The 
simulation tells us the proper capacity of storage 
battery is important. 
 
 

Table 3. The excess wind power sent to the main-grid. 
 

Rated 
capacity  4  16 21 23 24 

600 kW 561.1 147.5 593 203.9 284.3 
800 kW 361.1 0 393 203.9 284.3 

 
 

6. Conclusions 
 
Based on the above research, some conclusions 

can be summed as below.  
1) An example is used to demonstrate the 

importance of proper configuration for a hybrid 
power system. The proper capacity of battery is 
available to store the excessive electricity generated 
by wind units. The wind farms is arranged to carry 
base load and hydro power plants is arranged to carry 
variable load. In this way. the exchanging power 
between the hybrid wind-hydro power system and the 
main grid would be minimal, and the utilization of 
renewable energy is maximal. 

2) The mathematical model of hybrid wind-hydro 
power system used in operation optimization is built, 
and with PSO algorithm, the power of hydro power 
plants, wind farms, storage devices and the main grid 
in every interval is gotten and the benefit of hybrid 
wind-hydro power system is ensured to be maximal. 
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3) The simulation for configuring different 
capacity of storage battery is proceeded, which tells 
us that the disturbance to the main-grid and profit for 
hybrid wind-hydro power system is related to the 
capacity of storage battery. 

Furthermore, the characteristic of 
discharging/charging transient process for storage 
battery will be our next research. This is because the 
more accurate model is, the closer the operation 
condition is to be. 
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Abstract: Dynamical modeling and optimization of mechanical system is a multi discipline complex problems. 
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forming system are optimized by using this algorithm. Optimization results show that the dynamic performance 
of the roll-forming system has been effectively improved. The algorithm provides theoretic foundation for the 
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1. Introduction  
 

In cold-roll forming, a metal sheet is fed through 
successive pairs of forming rolls until it is formed 
into some desired cross-sectional profile [1]. It has 
many advantages such as high production efficiency, 
low cost, and high bearing capacity. Roll forming 
process is a kind of quite complex deformation 
process. There have been many influential factors to 
be considered and solved. With the development of 
roll forming technology, massive outstanding 
achievements correlating with this have emerged up 
until now [2-6].  

Establish the dynamics of roll forming 
mechanical system is the important theoretical basis 
of analyzed its kinetic properties, improve its 
performance and reasonable design every kind of 
parameters. However, is not a small task, precisely 
because of the complexity of roll forming machine. 

Its dynamic model is a complicated system because 
they generally have many variables, many of which 
are nonlinear and coupled with each other.  

This paper is modeled on the 4-DOF one-sided 
variable cross section roll-forming machine, deduced 
the dynamical Lagrange equations of this system. 
Finally, the expression of angular acceleration and 
angular velocity is obtained by solving the equation. 
The optimization became in need to satisfy the 
request of the dynamics and the stability 
requirements for this system. However, due to the 
complexity of the roll forming machine, it is very 
difficult and time-consuming to solve this kind of 
problem using the traditional optimization method. 

Particle swarm optimization (PSO) was first 
introduced by Eberhart and Kennedy [7]. Particle 
swarm optimization is evolutionary computation 
technique. It came of the research on bird flock 
preying behavior. The particle swarm algorithm 

Article number P_RP_0006 

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 307-312 

 308

which was characterized by its simple calculation, 
good robustness, and parallel calculation was adopted 
to many fields [8-12]. Though the particle swarm 
optimization has certain superiority, like other 
random optimization algorithms, the PSO also has 
the phenomenon of prematurely convergence and that 
has easy to be run into local optimum at a later time.  
This article is intended the improved particle swarm 
optimization for the Dynamical equations based on  
4-DOF one-sided variable cross section roll forming 
system. Then, based on bionics, the negative gradient 
is added into the formula of classical particle swarm 
optimization (PSO) algorithm. This method could 
effectively coordinate the global search and the local 
search ability. PSO was modified here to improve the 
solving precision and convergent rates of 
optimization procedure. This algorithm is applied to 
the dynamics equations of the 4-DOF one-sided 
variable cross section roll-forming system , used the 
angular acceleration of the servo motor as objective 
function and the structural parameters of the roll 
forming machine as design variables. By optimizing, 
we hoped to decrease the amplitude of the driven 
servo motor angular acceleration. 
 
 
2. The Basic Particle Swarm 

Optimization Algorithm 
 

Particle swarm algorithm was an optimization 
algorithm based on swarm intelligence. Compared 
with other optimization algorithm, particle swarm 
optimization has a simple structure and great 
universality. In the standard particle swarm 
algorithm, a total of i  particles consist of a 
population which corresponds to a total of i  bird 
consist of bird flock. Each particle equals to a 
feasible solution of algorithm in D -dimensional 
searching space. Set there are i  particles in all, 

1 2( , , , )i i i idX x x x= indicating the positions of the 

any particle, 1 2( , ,..., )i i idVi v v v=  indicating the 

velocity. 1 2( , , , )i i i idP p p p=  indicating the best 
previous position of the i th particle, denoted as 
pbest . 1 2( , ,..., )g g g gdP p p p=  indicating the 

best previous position of the population, denoted 
as gbest . Particle updating position and velocity by 
following equations:  

 
1

1 1 2 2( ) ( )k k k k k k
id id id id gd idv v c r p x c r p xω+ = + − + −  (1) 

 
1 1k k k

id id idx x rv+ += + , (2) 
 

where k
idv  is the i-th particle’s velocity in d 

dimension at k iteration; ω  is the inertia weight, that 
control the particle’s own original velocity and can 
balancing the global and local search. A largeerω  

represents strong capability of global search and a 
smaller ω  represents strong local search ability. 

1c and 2c  are called weight coefficient, can track the 
personal best positions and the best position of the 
swarm respectively, they are usually set to 

1 2 2c c= = . 1r and 2r  are random number of range 
[0,1], r is constraint factor, usually set to 1. During 
the update process, the velocity of particles in every 
dimension limited by [ ]max max,v v− . 
 
 
3. Particle Swarm Optimization 

Algorithm with Negative Gradient 
 

Like other optimization algorithm, particle swarm 
optimization algorithm has its flaws as well. In this 
paper, in order to make particle swarm optimization 
algorithm can adapt to dynamic optimization problem 
of roll forming machine, some improvement was 
made based on bionics.  

Steepest descent method has proposed by a noted 
mathematician Cauchy in 1847, also known as 
gradient method [13]. That is, if real-valued 
function ( )f x , it is differentiable and defined at 
point a, then function ( )f x  fast descend in opposite 
directions of the gradient ( )f a−∇ .On the small 
neighborhood of point a, follows the direction of 
opposite gradient, the values of the functions 

 

1 2

( ) ( ) ( )( ) [ , ,..., ]T

d

f a f a f af a
x x x

∂ ∂ ∂
−∇ = − − −

∂ ∂ ∂
 

 
decrease most quickly. From the point of view of 
bionics, the opposite directions of the gradient is the 
equivalent of the track at the process of the bird 
looking for food bird when the bird seeing food and 
flying to food directly.  

In the initial stage of algorithm, the food is too 
distant and small to be seen directly. But in the later 
period of the optimization, with the bird close to 
food, the possibility of the bird seeing food would be 
increased. According to this idea, after added the 
opposite gradient term, An Improved Particle Swarm 
Optimization algorithm applied to the opposite 
gradient is proposed followed by the Basic Particle 
Swarm Optimization. 

The updating of formula for the velocity and the 
position of the improved particle swarm optimization 
algorithm (NPSO) is as follows: 

 
1

1 1

2 2 3 3

( )

( )( ) [ ]

k k k k
id id id id

k
k k i
gd id

d

v v c r p x

f xc r p x c r
x

ω+ = + − +

∂
− + −

∂  

(3) 

 
1 1k k k

id id idx x rv+ += + , (4) 
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where
max

(0.9 0.4)0.9 i
i

ω −
= − ×  is the linear 

decreasing inertia weight [14]， maxi  is the maximum 

evolutional generation，
3

2 arctan( )c k
π

=  and 3r  is 

the random number between 0 and 1. 
From equation (3)，inertia weight decreased and 

the weight of negative gradient increased as the 
increase of iteration times. This is equivalent to bird 
far away from food at the beginning of the algorithm 
and the proportion of negative gradient is relatively 
lower to prevent algorithms from local optimum. 
Otherwise, bird approaching food slowly in the later 
period of the optimization. Then, the rising 
proportion of negative gradient can accelerate the 
converging speed. 
 
 
4. Dynamical Analysis of Roll Forming 

Machine 
 

One-sided variable cross section roll-forming 
system has 4 degrees of freedom. The dynamic 
equations of the mechanical system can be 
represented with the Lagrange equations [15]. 

 

( 1,2, , )k
k k

d L L
Q k N

dt q q
∂ ∂

− = =
∂ ∂

, (5) 

 

where L is the system's kinetics, kq is a generalized 

coordinate; kQ is the generalized force. The 
Lagrange equations provide a separate set of 
equations that have the same freedom as the system. 
The sketch of One-sided variable cross section roll-
forming system is as shown in Fig. 1. 

 
 

 
 
Fig. 1. Sketch Map of One-pass One-sided Variable Cross 
Section Roll-forming Machine. 
1- servo motor, 2- gear rack, 3- servo motor, 4- roller frame 
5- upper roller group, 6- down roller group, 7- roller axis 
8- vertical turning axis of the frame, 9- gear, 10- sliding 
guide, 11- ball screw. 

Ball screw 11 driven by servo motor 1 led gear 
rack 2 moving in a straight line. On the inside of the 
gear rack 2 has rack. Both sides of racks can 
simultaneously mesh with gear 9. If both sides of 
racks move at same speed and direction, gear 9 
together with frame 4 will be driven back or forward. 
If both sides of racks move at same speed and reverse 
direction, the gear 9 and frame 4 will be driven to 
rotate around vertical axis of the gear. If the racks 
will move at different speed and direction, gear 9 and 
frame 4 will be driven to move along transversal 
direction, and rotate around the axis of the gear at the 
same time. Meanwhile, servo motor 3 drives both the 
upper and lower rolls to rotate around its axis.  

Set the rotation angle, angular velocity, and 
torque of servo motors 3 are respectively expressed 
as ,i iϕ ω  and ( 1, 2,3,4)iT i = .The direction of the 
torque is shown in Fig. 1. The pitch of the ball screw 
is h , speed ratio of reducer that connects the motor 
shaft and the ball screw is i , the pitch radius of gear 
is r. As the relationship shown in Fig. 2, in the left 
side, straight-line velocity of the rack 

is ( 1,2)
2

j
j

h
v j

i
ϕ

π
= = , translational velocity of the 

gear is: 
1 2 1 2

1
( ) ( )

2 4y

h
v v v

i
ϕ ϕ

π
= + = + , rotation speed 

of gear around the axis is: 

1 2 1 2

1
( ) ( )

2 4z

h
v v

r ri
ω ϕ ϕ

π
= − = − . 

( 1,2,3,4)djiJ i =  is the moment of inertia of servo 
motor; ( 1,2,3,4)JsiJ i =  is the moment of inertia of 

reducer connected with servo motor; ( 1,2)sgiJ i =  is 

the moment of inertia of ball screw; clJ is the 

moment of inertia of gear; zzm is the mass of rotating 

spindle; zzJ is the moment of inertia of rotating 

spindle; zsm , ysm is the mass of gear rack; xjm is the 

mass of rotating frame assembly; xjJ is the moment 

of inertia of frame assembly; uzJ , lzJ  is the moment 

of inertia of upper and lower roller axle; ugJ , lgJ  is 
the moment of inertia of upper and lower roller. 

Then substituted its in formula (5), the dynamics 
equation of one-sided variable cross section roll-
forming system was obtained. 

 

11 1 12 2 1

22 2 12 1 2

33 3 3

44 4 4

( ) ( )
4 4

( ) ( )
4 4

uv dv ua da
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h h
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h h
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Then angular acceleration of servo motor can be 
solved:  

 

1

2

1

2

( ) ( ) 124 4

( ) ( ).. 224 4
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12 22
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(7) 
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5. Example Analysis 
 

With one stand of roll forming machine that 
forming certain variable cross-sectional part as an 
example. Plug geometrical dimensions of roll 

forming machine, counter-force of roller uaF and daF , 

torque of roller uvM , dvM , uhM , dhM , torque of 

servo motor ( 1, 2,3,4)iT i =  into the equation (6) 
and (7), we can obtain angular acceleration curves of 
servo motor ( 1,2,3,4)i iϕ = , as shown in Fig. 2. 
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Fig. 2. Angular Acceleration Curves of Servo Motor. 
 
 
Dynamic optimization problem of the one-sided 

variable cross section roll-forming system is how to 
select system parameters to minimize angular 
acceleration of servo motors. Design variables are: 
parameters of roll forming system (mass, inertia) and 
motor parameters 

 

3 4{ , , , , , , , , , }zzcl zz xj xj ug dg dj djJX r J m m J J J J J= . 
 

The constraint conditions are: the dynamics 
equations of one-sided variable cross section roll- 
forming system (6) and (7), the value of design 
variables. The basic method to solve the 
multiobjective optimization problem is the evaluation 
function method [16]. Its basic idea of this method is 
to use intuitive background of the geometry and 
application to construct the objective function, that is 
translate multiobjective optimization problem into 
single objective optimization problem. Then use it to 
determine the optimum solution, Meanwhile this is 
the optimum solution of the multiobjective 
optimization problem. 

According to the above conditions, applies an 
ideal point method for solving the model. That is 
found an optimum solution of single objective 
optimization problem min( )( 1,2,3,4)i iϕ = , because 
there is no design variables that make all single 
objective can attain superior in the meantime. Under 
this metric, we hope to seek a point as an evaluation 
function that is as close to the ideal point as possible 
and it is generally with Euclid distance as modulus. 
So, the objective function of the multi-objective 
Particle Swarm Optimization algorithm is:  
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4
2

1
min( [ ( ) min( )] )i i

i
fitness f X ϕ

=

= −∑  (8) 

 
The particle swarm optimization algorithm with 

negative gradient is used to design the optimization 
of the one-sided variable cross section roll forming 
system and the reasonable results are achieved. 
Design variables and the constraint conditions are as 
shown in Table 2. 

Set the number of particles is 50, the maximum 
number of iteration is 100, the optimize results is as 
shown in Table 2. To substitute the optimization 
results into equation we can get the angular 
acceleration of servo motor. The optimization results 
indicated that no significant difference existed 
between the two groups in the angular acceleration of 
servo motor 1, 2. But the values of the angular 
acceleration of servo motor 3, 4 decreased 
significantly. The angular acceleration curves of 
before and after the optimization is as shown in Fig. 3 
and Fig. 4. 

Thus it can be seen that this optimization method 
is efficient for improve performance of the roll 
forming system. 

 
 

6. Conclusions 
 

1) From the energy standpoint, the Lagrange 
equations were used to establish the dynamic 
equations of the one-sided variable cross section roll-
forming system. Angular acceleration of servo motor 
is obtained by solving the equation. 

2) To the optimization problem of one-sided 
variable cross section roll-forming system, this paper 
presents a particle swarm optimization algorithm 
with negative gradient based on bionics. The 
parameters of mechanical systems are optimized for 
this method. The optimization results indicated that 
amplitude of angular acceleration of the upper and 
lower roller servo motor enable effectively reduced. 
The primary experiments and theorized analysis 
prove the method is approving and promising. 

 
 

Table 2. Optimum results of objective variables. 
 

Pitch radius  
of gear 

Moment  
of inertia  
of gear 

Mass of 
rotating 
spindle 

Moment  
of inertia  

of rotating spindle 

Mass  
of rotating 

frame assembly Design 
variables 

r ( )m  clJ 2( )Kg m⋅  zzm ( )Kg  zzJ 2( )Kg m⋅  xjm ( )Kg  

Before 
optimization 0.132 0.27 263.4 0.02 422.32 

After 
optimization 0.2 0.4337 323.89 0.02053 541.28 

Moment  
of inertia  

of rotating 
frame assembly 

Moment  
of inertia  

of upper roller  

Moment  
of inertia of 
lower roller  

Moment of inertia 
of upper roller 

servo motor 

Moment  
of inertia of 
lower roller 
servo motor 

Design 
variables 

xjJ 2( )Kg m⋅  ugJ 2( )Kg m⋅  dgJ 2( )Kg m⋅  3djJ 2( )Kg m⋅  4djJ 2( )Kg m⋅  

Before 
optimization 36.36 0.0326 0.031 0.0026 0.0026 

After 
optimization 46.661 0.052584 0.042543 0.0036 0.0036 
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Fig. 3. Angular Acceleration of Upper Roller Servo Motor 
Before-and-after Optimization. 

 
Fig. 4. Angular Acceleration of Lower Roller Servo Motor 

Before-and-after Optimization. 
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Abstract: Rough set optimization method was applied to design the worm gear in valve actuator. The superflu-
ous constraints are reduced based on the methodology of rough set at the model of optimization that was estab-
lished. The importance of each constraint condition and the coordination of the objective function can be got. 
Through example it can be seen that the optimal scheme made worm gear accord with the practical situation. So 
the volume of valve actuator was reduced and the efficiency was increased. Copyright © 2013 IFSA. 

 
Keywords: Valve electric actuator, Worm gear, Rough set, Attribute reduct, Multi-objective optimization. 
 
 
 
1. Introduction 
 

The valve is an important part of the pipeline con-
trol system. It is widely used in metallurgical, chemi-
cal, oil and other industries. Valve electric actuator is 
the essential implementation components of a valve 
centralized control, automatic control and remote 
control. A conventional valve electric actuator is con-
stituted by reduction gears, mechanical stroke control 
mechanism, torque control mechanism, valve position 
indication institutions, valve position signal feedback 
mechanism and electrical control part. Because of its 
complex structure, low control accuracy, it can not 
meet the requirements of automatic control, not to 
meet the evolving needs of industrial automation con-
trol and computer intelligent control [2, 14]. Now, 
new valve electric actuator has used mechatronics 
technology [3]. Its asynchronous motor directly 
drives worm drive opening and closing of the valve. 
The flexible valve shutdown, accurate positioning is 
achieved by its built-in inverter and fuzzy control 
system. The mechanical transmission is simplified. In 

this actuator, as an important part of drive and power, 
worm drive’s design reasonable or not directly related 
to the quality and efficiency. In the previous design, 
the uncertainty, vagueness of various factors affecting 
the worm drive were not taken into account, such as 
the level of manufacturing, material, component de-
sign parameters uncertainties and the importance of 
judgment on the fuzziness design. These make ordi-
nary design method is often difficult to conform to 
the actual situation [5]. 

Rough Set optimal design method combines rough 
set theory and mechanical design methods, analyzes 
engineering uncertainties, and optimizes the process-
ing. Optimization design of worm gear in valve actua-
tor is actually a multi-objective programming prob-
lem. Each condition is different to the binding force 
of the each objective function. In this paper, based on 
the methodology of rough set, superfluous constraints 
are reduced. The importance of each constraint condi-
tion and the coordination of the objective function can 
be got. This result provides a more dependable basis 
for the optimization design. 
 

Article number P_RP_0007  

http://www.sensorsportal.com/
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2. Build Mathematical Model to Optimize 
Design 

 
2.1. Initial Conditions 
 

We use the data of the literature [2] to the initial 
settings. Where, the worm speed n1 =1380 r /min, and 
the transmission ratio i = 38, the input power       
P = 5.5 kW. Valve electric device transmission prin-
ciple is shown in Fig. 1. 

 
 

2.2. Determine the Design Variables 
 

According to the design requirements of electric 
devices, the main parameters of the worm drive are: 
total number of worm Z; modulus m; worm diameter 
factor q. 

The design variables: X =[ x1, x2, x3 ]T=[Z, m, q ]T. 
 
 

2.3. Establish the Objective Functions 
 

1) Volume objective function. 
To meet the requirements, electric device should 

be saving material, that is, the volume of the crown to 
a minimum, which also allows the smallest of the 
electric device. Shown in Fig. 2, the volume is: 

 
F1(X) = V=π/4{d2

w - [d2 - 2(1.2m + e)2]}B, (1) 
 
where 

d2
w is the worm gear tooth crown outside diameter 

(mm); 
dw= d2 +3m = mZ + 3m; 
d2 is the worm gear pitch diameter (mm) d2 = mZ2; 
Z2 is the worm gear teeth; 
e is the tooth crown smallest thickness (mm) 

e=2m; 
B is the worm wheel width (mm) B = 0.65da; 
da is the worm tooth crest circle diameter (mm)  
da = mq+ 2m; 
 
2) Efficiency objective function. 
The transmission efficiency of electric apparatus 

is highest if the worm rotation efficiency is highest. 
That is, amount of wear and heat are the minimum. It 
should enable the tooth surface’s relative sliding ve-
locity minimum. There are: 

 
22

2 19100
)( ZqmnXF +=  (2) 

 
This is a multi-objective optimization. With 

weighted coefficient method, a total objective func-
tions: 

 
F (X ) =ω1F1(X )+ ω2F2(X),  (3) 

 
where ω1, ω2 are the weighting factors, and  
ω1+ω2 = 1. 

 

 
 

Fig. 1. Valve electric device transmission principle. 
 
 

 
 

Fig. 2. Worm crown. 

3. Determine the Constraint Conditions 
 

The constraints are mainly two aspects: perform-
ance constraints and boundary constraints. There is a 
transition process from fully available to completely 
unavailable. Constraints and boundary constraints that 
affect the performance of the worm drive can be seen 
as a subset of the design space. The obtained con-
straint conditions are as follows: 

a) Worm gear tooth contact strength constraints 
 

HEH qZm
KTZ ][9

23
2 σσ ≤= , (4) 



Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 313-318 

 
 

315

where Hσ is the worm gear calculation of contact 
stress (N/mm2); 

EZ is the material factor; 
K is the load factor; 
T2 is the worm gear suffered torque (N⋅mm); 

H][σ is the fuzzy allowable contact strength  
(N /mm2) 

b) Worm gear bending strength constraints. 
 

FYY
qZm

KT
FF ][629.1

2
3

2 σσ β ≤= , (5) 

 
where 

Fσ is the worm wheel dedendum calculated bend-
ing stress; 

H][σ  is the fuzzy allowable bending stress  
(N /mm2); 

FY is the worm gear tooth form factor; 

βY is the helix angle factor; 
c) Worm stiffness constraints. 
The maximum deflection should not exceed m/50 

when the worm work, that is 
 

][
48

3
2
1

2
1 yL
EJ

FF
y TY ≤

+
= , (6) 

 
where 

][y is the worm fuzzy permissible deflection, mm; 
FY1, FT1 are the radial force, the circumferential 

force of the worm, respectively, N 
L is the worm span (mm); 
E is the worm material elastic modulus (N /mm2); 
J is the inertia torque of the worm at the danger-

ous section ( mm4), 
64

4
1fd

J
π

=  

1fd is the worm tooth root circle diameter (mm). 
d) Upper and lower constraints of design variables 
According to the specifications and experience, 

the design variables will be within an approximate 
range of values, namely: 

 
ZZZ ≤≤  (7) 

 
mmm ≤≤  (8) 

 
qqq ≤≤  (9) 

 
From the above analysis, the design variables and 

the objective functions are determined; the only con-
straint is vague and uncertain. So, the worm drive 
optimization model of electric device is an ordinary 
uncertain constraints asymmetric optimization model. 

 

4. Constraints and Application  
Based on Attribute Reduction 
 
Rough set theory is a new data analysis theory to 

deal with imprecise, uncertain data, proposed by Pol-
ish mathematician Z. Pawlak at 1982 [7].It has been 
widely used in the field of artificial intelligence, pat-
tern recognition and intelligent information [9]. It can 
effectively analyze and deal with imprecise, inconsis-
tent, incomplete information, and discover hidden 
knowledge, revealing potential rules [13]. The rough 
set method simulates the human abstract logical 
thinking. It is based on indiscernibility and knowl-
edge reduction, and derived logic rules from data as a 
knowledge system model. The knowledge space can 
be reducted. Inference rules are obtained from the 
sample data. Next, we first described the concept of 
attribute reduction and core, and then provide the 
calculation method of attribute reduction. 

 
 

4.1. Attribute Reduction and Core 
 

In an information system S=(U,A,V,f), a subset 
P⊆A can determine a binary indiscernibility relation-
ship IND(P): IND(P)={(x,y)∈U×U|∀a∈f(x,a)=f(y,a)}. 
Obviously, IND(P) is an equivalence relation on the 
domain U, and 

1) IND(P) =∩a∈PIND({a}); 
2) If P,Q⊆A,P⊆Q,then IND(Q)⊆IND(P). 
 
Definition 1. Let S=(U,A,V,f) be an information 

system. Attribute a is called unnecessary in A (redun-
dant) if IND(A-{a})=IND(A). Otherwise, a is called a 
necessary in the A; If every attribute a∈A in A are 
necessary, then A is independent, otherwise known as 
the A dependence. 

 
Definition 2. Let S=(U,A,V,f) be an information 

system, P⊆A. P is a reduct of A if P Satisfies: 
1) IND(P)=IND(A); 
2) P is independent. 
Rough approximation is used to deal with impre-

cise and uncertain information. It has a strong ability 
of identification data. To this end, we constitute effec-
tive solution set U (finite) of a new model that re-
moves some of the constraints which are not impor-
tant, denoted U={x1, x2,…, xm}, called the domain. 
Efficient solution classification knowledge in U is 
expressed in the form of relational tables. Rows of 
relational tables are corresponding to the object (the 
effective solution of the simplified model). Columns 
are corresponding to the object's properties (including 
condition attribute and decision attribute). The infor-
mation of an object is specified by each attribute’s 
value of the object to express. Each constraint is seen 
as condition attributes, while the effective solution of 
the U is or not is the effective solution of the original 
problem as a decision attribute. Then, we can get a 
decision table. The relationship constituted by condi-
tion attributes and decision attributes is denoted by R. 
From the literature [14]: An attribute is corresponding 
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to an equivalence relation. Table 1 can be seen as a 
family of equivalence relations, namely knowledge 
base. 

 
 

Table 1. Optimal solutions of the objective function  
to get rid of the constraints. 

 
 C1 C2 … Cp F1 … Fl 

x1 v11 v12 … v1p t11 … t1l 
x2 v21 v22 … v2p t21 … t2l 
… … … … … … … … 
xm vm1 vm2  vmp tm1  tml 
 
 

In the previous table, the attribute value vij is 1 if 
xi satisfies the constraint condition of the original 
problem Cj. If it is not the case, vij is 0. Decision at-
tribute value tik is taken as 1 if xi is the optimal solu-
tion of the objective function fk. Otherwise, tik is 0. 
This can get a decision information table. 

So for ∀ X⊆U, define lower approximation and 
upper approximations of X are: 

 
RX=∪{Y�U/R|Y⊆X}, 

}|/{ ∅≠∩∈∪= XYRUYXR . 
 
So any effective solution set X of simplified 

model can be expressed as: ),( XRXR . Lower ap-
proximation of X is certainly part of the original prob-
lem solution set; upper approximation of X is the set 
of effective solutions that may belong to the original 
problem. XRXR = , when removing redundant con-
straints conditions, that is, effective solution of the 
simplified model is the original model of effective 
solutions. 

If "-" indicates unacceptable solution, "0" is the 
solution may not be able to accept, “+" is perfectly 
acceptable solution, we can describe "against", "neu-
tral" and "fully agreed" attitude of the objective func-
tion to a feasible solution. According to this view, 
there is a decision information table of relevant objec-
tive function with feasible solution, as shown      
in Table 2. 

 
 

Table 2. A decision information table of objective function 
and feasible solution. 

 
Candidate feasible  

solution F1 F2 F3 F4 F5 

x1 + + - - - 
x2 0 + + 0 + 
x3 + - - - + 
x4 0 - - - - 
x5 + - + 0 - 

 
 

There are the following relationships between the 
objective functions. 

Suppose that Fl, Fk is objective function. For any 
feasible solution xi: 

1) Coordination 1),(1 =klx FFR
i

, if Fl and Fk holds 
the same attitude to xi, 

2) Independence 0),(0 =klx FFR
i

, if at least a neu-
tral attitude in Fl and Fk , 

3) Competition 1),(1 −=−
klx FFR

i
, If Fl and Fk have 

different attitude to xi. 
We know that ),(1

klx FFR
i

 is an equivalence rela-
tion for solution xi by [7]. According to Table 2, Ta-
ble 3-6 indicates the relationship between the objec-
tive functions and each candidate solutions, respec-
tively. 

Table 3 shows that: the objective function F2, F3, 
F4 for candidate solution x1, x3, x4, is a coordinated 
relationship, but they compete with F1, F5. Table 4 
shows that: the objective function F2, F3, F5 with can-
didate solution x2 is a coordination relationship. F1, F4 
hold neutral stance to candidate solution x2. Similarly, 
other cases can be analyzed. 

Decision makers can determine a priority of non-
inferior solution based on the satisfaction of the ob-
jective function to the feasible solutions. 

 

24513 xxxxx ≺≺≺  (10) 
 
In (10), x2 is the best non-inferior solutions. It can 

be seen by the description: The objective function F2, 
F3, F5 show "fully agreed" support x2. F1, F4 remain 
as neutral. By contrast, x3 is the worst non-inferior 
solutions. Therefore, taking satisfaction 0.80, we can 
get a really efficient solution x2. 

 
 

Table 3. The objective functions and candidate  
solutions x1, x3. 

 
x1,3 F1 F2 F3 F4 F5 
F1 1     
F2 1 1    
F3 -1 1 1   
F4 -1 1 1 1  
F5 -1 1 1 1 1 

 
 
Table 4. The objective functions and candidate solutions x2. 

 
x2 F1 F2 F3 F4 F5 
F1 1     
F2 0 1    
F3 0 1 1   
F4 0 0 0 1  
F5 0 1 1 0 1 

 
 
Table 5. The objective functions and candidate solutions x4. 
 

x4 F1 F2 F3 F4 F5 
F1 1     
F2 0 1    
F3 0 1 1   
F4 0 1 1 1  
F5 0 -1 -1 -1 1 
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Table 6. The objective functions and candidate solutions x5. 
 

x5 F1 F2 F3 F4 F5 
F1 1     
F2 -1 1    
F3 -1 1 1   
F4 0 0 0 1  
F5 -1 1 1 0 1 

 
 

4.2. Constraints Analysis Based Attribute 
Reduction 

 
Suppose that we denote the constraint condition 

that we are concerned with the condition attributes as 
c1, c2,…, c4. The set of condition attributes is denoted 
as C= {c1, c2,…, c4}. Its attribute values are numeric 
data. The optimal solution of objective function and 
removing the constraint condition c1, c2,…, c4, respec-
tively, can be obtained using Lindo linear program-
ming software. Their related information is shown as 
Table 7. 

Here, we compare optimal values of F1, F2, F3, F4 
under the conditions C-{c1},C-{c2},C-{c3},       
C-{c4}with the optimal value of the original con-
straints groups (6) at the last line, respectively. It is 
not difficult to find: the optimal values in C-{c4} and 
C={c1, c2,…, c4} are identical. This indicates that the 
conditions c4 is relatively redundant constraints, get-
ting rid of them without changing the original prob-
lem. Thus, the original optimization problem (*) and 
removing redundant constraints optimization problem 
(**) have the same solution. 

 
 

Table 7. Optimal solutions of the objective function  
to get rid of the constraints. 

 
 F1 F2 

C-{c1} 40107.25 0.8244 
C-{c2} 30097.11 0.8466 
C-{c3} 37886.67 0.8317 
C-{c4} 285667.83 0.8696 

C 285667.83 0.8696 
 
 
It is easy to see from Table 7: All objective func-

tions are constrained by constraint c1 .To give up it 
may produce an unfeasible solution contrary to the 
original constraints. c2, c3 bound F2. c4 constrains F2. 
In summary, the importance of the four necessary 
constraint conditions: c1 is the most important; c2, c3, 
followed; c4 is unimportant. 

According to the above analysis, it is noted that F1 
and F2 is coordination. It can take F1 weighting coef-
ficient as 0.8, while F2 is a weight coefficient of 0.2. 
The original problem of conversion: 

 
Max f(x)=0.8 F1 +0.2F2 

⎪
⎪
⎪

⎩

⎪
⎪
⎪

⎨

⎧

≤
+

=

≤=

≤=

][
48

][629.1

][9

3
2
1

2
1

2
3

2

2
2

3
2

yL
EJ

FF
y

FYY
qZm

KT
qZm

KTZ

TY

FF

HEH

σσ

σσ

β  

 
We can get a non-inferior solution           

X= (3.0612,4.9547,10.0328)T. This solution can en-
able the two objective functions F1, F2 to achieve 
optimum values. The fuzzy optimization result [2] is 
X=[3.0612, 4.9547, 10.032 8] T. 

In this case, the number of worm head and the 
worm diameter coefficient is an integer, taking Z=3, 
q=10. Modulus should be taken as the standard value, 
and the upper and lower approximation of the 
modulus calculated values are 5, 4.5. This takes m=5, 
i.e. X = [3,5,10] T .Crown volume: V0=285667. 83 
mm3, efficiency η0= 0.8696. 

The results with the rough set method are 
X=[3,4,9] T , V0=278966. 23 mm3, η0= 0.8966. 

After the comparison of the two results, we can 
see that crown volume is reduced by 2.34 % and its 
efficiency is improved by 3.1 %. 
 
 

5. Conclusions 
 

After instance, analysis and comparison, we ob-
tain the following conclusions :(a) Rough set optimal 
design method can not only make the minimum vol-
ume of the crown, and thus make electric devices the 
smallest. Also electric device can be the most effi-
cient. Its performance can be improved. (b) This 
method for multi-objective programming problem has 
a certain practicality. It is more flexible, simple to use 
in large-scale multi-stage dynamic programming. 
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Abstract: A novel de-noising and strong driving current optocoupler sensor was designed and implemented in a 
standard 0.35 um BCD technology. A symmetrical structure of the photo detector array (PD) and the 
transimpedance amplifier (TIA) could eliminate the noise feedback from the substrate. The logic control module 
and the push-pull driver circuit could provide more than 3 A under the voltage lockout circuit (UVLO) 
protection. Experimental results confirmed that when the power supply is 30 V and the working temperature is 
25 °C, the sensor forward peak current is 2.8 A and the negative peak drive current is 2.5A.  
Copyright © 2013 IFSA. 
 
Keywords: Optocoupler sensor, Symmetrical structure, UVLO, Logic control, Driven current. 
 
 
 
1. Introductions  
 

Optocoupler sensor is the optoelectronic devices 
with the light as the medium to transmit the electrical 
signal [1, 2]. It is widely used to drive the metal-
oxide-semiconductor field effect transistor 
(MOSFET) or insulated gate bipolar transistor (IGBT) 
devices in the power control of the industrial system. 
Fabricate the driven circuit with the optocoupler 
sensor between the control circuit and the main 
circuit. In recent years, in order to drive high power 
switching devices, the demand of the drive ability of 
the sensor is higher and higher. Even the whole 
system integrated in the power integrated circuit 
(PLC) on one chip. This will become a key point in 
the research in the future. 

The output current could up to 2.5 A of the gate 
drive optocoupler which was presented by Avago 
cooperation in 2012 [3]. The driven circuit was 
fabricated by the HCPL316J can give 2.0 A driven 
current. At present, the research about the strong 
drive optocoupler sensor has already started. At the 
same time, the development of the power driven 
optocoupler sensor and the protection of its 
subsequent processing circuit have lots of problems 
to solve [4].  

Based on the 1P3M 0.35 µm standard technology, 
designed a strong drive capability optocoupler sensor 
to drive the superpower IGBT. The symmetrical 
structure of PD [5, 6] and TIA can keep the stable 
working status to avoid the noise interference [7, 8]. 
The UVLO circuit protect the sensor during the 
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course of the voltage establish and the logic model 
can produce the high drive current. The UVLO can 
control the subsequent PMOS and NMOS to avoid 
turn on and turn at the same time. It would guarantee 
the sensor stable operation [9]. 

 
 

2. Optocoupler Sensor Structure  
 
Fig. 1 is the inner structure of the optocoupler 

sensor. The LED in the input port can generate the 
optical signal. The photons transmitted in the inner of 
the sensor and achieved by the receiver [10]. The PD 
was designed to be the symmetrical structure to cut 
down the glitch noise from the substrate. When PD 
received the photons the photo current (Iph) will be 
generate. 

 
 

 
 

Fig. 1. Optocoupler sensor systematic structure. 
 
 

The TIA used the differential circuit to reduce the 
noise from the output and convert Iph into voltage 
signal. After the voltage get into the logic block, it 
would generate high drive current and drive the 
subsequent circuits. Now, the UVLO will become 
work and protect the sensor while the supply voltage 
(VCC) varied. At present, produced the dead-time 
control to prevent the NMOSFET and PMOSFET 
turn on and turn off at the same time. 

 
 

3. Symmetrical Structure  
 
3.1 PD Model 
 

In order to cut down the glitch noise from the 
sensor itself, PD was designed to the symmetrical 
structure [11, 12]. When the glitch was feedback 
from the substrate, the symmetrical PD can eliminate 
it by itself rather than the outside circuit. So the PD 
model was showed in Fig. 2. 

The upper one is the PD model, it consists of the 
N+, N_body, P_well, N buried layer (NBL) and 
P_sub layer. Fabricated the symmetrical structure by 
this model and the photograph is the lower one. 

In order to increase the light receiving area and 
cut down the cross-talk with the substrate constructed 

the PD in two arrays and the light receiving circuit 
with the differential structure. The inner-block were 
45 µm wide and 45 µm long with two spacing of  
10 µm, and the active areas was 166×166 µm2. 
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Fig. 2. Structure and photograph of PD. 
 

 
3.2. Differential Circuit of TIA 
 

The circuit has the differential operational 
amplifier. The symmetrical PD in Fig. 3 is PD1 and 
PD2, respectively. The R7 is more than R6 for the 
OUTP1 less than OUTN1 when there is no photo 
current. The purpose of the design is shut down the 
output of the compare when the Iph less than the 
threshold. From this, the sensor will be no output and 
it will suppress the input noise to the output.  

 
 

 
Fig. 3. Differential circuit of TIA. 
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4. Driving Structure  
 

4.1. UVLO Module  
 
When Iph was converted into the voltage signal by 

the TIA, it would get into the logic block and 
generate the driven current. During the whole course 
of it, the sensor would be protecting by the UVLO. 
This model sample the power supply VCC by the 
resistance and compare with the reference voltage 
VREF. After the comparison, the UVLO output the 
under voltage signal thus realize the under voltage 
protection function. The specific circuit was showed 
in Fig. 4. The M2 can introduce the hysteresis to 
prevent the UVLO oscillation near the threshold. 
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Fig. 4. Circuit of UVLO module. 

 
 

When the supply voltage start establish, the 
internal power VCC1 which was generated by the 
VCC is low. The enable block output UVLOEN is 
high. So MOS M1 turns on and the VO is low level. 
Then the output of the UVLO (OUT) is low. 

During the course of the VCC rise, when the 
voltage in point A VA less than VREF, the comparator 
output low level. At this time, M2 turns off, and the 
VA is: 

 
 

VCC
RRR

RVA
321

3
++

= , (1) 

 
Now, the OUT is low, until the VA=VREF, the 

COMP flipped and the VO became the high level. 
And then, M2 turned on and the OUT became high. 
At the beginning of the VCC fall, the VA>VREF, VO 
kept the high level and the M2 remained turn on. 
Then: 
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Until VA=VREF, COMP flipped and VO became 

the low level. Then M2 turn off and OUT is the low 
level. The output of the UVLO has a hysteresis, and 
the hysteresis voltage is: 
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4.2. Logic Control Module 
 

In the process of UVLO works, the logic control 
block provides powerful driven current to the 
MOSFET and produces the dead-time. It can avoid 
the NMOSFET and PMOSFET turn on and turn off 
at the same time. The circuit is showed in Fig. 5. 

 
 

 
Fig. 5. Circuit of logic control module. 

 
 
When the sensor is in the state of under voltage, 

UVLO is low level. Now, the P_Driver is the high 
level and the N_Driver is the low level. The 
subsequent push-pull MOSFET will be turn off. In 
order to prevent the VO in an uncertainty status, a 
small current will pull down the VO. 

When the sensor leaves the state of under voltage, 
UVLO is high level. When a light illuminated, the 
PD received the photons and the Photo_Detet is the 
high level. Here, P_Driver will become to the high 
level and the N_Driver is the low level. And then, the 
PMOS in the push-pull MOSFET turn on, the VO 
become high level. Otherwise the NMOS turn on and 
the VO is the low level. In order to prevent the 
NMOS and the PMOS turn on at the same time, this 
circuit has the dead-time control circuit. Before the 
PMOS turn on, the NMOS turn off absolutely, vice 
versa. 

 
 

5. Simulation and Test 
 
5.1. Simulation Results 

 
In order to test the driven capability of the 

optocoupler sensor, cascade all the modules and 
simulate the driven current. The simulation condition 
is VCC is 30 V, working temperature is 25 °C. The 
Iph choose the square wave with the amplitude is  
34 µA and the duty is 50 %. The simulation of the 
driven current is showed in Fig. 6. 
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Fig. 6. Drive current of the sensor. 
 
 

According to the Fig. 6, when the Iph certain, the 
sensor could output more than 3.0 A drive current. 
This driven ability can match the design data and 
exceed all the drive current of the existing published 
photoelectric sensor. 
 
 
5.2. Test Results 
 

Fig. 7 showed the glitch noise which feedback 
through the substrate without the symmetrical 
structure. 
 
 

 
 

Fig. 7. Feedback noise in the sensor. 
 
 

In the above figure, the purple line is the output 
signal of the sensor, but it occurred in the working 
time. The glitch noise in the red circle is just 20 V 
and last 1.2 us. So it will lead wrong operation in the 
subsequent circuit. By using the symmetrical 
structure of the PD and the TIA, this glitch was 
suppressed. 

The following two figures illustrate the 
measurement results of the driven current of the 
whole sensor. Set the RL is 5 Ω series connection 
10nF capacitor to the ground. The working 
temperature is 25 °C and the VCC is 30 V. 

The drive current of the sensor was tested by a 
LeCroy 954 oscilloscope. The purple line is the 

transient output current. The red line corresponds to 
the VCC and the yellow line represents to the output 
signal. The forward peak current can be 2.8 A, and 
the negative peak current is above 2.5 A. 

Experimental results showed the sensor has a 
very power driven current and it could eliminate the 
noise by the symmetrical structure. The test date 
matched the simulation data very well, and the sensor 
has a good drive characteristics. 

 
 

 
 

Fig. 8. Forward peak current of the sensor. 
 
 

 
 

Fig. 9. Negative peak current of the sensor. 
 
 

6. Conclusions 
 

This paper, based on 0.35 µm BCD standard 
technology, fabricated a powerful driven current 
optocoupling sensor. Through the symmetrical PD 
and TIA structure, the glitch noise which could be 
feedback from the substrate was eliminated. It is 
verified that the UVLO, logic control and push-pull 
driven circuit can provide power drive ability to the 
sensor. When the sensor worked in the typical 
condition, the maximum forward current is 2.8 A. 
The negative peak current is 2.5 A. From this, this 
optocoupling sensor can be used in the higher 
demand power electronics industry. 
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Abstract: The difficulty of high-temperature strain measurement is that the sensitive coefficient, mechanical 
hysteresis and creep are not able to be compensated, which leads a big deviation. In order to solve the problem, 
a high-temperature strain calibration device, loading device and acquisition system are established, the 
experiment of parameters calibration of high-temperature strain gauges is carried out. The discipline of sensitive 
coefficient, mechanical hysteresis and creep changing with temperature of high-temperature is achieved. It is 
proved that the high-temperature strain gauges have a good performance at 800 °C and the manufacturing 
process, fixation, calibration system and experimental program are practicable. The calibration method provides 
the basis of similar experiments of strain gauges. Copyright © 2013 IFSA. 
 
Keywords: Strain measurement; Characteristic parameters; Calibration; High temperature. 
 
 
 
1. Introduction  
 

The recent years have witnessed a steady rise in 
the use of high temperature strain measurement in 
aerospace, chemical, metallurgical industry and other 
sectors. The influence of the high temperature 
environment has always been a difficult problem for 
high temperature strain measurement. Targeted 
measures need to be taken to ensure the feasibility of 
the testing process and the accuracy of experimental 
data [1]. High temperature strain measurement 
methods are fringe method, speckle interferometry 
and electrical measuring method, but the most direct, 
the most widely used and most effective stress and 
strain measurement technique is contact high 
temperature strain measurement when considering 
the measurement accuracy, ease of use, and cost  
[2, 3]. 

The main difficulties of contact high temperature 
strain measurement is due to the high temperature 

creep and hysteresis of the strain gauge material, and 
the temperature compensation cannot be achieved 
effectively, which are together with strain gage 
thermal instabilities affect actual measurement results 
greatly [3].Strain gauges imported provide only room 
temperature sensitivity coefficient and resistance 
value, the remaining parameters are not available [4]. 
There has been an urgent need to establish a high 
temperature strain gauge calibration system and the 
corresponding calibration method, to calibrate the 
characteristics and parameters of high temperature 
strain gauges at different temperatures. 

This paper established a high temperature strain 
calibration system, and did sufficient research in high 
temperature strain gauges’ calibration of parameters, 
which laid the necessary theoretical and experimental 
basis for high temperature strain measurement 
technology. This paper presents a high temperature 
strain gauge parameter calibration method which has 
considerable promotional value. 
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2. Introduction to Calibration Device  
of High Temperature Strain Gauges 

 
The high temperature strain calibration device 

mainly consists of equal strain calibration beam and a 
loading device. The Calibration beam is simply 
supported in the furnace. The dimensions and loading 
method is illustrated in Fig. 1. 

 
 

 
 

Fig. 1. Sketch of the calibration beam. 
 
 

According to the loading mode of the calibration 
beam, the bending moment between the two load 
points of the beam is 

 

1
G ( )
2RAM F x x a= ⋅ − − , (1) 

 

where 
2RA
GF = . 

So, 
 

12
GM a=  (2) 

 
The bending moment diagram of the calibration 

beams is shown in Fig. 2.We can see that the bending 
moment between the loading points is equal, which 
enables us to install several strain gauges and 
calibrate it at the same time.  
 
 

 
 

Fig. 2. Bending moment diagram of the simple  
supported beam. 

 
 

The structural design of the calibration device 
refers to the national voluntary standards of 
resistance strain gauges GB/T13992—92.As is 
shown in Fig. 3. The specified weight is loaded to the 
calibration beam at room temperature. Specified 
deflection is loaded to the beam at high temperature 
calibration. During high temperature strain gauge 
calibration, we can control the strain between the 
loading points of the calibration beam directly 
through the deflection loading method, regardless of 

the material properties of the calibration beam. As is 
shown in equation (3) 

 

0 2 2
1

12hf=
3l -4a

ε  (3) 

 

where h  is the thickness of the calibration beam, 
f is the deflection at the middle of the calibration 

beam, l  is the valid length of the calibration beam; 

1a : is the distance from the loading position to the 

supporting point of the same side. 
 
 

 
 

Fig. 3. Picture of the furnace and the loading device. 
 
 

At high temperature conditions, the elastic 
modulus and other parameters change with 
temperature particularly. Precise strain can’t be got 
value if the weight loading method is used while by 
using the deflection loading method you can 
guarantee the strain value of the calibration beam and 
improve the accuracy of the calibration. 

Fig. 4 shows the temperature control system. 
Along the longitudinal direction of the calibration 
beam in the furnace fixed three thermocouples which 
collect the left, middle and right part of the beam’ 
temperature. By controlling the heating power we can 
control the furnace temperature, and by writing 
different programs we can control the heating, 
cooling and heat preservation process. 

 
 

 
 

Fig. 4. Picture of the temperature control system. 
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3. High Temperature Strain Calibration 
Principle 
 
The composition of high temperature strain 

measurement system is shown in Fig. 5. Fig. 6 shows 
the flowchart of the Signal acquisition which mainly 
consists of sensor (resistance strain gauges, 
thermocouples), signal conditioner (measuring 
bridge, strain amplifier), data acquisition card and 
computer. Thermocouple gets the real-time 
temperature of the measured point. The resistance 
strain gauge is linked to the electrical bridge. The 
strain is converted to a voltage signal transmitted to 
the strain amplifier for voltage amplification and 
filtering, etc. Data acquisition card sample, quantify 
and code the signals after conditioning which 
transforms the analog signal into a digital signal. The 
converted digital signal is conveyed into the 
computer through the interface, and then the 
computer analyzes the signal. 
 
 

 
 

Fig. 5. Picture of the acquisition system. 
 
 

 
 

Fig. 6. Flowchart of the signal acquisition. 
 

 
4. Parameters Calibration Experiment  

of the Strain Gages  
 
4.1. Calibration of the Sensitivity Coefficient 
 

Sensitivity coefficient determines the relationship 
between the strain and the output of the bridge which 
is one of the most important factors of the resistance 
strain gauge. In the test process, the sensitivity 
coefficient of the high temperature strain gauge 
changes with temperature [5, 6]. That is to say, we 

should calibrate the sensitivity coefficient of the high 
temperature strain gauge at different temperatures 
and compensate the test result for changes caused by 
temperature, Thus reducing the resulting error and 
ensuring the accuracy of the measurement [7]. 

During the calibration experiments, there is 
 

0 0K Kε ε= Y P  (4) 
 
This means  
 

0 0/K K ε ε= Y P  (5) 
 

where 0K is the sensitivity coefficient of the strain 
gauge at room temperature;  

0ε is the real strain of the calibration beam; 

KY is the preset sensitivity coefficient of the 

dynamic strain meter (usually =2KY ); 

εP is the indicate strain value of the strain meter 
during measurements. 

The real strain value of the calibration beam is 
determined by equation (3). So we can obtain the 
sensitivity coefficient of the strain gauge by getting 
the readings of the dial indicator and the indicated 
strain value of the strain meter. 

Gelatinize the strain gauge for three times, which 
process need go through a curing and a high 
temperature thermal cycle work, the strain gauge is 
fixed. 

Add load to the calibration beam with reference to 
the national voluntary standards of resistance strain 
gauges GB/T13992-92. Record the readings of the 
dial indicator and the indicated strain of the 
acquisition system. The sensitivity coefficient of the 
strain gauge can be obtained by equation (5). Data of 
the acquisition system is shown in Fig. 7. 

 
 

 
 

Fig. 7. Acquisition data of the room temperature  
sensitivity coefficient calibration. 

 
 

Repeat the loading process for three times. The 
average room temperature sensitivity coefficient of 
the strain gauge is 

 

0 0
1

/ (2.226 2.243 2.286) / 3 2.252
n

i
i

K K n
=

= = + + =∑  (6) 

 

Similarly, we can get the sensitivity coefficient 
range from 200 °C to 800 °C, and get the sensitivity 
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coefficient curve which varies with temperature by a 
fitting process. 

The Fig. 8 shows the sensitivity coefficient’s 
linear fitting curve calibrated at different 
temperatures. we can see the sensitivity coefficient of 
the high temperature strain gauge is decreased when 
the temperature increases. When the temperature 
reaches 800 °C, the sensitivity coefficient of the 
strain gauge is still 1.786. During the measurement, 
the thermocouple collects the temperature 
information of the beam’s surface; the system 
changes the sensitivity coefficient with temperature 
which improves the accuracy of the measurement 
consequently. Since the calibration of the strain 
gauge’s sensitivity coefficient is a destructive testing, 
it is impossible to calibrate all the strain gauges to 
determine the sensitivity coefficient of the strain 
gauges. So we select six strain gauges out of the same 
batch of products as a sample randomly. We use the 
sample to infer the overall mean and variance of the 
sensitivity coefficient, so as to define the strain 
gauge’s accuracy class [8]. 

The room temperature sensitivity coefficient of 
the six strain gauges is listed in the following  
Table 1. 
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Fig. 8. Sensitivity coefficient at different temperature. 
 
 
Table 1. Room temperature sensitivity coefficient. 

 
Number of the 
strain gauges 

Sensitivity  
coefficient 

1 2.125 
2 2.128 
3 2.156 
4 2.102 
5 2.110 
6 2.126 

 
 
The average sensitivity coefficient of the six 

strain gages is 
 

1
/ 2.125

n

i
i

K K n
=

= =∑  (7) 

The standard deviation of the sensitive coefficient 
at room temperature is 

 
2

1
( ) / 1 0.01857

n

i
i

S K K n
=

= − − =∑  (8) 

 
And 
 

0.020.018566 0.02168
1.96

KS = ≤ =  (9) 

 
According equation (8) and (9), by referring to 

the national professional standards of resistance 
strain gauges ZBY117-82, the high temperature strain 
gauge in the paper is belong to B-level resistance 
strain gauge [1, 9] . 

 
 

4.2. Calibration of the Mechanical Hysteresis 
 

The mechanical hysteresis is the difference 
between the output readings of the Strain gauges 
while the applied load is the same. One of the 
readings was gotten from the process begun by the 
minimum load, and the other one was gotten from the 
load reducing process. The amount of mechanical 
hysteresis can be reduced by repeated loading and 
unloading to the Specimen, generally for 3 to  
5 times [10]. 

 
 

  
 

Fig. 9. Data collection in mechanical. 
 
 

Mechanical hysteresis error can be gotten from 
the loading and unloading curves obtained. During 
the high temperature strain measurement, the 
presence of mechanical hysteresis brings error to the 
measurement result which needs to be calibrated. 

The calibration procedure refers to the national 
voluntary standards of resistance strain gauges 
GB/T13992-92.The following Fig. 9 and Fig. 10 
show the loading and unloading curve during the 
calibration of mechanical hysteresis at room 
temperature. 

Similarly, we can get the mechanical hysteresis 
data from room temperature to 800 °C. The data and 
the linear fitting curve are shown in Fig. 11. 

There is no doubt that temperature has a 
significant impact on the lags of strain gauges. The 
value of mechanical hysteresis will increase with the 
rising of temperature. The measurement results are 
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required to be compensated for changes in 
temperature so as to improve the measurement 
accuracy. 
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Fig. 10. Mechanical hysteresis curve at room temperature. 
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Fig. 11. The mechanical hysteresis data and the linear 
fitting curve. 

 
 

4.3. Calibration of the Strain Gages Creep 
Parameters 

 
At a certain high temperature, the strain gauges 

withstand a constant mechanical strain, while the 
resistance value changes with time. This is what 
called creep of the strain gauges [10]. Generally, we 
use these characteristics to measure the stability over 
time of the strain gauges. This is more prominent in 
long-term measurement. 

The calibration procedure refers to the national 
voluntary standards of resistance strain gauges 
GB/T13992—92. Record the strain of the gauge 
every 10 minutes [11]. 

The Fig. 12 and Fig. 13 show the creep curves in 
20 minutes at 200 ℃ and 800 ℃�while the initial 
strain is 1000 µε. It is obvious that the strain gauge’s 
output increases with time. The creep values for  
20 minutes were 32 µε and 109 µε each. 

 
 

Fig. 12. Creep curve at 200 °C. 
 
 

 
 

Fig. 13. Creep curve at 800 °C. 
 
 

The creep value changes with temperature. The 
respectively measured creep values of the strain 
gauges are listed in the following Table 2. 

 
 

Table 2.Creep value at different temperature. 
 

Creep value ( )  Temperature 
(°C) 1 2 3 4 5 6 7 
20 0 2 27 32 48 76 96 

200 0 11 32 43 97 102 123 
400 0 18 31 51 65 76 101 
600 0 15 37 50 52 92 132 
800 0 65 109 122 173 182 208 

 
 
In the first 10 minutes, the output change of the 

strain gauge is very small. In one hour after loading 
the output change is about 100µε . When the 
temperature reaches 800 °C, the relaxation 
characteristics of the glue line becomes more 
apparent [12], the creep value of the strain gauge 
becomes significantly larger. Taking the analysis 
listed above, we can see that creep have a significant 
impact on measurement results. We can calibrate the 
creep value and establish creep compensation 
models, so as to improve the accuracy of high 
temperature strain measurement. 

 
 

5. Conclusions 
 
In the paper，high temperature strain gauge is 

fixed on the surface of a simple supported beam. The 
sensitivity coefficient, mechanical hysteresis and 
creep were calibrated from room temperature to  
800 °C which suggests the good performance of the 
strain gage being used in this paper at 800 °C. The 
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experimental results verify the validity of the 
manufacturing process, fixation methods, calibration 
system, and experimental feasibility. Last but not the 
least, this paper provides a basis for similar strain 
gauge experiments. 

In this paper high temperature strain calibration 
system is established, which consists of temperature 
control system, loading device and acquisition 
system. Via the strain calibration system ，  the 
parameters of high temperature strain gauge 
calibration experiment method are put forward, 
whose changing rule in different temperature is get, 
which laid a foundation for the accuracy of high 
temperature strain measurement. Also，this research 
method in the paper can be applied to other resistance 
strain gauge parameters calibration. 
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Abstract: With the rapid development of Intelligent Vehicle System (IVS) method, its research involves 
different kind of fields, such as computer measurement, control method, computer vision method, sensor data 
fusion method and vehicle project. In order to control the vehicle automatically only based on the images, we 
use some special technique of image processing method to extract the feature of the images, the process is 
complicated, it involves three steps. The paper first introduces image processing method, the technology and its 
application, then the paper focus on collision avoidance system to explain why image processing is important to 
it. What is more, the paper mainly explain algorithm of image processing, include image enhancement, detection 
algorithm of image edge, fast inverse transform algorithm based on characteristic curve. Finally, the paper gives 
an example how these image processing applies in road scene and its effectiveness. Copyright © 2013 IFSA. 
 
Keywords: Collision avoidance system, Digital image, Image enhancement, CF-IHT algorithm. 
 
 
 
1. Introduction  
 

The computer image processing could convert an 
image signal into a digital signal to be processed by 
computer [1]. Since computer processing is fast, and 
the digital signal have little distortion, easy to store 
and transport with strong anti-interference ability and 
other characteristics, computer image processing is 
widely used in many major areas. Digital image 
tamper detection is done by analyzing statistical 
properties of the image contents of the authenticity of 
the digital image, scene authenticity and integrity of 
authentication methods, namely whether the image is 
the original image, the image is real and whether they 
contain other secret information images, these 
technologies is the digital image forensics [2]. The 
image processing includes the following aspects: 
first, image to digital conversion and the associated 
image restoration; second, geometric transplant, such 
as translation, rotation; third, modeling; fourth, line 

color control; fifth, the use of curves, and surfaces; 
sixth, the transformation between color [3]. 

Computer image processing technology can be 
applied in the agro-processing, with such technology 
it will achieve the goal harvesting or processing of 
agricultural products automation and reducing 
manpower burden, for example, mushroom picking 
automation system and shrimp processing operation 
control system. Computer image processing 
technology can also be applied in the industrial 
production automation [4, 5]. For example in the 
industrial production automation, configuration 
diagram of some machines and related parts and the 
production line identification system device use 
computer image processing techniques to identify the 
relevant system configuration process, and transmit 
accurate control or the desired structure to the 
machine control system or robot, in order to achieve 
automation of production lines [6]. Computer image 
processing technology can be applied in road traffic 
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which is named as road traffic camera monitoring 
system. Computer image processing technology can 
also be applied combining with remote sensing 
technology [7]. Computer image processing 
technology can also be used in engineering design 
drawings, information conversion process. The 
common image processing method is electrical 
analog processing technology and Optical - computer 
processing technology. Electrical analog processing 
technology could convert the light intensity signal 
into an electrical signal, and then use the electronics 
to deal with the signal such as add, subtract, multiply, 
divide, split the concentration, contrast amplification, 
color synthesis, spectroscopic contrast and so on  
[8-10].  

Image processing techniques include image 
compression, image enhancement and restoration, 
image matching, description and identification. In 
order to improve the picture quality, picture image 
enhancement is needed, such as increasing contrast 
degree, geometric distortion correction and so on. 
Image enhancement methods can be divided as 
frequency domain method and the spatial domain 
method [11]. Low-pass filtering can remove noise in 
the image; high-pass filtering can enhance the edges 
and other high-frequency signal, so the picture 
becomes clear. Image restoration is a technology 
used when the image is blur or with noise, to estimate 
the original image [12]. Image matching, description 
and recognition is the main purpose of image 
processing, which is to obtain an image with a clear 
sense of images or graphic made up with values or 
symbols instead of document which is randomly 
distributed. In this paper, digital image forensics 
certification of the authenticity of the natural scene 
images and computer-generated image detection 
research was demonstrated. 

 
 

2. Collision Avoidance System 
 
2.1. The Consists of Automotive Collision 

Avoidance System 
 

Automotive collision avoidance system is 
consists of three parts. The signal acquisition system: 
use radar, laser, sonar and other technology to 
automatically detect the vehicle speed, speed of 
vehicle before and the distance between two vehicles. 
Data processing systems: computer chips processed 
the information for two cars instantaneous distance 
and relative speed of the two vehicles to determine a 
safe distance between the two vehicles, if the distance 
is less than safe distance, data processing system will 
issue commands. Implementing agency: responsible 
for conducting the command from the data 
processing system, make an alarm to alert the driver 
brakes, if the driver is not executing instructions, the 
implementing agencies will take measures, such as 
closing windows, adjust the seat position, lock the 
steering wheel, automatic brakes. 

2.2. Spatial Domain Processing 
 

In image feature extraction technology, the edge 
information is a very important feature. Image 
sharpening technology is a very effective image edge 
enhancement technology. The image is the high 
frequency part of the image. In the spatial domain 
processing, image sharpening technology is the same 
way as image smoothing technology, to convolution 
of impulse response of image and the filter. 

In the intelligent vehicle system, preventing 
vehicle collisions from obstacles on the road is an 
important factor to ensure traffic safety, collision 
avoidance systems in intelligent vehicle system is of 
great importance. When we drove, we received 
information are almost all from the vision. When we 
drove, we received information are almost all from 
the vision. Traffic signals, traffic patterns, road signs 
and so on can be seen as a visual communication 
language between environment and the driver. 
Computer vision mainly plays the role of 
environmental detection and identification in 
intelligent vehicle collision avoidance system studies.  

Compared with other sensors, machine vision has 
advantages like large amount of detected information 
and being able to detect information far away, its 
disadvantage is that when in a complex environment, 
extracting the target and background detected, 
requires a large amount of computation. If you just 
want to solve the problem under the current hardware 
conditions, it is easy to lead to poor real-time system. 
In intelligent vehicle collision avoidance system, the 
computer vision plays a very important role, it is one 
type of the most important sensors. It is the image 
processing technology that enables operation of this 
sensor, if there is no effective image processing 
techniques, the automatic control of the whole system 
will fail, not even achieve the purpose of automatic 
avoiding vehicle crash. 

 
 

3. Algorithm of Image Processing 
 
3.1. Natural Image Formation Mechanism 
 

A digital camera was a fashion digital product, 
with its powerful function, easy operation and 
excellent shooting, by the majority of consumers. 
CFA color filter array is determined by the color 
filter array is inlaid, each pixel location in one color 
only allowed through, blocking the other two 
frequencies of color through. The color filter array of 
the CFA was shown in Fig. 1. Application of the 
CFA color image sensor array, must apply to the 
interpolation pixel value obtained obtained in the 
three primary colors at each pixel location 
information, the resulting color values are generally 
also for color correction and white balance 
operations. In order to enhance the visual effect of 
the digital image, the image sensor must also be a 
linear response, and the core filter to be adjusted, the 
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image processing further comprises an additional 
gamma correction. 

 
. 

 
 

Fig. 1 The color filter array of the CFA. 
 
 
3.2. Gray Value Trimming of Image Pixel 
 

Gray value trimming of the image is a simple and 
effective enhancement operation. It is mainly in two 
forms: one is the gray value correction, to modify the 
individual image pixel gray level to compensate for 
the uneven exposure of the original recorded image; 
another form is gray value mapping transformation, 
which aims to use uniform approach to change the 
whole image grayscale or change some gray areas of 
the image in order to increase the contrast degree, 
making image details more visible. If set the original 
gray domain of y)f(x, is b][a, , after liner 
transforming, the gray domain of y)(x, f' is ]b',[a' , 
the relationship between y)f(x,  and y)(x,f'  is: 

 
a)-y)a)(f(x,-)/(ba'+(b'-a'=y)(x, f'  (1) 

 
Fig. 2 and Fig. 3 show an example of a standard 

image of rice and image whose contrast degree 
enhanced through the gradation value linear 
transformation. From subjective evaluation and 
histogram, it can be seen in after transformation the 
contrast of gray values increase, thus emphasizing the 
details of the original image to get better edge 
detection results. 

 
 

  
 

Fig. 2. The original image of rice and image  
after transformation. 

 
 

Fig. 3. Contrast of gray values. 
 
 
3.3. Frequency Domain Processing 
 

Signal, as a two-dimensional image, can be 
mapped to the transform domain as same as the one-
dimensional signal by the Fourier transform method, 
in which the transform coefficients reflects the 
characteristics of the image. Frequency domain 
processing is a technique to modify each frequency 
band of Fourier spectrum of the image at different 
degree, based on certain image model. Structure 
diagram of frequency domain processing system was 
show in Fig. 4. 

 
 

 
Fig. 4. Structure diagram of image processing system. 
 
 
Intrinsic properties of transform domain is often 

used in image enhancement, for example, make a low 
pass filter to let low frequency components pass and 
effectively prevent high frequency components, 
which means filtering noise of high frequency in the 
frequency domain, and then through inverse 
transform you can get smoother images. 

 
3.4. Detection Algorithm of Image Edge 
 

The image edge is a collection of pixels whose 
surrounding pixel with a step change or roof in gray 
variation. Edge exists widely between object and 
background between objects. One is step edge, 
between adjacent areas of two different gray values 
in the image. Another edge is the roof-shaped, which 
is located in turning point of gray value. For the step 
edge, the second derivative at the edges is zero 
crossing; for the roof-like edge, the second derivative 
at the edges is of the extreme value. Derivative 
operators could emphasis on gray change, if 
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derivative operator is used, the value is higher at 
pixel with large gray changes. So you can set the 
derivative values as edge intensity of the 
corresponding pixels, by setting the threshold value 
to extract the edge pixels. The paper uses LOG 
operator, it is: 

 
y)f(x,*) /2σexp(-r  ) )/σσ-((r=y)]f(x,*y)[h(x, =g 2242222 ∇∇

  (2) 
 
Through the nature when second-order derivative 

operator is at zero point, it will determine the 
locations of the image ladder-like edge. The edge 
detection algorithm of Log operator is as follows: 

Obtain filtered image with Laplacian-Gauss filter 
for image filtering. Do zero-crossing detection for the 
image obtained: assume that the pixel of first-order 
differential image is j)P(i, , j)L(i, is its Laplace value. 
Determine in accordance with the following rules: 
if 0=j)L(i, , we could conclude whether 

j))1,+(ij),1,-(L(i  or 1))+j(i,1),-j(L(i, contains 
two number with opposite sign. As long as one of 
these two number couples contains two numbers with 

the opposite sign, then j)P(i, cross zero. And if the 

first-order difference value of j)P(i,  is greater than 

a certain threshold, j)P(i,  is an edge point, 

otherwise not. If L(i,j) 0≠ , then determine four 
number couples 

 
1))+j(i,j),(L(i,1)),-j(i,j),j))(L(i,1,+(ij),(L(i,j)),1,-(ij),(L(i,  
(3)  

 
contains two numbers with opposite sign, if do, point 

besides j)P(i, cross zero, and if the first-order 

difference value of j)P(i, is greater than a certain 

threshold, j)P(i,  is an edge point, otherwise not. 
 

 
 
Fig. 5. The detection algorithm of Log operator. 

 
 

Do experiment for log operator in the case without 
noise pollution, with Gaussian noise, with pepper 
noise, with multiplicative noise, the Log operator 
image edge detection has good detection results in 
the above three noise situation. Therefore, we use log 

operator edge detection algorithm in subsequent 
experiments as the image edge detection method. The 
detection algorithm of Log operator was shown in 
Fig. 5. 
 
 
3.5. Fast inverse Hough Transform 

Algorithm Based on Characteristic 
Curve  
 
Boundary tracking, also known as the edge point 

linking, search from an edge point in edge gradient 
map to the adjacent edge points so as to gradually 
approach the detected boundary. Follow the principle 
of the boundary tracking to look for "growth point", 
based on some characteristic curves detected, such as 
the slope of the line, the origin of the circle, the 
radius, the curve equation and so on, according to the 
Hough inverse transform reconstruction criteria to 
determine whether the reconstruct these "growing 
point". If they meet the conditions for reconstruction, 
then this "growth points" would be reconstructed. 
Then set these "growth points" as "feature points" for 
a new round of the reconstruction to find new 
"growth points", until it reaches the pre-established 
testing standards. 
(a) Initialize the reconstructed image inv-A :set all 
elements of matrix N)×inv(M-A  as 0. 
(b) Choose feature point: the number of feature point 
of original image is n. 
(c) Reconstruct feature point: set feature point 

)y,(x ii  and 0=) y,A(x ii , then set inverse 
transform as left part and right part, then calculate as 
follows: 
If ii y>x , then 
 

)/x(ynta=θ ii
-1  (3) 

 
sθ*θ=θ1  (4) 

 
)round(θ=~

11θ  (5) 
 

sρ*) ) sin(θ y+) cos(θ (x=ρ 1i1i1  (6) 

 
sρ*) ) sin(θ y+) cos(θ  round((x=~

ii1i1ρ  (7) 

 
) ρ~0.5)/-ρ~(cos*sρ=θ 11

-1∆  (8) 

 
θ))-(θ-  θ~floor(=θ 111 ∆∆  (9) 

 
Check the point )~,-θ~C( 1l1 ρθ∆ of Hough 

parameter space definition matrix ρ)C(θ( , if the 
value is not zero, that means the curve where the 
pixel )y,(x ii is Hough transform makes a 
contribution to cumulate ρ)C(θ( , the value of 
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)y,(x ii  is 1, then set the value of point 

corresponding to )y,(x ii  as 1 in matrix inv-A . 
 

1)y,inv(x -A ii ←  (10) 
 

1-) ρ~,θ-θ~C(←) ρ~,θ-θ~C( 1l11l1 ∆∆  (11) 

 
If ii y<x , )y,(x ii  belongs to right part, the 

calculation is similar to left part, but the only 
difference is : 

 

)θ~-θ)+floor((θ=~
11r ∆∆θ  (12) 

 

Similarly, check )~,θ~C( 1r1 ρθ∆+  in ρ)C(θ( , 

reconstruct the point yi -Ai as the above rules. 
Search for growth point: according to boundary 

tracking principle and information of detected curve, 
search from feature point, and search growth point 
from these points. Reconstruct growth point: do as 
step 3, and store the results in reconstructed matrix, 

inv-A .Repeat search with set the growth point in 
step 5 as feature point. Repeat step 3 to step 6, until it 
reaches the pre-established testing standards. Finish 
recycling. 

Software of computer image generation existing 
can do and natural images are very similar in content, 
it is in one order and two order statistical feature 
matching, but in the details of edge three moments 
like that and four order moments are hard to match. 
The flowchart of CF-IHT algorithm was shown in 
Fig. 6. Consider from the point of view of 
mathematics, the matching of one order and two 
order statistics are relatively simple, but to achieve 
three orders or higher order accurate matching is a 
very difficult task. The flowchart of algorithm is: 

 
 

 
 

Fig. 6. Flowchart of CF-IHT algorithm. 
 
 

CF-IHT would select n feature points from the  
M × N points, then set these feature points as starting 
points, use some prior information of the curve, 

according to the method of boundary tracing 
following a certain direction to search for growth 
points, which greatly reduces number of detected 
points, reduce those redundant point unrelated to the 
detected curve, thus reducing the storage space. In 
addition, the algorithm repeatedly using the "loop", 
so that the parameter in the" loop" could reuse their 
storage space, which means, to some extent, it could 
solve the problem that the storage space required by 
the algorithm SIHT is too large. The loop of 
algorithm also reduces the computational complexity, 
each pixel could be processed in this loop processing, 
so that the algorithm structure is simple. 

 
 

4. Simulation of Road Scene 
 

4.1. Image Enhancement of Road Scene 
 

The result of the experiment shows that, if image 
has been enhanced, the difference of gray value of 
the edge of image with other points has been enlarged, 
when use Log operator to extract image edge, the 
extraction result is better with image enhancement, 
the point misjudgment has reduced. The result of 
image enhancement was shown in Fig. 7. 

 
 

 
 

(a) The original image 
 

 
 

(b) The gray scale image. 
 

Fig. 7. The result of image enhancement. 
 
 

4.2. Image Feature Curve Extraction  
of Road Scene 

 
Do experiment for the original image with 

Gaussian noise, with pepper noise, with 
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multiplicative noise, and check if the Log operator 
image edge detection has good detection results in 
the above three noise situation. Add pepper noise 
with density 0.02 to check the results. Salt and pepper 
noise generated pollution for image which is very 
similar for rain and snow weather condition, 
therefore, the ability to adapt to this kind of noise is 
very important. Image feature curve extraction with 
different noise was shown in Fig. 8. 

. 
 

 
 

(a) The image with pepper noise 
 

 
 

(b) The detection result of Log operator 
 

Fig. 8. Image feature curve extraction with different noise. 
 
 

With the above images, the conclusion can be 
drawn: Log Operators image still has good noise 
immunity for a specific scene, the edge detection 
effect is stable, little affected by noise. Therefore, we 
use Log Operators image edge detection, to provide 
binary edge image for subsequent experiments. 

 
 

4.3. Image Edge Detection of Road Scene 
 
In the image acquisition and transmission 

process, Gaussian noise is most likely to happen, so 
we chose an image affected by Gaussian noise do 
feature extraction experiments. The example of 
corrosion operation was shown in Fig. 9. 

In the experiment, we first through visual sensor 
to catch an image affected by Gaussian noise, do 
image enhancement to the image, then we use the 
Log Operators to make image edge detection, finally 
use CF-IHT algorithm to extract characteristic curve 
in binary edge image. The experimental results show 
that with image enhancement, edge detection and 

extraction of the characteristic curve of the road 
scene, road line information of the image can be 
obtained, to realize intelligent control of the vehicle. 

 
 

 

 
 

Fig. 9. The example of corrosion operation. 
 
 

4. Conclusion 
 

The paper is mainly about image processing 
technology, whose aim is to find a suitable feature 
extraction algorithm to extract some information 
form image to support the realization of computer 
vision collision avoidance systems. Before image 
feature extraction, image must be disturbed during 
image collection and transmission. Based on image 
enhancement, we then conducted image feature 
extraction. The paper selected the Log operator edge 
detection algorithm to do edge detection for the 
original image. The paper then use CF-IHT algorithm 
to conduct image feature curve extraction, which 
greatly reduces number of detected points. Finally, 
we conducted simulation experiments for road scene 
image, the results showed that, Log operator still has 
good noise immunity, then we got the binary edge 
image after feature curve extraction used CF-IHT 
algorithm to detect road line curve, in order to 
provide effective control information for computer, 
and ultimately to realize the image feature extraction 
purposes. 

. 
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Abstract: In this paper, we firstly introduce the perceived perceptual image hash algorithms proposed by 
scholars in recent years. Then we classify the algorithms according to the different theories. At the same time, 
we also describe the general process of perceptual image hash algorithm and realize the two classic algorithms 
in the professional field. After all above, we make use of the invariant moment of image to the invariance of 
geometric transformation, and propose a new perceptual image of hash algorithm based on invariant moments 
with robustness and security. Through the test from different aspects, we compare the algorithm with the 
performance of two kinds of classic algorithms, then we can conclude that the new algorithm has better 
robustness and security. Copyright © 2013 IFSA. 
 
Keywords: Perceptual image, Hash algorithm, Invariant moment. 
 
 
 
1. Introduction  
 

Perceptual image hash technology is an image 
description of image content or characteristics, and 
the hash function also can make them produce two 
hash sequences which are same or similar even if the 
two pictures with similar perception have different 
representation in value [1]. This is the remarkable 
difference between perceptual image hash technology 
and the hash function in traditional cryptography. In 
the traditional cryptography, hash function (such as 
MD5 and SHA-1) is used to produce the digital 
signature relying on the key the then verify the 
message’s integrity [2]. When the authentication 
message of hash function input terminal happens a 
change of 1 bit in the content, the output bit strings of 
hash function output terminal will produce violent 
dramatic changes, so hash function in cryptography 
can be only applied to the identification in text data, 
and multimedia data authentication allow lossy 
descriptions (such as image compression as JPEG) 

[3]. At the same time, multimedia information may 
experience filtering, geometric distortion, noise 
pollution and other changes in the process of 
transmission, but the expression of the multimedia 
data content basically are unchanged, and the data are 
true and complete [4]. 

Perceptual image hash technology requires 
algorithm can resist some common image process 
operations, which may be said that it has rather 
strong robustness, and it also requires the digital 
signature generated by perceptual image hash 
technology is based on the key, then the same images 
will produce different hash strings after encrypted by 
different key [5]. So the algorithm has rather strong 
security. Here the requirement about the 
unidirectional and collision resistance of hash 
function in traditional cryptography can satisfy the 
perceptual image hash function [6]. At the same time, 
perceptual image hash technology needs the image 
produce different hash strings compared with the 
distorted image [7]. 

Article number P_RP_0011 

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 337-344 

 338

This paper is organized as follows. The first 
section is an introduction, and it briefly introduces 
the perceptual image hash technology and describes 
research background and significance of the 
technology. Section 2 is about the processes of image 
hash technology and the existing research condition, 
and it briefly introduces the perceived perceptual 
image hash algorithms, then implements two classic 
algorithms of them. Section 3 puts forward a 
perceptual image hash algorithm based on invariant 
moments, and it’s the main part of the paper [8]. 
Then in the section 4, we test the algorithm from four 
aspects such as robustness, collision resistance, 
security and resolving power, and compare the 
algorithm with the performance of the two classic 
algorithms [9]. The conclusions are given in  
section 5. In section 5, we finally summarize the 
work that has been done in this paper and proposes 
the next research direction in the future [10]. This 
section focuses on the perceived perceptual image 
hash algorithms and they are briefly introduced in 
this paper. By summarizing the existing algorithms, 
we find that the perceived perceptual image hash 
technology can be summarized as a unified process. 
At the same time, this section also describes the main 
basic properties of perceptual image hash function in 
details. The goal of the part is to emphasize technical 
challenges that currently exist in perceptual image 
hash technology, and in later sections to solve. 
Finally, this part introduces and realizes two typical 
perceptual image hash algorithms. 

 
 

2. Achievements of Two Classic 
Perceptual Image Hash Algorithms  

 
2.1. Basic Properties of Perceptual Image 

Hash Function 
 

This section focuses on the perceived perceptual 
image hash algorithms and they are briefly 
introduced in this paper. By summarizing the existing 
algorithms, we find that the perceived perceptual 
image hash technology can be summarized as a 
unified process. At the same time, this section also 
describes the main basic properties of perceptual 
image hash function in details. The goal of the part is 
to emphasize technical challenges that currently exist 
in perceptual image hash technology, and in later 
sections to solve. Finally, this part introduces and 
realizes two typical perceptual image hash  
algorithms [11]. 

We can assume that Ω represents a limited 
collection of images and Γ  represents the space of 
key. Perceptual image hash function has two 
variables which are an original image called I ∈Ω  
and a key called K ∈Γ , and the end output is an L-bit 
binary hash string s. 

identI ∈Ω  means an image which 
is similar to the original image after some image 

process. 
diffI ∈Ω  means another images, which are 

different from the original image by perception. We 
take 1θ  and 

2θ  as two very small arithmetic numbers 
and it satisfies 1 2, 1θ θ0＜ ＜ . 

Three basic properties of perceptual image hash 
function can be summarized as follows. 

 
1) Perceptual robustness: 
 

1(H(I, K)) H(I , K) 1identprobability θ= ≥ −  (1) 
 
2) Resolving power: 

 
2(H (I, K )) H (I , K ) 1identprobability θ≠ ≥ −  (2) 

 
3) Security: 
 

1(H(I, K) s) , {0,1}
2 L

Lprobability M s= ≈ ∀ ∈  (3) 

 
We find the three properties above are mutual 

contradiction in essences. Inside, the first property of 
perceptual image hash function on the smaller image 
changes is with robustness. However, second 
property requires there exists small collision 
probability for the different perceptual input. The 
same as the third property, and it affects the 
realization of the first property. Considering the 
security, the latter two properties are important. The 
proposed algorithm proposed in this paper is very 
good compromised among the three properties above 
[12]. The basic process of the existing perceptual 
image hashing algorithm can be concluded as three 
steps just as shown in Fig. 1: 

 
 

2.2. Basic Process of Perceptual Image  
Hash Technology 

 
The basic process of the existing perceptual image 

hashing algorithm can be concluded as three steps 
just as shown in Fig. 1:  

 
 

 
 

Fig. 1. Image hash process. 
 
 

The first step is extracting the feature vectors from 
the image, second step is to get binary hash string by 
quantizing extracted feature vector, and the third step 
is to get the final hash sequence by the compressing 
binary hash string.  
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2.3. A perceptual Image Hash Algorithm 
Based on Iterative Filtering 

 
Mihcak and Venkatesan have proposed a 

perceptual image algorithm based on iterative 
filtering. The algorithm gets hash value by the 
approximate component from the original image after 
binaryzation and wavelet transform [13]. The 
algorithm is mainly based on a phenomenon they 
found in a large number of experiments: after very 
little alteration, the original important geometric 
features of the original image do not change any 
more. We describe the process of algorithm in details 
as follows: 

1) We make I  represent the original image and 
operate L  wavelet decomposition for I , then take 

AI  represent the approximate component from image 
after wavelet decomposition. 

2) Set T as a threshold value, then take threshold 
operation to the approximate component AI  and get 
binary matrix M.  

 

( ) ( )1 ,
M i, j {

0
A

ifI i j T
otherwise

≥
=  (4) 

 
In the formula (4) above, the threshold value T is 

selected by the self-adaption method and it should 
satisfy ( )W M q≈  , where q is a parameter which is 
larger than 0 and less than 1 and W is the normalized 
Hamming weight. 

3) Take 
1M M= , 1ctr = . 

4) Take statistics and filter in order to 
1M  and get 

[ ] ( )2 1, ,m n pM S M= , where m, n, p are parameters and S 

is an order statistics filter. 
5) Take ( ) ( )3 2, ,M i j AM i j= , then get 

4M  from 

3M  after linear shift invariant filtering where A is a 
parameter. 

6) Take the same operation on 4M  just as (2) and 
get 

5M , then we can get ( )5W M q≈ . 

7) If ctr C≥  , we can end the iteration and go to 
(8), otherwise we should calculate ( )5 1D .M M  and 
we will end the iteration if the value is less than 
threshold value ε   and go to (8), or take 

1 5M M= , 
1crt crt= +  and go to (4) to go on the iteration. 

( )5 1D . M M  is the Normalized Hamming distance. 
8) ( ) 5H I M= , where ( )H I  is the hash value of the 

original image I. 
 
 
2.4. A perceptual Image Hash Algorithm 

Based on DCT Smoothing Template 
 
Fridrich and Goljan proposed a perceptual image 

hash algorithm based on DCT smoothing template. 
The proposed algorithm is based on general 
experimental phenomena: if an image doesn’t change 

in perception, then the image’s low frequency DCT 
coefficients won’t change obviously after discrete 
cosine transform (DCT). At the same time, to make 
sure the security of the algorithm and the production 
of the hash value relying on the key, firstly the 
algorithm produce N smoothing zero mean template 

( )iP  , i =1,2,3…. and then get N mapping values 
when take the coefficient of the image through DCT 
switch to the templates in the control of key. To 
different images, we can get different threshold 
values and compare the absolute values of N 
mapping values with threshold values, then we get an 
N-bits binary value as the final hash value. The 
process can be described as formulae below.  

 
if ( )iB P Th• < ,    0ib =  (5) 

 
if ( )   iB P Th• ≥ ,  1ib =  (6) 

 
The process of the self-adaptive selection process 

about threshold value Th  is based on the theory of 
maximizing information to determine, then we must 
ensure that half of the absolute values of N mapping 
values are greater than Th , half of them are less than 
Th . By this we can abstract the information in the  
N-bit binary string contains in maximum. 

The process of generating zero mean value 
smoothing template is as follows: firstly, generate  
N pseudo random matrixes uniformly distributed 
between 0 and 1 in the control of the key; then the  
N pseudo random matrixes generate N pseudo 
random smooth templates ( )iP , i =1,2,3,…,N after 
repeatedly filtering through a low pass filter; in the 
end, every pseudo random smooth template ( )iP  
minuses the mean value and get the final pseudo 
random zero-mean smooth template ( )iP .  
 
 
3. The Proposed Perceptual Image  

Hash Algorithm Based on Invariant 
Moments 

 
This section gives a perception image hash 

algorithm based on invariant moments. By using 
invariant property about the invariant moments 
features to geometry transform, the hash algorithm 
can be with the ability of geometric transformation, 
and then through the application of pseudo random 
rectangle produced by the key in the image, we can 
realize the generation of the hash values is in the 
control of the key, thus the algorithm’s security can 
be ensured. Finally, we can compare the algorithm 
with two classic algorithms and we’ll see that this 
algorithm is with higher robustness and security.  
 
 
3.1. Invariant Moments and Analysis  

of its Characteristics 
 

Many algorithms at present can be robust to 
general JPEG compression and filtering operation, 
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but can't resist geometry transformation attacks. In 
order to make the algorithm able to resist geometric 
attacks, we want to extract image features which are 
invariant to affine transform. The invariant moment 
is a way to describe the regional image, and the 
invariant moments can remain unchanged in the 
main, with the image’s affine transformation.  

(p+q)  order moment of area  f(x, y)  is defined as 
 

( ) ,p q
pq

x y

m x y f x y=∑∑
 

(7) 

 
And the central moment corresponding to the 

above is 
 

( ) ( ) ( ) ,p q
pq

x y

x x y y f x yµ = − −∑∑
 

(8) 

 
In the two formulae above, p,q =1,2,3,…, 

and 10

00

mx
m

= , 01

00

my
m

= , which is a real coordinate. 

(p+q)  order normalized gravity moment  f(x, y)  is 
defined as 

 

00

 pq
pq γ

µ
η

µ
=

, p,q =1,2,3,… 
(9) 

 
In the formula (9), γ 1

2
p q+

= + , p,q =2,3,4…. 

The following 7 two-dimensional invariant 
moments are derived from the two orders and three 
orders normalized central moments, they have 
invariance to translation, rotation, mirror and scaling. 

 
1 20 02φ η η= +  

( )2 2
2 20 02 114φ η η η= − +  

( ) ( )2 2
3 30 12 21 033 3φ η η η η= − + −  

( ) ( )2 2
4 30 12 21 03φ η η η η= + + +  

( )( ) ( ) ( )

( ) ( ) ( )

2 2
5 30 12 30 12 30 12 21 03

2 2
21 03 21 03 30 12 21 03

3 3

(3 ) 3

φ η η η η η η η η

η η η η η η η η

⎡ ⎤= − + + − +⎣ ⎦
⎡ ⎤+ − + + − +⎣ ⎦

 

( ) ( ) ( ) ( ) ( )2 2
6 20 02 30 12 21 03 11 30 12 21 034φ η η η η η η η η η η η⎡ ⎤= − + − + + + +⎣ ⎦

 
( )( ) ( ) ( )

( ) ( ) ( )

2 2
7 21 03 30 12 30 12 21 03

2 2
2121 30 21 03 30 12 21 03

3 3

(3 ) 3

φ η η η η η η η η

η η η η η η η η

⎡ ⎤= − + + − +⎣ ⎦
⎡ ⎤+ − + + − +⎣ ⎦

  

 
 

3.2 The Basic Steps of the Algorithm 
 

The basic process is shown in Fig. 2 and steps of 
the algorithm are just as follows:  

1) Our task is to extract the shorter sequence of 
bits which is the existence as the best response to the 
nature of the image of an image from a large number 
of redundant data. Since the wavelet transform can 

compress to express the image local time-frequency 
characteristics, we firstly take wavelet decomposition 
to the image. 

2) Generation the pseudo random sequence with 
the key, and the image can be divided into N pseudo 
random overlapping rectangular areas by pseudo 
random sequences. N can be controlled by the key, 
and the generated hash sequences is in length of 
56*N bits. While the image is divided into pseudo-
random blocks, it makes up that moment invariants 
can only describe the global features of the image 
[14]. 

3) The 7 invariant moments formulae in section 
3.1 can be used to calculate 7 invariant moments of 
each rectangular region. Though invariant moments 
calculation in each rectangular area, we get the local 
information of the image and improve the ability of 
algorithm to identify the different images. 

4) The invariant moments of each rectangular 
region are combined into a column vector, and the 
column vector can be quantized for the final hash 
values. 

5) In order to get hash sequence which is more 
compressed, Reed-Muller error-correcting decoder 
can be available to generate hash values in 
compression.  

 
 

 
 

Fig. 2. Formation Process of hash values. 
 
 

3.3 Similarity Measurement Criteria 
 

We use the normalized Hamming distance ( )D ,• •  
to measure the similarity of two images, which is 
defined as shown in (10). 

 

( ) ( ) ( )1 2 1 2
1

1D ,
L

K

h h h k h k
L =

= −∑  (10) 

 
where X is the image, X  represents the image after 
the operation of reserving contents, Y represents an 
image that looks different from X, and ( )kH •  
represents hash function controlled by the key. Our 
goal is to get hash values which satisfy the equations 
(11) and (12). 

 
( ) ( )( ) 1D ,k kH X H X T<  (11) 

 
( ) ( )( ) 2D , Yk kH X H T<  (12) 

 



Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 337-344 

 341

In the equations above, 1 20 0.5T T< < < , here we 
hope that the more two numbers differ, the better. In 
ideal circumstance, normalized Hamming distance of 
images which seem similar is close to 0, and 
normalized Hamming distance of images which don't 
look similar is about 0.5.  
 
 
4. Analysis and Compare on Algorithms’ 

Performance with Normalized 
Hamming Distance 

 
4.1. Test on Robustness 

 
We test the algorithm on the performance of 

resistance on various attacks holding image content 
(such as filtering, noise adding and geometric 
transformation). We take the normalized Hamming 
distance average value of the 1000 images with they 
suffer attack as the output value. At the same time, 
we compare the performance of the algorithms with 
two typical algorithms proposed by Fridrich and 
Miheak. 

The performances about three algorithms against 
geometric transform, filtering, noise, JPEG 
compression and shear attack are just shown as  
Fig. 3 to Fig. 11. 

From Fig. 3 and Fig. 4 it can be seen after the 
image suffer geometric attacks, the normalized 
Hamming distance generated by this algorithm is 

more close to 0 than that of the other two algorithm, 
and until take the image achieve a 10 degree rotation 
and reduce to the original 1/10, the normalized 
Hamming distance is less than 0.125.  

From Fig. 5, Fig. 6 and Fig. 7, we can see that this 
algorithm can better resist the attacks of mean and 
Gauss low-pass filter than the other two algorithms, 
and in the fight against median filtering attacks, it 
only slightly worse than Mihcak algorithm, with the 
normalized Hamming distance less than 0.1.  

From Fig. 8 and Fig. 9, we can see that this 
algorithm’s ability against additive uniformly 
distributed noise attack is less than the other two 
algorithms, but in resistance of additive Gauss noise 
distribution is superior to the other two algorithms, 
and when the uniform distribution noise is in the [0, 
18] range, the normalized Hamming distance can be 
not larger than 0.125. 

From Fig. 10, we can see that the JPEG 
compression resistance performance of this algorithm 
is much better than the other two algorithms, and the 
normalized Hamming distance of it is no more than 
0.03. Fig. 11 shows when the pixels in the image is 
sheared off about 12 %, the normalized Hamming 
distance of it is less than 0.125, but when the image 
pixels suffer large area cut of a malicious attack, the 
normalized Hamming distance will increase. Then we 
can see the security of the algorithm.  

Examples are shown as Table 1. 

. 
 

 
 

Fig. 3. Performance of resisting rotation attack. 
 

 
 

Fig. 4. Performance of resisting scale attack. 
 

 
 

Fig. 5. Performance of resisting average filter attack. 

 
 

Fig. 6. Performance of resisting median filter attack. 
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Fig. 7. Performances of resisting Gaussian filter attack. 
 

 
 

Fig. 8. Performance of resisting uniform distributing  
noise attack. 

 

 
 

Fig. 9. Performance of resisting Gaussian 
distributing noise attack. 

 

 
 

Fig. 10. Performance of resisting JPEG compression attack. 
 

 
 

Fig. 11. Performance of resisting shearing attack. 
 

 
 

Table 1. Comparison of invariant moments. 
 

Invariant 
moments 1φ  2φ  3φ  4φ  5φ  6φ  7φ  

Original image 6.6029 19.0687 27.6781 25.4155 56.5682 35.1682 51.9624 
Rotate -4° 6.6029 19.0685 27.6782 25.4156 56.5881 35.1652 51.9626 
Vertical mirror 6.6029 19.0687 27.6781 25.4156 56.5682 35.1625 52.0573 
Reduce 
1/2 6.6040 19.0721 27.6790 25.4206 65.7833 35.1691 51.9704 
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4.2. Test on Collision Resistance 
 
The collision means different images generate 

similar hash values. We get 499500 matching results 
when we match 1000 extracted images’ hash values 
and matching values histogram shows as Fig. 12. We 
can see that the normalized Hamming distances 
distribute between 0.1786 and 0.5589, and results can 
be approximate Gauss distribution ( )N µ,σ , where the 
mathematical expectation is  µ 0.3270= , the standard 
deviation σ 0.0447= , so according to the normalized 
distribution of Hamming distance and testing results 
on robustness we can choose 1 0.125T = , 

2 0.15T = . 
Therefore, the collision rate of images: 

 
( )2

2

1

21 1 1
2

x

c
T

P e dx
µ

σ

σπ

− −∞

= − ∫  (13) 

 
The results can be seen that the collision rate of 

the algorithm is very small, so it can be with a high 
probability to ensure uniqueness of image hash value.  

 
 

  
 

Fig. 12. Statistical histogram of 499500 matched values. 
 
 

4.3. Test on Security 
 
In order to prove that hash value generated by the 

algorithm depends on the key, we use the Lena image 
as a test image, generate 1000 different hash values 
with different keys, match them in pairs, and get 
499500 matching results. Matched values histogram 
is shown as Fig. 13, and it can be seen from the chart 
that the normalized Hamming distance of different 
keys distribute between 0.1911 and 0.4071, after 
fitting Gauss distribution, the mean and standard 
deviation are 0.2994 and 0.0248, and according to the 
formula (13) we can get the probability of different 
key collision is 121.0161 10−× , which proves the 
algorithm relies on the key with security. The 
robustness and security are two important properties 
of perceptual image hash algorithm.  

The average values of Hamming distance between 
original image and the tampered image are as shown 
in Table 2 below. 

 
 

Fig. 13. Statistical histogram of diplo-matching  
of 1000 different secret keys. 

 
 
Table 2. Average of normalized Hanmming distance  

of tampered images. 
 

Hash algorithm D1 D2 
Mihcak 0.20 0.28 
Fridrich 0.26 0.31 
Proposed algorithm 0.28 0.32 
 
 

5. Conclusion 
 
This paper proposes a perceptual image hash 

algorithm based on invariant moments. Through a lot 
of experiments we see that the algorithm can resist 
shear, filtering, noise adding, JPEG compression, 
geometric attacks, and so on, especially it can resist 
10  spin attack, so the algorithm has very strong 
robustness. Also the possibility of confliction 
between different images is very low, the generated 
hash values depend on the key, which makes the 
attacker can't tampered image and keep the hash 
value, even if he gets the image if he doesn’t know 
the hash values. So we know the algorithm with high 
security. At the same time, the algorithm can 
generate pseudo random rectangle to control the 
length of the generated hash values, thus the 
robustness and security of the algorithm are 
compromised. 

In conclusion, we propose a new algorithm hash 
algorithm; its robustness is stronger than two kinds of 
typical hash algorithm at present. The complexity of 
the algorithm is very low, running speed is very fast, 
and it is very suitable for fast retrieval of image 
database. 

 
 

6. Conclusions 
 

This paper proposes a perceptual image hash 
algorithm based on invariant moments. Through a lot 
of experiments we see that the algorithm can resist 
shear, filtering, noise adding, JPEG compression, 
geometric attacks, and so on, especially it can resist 
10o spin attack, so the algorithm has very strong 
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robustness. Also the possibility of confliction 
between different images is very low, the generated 
hash values depend on the key, which makes the 
attacker can't tampered image and keep the hash 
value, even if he gets the image if he doesn’t know 
the hash values. So we know the algorithm with high 
security. At the same time, the algorithm can 
generate pseudo random rectangle to control the 
length of the generated hash values, thus the 
robustness and security of the algorithm are 
compromised. 

In conclusion, we propose a new algorithm hash 
algorithm, its robustness is stronger than two kinds of 
typical hash algorithm at present. The complexity of 
the algorithm is very low, running speed is very fast, 
and it is very suitable for fast retrieval of image 
database. 
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Abstract: Wire bonder is important equipment in semiconductor end-package. The benefits of using force 
sensor are precisely force control and earlier contact detection. In this paper, we introduced an application of a 
force sensor in the wire bonding process. We proposed the control strategy of the whole bonding process with 
the force sensor. In the bonding process, it’s very important to make sure the safety before switching between 
the force control and position control. A contact detection method in force mode was introduced to get a smooth 
switch from position control to force control. Before switching from the force control to position control, a two-
steps method was proposed to prevent vibrations. The experiments results show that a good bonding 
performance was achieved by applying with the force sensor. Copyright © 2013 IFSA. 
 
Keywords: Wire bonder, Force sensor, Force control, Contact detection, Impact force. 
 
 
 
1. Introduction 
 

Wire bonder [1] is important equipment in 
semiconductor end-package. It bonds a wire which 
supplies a current path between the pad on silicon 
wafer and the lead on lead frame. The thermosonic 
ball bonding is the most popular process used in auto 
gold wire bonder. It uses ultrasonic energy, high 
temperature and bond force during the bond 
formation. The energy, temperature and pressure are 
technological parameters to make a good bond 
formation. The Z-axis of wire bonder is called bond 
head as shown in Fig. 1. The assembling of bond 
head contains the motor, the transducer and the 
capillary. The capillary is hollow therefore the wire 
can across it. 

There are two bond points to bond a wire, the first 
bond point and the second bond point. Fig. 2 
illustrated the process to bond the first bond point. 

Firstly, the capillary move to the search height with 
high speed and turn to constant speed motion with a 
low speed to detect whether the ball is contact with 
the pad. When contact, the control of Z-axis is turned 
to force control mode from position control mode. 
Then, the ultrasonic energy and pressure are added to 
finish the bond formation. After bond formation, the 
energy and pressure are released and control mode of 
Z-axis is turned to position mode. The process to 
bond the second bond point is the similar. The 
microslip model of the bonding process was 
introduced by Hu [2, 3]. 

We see there are two control mode used in the 
process, the position control and the force control. 
For the sake of lower cost, sensor-less force control 
are usually used in the force control. However, open 
loop control usually loses precision. To achieve 
precisely force control, a force sensor is needed. 
Hybrid force/position control is widely used in 
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manipulator control system [4, 5]. Also, faster and 
more correct contact detection can be get with a force 
sensor [6, 7]. Kim [8] introduced an algorithm to 
compensate impact force using a piezo force sensor. 
However, the control approach of bonding process is 
rarely introduced. 

 
 

 
 

Fig. 1. Front view of bonding area. 
 
 

 
 

Fig. 2. Process of first bond. 
 
 
In this paper, we introduce an application of force 

sensor in the control wire bonding process. With the 
force sensor, a closed force control loop can be used 
and precisely pressure can be achieved. The contact 
detection can be performed in the force mode. Then, 
the contact can be detected earlier before the impact 
force is larger than the bond force. The benefit is that 
the impact force on the pad is reduced and the quality 
of fine pitch wire bonding is improved [8]. We firstly 
introduce the sensor assembling and calibration. Then 
we illustrated the control structure of position control 
and force control. To get the contact detection in 
force mode, the force control algorithm is introduced 
in the following. The experiment will show the 
bonding result using our proposed method. 
 
 
2. The Force Sensor 
 

The force sensor used in wire bonder is a 
SlimLine quartz sensor produced by Kistler. It 
produces an electric charge directly proportional to 
the force. The charge is measured by an electrode and 
fed to the charge amplifier via the integral cable. The 
precision can be less than 0.1 gf (gram force). The 
output of amplifier is an analog voltage between 0 V 
to 10 V. The sensor looks like a ring. It’s easily 

mounted under the nut of bond head as shown in  
Fig. 3. The measured force is not the pressure on the 
tip of capillary but it’s proportional to the pressure. 
Therefore, after mounting in the wire bonder, the 
amplifier must be set in the measuring range and the 
sensor must be calibrated. 

The calibration of force sensor needs another 
setup of calibrated force sensor. In the process of 
calibration, the tip of capillary should contact the 
surface of calibrated sensor with a pressure. The 
measured forces of calibrated and un-calibrated 
sensors can be read out from the amplifier. Then, we 
can get a relationship between the measured voltage 
and pressure of the capillary. The result is 33 gf/mv. 

 
 

 
 

Fig. 3. Mounting of the force sensor. 
 
 
The measured force reflects the reaction force 

acting on the Z-axis. If the bond tip contact with the 
bonding surface, i.e., if the Z-axis is stopped, the 
reaction force is proportional to the pressure of bond 
tip. If Z-axis is in free motion, the reaction force is 
proportional to the acceleration or deceleration of  
Z-axis. Therefore, the measured force is a 
combination of driven force of Z-axis and pressure. 
Typically, both of them do not occur simultaneously. 
Fig. 4 illustrates a measured signal from the force 
sensor during Z-axis motion. A point to point motion 
is firstly accelerated and then decelerated motion. 
The measured force has the same profile as the 
acceleration. 
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Fig. 4. Profile of measured force during Z-axis motion. 
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3. Control Law of Bond Head 
 

The bearing of bond head is a spring bearing. The 
spring bearing is also called leaf bearing or elastic 
bearing. It has spring force which would cause steady 
state error in both position control and force control. 
We have proposed a spring force compensation 
algorithm to simplify the control problem [9]. 
 
 
3.1. Position Control 
 

The motor of bond head is driven by a servo drive 
which works at current control mode. The position 
and velocity loop are realized in a motion controller. 
The model of the motor with spring bearing is 
equation (1)， 

 

 2

1( ) =
+p

s

G s
Js k

 , (1) 

 
where J is the inertia of motor and Ks is the elastic 
coefficient. 

The model of the drive is modeled as a first order 
filter with a time delay, 
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−
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+
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i
i

eG s
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where Ti is the time constant and L is the time delay. 

The velocity loop controller is a PI-controller 
with integration constant Tv and proportional constant 
Kv. The position loop control is a P-controller with 
proportional constant Kp. This controller also called 
PPI control. The control structure is shown in Fig. 5, 
Kso is the elastic coefficient used in spring force 
compensation. 

 
 

 
Fig. 5. Position control structure. 

 
 
3.2. Force Control 
 

There are many form of force control. In this 
paper, we used a closed loop force controller with an 
inner position loop. The force controller is a P-
controller with proportional coefficient fKp. The 
control structure is shown in Fig. 6. The constant Kfb 
is the calibrated force coefficient of force sensor. 
 
 

 
 

Fig. 6. Force control structure. 
 
 

It’s obvious that the force controller adjusts the 
motor’s output force via the position controller. 
When perform on force control, the parameters of 
inner position loop controller should be lower than 
them during in position control mode. It can be 
understand as the position loop performs a coarse 
tuning and the force loop performs a fine turning.  
 
 
4. Force/position Control Loop Switching 
 

As previously described, the control mode of 
bond head should be changed twice to finish a bond 
point. If the switching is incorrect, the bond will be 
failed. Even worse, the die would be destroyed. 
Therefore, it’s very important to make sure the safety 
before switching. 
 
 
4.1. Switch from Position to Force Control 
 

As shown in the bonding process, the bond head 
starts contact detecting after it reached the search 
height. Contact is the necessary condition to perform 
control mode switching from position mode to  
force mode.  

There are three signals can help to detect the 
contact, the position, the velocity and the force. The 
position signal is the slowest and the force signal is 
the fastest. If the contact is detected earlier, the 
impact force will be smaller. Since there are many 
disturbances will cause a failing detect [7]. Therefore, 
a filter is needed to avoid the disturbances. Since 
there are low pass filters embedded in the charge 
amplifier, we just use a Hamming window as an 
infinite impulse response filter as in equation (3), 

 
( ) ( ( 1) ( 2) ( 3)) / 3f k f k f k f k= − + − + −  (3) 

 
The flow chart of contact detection is shown in 

Fig. 7. Fc is the threshold for judgment of contact. If 
bond surface detected, the control mode can be 
switch to force mode immediately.  

We say that the control parameters of position 
loop will be changed smaller after switched into force 
mode. If the spring force was not correctly 
compensated, there will be fluctuations in both force 
sensor and velocity as shown in Fig. 8. If it is correct, 
the switch process will be smooth as shown in Fig. 9. 
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Fig. 7. Flow chart of contact detection. 
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Fig. 8. Force and position fluctuation with incorrect spring 
force compensation. 
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Fig. 9. Force and position profile with incorrect spring 
force compensation. 

 
 
4.2. Switch from Force to Position Control 
 

After the bond formation finished, the bond head 
should move up and turn into the next process. When 
switching into position mode, the control parameters 
will be change. There will be jump in the control 
signal if the position loop has tracking errors. Then, 
big fluctuations will happened in the bond head as 
shown in Fig. 10 and Fig. 11. 
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Fig. 10. Force fluctuation with incorrect switching. 
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Fig. 11. Position fluctuation with incorrect switching. 
 
 

Here, we introduce a two-steps method to make 
sure the switching safety. Firstly, the bond force 
should be released in one sampling time. At this time, 
there will be tracking errors in the position loop. We 
use the spring force compensation interface to add 
more control signal to synchronize the reference 
position and actual position. At the time of tracking 
error equals to zero, we perform the switching 
immediately. The profiles of force and position with 
correct switching are illustrated in Fig. 12, there is no 
fluctuation occurs. 
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Fig. 12. Force and position profile with correct switching. 
 
 
5. Experiments 
 

After applied a force sensor, the contact detection 
will be faster than other mode. The impact force will 
also be decreased. Fig. 13 illustrates a test result of 
impact force with different velocity. The impact force 
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is detected by the same force sensor as used in 
calibration. The impact force is very small different 
with the impact force is 1 time larger than the bond 
force before they used a force sensor as show in 
reference [8]. It indicates that a nearly flat-top impact 
force [7] is achieved. 
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Fig. 13. Impact force with different velocity. 

 
 

Fig. 14 illustrated a series of signals from the 
force sensor mounted in the wire bonder. The bond 
head act the first point bond circularly. It indicates 
two points. There are no fluctuations in the switching 
between both position and force control mode. Also, 
the bond force is precisely controlled. 
 
 

 
 

Fig. 14. Force profile of bonding test. 
 
 

After integrating all the modules of wire bonder, 
we finished the wire bonder operating system and 
performed the truly bonding process. Fig. 15 is a lead 
frame and Fig. 16 is a unit without bonding. Fig. 17 
illustrates a unit of die after bonding. The bond 
formation is good.  
 
 

 
 

Fig. 15. A view of leadframe. 

 
 

Fig. 16. A unit of die in the leadframe without bonding. 
 
 

 
 

Fig. 17. A unit of die in the leadframe after bonding. 
 
 

6. Conclusions 
 

In this paper, we introduced an application of a 
force sensor in bonding process to get a good 
bonding performance. We introduce the mounting 
and calibration of the force sensor and proposed the 
control strategy of the bonding process with the force 
sensor. Applied with the force sensor, the impact 
force is decreased and a nearly flat-top impact force 
is achieved. A precisely force control also can be 
realized. Then, a good bond formation can be 
achieved. 
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Abstract: Measurement technology of oil well develops and improves constantly at present. Reducing operation 
cost and energy consumption and improving efficiency of labor provides reliable technical guarantee for 
simplifying and optimizing ground process system. According to the needs of parametric measurement and 
monitoring for oil well, the paper combines with actual situation of the second factory in Dagang Oilfield, the 
second factory proposes the research on automatic measurement and monitoring technology for wireless oil well 
and application project, and scientific and information department in Dagang Oilfield ratifies the project. The 
paper studies automatic measurement and monitoring technology for wireless oil well, and evaluates the 
economic and social benefit. Copyright © 2013 IFSA. 
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1. General Thought of Study 
 

At present, automatic production of rod-pumped 
well based on the principle of measuring technology 
of diagram method is being applied and promoted. 
By investigation and analysis, the method has 
achieved some effect on the application in some areas 
or oil well, but the method of calculating liquid 
production capacity according to the area of pump 
indicator diagram has some disadvantages and has 
larger limitations of the application [1]. Therefore, 
we start from the study on pump efficiency, establish 
the mathematic mode with pump efficiency as the 
calculation bases and with pump indicator diagram 
assisting calculating liquid production capacity for oil 
well, and establish acquisition theory and method of 
indicator diagram of using precise kinematic model. 
The paper studies and develops automatic 
measurement and control system for beam-pumping, 
develops the corresponding software, and realizes 
remote wireless and automatic acquisition on 

production data of beam-pumping, automatic 
calculation of liquid production capacity,  automatic 
diagnosis on operation condition of pumping wells, 
and automatic start-stop of equipment [2]. 

 
 

2. Analysis on Characteristic of Pump 
Indicator Diagram 

 
Computer diagnosis of pumping well is that using 

mathematical methods to acquire sectional area of 
rod strings and load and displacement of the pump 
with the help of computer,, then draws downhole 
pump indicator diagram, and according to which 
analyzing and judging operation status of a full set of 
pumping equipment. And it includes calculating 
sectional stress at the top of all rod strings, estimating 
pump pressure, judging oil well potentials, 
calculating piston stroke coefficient and pump 
efficiency, and verifying mechanical condition of 
pump and tubing anchor [3-4].  
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Theoretical basis of diagnostic technology is that 
it makes rod strings as a dynamic transmission line 
underground. The inferior pump is set as the sender, 
and the superior resistance dynamometer is made as 
the receiver. The operation condition of downhole 
pump is transmitted to the ground with the form of 
stress waves along rod strings. The data recorded by 
the ground is for mathematical treatment, which can 
judge quantitatively the operation condition of pump 
[5]. The transmission process of stress wave in rod 
strings can be described by wave equation with 
damp.  

 
2 2

2
2 2

( , ) ( , ) ( , )U x t U x t U x ta c
tt x

∂ ∂ ∂
= −

∂∂ ∂ , 
 
where 

( )txU ,  is the displacement of any section for 
rod strings; 

a  is the transmission velocity of stress wave in 
rod string; 

c is the damping coefficient.  
The expression is the basic differential equation 

describing the trends of rod strings in diagnostic 
technology.  

The functions of suspension point dynamic load 
and displacement represented by truncated Fourier 
series are boundary conditions; 
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Because there is no invariable gravity item in the 

process of oil pumping for wave equation, dynamic 
load function D(t) after the weight of rod strings 
being reduced from the total load of suspension point 
is used to be as boundary conditions of force. Fourier 
coefficient of D(t) and ( )tU , 0σ , nσ , nτ  and 0ν , 

nν , nδ  can be respectively solved by the following 
formula:  
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where  

w  is the velocity of crank angle; 
T  is the  swabbing period.  
D(t) and U(t) are given with the form of curve or 

numerical value in actual work, so Fourier coefficient 

can be determined by approximate numerical 
integration. 

Fourier expansion of the expression D(t) and 
U(t)is as the boundary condition, and method of 
separation of variables is used to solve wave 
equation, which can get the relation of the 
displacement of any deep x section for rod strings 
changing with time:  
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According to Hooke's law:  
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The change of displacement of any deep x section 

for rod strings with time is:  
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At time t, the total load of x section is equal to 

F(x,t) adding the weight of rod strings under  x 
section: 

In the above formula,  
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The above formula is applicable for single rod 

string, and it only needs to do the corresponding 
extension for multistage sucker rod string to do the 
similar formula.  

As calculating downhole indicator diagram 
according to ground indicator diagram, it is necessary 
to determine firstly damping coefficient. Damping 
force of rod string system includes viscous damping 
force and non-viscous damping force. Viscous 
damping force consists of viscous friction among rod 
strings, coupling and liquid, and fluid pressure loss of 
pump valve and valve seat inner hole. Non-viscous 
damping force includes non- viscous friction among 
rod strings, coupling and liquid, the fiction between 
polish rod and packing, and frictional loss between 
pump plunger and pump cylinder. Equivalent 
damping can be used to replace real damping. And 
the condition is that the energy in each cycle when 
equivalent damping is eliminated in the system is the 
same as that when real damping is eliminated [6]. 
And damping coefficient formula can be deducted, 
and downhole indicator diagram of pumping well can 
be obtained [7].  

Diagnosis instrument measuring downhole pump 
diagram has strong regularity, and the diagram is 
easier to remember than ground indicator diagram, 
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and is easy to compare. The regularity of standard 
graph is summarized as follows: the left-sided 
vertical line of the diagram is used to analyze pump 
valve problems of downhole pump, and is the key to 
diagnosing if traveling valve and standing valve 
leaks. When it presents plumb line or approximates to 
plumb line, the superior and inferior valve is 
leakproof, and when the superior valve leaks, upper-
lift corner presents circular arc defect. When the 
inferior valve leaks, lower-lift corner presents.  
 
 

 
 

Fig. 1. Standard downhole pump indicator diagram (1). 
 
 

 
 

Fig. 2. Standard downhole pump indicator diagram (2). 
 
 

In Fig. 1, the top left is normal pump indicator 
diagram in which pump valve is leakproof, pump 
efficiency is high and the producing oil is good. The 
top right is that traveling valve closes slowly and the 
production of oil well reduces [7]. The bottom left is 
the measured figure when traveling valve leaks, and 
the top left of the figure has loss angle, the larger the 
angle, the serious the loss, and the production of oil 
well reduces greatly, so it needs to change pump as 
early as possible. The bottom right is that the 
production of oil well is normal, the producing oil is 
very good, and only traveling valve is influenced by 
sand, which has little loss.  

In Fig. 2, the top left is oil well wax deposition in 
which the curve has irregular raised increasing load 
and concave down load shedding, the production 
decreases, judgment on wax deposition degree can be 

observed in the right of the figure. The top right is 
that pipeline is obstructed or well head control block 
valve doesn't open, pump works normally but there is 
no oil, there is load on pump diagram, P∆  increases 
and the appearance is normal. The bottom left is the 
common diagram of viscous oil well producing in 
which the immediate part of the top and bottom 
curves bloats, which has the reason that the load 
increases when viscous oil well moves faster, the 
velocity near stroke dead center is slow, and the 
added load is small [8-9]. Therefore, viscosity 
reduction measure is generally used on viscous oil 
well to have better production, and pumping 
parameters should select slow speed which is less 
than 6 times/min [10, 11]. The bottom left has the 
problem that the inferior and superior pump valve are 
not tight, checking pump should be arranged as early 
as possible. The bottom left is downhole pump 
diagram with deep pump setting and faster speed, 
there is no wave form in the curve of the stroke 
process, but the pump operates normally, the pump 
valve is leakproof, and the producing oil is good.  

 
 

3. Methods of Calculating 
 

1)  Oil well indicator diagram. 
Indicator diagram is a closed curve. Indicator 

diagram makes measurement when oil well works, 
the data of load and displacement can be measured 
with the same time interval. Number of pairs for each 
indicator diagram is same and is measured in the 
constant time interval, and number of pairs for 
different stroke rates is different. In order to get rich 
information from indicator diagram data, the best 
time interval of measuring the load and displacement 
data is less than 0.055 s. The largest and smallest 
load of suspension center can be obtained from the 
indicator diagram.  

2) Calculation method of oil well liquid 
production capacity. 

The practice indicates that the actual output is 
lower than the theoretical yield generally, and the 
actual liquid production capacity can be written as: 

 

snfQ pη1440= , (1) 
 

where η  is the pump efficiency, pf  is the pump 

plunger area, 2m ; s  is the stroke, m; n  is the stroke 
rate, 1min− . 

The factors influencing pump efficiency mainly 
include four factors: 1) Rubber-sheeting of rod 
strings and tubing string, 2) Influence of gas and 
imitation dissatisfaction, 3) Influence of leakage,  
4) Influence of clearance volume. Therefore, general 
expression of pump efficiency can be expressed as: 

 

stroke loss fulling extent seepage loss clearance volumeη η η η η= ⋅ ⋅ ⋅  
(2) 



Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 351-357 

 354

The four factors influencing pump efficiency can 
be achieved by theoretical calculation [3].However; 
theoretical calculation needs more parameters of oil 
well and the produced oil-gas-water, which goes 
against gas-oil separator calculating the production of 
the oil well. Next, we use indicator diagram data to 
calculate.  

3) Stroke loss calculation. 
a) Stroke loss under static load. 
As liquid column functioned on pump plunger is 

alternately and respectively transferred to rod strings 
from tube and transferred to tube from rod strings, 
which causes alternate increment of load and 
reduction of load on bolt supports and tube. And the 
stroke loss caused by the load of liquid column can 
be expressed as:  

 
'

static stroke loss
1 1

m n
tjl ri

i jri tj

LW L
E f f

λ
= =

⎛ ⎞
= +⎜ ⎟⎜ ⎟

⎝ ⎠
∑ ∑ , (3) 

 

where lW ′means the load of liquid column 
functioned on pump plunger, N, and it can be 
obtained from the variation of initial value for two 
loss curves. E is the elasticity modulus of steel, 

Pa111006.2 × . nL  means the length of the i  oil-

sucking rod, m. rif  is the cross section area of the i  

oil-sucking rod, m2. tjL means the length of the i  

tube, m. tjf  is the cross section area of the i  tube, 
m2.  

b) Stroke loss under inertia load. 
In up stroke, polished rod load is larger than static 

load, the reason for which is inertia load of oil-
sucking rod and liquid column. When suspension 
center rises to top dead center, the speed tends to 
zero, but rod strings have the maximum acceleration 
for decurrent and the maximum inertial load for the 
upward, which makes rod strings reduce lad and 
shorten. Therefore, after suspension center reaching 
top dead center, rod strings continue to moving 
upward with pump plunger under inertia force, which 
makes pump plunger move upward a distance than 
static deformation . And the similar conditions also 
appear in the down stroke.  

The formula of inertia load adding plunger stroke 
is:  

 
2

inertia stroke loss
11790

m
rir

i ri

LW sn
E f

λ
=

= ∑ , (4) 

 
where Wr is the inertia load, N. The load value of 
indicator diagram reaching top dead center 
subtracting the initial load of floating valve leakage 
curve can get inertia load.  

c) Stroke loss under friction. 
Paraffin blockage, sand and eccentric wear can 

produce friction on the sucker rod, which results in 
stoke loss of sucker rod. Because the direction of 

frictional forces opposites to the direction of motion, 
sucker rod receives the down frictional force in the 
up stroke, which can lead to traction of the sucker 
rod. Similarly, sucker rod can be shortened in the 
down stroke.  

The formula of friction resulting in stokes loss of 
pump plunger is:  

 
'

1 1

m n
f tjri

i jri tj

W LL
E f f

λ
= =

⎛ ⎞
= +⎜ ⎟⎜ ⎟

⎝ ⎠
∑ ∑f r i ct i onal  st r oke l oss , (5) 

 

where fW ′ is the additional load of frictional force on 
pump plunger, N, and it can be obtained by the mean 
value of all loads greater than that at top dead center 
on the indicator diagram substracting the load at top 
dead center in the up stoke, and it can be achieved by 
the mean value of the load at the down dead center 
substracting all the load.  

4) Influence of gas and imitation dissatisfaction. 
In the methods of computers justifying 

automatically indicator diagram, differential curve 
method not only can distinguish accurately the 
indicator diagram influenced by gas and imitation 
dissatisfaction ut also can figure out the proportion of 
stroke loss caused by the corresponding imitation 
dissatisfaction. The above starting point of stroke is 
reference level of differential curve, and it can be 
obtained by S-curve of indicator diagram line in the 
up stoke subtracting indicator diagram curve in the 
down stoke. There is a section of closing to zero line 
on the left side of indicator diagram for the pump 
which is not full, and the differential cure changes 
into negative value. The proportion of the part 
closing to zero line taking up the whole differential 
curve is equal to the proportion of stoke loss caused 
by imitation dissatisfaction. The following is a 
detailed introduction of principle and identification 
methods for differential curve:  
(4) Principle of differential curve identifying pump 
indicator diagram. 

 1) Identification algorithm of differential curve. 
The line segment with the most information in 

indicator diagram is the load bearing and unloading 
line segment which doesn't receive wave distortion of 
rod strings and liquid column. The length for the load 
bearing and unloading line segment depends on 
plunger path loss produced by sucker rod 
deformation rλ and tube deformation tλ , S∆ . 
Single rod string can be determined according to the 
following formula:  

 
1 1( )L

r t
r t

F H
S

E f f
λ λ

⋅
∆ = + = +  (6) 

 
And multistage rod can be determined according 

to the following formula:  
 

1
( )

n
iL

i ri t

LF H
E f f

λ
=

= +∑ , (7) 
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where LF  is the liquid column load, H is the pump 
depth, E is the elasticity modulus of sucker rod 
material, rf is the cross section area of rod strings 

and tf  is the cross section area of tubing string.  
Plunger stroke loss value depends on setting 

depth and specification of sucker-rod pump. If pump 
depth, pump diameter, stroke of polished rod S and 
swabbing cycle time T are known, it is not difficult 
to determine duration 1t of the line segment including 
information on differential cure, ( )SSTt 2/1 ∆⋅= , 

and knowing 1t can figure out the points of 
differential curve containing message section. 
Symbol sequence code of differential curve 
containing message section can explain exactly main 
types of equipment state for sucker-rod pump, and it 
doesn't need to preprocess the indicator diagram for 
suppressing fluctuation. The threshold is determined 
according to the actual situation, the differential 
curve is converted into the change of information 
section symbol, and the value behind the information 
section is as the reference for further judgment.  

Integral test of non-information part of 
differential curve shifting to positive or negative area 
is used to differentiate 2 types of pump-state with the 
same symbol sequence code of differential curve: 
fixed valve leakage and plunger lower pass 
resistance, floating valve leakage and resistance met 
on pump plunger.  

The greatest advantage of differential curve 
method is that feature analysis corresponding to 
various main condition is evident, and that using 
identification algorithm can classify condition type 
more accurately. The method doesn't need human 
intervention in the recognition process, especially it 
is suitable for batch processing on a large number of 
oil well diagram in oilfield database.  

2) Influence of leakage. 
Leakage curve of traveling valve can figure out 

leakage upperlQ′ of traveling valve and piston in unit 
time. And indicator diagram can figure out the time 

upperQ  in the up stroke, the leakage in the up stroke 
can be figured out:  

 
'

.upper upper upperlQ Q t= ⋅  (8) 
 
Leakage curve of fixed valve can figure out 

leakage belowlQ′ of fixed valve in unit time. And 

indicator diagram can figure out the time belowQ in 
the down stroke, and the leakage in the downstroke 
can be figured out:  

 
'

.below below belowlQ Q t= ⋅  (9) 
 
And the production losses caused by leakage can 

be achieved : 

below belowlQ Q Q= +  (10) 
 
3) Influence of clearance volume. 
Influence of clearance volume can be obtained by 

using the following empirical formula:  
 

Clearance volume 1 0.387 /h sη = −  (11) 
 
 

4. Study on Algorithm 
 
1) Calculation on liquid production capacity for 

electric submersible pump 
Calculation on liquid production capacity for 

electric submersible pump is mainly on the basis of 
multiphase flow throttling mathematical model on the 
ground, combines mathematical model of energy 
consumption and lifting mathematical model of 
electric pump for correction and simulation, gets the 
specific calculation rules of liquid production 
capacity, and the liquid production capacity under the 
ground can be figured out.  

2) Calculation on liquid production capacity for 
flowing well 

It is mainly on the basis of multiphase flow 
throttling mathematical model of choke on the 
ground for correction and simulation, gets  the 
specific calculation rules of liquid production 
capacity applying to flowing well, and the liquid 
production capacity of  flowing well under the 
ground can be figured out.  

As shown in Fig. 3, the mixture of gas and oil 
gets through choke under the influence of oil pressure 

tP before choke and the influence of back pressure 

hP behind choke on reaching pithead from shaft 
bottom. As the gas inflates here, volume flux of the 
mixture is very large, but nozzle diameter is very 
small. Therefore, flow velocity of the mixture is 
extremely high when it flows through choke, which 
can reach critical flow. The so-called critical flow is 
flow velocity of fluid reaching propagation velocity 
of pressure wave in flowing medium, that is, the flow 
condition on acoustic wave velocity. And the flow of 
aerated liquid in choke can be regarded as nozzle 
flow of fluid in thermal in critical condition. The 
relationship 12 / PP of pressure ratio for mass flow 
and before and after jet of gas or liquid passing jet is 
shown in Fig. 4. 

 
 

 
 

Fig. 3.  Nozzle flow diagram. 
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Fig. 4. ( )12 / PPfG = . 
 
 

In Fig. 4, G is the quality of fluid, 1P and 2P  are 
the pressures before and after jet. From Fig. 4, we can 
get that 0=G when 21 PP = . On the line section of 

ab in curve, when the pressure ratio 12 / PP decreases 
gradually, the flow G increases gradually. But when 
flow G increases to a certain value (maximum value) 
and the pressure ratio continues to be decreased, the 
flow doesn't increase, but the flow keeps definite 
value such as the show of line segment bc. The 
pressure ratio 1/ PPc  corresponding to the maximum 
flow is called critical pressure ratio. According to 
thermodynamics theory, critical pressure ratio of gas 
flow is:  

 

1

1

2
1

k
kcP

P k
−⎛ ⎞= ⎜ ⎟+⎝ ⎠

, (12) 

 
where k  is the adiabatic exponent of gas. 

The maximum stream flow in the condition of 
critical pressure ratio is the flow of sound velocity.  

The sound velocity in air, oil and saline solution 
is respectively 335.4 m/s, 1216 m/s and 1700 m/s. 
And the sound velocity of gas-oil mixture relates to 
the mixture composition and property.  

The critical pressure ratio of air flowing through 
jet is: 

 

1

0.528cP
P

≈ (Natural gas is 0.546) (13) 

 
The flow of gas-oil mixture in choke is similar to 

the flow of single-phase gas. From the above 
formula, we can see that, when the pressure ratio is 
equal to or less than 0.546, the flow velocity which is 
equal to sound velocity is produced in choke in 
general. In the condition of critical 
flow, 546.0

11

2 =≤
P
P

P
P c , the flow is not influenced by 

the change of pressure behind choke, but it only 
relates to pressure before choke, choke diameter and 
gas-oil ratio. According to statistical analysis of  
field data, the relationship between them can be  
expressed as:  

 
m

t
n

p d
q

cR
=  (14) 

or 
n

t m

cR qP
d

=  (15) 

 

where tP  is the oil pressure ( 1P ); 

R  is the gas-oil ratio; 
q  is the oil production; 
d  is the choke diameter; 

cmn ,,  are the constants.  
Formula (14) shows the fundamental relation 

between main flow parameters of oil-gas mixture 
flowing through choke in the condition of critical 
flow. The difference of fluid property and hybrid 
mode of oil and gas makes choke flow complicated. 
According to data statistics of hundreds of wells at 
home and abroad, the common calculation formula of 
choke flow is: 

 
2

0.5

4
t

dq P
R

= , (16) 

 
where tP  is the oil pressure, MPa; 

q  is the oil production, t/d; 
R  is the gas-oil ratio, m3/t; 
d  is the choke diameter, mm; 
As for water-cut well, the following formula can 

be used:  
 

( )
2

0.5
0.5

4 1t t w
dq P f

R
−= − , (17) 

 
where 

tq  is the liquid production capacity, t/d; 

wf  is the water-cut, decimals. 
It should be pointed out that a large experienced 

characteristic for nozzle flow equation relates to 
oilfield conditions. Therefore, in practical 
application, the data pf parameters relating to nozzle 
should be collected and analyzed and the above 
formula should be corrected according to concrete 
conditions of oilfield, and the formula applying to the 
region is achieved.  

When nozzle diameter and gas-oil ratio are 
certain, production q  and portal oil pressure is linear 
relationship, as shown in Fig. 5. Only the critical 
flow of nozzle is met, the entire production system 
can produce steadily. Although portal back pressure 
changes, there is no change for oil well outputs.  

 
 

 
 

Fig. 5. Relation curve of nozzle, oil pressure and output. 
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5. Conclusion 
 

The paper deepens theoretical research of 
automatic metering and monitoring, establishes and 
improves calculation quantitative basis of pump 
working condition applying to geology of Cai You Er 
Han and project characteristics, and forms a set of 
theories and methods of calculating liquid production 
capacity. Using wireless automatic metering mode 
not only can make computational accuracy of single 
well oil less than 10 %, but also satisfy the 
requirements of single-well measurement of oil well. 
The application of the technology has important 
guiding significance on accurately and timely 
mastering on reservoir conditions and formulating 
production decision. The implementation of 
automatic metering and monitoring technology truly 
not only realizes automatic extraction of teledata, but 
also makes sure individual well producing rate of 
blocks, improves automation technology and 
management technology of oilfield for striding 
forward digital management from manual 
administration, and saves manpower and material 
resources. Applying advanced and applicable oil well 
measurement technology can simplify the current 
there-level station distribution into one-level station 
distribution, reduces ground system pipeline, 
improves oil well production, improves the system 
efficiency, and reduces maintenance costs.  
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Abstract: Solar radiation simulator is widely used in many fields such aviation, aerospace, armament, 
agriculture, auto industry and material. Meanwhile, a lot of analysis and experiments are conducted by many 
scholars which base on sectional temperature distribution of concrete filled steel tube (CFST) under actual solar 
radiation effect. Considered that complex analysis results are different from physical conditions and there are 
many operational difficulties in the complex experiments, a solar radiation simulator of which features can meet 
the 2-class requirements of solar simulator general specification is designed, and 4 CFST specimens are 
conducted under unilateral radiation test. The conclusion is that the sectional temperature distribution is well 
agreed with the analysis results of such simple progress, therefore in order to make up for the shortcomings of 
complex numerical analysis reliability and experimental operability in the actual situation, the secondary 
development and design achievements could be conducted basing on it. Copyright © 2013 IFSA. 
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1. Introduction 
 

Solar radiation simulator is widely used in many 
fields such aviation, aerospace, armament, 
agriculture, auto industry and material [1-2]. Large 
solar simulator are built in many foreign countries 
such as JPLSS15B and GSFC SES in America [3-4], 
ESTEC in Europe [5], NASDA in Japan [6], IABG in 
German [7], INTESPACE in France [8], BK600/300 
in Russia and LSSC in India [9]. At the same time, 
the operating principal and system design of solar 
radiation simulator are research by domestic scholars, 
and simulation and experimental validation on such 
base are conducted. In view of the difference of 
thermal performance parameters between two 

materials of CFST, the actual CFST arch bridge will 
lead to an irregular temperature distribution by solar 
radiation effect, and then which work together with 
other loads will affect its performance. A lot of 
analysis and experiments are conducted by many 
domestic scholars which base on sectional 
temperature distribution and temperature effects of 
CFST under actual solar radiation effect. 

However complex numerical analysis result can 
be convergent only by a great many of assumptions, 
which has some difference from the actual situation 
and can’t reflect actual situation properly, at same 
time, the analysis results are wanted to guide the 
experiment and verify analysis results by experiment 
test, while the sectional sunshine temperature field 
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testing of CFST is also affected by climatic 
conditions, and then there are many difficulties in 
experiment’s maneuverability when considering 
many factors (solar radiation effect, load, creep and 
shrinkage of concrete, expansion of concrete) interact 
together. In this paper, in order to make up for the 
shortcomings of complex numerical analysis 
reliability and experimental operability in the actual 
situation, the secondary development and design 
achievements could be conducted basing on it. A 
solar radiation simulator is designed based on the 
foundation of ref. [10-14], which is not only can meet 
the requirement of specification [2], but also carry 
out solar radiation environmental simulation 
experiment. 4 CFST specimens are conducted by 
unilateral radiation test, and the feasibility and 
expansibility can be verified by comparing the 
analysis results of such simple progress with 
measured values.  

 
 

2. Design of Solar Simulator 
 
2.1. Design Scheme 
 

Combining the formulas of solar radiation 
intensity calculation in ref. [19] with considering the 
most disadvantage conditions, the radiation intensity 
of controlled surface is 1120±10 %W/m2. Moreover, 
the choice of light source and design of system is the 
key to the fabrication of solar radiation simulator, the 
metal halide lamp is chosen for such test system 
whose spectrum is close to the sunlight, and the final 
design of solar radiation simulator in this test is 
assembled by 20 metal halide lamps (power is 150 W 
and lampshade is 26×20 cm) with 5 rows and  
4 columns according to the design scheme of ref. 
[14], considering the quantity and arrangement of 
light source, distance between each lamp, proportion 
of effective radiation surface, longitudinal cross 
section size of CFST specimen, power of metal 
halide lamp in market, shape and size of lampshade. 
The preliminary design is shown in Fig. 1. 

The radiation intensity of measured points under 
different setting conditions are tested multiple times 
by changing the radiation distance (L) and vertical 
distance (S) between lights (in Fig. 2). The intensity 
test equipment of solar radiation is CMP3 shortwave 
radiation sensor, and data acquisition equipment is 
Solrad (METEON 3) hand-held radiation data 
measuring instrument. At last, the radiation intensity 
of 10 points in Fig. 1 could be guaranteed in the 
range between 1008 and 1232 W/m2 when the S is  
0 mm and L is 20 cm. Therefore, the radiation 
intensity of representative points within the scope of 
longitudinal section CFST specimens are completely 
investigated and tested after ensuring the 
arrangement and radiation distance of light source of 
solar radiation simulator(in Fig. 3 and Fig. 4), 
measured values of 23 points are all in the range 
between 1008 and 1232 (W/m2). Due to the limit of 
space, the radiation intensity –time diagram of some 

points are only listed, which is shown in Fig. 5, while 
the radiation intensity of the symmetrical points are 
not the same because the fixed position of the 
lampshade are not absolutely consistent and the light 
source is not absolutely parallel to the radiation 
surface. 
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Fig. 1. Preliminary arrangement of lamps  
and measured points. 

 
 

 
 

Fig. 2. Experiment set-up. 
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Fig. 3. Arrangement of measured points. 

 
 

 
 

Fig. 4. Experiment set-up. 
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Fig. 5. Comparison of radiation intensity-time curve  
of some symmetrical points. 

2.2. Performance Parameters Measurement 
 

The metal halide lamp will take some time to 
stable work, so the early period of work should not be 
used as a reference basis, each measuring point will 
take 30 min from lamp beginning to end, then, the 
interval (10~30 min) is only took to examine the 
unevenness and instability. The maximum value and 
minimum value of radiation intensity between  
23 measured points are 1221 and 1010 W/m2 
respectively during the interval (10~30 min), 
according to the specification [2], the unevenness 
(9.56 %) is less than 10 %, which meets requirements 
of C-class, at the same time, the instability of the 
representative points such as 1, 8 and 19 points are 
0.7 %, 1 % and 1.2 % respectively, which are less 
than 2 % and meet requirements of B-class. 

 
 

3. Practical Application of Solar 
Simulator 

 
3.1. Experimental Program 
 

4 CFST specimens (Φ219×6×657mm) are 
fabricated with the expansive agent dosage of 10 %, 
the arrangement of temperature sensor (PT-100 
platinum thermometric resistance) is shown in Fig. 6, 
and the unilateral radiation test is conducted after  
28 days’ standard curing, the temperature data of 
concrete are tested to ensure its hydration heat release 
completely during the standard curing. The radiation 
distance between light source of solar radiation 
simulator and specimens are adjusted to 20 cm, and a 
partition is placed between them, the partition is 
removed after 1 hour that the radiation intensity of 
solar radiation simulator guarantees currency 
stability, then the specimen begin to achieve 
unilateral radiation effect. Effect time takes 8 hours 
(the maximum temperature difference of CFST 
section becomes stable), temperature data are 
automatic gathered by CH301C -16 road recorder 
controller, the unilateral radiation effect process of 4 
CFST specimens is shown in Fig. 7  
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Fig. 6. Arrangement of temperature sensor. 
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Fig. 7. Experiment set-up. 
 
 

3.2. Measured Temperature Field Analysis 
 
3.2.1. Measured Value Analysis  
 

Through the continuous observation to 
temperature data, the temperature variations of 4 
specimens are shown in Fig. 8. 

The temperature difference between day-side and 
night-side of 4 specimens vary very small after  
300 min effect, and they are 19 °C ± 1 °C; the  
5 measured points’ temperature variations of  
4 specimens all show an upward trend under 
unilateral radiation effect, but the magnitude of rising 
are not the same, from the temperature difference – 
time curves, the temperature of each point continue to 
rise under unilateral radiation effect, the maximum 
negative temperature difference between measured 
points B and A of each specimen are reached when 
the effect affects for 100 min, that is, the temperature 
of B point reaches the minimum temperature at this 
time, then, the temperature of each point continues to 
increase with the increase of effect time, the 
temperature of B point is equal to its of A point when 
the effect affects for 250 min, at last, the positive 
temperature difference between measured points B 
and A of each specimen continues to increase with 
the increase of effect time. 

 
 

3.2.2. Comparison Analysis Between 
Theoretical and Measured Value 

 
The testing process is analyzed by the finite 

element analysis method of heat conduction through 
literature [18], where qs  is 1120 W/m2, and the 
comparison diagram between analysis results and 
measured average results is shown in Fig. 9. 
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(a) T-t and ∆T-t of No.1 specimen. 
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(b) T-t and ∆T-t of No.2 specimen. 
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(c) T-t and ∆T-t of No.3 specimen. 
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(d) T-t and ∆T-t of No.4 specimen. 
 

Fig. 8. T-t and ∆T-t variation diagram of four specimens. 
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Fig. 9. Comparison of temperature of measured points  
by finite element model and tests. 
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Fig. 10. Temperature dynamic paths. 
 
 

As is shown in Fig. 9, the tendency between finite 
element calculation results and the test values are the 
same, but there have small difference between them 
in the early period of radiation effect, that is, the 
slope of temperature curves have different changes 
the increase of effect time, which are connected with 
the temperature difference between specimen 
temperature and atmospheric temperature and the 
corresponding rate of heat removal. When the rate of 
heat addition is considerably larger than rate of heat 
removal, the change tendency of curve is a binomial 
function curve with concave upside (“a” curve in  
Fig. 10), when the rate of heat addition is slightly 
larger than rate of heat removal, the change tendency 
of curve is a straight line that the slope is greater than 
zero (“b” curve in Fig. 10), when the rate of heat 
addition is close to rate of heat removal, the change 
tendency of curve is a binomial function curve that 
the slope is greater than zero and also is reduce 
gradually (“c” curve in Fig. 10). Besides, the early 
period of radiation effect all have the increasing 
tendency of the rate of heat addition of 5 curves in 
finite element analysis, because temperature change 
of specimen is sensitive to the temperature difference 
between specimen temperature and atmospheric 
temperature in finite element analysis, while in the 
testing process, many external environment factors 
all have an effect on the temperature change of E 
point in dayside of specimen, so the temperature 

change rate of E curve has the decreasing tendency, 
which does not affect the all analysis. 

 
 

4. Conclusion 
 

This paper is based on the design, fabrication, test 
and examination of the solar radiation simulator, 
which is also adopted in the unilateral radiation test 
of 4 CFST specimens. The following conclusions are 
drawn based on the work described in this paper:  

1) The radiation intensity of solar simulator 
within the effective radiation scope is in the range of 
1008 and 1232 (W/m2) when the radiation distance is 
20 cm, and the unevenness and instability meet the 
C-class and B-class of General specification for solar 
simulator respectively, even basing on the above 
reference, the simulator which meet many actual 
requirements can be designed by changing the 
radiation distance and effective radiation scope.  

2) The temperature change of CFST section under 
unilateral radiation effect is well agreed with 
numerical analysis results, which illustrates the 
feasibility and reliability of such design scheme, at 
the same time, in order to make up for the 
shortcomings of complex numerical analysis 
reliability and experimental operability in the actual 
situation, the secondary development and design 
achievements (which could achieve the 
environmental simulation of phenomenon that the 
sun rises in the east and sets in the west) could be 
conducted basing on it. 
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Abstract: This paper used the gradient blind signal separation algorithm to carry out the electrical power system 
harmonic signal analysis through the simulation experiment. The experiment result proved that the electrical 
power system harmonic signal separation based on the gradient algorithm is accurate. Through comparing the 
separation performance by using the different step size, the adaptive changing step size natural gradient blind 
separation algorithm for the electrical power system harmonic signal blind source separation can effectively 
separate each frequency harmonic component of the observation blind mixed signal. This paper mainly analyzed 
the algorithm performance of convergence speed and steady state error under the selection of different step size. 
Copyright © 2013 IFSA. 
 
Keywords: Blind signal separation, Natural gradient algorithm, Electrical power system, Harmonic analysis, 
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1. Introduction 
 

Blind Source Processing (BSP) is a quickly 
developed new method of many research fields in the 
late 1980s. It is a new subject combining the 
statistical signal processing, information theory and 
artificial neural network. [1, 2] Blind source 
separation technology [3] is refers to the source 
signal is unknown and in blind mixed process under 
the condition is unknown, and separates out the 
source signal from the mixing blind signal. The core 
issue of blind source separation is the research to the 
separation matrix learning algorithm. Blind signal 
separation algorithm mainly includes: the information 
maximization (Informax) algorithm [4], the natural 
gradient algorithm, the Equivariant Adaptive Blind 
Separation (EASI) algorithm [5], fixed point Fast 
training (Fast ICA) algorithm [6], and so on. Blind 
source separation is an optimization process based on 

information theory, higher order statistics theory, to 
establish a cost function, and a kind of optimization 
algorithm is applied to the objective function. [7] 
Among them, the gradient algorithm is a kind of 
classic unconstrained optimization algorithm, which 
has an advancement of simple principle, easy to 
implement, therefore, can realize the online 
calculation signal, especially the classical natural 
gradient algorithm has been widely used in mangy 
blind source separation field. Especially in the 
biomedical signal processing, speech signal, image 
processing, communications, radar, and underwater 
acoustic signal processing, and other fields, which 
has obtained the good application effect. In this 
paper, we study a kind of variable step size adaptive 
natural gradient blind source separation algorithm [8] 
applying into the power system harmonic analysis, 
and study the role of step in the algorithm 
performance. 
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2. Blind Separation Model 
 

As there is no prior knowledge of source signals 
and mixing matrix can be used, we must make some 
additional assumptions of source signals and mixed 
matrix, the assumption of different practical problems 
and algorithms to the source signals and mixing 
matrix are not the same, but the basic premises are 
the same. Namely the each component ( )is t  of source 
signals ( )s t is statistically independent each other, 
and most can only have one component obey the 
Gaussian distribution, after multiple mixed Gaussian 
process is still a Gaussian process, so it can't be 
separated. [9] When carrying the blind signal 
separation, first of all, modeling the nonlinear system 
based on the study of the problem, then, according to 
the information theory and statistical theory, 
establishing an objective function ( )J W according to 
the changing factor W. Finally, finding an effective 
algorithm to calculate W. If a W can be make to 
achieve maximum (or minimum), namely the W as 
requested. Building the objective function has variety 
ways, the most basic way respectively is: negative 
entropy, KL divergence and maximum likelihood 
target function [10]. Blind signal separation model is 
shown as Fig. 1. 
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Fig. 1. Blind separation model. 

 
 

The optimization methods are often used in the 
blind source separation. In terms of optimization 
way, there are Infomax algorithm, natural gradient 
algorithm and EASI algorithm. The convergence 
speed is linear, and speed is slightly slower, but they 
belong to the adaptive method, which has a real-time 
online processing ability. But Fast ICA algorithm is a 
method in high speed and numerical stability, which 
has super linear convergence speed than natural 
gradient algorithm. Its convergence speed is usually 
much faster. Comprehensive considering the gradient 
algorithm is a method of online processing, which 
has a suitable for on-line blind source separation and 
predicting diagnosis. Therefore, we carry out the 
analysis to the power system harmonic voltage based 
on the variable step size adaptive natural gradient 
algorithm. 

3. BSS Algorithm Analysis and Design 
 

Informax gradient algorithm is a usual way to 
calculate the extremum value of the objective 
function L(W). Its main principle is: firstly, selecting 
a initial solution mixed matrix, bringing it to the 
objective function and getting the gradient of L(W) at 
position W(0) , and then adding a suitable step size to 
calculate new separation matrix W(1) in the negative 
gradient direction (if solving the maximum, then 
taking positive gradient direction), and repeating the 
process. So the calculation formula to solving the 
random gradient algorithm for solving W is: 
 

( )
( )( 1) ( ) ( ) |W W k

L WW k W k u k
W =

∂
+ = +

∂
 (1) 

 
Among the formula (1), k is the number of 

iterations, u(k) is learning step size, and making 
( 1) ( )W k W k W+ − = ∆ .Without considering k, the 

formula (1) can be expressed as ( )( ) L WW u k
W

∂
∆ =

∂
. 

When selecting different objective function L(W), we 
can get different iteration formula. 

 
-( 1) ( ) ( )[ - ( ( )) ( ) ]T TW t W t u t W g y t x t+ = +  (2) 

 
Among the formula (2), µ (t) is step size, ( )g i  

is a nonlinear function, which is a function closely 
related to the source signal probability density 
function. Usually, to sub-Gaussian signal, 3( )g y=i . 
And to super Gaussian signal, ( ) tanh( )g y=i . 
Infomax algorithm can effectively separate the 
multiple super Gaussian distribution of the source 
signal. The main disadvantages of this algorithm are: 
slow convergence speed, and at the same time, 
because of the calculating the separation matrix 
inversion W, once the condition of W gets worse 
during the update process, the algorithm could have 
divergence. We can get the natural gradient algorithm 
by right multiplication WTW , which is shown as 
following formula (3): 

 
( 1) ( ) ( )[ - ( ( )) ( )] ( )TW t W t u t I f y t y t W t+ = +  (3) 

 
In the gradient algorithm, the best step size 

selection has been one of the problems of blind signal 
separation, its choice of algorithm convergence plays 
a key role. The simplest approach is to use a fixed 
step size, the same as the general gradient algorithm. 
And its disadvantages respectively are that: if the step 
size is big, the algorithm’s converges is fast, but the 
signal’s steady state performance is poor; on the 
other hand, the steady state performance is good, but 
the algorithm converges becomes slowly. 

From the formula (3) we can see, the function of 
step size u is controlling amplitude of separation 
matrix iteration update, so, properly selecting step 
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size is very important for the performance of the 
blind signal separation algorithm. Any time-varying 
step size process is the purpose of increasing step size 
into a big stable value and achieves the fastest 
convergence, when achieving the best convergence 
point's neighborhood, the corresponding step size 
should be reduced, and the steady-state error 
becomes little. If the step size is a fixed value, the 
convergence speed is bound to limit, and appear 
steady-state miss-adjustment problems, which 
produces the contradiction between the convergence 
speed and steady state performance. When the step 
size is small, algorithm of steady state performance is 
good, but the algorithm convergence is slow. On the 
other hand, the convergence is fast, but the steady 
state performance is poor. So that the algorithm in 
tracking performance in non-stationary environments. 

This paper used a kind of Variable step adaptive 
blind source separation algorithm, give consideration 
to the convergence speed and steady state 
performance. When selecting the step size, we use 
the following formula (4) to renew the step size. [11] 

 
( 1))( 1) ( )

( )
J tu t u t

u t
ρ ∂ +

+ = −
∂

 (4) 

 
Among the formula (4), ρ ＞0, and it is a small 
factor. Through the induction of ρ , we can get the 
step size algorithm formula (5). 

 
( 1) ( ) { ( ( 1)) ( 1)Tu t u t trace f y t x tρ+ = − + +   

( )[ ( ) ( ( ))]}T TW t I y t f y t−  (5) 
 

In addition, the performance of blind source 
separation algorithm usually has the two ways, one is 
the similarity coefficient expressed as similarity 
degree between the separated signals and source 
signal. Another way is using crosstalk error as the 
independence of elements based on the global 
transfer matrix elements.  

The crosstalk error expressed the deviation degree 
between the inverse matrix of the separation matrix 
W and the mixed matrix A. The crosstalk error is 
defined as bellow formula (6). 
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As formula (6), maxj|gij| is the absolute maximum 

value of the ith row element. When the separated 
signal y with the source signal s waveform is 
completely same, then E=0.  

 
 

4. Simulation and Experiment 
 
The electrical power system voltage signal is 

composed of fundamental wave, harmonic and noise, 
the sampling frequency is 1 MHz. We carry out 

simulation way to obtain electrical power system 
voltage signal including the fundamental wave of  
50 Hz, 3 times harmonic, 5 times harmonic and noise 
waveform signal. And sampling 4000 points to 
observation and analysis, the signal is shown as  
Fig. 2.  

 
 

  
 

Fig. 2. Initial electrical power system voltage  
waveform signal. 

 
 

Through random matrix blind mixing, the 
observation signal waveform is shown as Fig. 3. We 
can find the mixed signal is hard to identification.  

 
 

 
 

Fig. 3. Blind mixing waveform signal. 
 
 
When carrying out the blind separation to the 

observation signal, first of all, we use meaning and 
bleaching process, etc to the power system voltage 
waveform signal. Then, use the improved variable 
step size adaptive natural gradient algorithm with the 
initial step size of 0.005 and 71 10ρ −= × . In the 
algorithm, we select the nonlinear function of y3. The 
signal waveform of separation result is shown  
as Fig. 4. 

From the Fig. 4, we can see, this algorithm can 
accurately separate each harmonic component. We 
can carry out the crosstalk error to the separation 
waveform, and the result of crosstalk error is shown 
as Fig. 5. 
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Fig. 4. Separation waveform. 
 
 

  
 

Fig. 5. The crosstalk error. 
 
 

The crosstalk error is shown as Fig. 5. Algorithm 
can realize convergence within the number of 500. If 
we carry out the spectrum analysis to the separation 
signal. The result of the spectrum before the signal 
separation and after the signal blind separation 
respectively is shown as Fig. 6. 

From the spectrum diagram we can see, source 
signal can be better separated form the blind mixed 
observation signal, and includes 50 Hz fundamental 
wave, 150 Hz 3 times harmonic, 250 Hz 5 times 
harmonic and noise signal, etc. However, when not to 
blind source separation, blind mixed signal spectrum 
is shown in Fig. 6, which can not see the detailed 
information of each component from it. Therefore, 
the adaptive natural gradient blind source separation 
algorithm this paper presented can separate the signal 
well. In order to study the effect of step size on the 
separation performance, we take the initial step size 
of 0.001 and 0.01. The crosstalk error respectively is 
shown as Fig. 5. 

From the Fig. 7 of crosstalk error, the step size is 
0.001, the iterative around 2500 times algorithm 
realizes convergence, which showing choosing a 
small step size, the convergence is slow, but steady 
state performance is better; on the contrary, when 
choosing a large step size of 0.01, the iterative  
250 times algorithm can realize convergence, but the 
steady state performance is poorer.  

 
 

(a) Before the signal separation. 
 

 
 

(b) After the signal blind separation. 
 

Fig. 6. Spectrum diagram. 
 
 

 
 

(a) Initial step size µ =0.001. 
 

 
 

(b) Initial step size µ =0.01 
 

Fig. 7. The crosstalk error. 
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Thus, the natural gradient algorithm is sensitive to 
step size selection, and the tiny difference can bring 
different separation result, through simulation we can 
see, step size selection is a key problem. A fixed step 
size may not apply to all of the blind source 
separation problem. Therefore, we must adopt the 
method of multiple trials, in order to look for a 
suitable step size to achieve the best separation effect. 

 
 

5. Conclusions 
 

In view of the gradient blind signal separation 
algorithm, it is an online algorithm, and can realize 
online blind signal separation, and, through the 
experimental analysis, the natural gradient algorithm 
of blind source separation can well separate the blind 
mixed signals, and can according to the properties of 
model system to adjust the value of separation 
matrix, so as to get better separation result. Because 
the natural gradient algorithm has the equivalent 
change. The amount of calculation, convergence 
speed and steady state performance are mutually 
contradictory, so, we need to carry on the 
comprehensive consideration on the selection of step 
size.  
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Abstract: The use of nanomanipulators made from monocrystals with many times less hysteresis and creep 
compared with polycrystal piezoelectric ceramics makes it possible to achieve the following results: 
• A two-fold reduction in the measurement time (by using reverse scanning information), as well as reduction 

in the error compensation time during displacement. 
• A ten-fold reduction in the positioning time in NanoFab during vector positioning instead of raster scanning. 
• Integration of standards of length (measures of displacement) with actuators (piezoelectric manipulators). 
Nanomanipulators based on different directions of the crystallographic axes ensure displacements in the vertical 
direction up to 120 nm and in the horizontal direction up to 600 nm. Homodyne interferometers installed in 
NanoFab are characterized by a measurement uncertainty of 0.1-0.3 nm. Copyright © 2013 IFSA. 
 
Keywords: Nanomanipulators, NanoFab, Optical interferometer, Subnanometer uncertainty, Picometer. 
 
 
 
1. Nanomanipulators 
 

Hysteresis and creep of piezoelectric ceramic 
nanomanipulators and their correction with 
subnanometer imprecision reduces the productivity of 
NanoFab. 

Displacement error can be significantly reduced 
using monocrystal materials instead polycrystal 
piezoelectric materials.  

These manipulators provide linear displacement 
throughout the nanometer range -100 nanometers, 
which is officially equal to the upper boundary of the 
nanometer range, can be placed on a line of  
1000 pixels when displaying on a monitor screen at a 
scale of up to 0.1 nanometers/pixels. 

The amount of manipulator displacement is 
directly proportional to the amount of control 
voltage. Nanomanipulators are made from materials 
like lithium niobate. Designs of manipulators are in 

patenting. Depending on the amount of displacement 
required, manipulators are made by assembling one 
or several crystals. Joining manipulators ensure their 
movement in three directions. 

The photo of manipulators without a cover based 
on 3 crystals is given in Fig. 1. 

 
 

15 mm 

isolator
wires

monocrystal
material 

 
 

Fig. 1. Unpackaged  nanomanipulator on the base  
of monocrystal material. 
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Using materials with different directions of 
crystallographic axes relative to the electric field 
allows vertical or horizontal displacement.  

Measurement results of the dependence of 
displacement along the normal and parallel to the 
basis plane under the control voltage are given in 
Figs. 2 (a, b). 
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Fig. 2 (a, b). The displacement of nanomanipulators 
surface under the controlled voltage: a) vertical;  

b) horizontal. 
 
 

Measurements were carried out by optical 
interferometer with a stabilized laser radiation 
frequency.  

The typical form of electrical impulse and vertical 
movement impulse applied during calibration are 
given in Fig. 3 (a, b). 
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Fig. 3. a) Electrical impulse; b) Vertical movement 
impulse. 

 
Measurements were carried out during changes 

under the controlled voltage from/-1000 volts 
through +/-100 volts to 0 in and back, through points 
+/-300 V, +/-700 V, +/-1000 V. 

Linear manipulators with a reduction in hysteresis 
and creep make it possible to use reverse scanning 
measurement results.  

These manipulators also can be used as standards 
of displacement in nanometer range instead of length 
standards. 

This work presents the calibration results in PTB 
(Germany) [1] of standards of displacement based on 
monocrystal manipulators. 

It should be noted that due to linear dependence 
of size of surface, displacement of the standard 
surface with the control voltage makes it possible to 
generate displacements, not only in all nanometer, 
but also in pikometer range. 

It is impossible to use static measures not only 
because they break down outside a vacuum system, 
but also because of the fixed sizes of atoms. 

Thus it is possible to define the amount of 
measurement imprecision by comparing the noise 
level of the measuring device and the amplitude of 
the generated displacements. 

Photos of standards of vertical and horizontal 
displacements are given in Figs. 4 (a, b). 

 
 

а) b)  
 

Fig.4. a) Standards of vertical displacements;  
b) Standards of horizontal displacements. 

 
 
It is possible to use these standards for calibrating 

scanning probe and electronic microscopes. 
An example of measuring the surface 

displacement of a standard using a NanoFab Quanta 
3D is given in Fig. 5. 

 
 

 
 

Fig.5. Standard of horizontal displacement  
build in NanoFab Quanta 3D. 

 
 
Standards must be stable in time and during 

operation in usual atmospheric conditions. 
As a result of the processes on the surface of 

different materials (formation of an adsorbed layer, 
oxidation, diffusion and migration, reconstruction), 
their form and size change, which interferes with 
using traditional standards, with a static surface. 

Under the influence of operating electric 
impulses, the surface of displacement measures may 

standard of 
horizontal 
displacement 
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move for fractions of a second, during which the 
surface shape essentially does not change. 

Therefore these standards can be used for many 
years in different external conditions, including 
outside vacuum systems and clean rooms.  

It should be noted that calibration of manipulators 
of scanning probe microscopes in the vertical and 
horizontal directions does not depend on the shape of 
the probe. 

When carrying out vertical calibration on a 
standard of vertical displacement, different amounts 
of electric impulses are supplied. 

Carrying out horizontal calibration electric 
impulses of different values are applied to the 
standard of horizontal displacement. 

Vertical displacement is measured using a 
microscope feed back system that holds a probe at a 
fixed distance from the surface. 

During horizontal calibration, a plate with spatial 
heterogeneity similar to a diffraction grid is placed on 
the surface of the measure and the amount of surface 
displacement is measured.  

It is very important to measure the displacement 
of heterogeneity using the same side of probe since 
this excludes additional uncertainty of measurement 
related to its asymmetry. 

The use of calibrated linear manipulators 
integrates displacement instruments with calibration 
instruments, which increases the accuracy and 
productivity of NanoFab manifold [2]. 

If displacement at a distance much higher than the 
nanometer range is necessary, it is possible to use a 
combination of wide-range manipulators that ensure 
positioning with an uncertainty less than 100 
nanometers and the given linear manipulators that 
move within the nanometer range after the wide-
range manipulator has stopped. 

These calibrated manipulators can also be used 
for generating fast displacements, which makes it 
possible to measure the reaction time of the feed back 
system stabilizing the size of the gap between the 
probe and the surface being measured. 

Examples of displacements of different forms – 
step and linear are given in Figs. 6 and 7.  

The results of measurements of sinusoidal 
displacements with amplitude close to  
10 nanometers are given in Fig. 8. 

Displacements with amplitude of 3.2 picometers 
are given in Fig. 9. 

The results of measurements of displacements of 
the linear nanomanipulator of trapezoidal form are 
given in Fig. 10. 
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Fig. 6. Displacements of different step form. 
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Fig. 7. Displacements of linear form. 
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Fig. 8. Sinusoidal displacements. 



Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 369-373 

 372

1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 mm

pm

-4
-3
-2
-1
0
1
2
3
4
5

1

Maximum depth 3.55 pm

Mean depth 3.2 pm

s

 
 

Fig. 9. Step picometer displacement. 
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Fig. 10. Different trapezoidal form of displacements. 
 
 

Control electric signals of up to 2000 volts are 
generated by an electronic system specialized on the 
basis of the signal processor programmatically 
controlled from a computer. 

Photo of electronic control system is given  
in Fig. 11. 

 
 

 
 

Fig. 11. High voltage electronic control system. 
 
 
Measurement of value of voltage up to 1000 volt 

was carried out by the Fluke 8846A voltmeter with a 
relative error less than 2 • 10-5. 

 
 

2. Optical Interferometers 
 
Displacements in the nano- and picometer range 

were measured by a homodyne optical 
interferometer. 

Optical schemes of interferometers were created 
on the basis of microoptics, as well as fiber optics. 

The laser radiation was transmitted through a 
single-mode optical fiber.  

A photo of the optical interferometer based on 
microoptics is given in Fig. 12. 

 
 

 
Fig.12. Photo of compact optical interferometer. 

 
 
Laser radiation frequency was stabilized by the 

cesium cell. Relative instability of laser radiation 
frequency was less than 10-5. 

62,5 mm

fiber single 
mode optical 
connector 

optical emission from interferometer 
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Photo of optical isolator and cesium cell is given 
in Fig. 13. 

Optical interferometers may be used for 3D 
control of displacements of nanomanipulators. 

The principal optic scheme and arrangement of 
cases of interferometers concerning the 
nanomanipulator in a look of piezotube are given in 
Fig. 14, 15. 

 
 

 
 

Fig. 13. Optical isolator and cesium cell for stabilization  
of laser radiation frequency. 
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Fig. 14. The principal optic scheme of arrangement  
of interferometers around nanomanipulator of NanoFab  

on the base of piezotube. 
 

These interferometers could be built in nanofabs 
for measuring of displacements of wide range 
manipulators.  

In a range less than 0.1 nanometers to use 
accumulation and the coordinated filtration methods 
by one - two orders improve a ratio a signal/noise and 
provide carrying out measurements with subatomic 
uncertainty- few picometers. 

 
 

 
 

Fig. 15. The arrangement of cases of interferometers 
around nanomanipulator of NanoFab on the base  

of piezotube. 
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Abstract: The study aimed at analyzing the sensors related tweets on twitter in order to comprehend the market 
trend. The contribution of the study included the following two points. First, the study used the text mining 
method in order to explore the content of sensors related tweets. Second, the study applied the classification 
analysis to explore the relationship of the keywords. Copyright © 2013 IFSA. 
 
Keywords: Sensors, Twitter, Random forests, AdaBoost algorithm, Text mining, Classification. 
 
 
 
1. Introduction 
 

In this study, the author applied to the text mining 
analysis in the beginning. The study analyzed the 
sensors related tweets from twitter in order to get 
keywords and grasp the trend of sensors market trend. 

The rest of the paper was organized as follows. 
First, the study began with the introduction to text 
mining method. Second, the overall research design 
was outlined, the research sites were described and 
data collection methods were exposed. Third, the text 
mining results were then presented. Fourth, in order 
to comprehend the relationship between keywords of 
the policy addresses, the study applied the 
classification analysis to the text mining results. The 
paper concluded with implications and future 
research avenues. 

 
 

2. Methodology 
 
In the beginning, the study purposed to use the 

text mining method to analyze the keywords of the 
sensors related tweets. Text mining is one of the data 

mining methods, which learn from samples of past 
experience. In the text mining method, the text will 
be processed and transformed into a numerical 
representation. The text mining method is widely 
applied to information management on websites, 
biological data and customer relationship 
management [1]. 
 
 
2.1. Research Design 
 

The research steps were as follows, 
The study used the “tm” (text mining) and 

“twitteR” packages of the R language to explore the 
keywords of sensors related tweets from one of the 
famous social media twitter (http://twitter.com) 
according to the keywords frequencies.  

The study got 220 sensors related tweets and 
found the keywords of sensors related tweets 
were‘future’,‘internet’,‘track’,‘amp’, ’technology’,’d
ata’, ’diabetes’, hcare’,’iot’,’iphone’,‘GIS’, ‘infrared’, 
‘weightless’, ‘techzone’, ‘wearable tech’, ‘digikey’, 
‘innovation’, ‘webforms’,’blood’and ‘servicesphere’. 
The goal was to make the classification of keywords 
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and attempted to find the market trend of sensors on 
the twitter.  

Step 2: The study categorized the first  
110 keywords’ idf (inverse document frequencies) 
data and categorized as “Type 0”, and the following 
110 keywords data as “Type 1”.  

Then the study used different algorithms to make 
the classification analysis in order to comprehend the 
relationship among keywords and the importance 
ranking of keywords. 
 
 
2.2. Random Forests Classification Analysis 

 
The study also applied the random forests 

classification analysis to explore the relationship of 
Type 0 and Type 1 data and the importance of 
keywords. The random forests classification included 
the following steps [2, 3], 

Step (1): Draw the ntree bootstrap samples from 
the original data. 

Step (2): For each of the bootstrap samples grow 
an unpruned classification or regression tree, with the 
following modification: at each node, rather than 
choosing the best split among all predictors, 
randomly sample mtry of the predictors and choose 
the best split from among those variables. 

Step (3): Predict new data by aggregating the 
predictions of the ntree trees (i.e., majority votes for 
classification, average for regression). 

The study categorized the keywords idf data and 
made the first 110 tweets keywords data as “Type 0”, 
the following 110 tweets keywords data as “Type 1”. 
The number of trees was set as 500, and the number 
of variables tried at each split was set as 4. The 
“rattle” package of the R software randomly chose 33 
validated keywords data as the test data (18 Type 0 
data, 15 Type 1 data) and 187 keywords data as the 
training data. The error matrix of the random forests 
model for test data is shown in Table 1. 

 
 
Table 1. Error Matrix of the Random Forests Model. 
 

Predicted 
Observed 

Type No.0 Type 
No.1 

Percentag
e Correct 

Type No. 0 17 1 94.44 

Type No. 1 10 5 33.33 
Overall Error 
Percentage 33.33 % 

 
 

The study also used the ROC (Receiver Operating 
Characteristic) curve to determine whether the model 
is the suitable model. The ROC curve plots the true 
positive rate against the false positive rate. The 
method is to consider the square measures of areas 
under the ROC curves. If the square measure 
approaches to 0.5, it would be the less corresponding 
model. If the square measure equals to 1, it would bet 
the model with perfect accuracy. According to the 

calculation, the square measure of the area under the 
ROC curve was 0.7556. The ROC curve of the 
random forests model in the study is shown in Fig. 1. 
 
 

 
 

Fig. 1. The ROC curve of the Random Forests model. 
 
 
The random forests model calculated the variable 
importance, mean decrease accuracy and mean 
decrease Gini of keywords which were listed as  
Table 2 and Fig. 2. 
 
 

Table 2. Valuable Importance, Mean Decrease Accuracy 
and Mean Decrease Gini in Random Forests Model. 

 

Variables 

Valuable 
Importance 

(Type 0 
Data) 

Valuable 
Importance 

(Type 1 
Data) 

Mean 
De-

crease 
Accu-
racy 

Mean 
De-

crease 
Gini 

technology 15.85 21.71 21.05 2.51 
webforms 11.66 9.36 11.56 0.92 
innovation 9.58 11.19 11.48 0.89 
track 3.56 9.82 8.50 1.06 
diabetes 6.31 6.92 8.30 0.69 
blood  7.61 7.00 8.29 0.45 
infrared 5.94 7.76 7.64 0.31 
hcare 6.01 2.98 6.12 0.58 
servicesphere 8.37 1.33 5.34 0.58 
GIS 1.92 5.07 4.96 0.59 
future 3.83 3.27 4.51 0.90 
weightless 2.95 4.17 4.36 0.63 
iphone -0.33 4.01 2.18 0.67 
internet -4.30 4.24 0.12 0.61 
iot -0.14 -0.70 -0.48 0.59 
data  -4.43 -0.23 -2.96 0.42 
Wearable 
tech -4.43 -1.26 -3.14 0.30 

digikey -4.38 -2.11 -4.16 0.22 
amp -8.22 -0.79 -5.83 0.38 
techzone -8.56 -4.97 -8.04 0.32 
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Fig. 2. Mean Decrease Accuracy and Mean Decrease Gini 

of Random Forests Model. 
 
 
2.3. AdaBoost Algorithm Classification 

Analysis 
 
AdaBoost model is a machine learning algorithm 

which builds a strong classifier from a small set of 
efficient but weak classifiers. The idea is to choose 
the weak classifiers in such a way that when 
combined they perform much better. In the result, the 
final strong classifier builds a model that is able to 
predict the class of a new observation given a data set 
[4, 5]. Viola and Jones (2001) also developed the 
AdaBoost algorithm further to boost the classification 
performance by combining collections of weak 
classifiers to form a stronger classifier. In the 
beginning, a set of weak classifiers are chosen with 
the lowest classification error. Then the sequence of 
machine learning problems is solved and the final 
strong classifier which takes a weighted combination 
of the weak classifiers is determined. The final strong 
classifier determines the optimal threshold 
classification function for each feature [6].  

The general procedure of AdaBoost algorithm is 
shown as Fig. 2 [7]. 
 
 

 
 

Fig. 2. The AdaBoost Algorithm. 

The study also applied the AdaBoost 
classification analysis to make the classification 
analysis. The “rattle” package of the R software 
randomly chose 33 data as the test data (18 Type 0 
data, 15 Type 1 data) and 187 keywords data as the 
training data. The maximized depth was set as 30, the 
minimum split was set as 20 and the iterations were 
set as 50. The error matrix of the AdaBoost model for 
test data is as Table 3. 

According to the calculation, the square measure 
of the area under the ROC curve was 0.6630. The 
ROC curve of the AdaBoost model classification is 
shown in Fig. 4. 
 
 

Table 3. Error Matrix of the AdaBoost Model. 

 
 

 
 

Fig. 3. Mean Decrease Accuracy and Mean Decrease Gini 
of AdaBoost Model. 

 
 

 
 

Fig. 4. The ROC curve of the AdaBoost model. 

Predicted 
Observed 

Type No.0 Type No.1 Percentage 
Correct 

Type No. 0 15 3 83.33 

Type No. 1 10 5 33.33 
Overall 
Error 
Percentage 

39.39 % 
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2.4. Decision Tree Classification Analysis 
 

Decision tree analysis is useful for logical 
induction in the data mining process. Decision tree 
induction is the learning of decision trees from class-
labeled training tuples. A decision tree is a flowchart- 
like tree structure, where each internal node 
represents a test on an attribute, each branch 
represents an outcome of the test, and each leaf node 
(terminal node) holds a class label. The topmost node 
is the root node [8]. The “rattle” package of the R 
software randomly chose 33 data as the test data  
(18 Type 0 data, 15 Type 1 data) and 187 keywords 
data as the training data. The configuration 
parameters is originally set by the Rattle 2.6.26 
software, including min. split=20, max. depth=30 and 
min. bucket=7. The error matrix of the AdaBoost 
model for test data was as Table 4. And the decision 
tree model classification was shown as Fig. 5. 
 
 

Table 4. Error Matrix of the Decision Tree Model. 
 

 Predicted 
Observed Type 

No.0 
Type 
No.1 

Percentage 
Correct 

Type No. 0 16 2 88.89 

Type No. 1 11 4 26.67 
Overall Error 
Percentage 39.39 % 

 
 

 
 

Fig. 5. Decision Tree of the Classification. 
 
 
According to the calculation, the square measure of 
the area under the ROC curve was 0.5981. The ROC 
curve of the decision tree model in the study is shown 
in Fig. 6. 

 
 

Fig. 6. The ROC curve of the Decision Tree model. 
 
 
3. Discussion 

 
In the beginning, the study applied the text 

mining method to get the keywords from sensors 
related tweets, and then used the random forests 
model, the AdaBoost Model, the decision tree model 
to analyze the classification results and major 
keywords in the classification process. The major 
results are listed below: 

(i) The study found the top five major keywords 
in the random forests model classification were 
technology, webforms, innovation, track and diabetes. 
The random forests model had the best classification 
performance with the lowest error percentage and the 
largest square measure of the area under the ROC 
curve. 

(ii) n the AdaBoost classification results, the 
study found the top five keywords were diabetes, 
health care (hcare), webforms, GIS(Geographic 
Information System) and serviceshpere. The 
classification performance of the AdaBoost model 
was the second best in three models according to the 
overall error percentage and the square measure of 
the area under the ROC curve.  

(iii) As for the Decision Tree model, the top four 
terminal node were webforms, technology, track and 
future, while the model had the worst performance 
according to the overall error percentage and the 
square measure of the area under the ROC curve.  
 
 
4. Conclusions 

 
The contributions of the study were as follows. 

First, the study developed a new literature survey 
method to explore the sensors related tweets to 
comprehend the market trend of sensors on the social 
media. From the study, the study found the random 
forests classification had the best performance in 
three models of classification. The study also found 
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the major keywords in sensors related tweets 
including the realm of web technologies (such as 
technology, webforms, innovation, track) and health 
issues (such as health care and diabetes). It offers 
more insights on further research. 
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Abstract: Refractive index sensing by using nano fiber is popular researching direction which can find 
application in several of regions. In order to obtain the pressure, humidity, temperature and concentration in the 
detection environment, it is crucial that the detector is with nanoscale size and is sensitive to the change of the 
environment. In this paper, we present a refractive index sensor based on the coupler of the nano-fiber. Base on 
the mechanism of optical coupling, the proposed optical sensor can detect the local variation of the refractive 
index around the optical nano-fiber. By using finite difference time domain method, we numerically 
demonstrate the sensing capacity of the nano-optical coupler. The sensing mechanism underlying this method 
and the limitation of the propose sensor are also discussed. Copyright © 2013 IFSA. 
 
Keywords: Optical sensing, Optical coupler, Nano-fiber. 
 
 
 
1. Introduction  
 

Optical fiber sensor, which can detect the 
refractive index variation of the environment, 
receives tremendous attention these years [1-8]. 
Because of its low cost and feasibility, it plays an 
important role in modern communication network, 
especially in the internet of things. The optical fiber 
sensors rely on the dependence between optical 
response and the optical environment. Variation in 
the optical environment would cause the change in 
optical path and thus the change of the optical phase. 
As a result, the optical response of the system would 
be different due to the coherent nature of the laser 
source. This kind of mechanism is the normal type of 
optical fiber sensor and is commonly used in the 
detection of biology sample. 

There are different type of optical sensor which 
using the interference between two optical paths, for 
example, the Mach-Zehnder interferometer. The 
optical fiber Mach-Zehnder interferometer splits the 
incoming light into two beams and recombines at the 
final, giving rise interference that depends on the 
phase shift between two optical paths. Therefore, the 
phase shift, i.e. the variation of the refractive index in 
two optical paths, can be determined by the 

interference result and realize the refractive index 
sensing function. 

Recently, nano-fiber receives extensive attention 
due to the subwavelength confinement of the optical 
wave and the extremely sensitive to the variation of 
refractive index surrounding the nano-fiber [9]. 
Because of lacking of cladding layer, the nano-fiber 
is using air as the cladding material and thus the 
refractive index surrounding the nano-fiber is critical 
to the dispersion of the light guiding in the nano-core. 
In other words, change in the background refractive 
index would lead to varying of the propagation 
constant of the optical mode and have an effect on 
the final optical transmission. We can therefore 
detect the local refractive index by the optical fiber 
system. Nano Mach-Zehnder interferometer based on 
the nano-fiber is one of the chose to facilitate the 
refractive index sensing in the nanoscale. 

In this paper, we propose a simple optical sensor 
based on a nano-fiber couplear to realize refractive 
index sensing. Our geometry is two nano-fiber placed 
closely to permit tunneling between each of them. 
The working principle of our structure is relied on the 
evanescence coupling between nano-fibers. If the 
refractive index of the background medium is 
changed, the coupling condition would be changed at 
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the same time. It means that the optical phase 
acquired in the coupling process is related to the 
refractive index of the background medium. And this 
kind of mechanism can be used to detect the local 
variation of the refractive index.  

The paper is organized as follows. Section 2 
outlines the devices structure and the theoretical 
model. In Sec. 3, we present the numerical 
simulation result. Sec. 4 discuss the limitation of the 
sensing strategy and summaries the paper. 

 
 

2. Devices Structure and Theoretical 
Model 

 

 
 

Fig. 1. Yee unit cell of the three dimensional FDTD 
method. Different components of the electromagnetic fields 
are labeled in the figure. Each of them is shifted compared 
with each other. 
 
 

In order to fully model this kind of optical 
coupling structure, we chose the three dimensional 
finite difference time domain method (FDTD) [10]. 
In the time domain, the Maxwell equations can be 
written as: 

 
DH J
t

∂
∇× = +

∂
 (1) 

 

m
BE J
t

∂
∇× = − −

∂
, (2) 

 
where E is the electric field, H is the magnetic 
intensity, J is the current density, Jm is the magnetic 
(flux) density. They are function of temporal and 
spatial parameters. The constitutive relationships read 
as: 
 

D Eε=  (3) 
 

B Hµ=  (4) 
 

J Eσ=  (5) 
 

m mJ Hσ= , (6) 

where µ  is the permeability of vacuum, ε is the 
permittivity in vacuum, σ  is the conductivity and 

mσ  is the permeability. They are scalars in isotropic 
medium while tensor in anisotropic medium. If there 
is no source in the space under consideration and 
ε , µ , σ and mσ are temporal and spatial 
independent, Eq. (1) and (2) can be rewritten as: 
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In order to discretize all the electromagnetic fields, 

K. S. Yee used the so-call Yee unit cell for the 
discretization of six electromagnetic fields shown in 
Eq. (7)-(12). Three electric field components are 
parallel to the sides of the cubic shown in Fig. (1). 
While the magnetic fields are perpendicular to the 
surface of the cubic, as are shown in the figure. There 
is a time step shift between the magnetic fields and 
the electric fields, as can be seen from Eq. (7)-(12). 
This kind of discretization is suitable for realizing the 
iteration algorithm of finite different time domain, 
which can quantitatively describe the evolution of the 
electromagnetic fields.  

For the iteration convenience, each discrete spatial 
point of the Yee unit cell is labeled by the following 
method: 

 
( , , ) ( , , )i j k i x j y k z= ∆ ∆ ∆  (13) 

 
While the electromagnetic function in such spatial 

point can be expressed as 
 

, ,
( , , ) ( , , , )

nn

i j k
f i j k f f i x j y k z n t= = ∆ ∆ ∆ ∆

 
(14) 

 
where , ,x y z∆ ∆ ∆ are the discretization step of the 
Yee unit cell, i, j, k are the integers, t∆  is the time 
step. As can be seen from Fig. 1, the sample 
components of electric and magnetic fields can be 
taken as: 
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Because there are half time step difference 

between the spatial point of electric and magnetic 
fields, we use the central difference to approximate 
the first order derivative of the Maxwell equation: 
 

2( ) ( / 2) ( / 2) ( )f u f u u f u u o u
u u
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, (16) 

 
where u∆ is the step. 
Therefore Eq. (7)-(12) can be written as: 
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Therefore, Eq. (17)-(21) are consisted of the three 

dimensional finite difference time domain equations. 
As can be seen from these equations, the 
electromagnetic fields at any time are depended on 
the electric and magnetic fields at the last time step 
and the electromagnetic parameters. And we thus 
rewrite Eq. (17)-(21) as: 
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which is suitable for coding and solving by computer. 
As can be seen from the upper discussion, the three 
dimensional finite difference time domain method is 
based on the finite difference approximation which 
numerically solves the curl equation. At the same 
time, we need the algorithm to be stable and reliable. 
General conditions for realizing stable calculation are 
summarized as follow: 
1) The grid size is smaller than one-tenth of the 

minimum wavelength considered in the 
computation. 

2) The courant stable condition should be fulfilled. 
 

max 2 2 2

1
1 1 1

( ) ( ) ( )

t
C

x y z

∆ ≤
+ +
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, 

 
where Cmax is the maximum phase velocity in the 
electromagnetic medium. 
 

3. Simulation Result 
 

The geometry under consideration is shown in Fig. 
2 where two nano-fibers are arranged with 
subwavelength gap d. The diameter of the nano-fiber 
is 600nm. Such kind of nano-fiber is fabricated by 
flameheated treatment which can produce fiber with 
diameter down to nanoscale [11]. Our structure is 
based on the combination of two nano-fibers placed 
closed to each other. The distance between two fibers 
is d as is shown in Fig. 2. 

Our motivation is based on the guide mode 
tunneling of a nano-fiber. As can be seen from Fig. 2, 
when the light source is injected at one side of the 
fiber end, it would have evanescence wave around 
the surface because of the total internal 
reflection at the fiber-air interface. If there is 
another fiber placing close to the infected fiber, 
couple tunneling occurs and the energy flow can be 
redirected into the second fiber. Such kind of process 
is relied on the optical coupling between modes in 
two nano-fibers. It means that the environment 
around the fiber coupler would have an effect on the 
coupling result. As far as we understand, changing 
the refractive index of the background medium would 
definitely change the guiding condition of the optical 
modes in the nano-fiber. Variation of the background 
refractive index would change the optical phase delay 
when the tunneling is occurs. As a result, we can use 
such simple architecture to monitor the variation of 
the refractive index. 

We choose the three dimensional finite difference 
time domain method proposed above to demonstrate 
the sensing performance of the nano-fiber coupler. 
By changing the refractive index of the background 
medium, the situation of background varying is 
mimicked. The numerically calculated results are 
shown in Fig. 3 (a). It is obviously that the 
transmission spectrum is different referring to 
different background medium. When the refractive 
index of the background medium is changed from 
n=1.1 to n=1.5, the transmission spectrums suffers 
from transformation which results from the feedback 
of the refractive index in the background. In order to 
visualize the working mechanism of the optical nano-
fiber coupler, we calculate the electromagnetic field 
evolutions of this sensor, as are shown in Fig. 3 (b) 
and (c). The color scale is referred to the 
electromagnetic power of the system. It can be seen 
from the results that there are distinct propagation 
results at different wavelength. Light signal can be 
transmitted through the nano-fiber coupler near the 
telecom wavelength 1550 nm (marked b in Fig. 3 (a)). 
While at the frequency (marked a in Fig. 3 (a)), the 
input light cannot enter the second nano-fiber due to 
the tunneling condition cannot be fulfilled. These 
kinds of effects demonstrated our motivation exactly. 

In other words, we can therefore detect the 
refractive index of the background and thus realize 
the function of refractive index sensing. 
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Fig. 2. Geometry of the optical nano fiber coupler with the 
distance d. The diameter of the nano-fiber is 600nm. n is 
the refractive index of the background medium surrounding 
the nano fiber coupler while N is the refractive index of the 
nano-fiber (N=1.6). By monitoring the transmission 
spectrum at the output port, we can monitor the variation of 
the refractive index in the background medium, as 
discussed in the context. 
 
 

 
 

(a) 
 

  
 

(b) 
 

(c) 
 

Fig. 3. (a) Transmission spectrum calculated by the three 
dimensional finite difference time domain numerical 
experiments. Different colors are referred to different 
background refractive index as are shown in the inset. (b) 
Power distribution at the wavelength marked b in Fig. 3 (a). 
The cross-section view of the nano-fiber coupler is taken at 
the center of the coupler. (c) Power distribution at the 
wavelength marked a in Fig. 3 (a). The X-Z aspect  
ratio is 1:1. 

4. Conclusions 
 

Our sensing system has some drawback which 
could have influence on the performance of the 
proposed device. One of them is the ruggedness of 
the coupler. It means that particular mechanical 
treatment should be taken to enhance the stability of 
our nano-fiber coupler sensor. At the same time, if 
the refractive index of the background medium  

exceeds the refractive index of the nano-fiber, the 
optical guiding condition cannot be fulfilled and thus 
the guiding of the light wave signal cannot be 
realized. As a result, new material with high 
refractive index could be one of the solution conquer 
this problem. 

In conclusion, a nano-fiber coupler based sensor 
which is suitable for detecting refractive index in the 
nanoscale is proposed and demonstrated numerically. 
Relying on the evanescence tunneling, the optical 
fiber coupler can detect a change of the refractive 
index in the background. According to the change of 
the transmission spectrum, we can in turn determine 
the variation of the refractive index in the 
environment. We expect this kind of sensor could be 
used in biosensing and chemical sensing system and 
our motivation can be generalized to other similar 
system. 
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Abstract: System safety prediction is usually forecast system future state based on time series. However, the 
problem of system security are often affected by multiple factors such as human factors, machine, environment 
and so on, these factors are often not reflected in the time series. This study presents a prediction algorithm of 
multi factor security mode association system state. Neural networks were used to solute the correlate factors of 
the future state. As the neural network easily falling into local optimum, genetic algorithm is applied to improve 
the algorithm. A coal mine instance which influenced by human, machine and equipment, environment, 
management and information was used to verify the algorithm. Experiment results show that the method is 
adaptable and high accurate. Copyright © 2013 IFSA. 
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1. Introduction 
 

System security is a very important problem. If 
predicting the future state of a system based on past 
data, people can prepared and prevented to the 
impending danger in advance, and this will have a 
positive impact on disaster control. System prediction 
is normally performed by building a time series 
regression model or measurement model (Fu, 2009). 
But the system safety is mainly decided by the 
system state of closer time, and the system state is 
always associated with multiple factors, these factors 
in time series model can not reflect. Also, more 
difficult to solve is that, when the system is complex, 
the contribution values of these related factors to the 
system state, namely the factor weights, are very 
difficult to determine. The common method is use of 
analytical hierarchy process (AHP) (Gao et al., 2008; 
Sun et al., 2009) determined by expert experience. 
But these methods are subjective, the more complex 
the system, the greater the controversy. Therefore, 

this study presents a security system model of 
multiple factors. Neural network algorithm is used to 
realize self-learning of the system. From the system 
self-learning, weight distribution of factors is 
determined by the historical data. Artificial neural 
networks was used to evaluate the safety grade of 
coal mines (Huang and Li, 2007; Gao et al., 2011, 
Zhou and Wang, 2011). In order to avoid falling into 
local optimal, genetic algorithm is used to accelerate 
the convergence speed (Schaffer et al., 1992). This 
theory is applied to a coal mining enterprises to carry 
out the test and calculation, and the calculated result 
is in accordance with the actual situation. 

 
 

2. Methods 
 
The essence of system safety prediction is 

obtained the future state of the system by evaluation 
of to the historical factors. The security of the system 
is generally used risk rating to characterize, it is 
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divided into 5 stages, namely highest risk, higher 
risk, medium risk, lower risk and lowest risk level. 
Let this as the output of the system, then 

 
),,,,( 54321 dddddd =  

 
In multi-factor model, contribution of each factor 

(weight) to the final system state is a very difficult 
problem to determine. So it is best to establish self-
learning model of the system to determine weights. 
The neural network can change the connection 
weights in the external input samples stimulated, 
Thus the network output constantly close to the 
desired, then the connection weights are dynamic 
adjust. According to this theory, establish the model 
as follows: 

Hypothesis there are n associated factor, then 
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Through the iterative algorithm, the network can 

realize self-learning. But only using neural network 
algorithm is easy to fall into local optimum, the 
calculation will into the endless iteration. In order to 
avoid this problem, genetic algorithm is used to 
optimize the network. Genetic operator is similar 
with the evolutionary process of Biological. This 
process was completed by crossover and mutation 
among different chromosome.  

On the combination process of neural network 
and genetic algorithm, the method of connection 
weight code is adopting (Bornholdt and Graudenz, 
1992; Janson and Frenzel, 1993). For the weights of 
neural network learning is a complex continuous 
parameter optimization problem，If binary code is 
used, it will cause the code string too long. What 
more, the weight will be decode into real. This 
approach can make the weight change for the step, 
thus affecting the learning accuracy. So the way for 
weight still adopts real coding in this study, the 
weights cascade of a long string according to an 
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order, each location on the string corresponds to a 
weight in the network. Through crossover and 
mutation of the weight, the algorithm achieve fast 
search in the global. 

Genetic algorithm to optimize the neural network 
can be computer as the following steps: 

1) Initialize population p. The initial objects 
include confirm cross-scale, cross probability Pc , 
mutation probability Pm , and determination of initial 

values for ihw  and how .  
2) Calculate each individual evaluation function 

and sort. The network individual could be selected by 
probability value. 

 

∑
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where if  represent adaptation value of individual i , 
it can be measured by the sum of squared errors. 
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3) According to probability of Pc, individual Gi 

and Gi +1 were operated crossly, and then produced 

new iG′ , 1+′iG . No cross-operating individual was 
copy directly. 

4) The mutation of new individual Gj was 
produced by Gi with probability Pm. 

5) Insert new individuals to the population P, and 
calculate the new individual’s evaluation function. 

6) If the satisfactory individual was found, then 
terminated the process, otherwise will go to step (3). 
Optimized weights of network connection can be 
obtained by decoding best individual among final 
groups after achieving the desired performance 
indicators. Select the neural network which has 
minimum errors and thresholds to train until the error 
reaches the precision. The termination condition and 
the error is less than 0.0001 in this study. 
 
 
3. Materials and Results 
 
3.1. The Prediction Index 
 

The production of coal mine is a very large and 
unascertained production system (Yan et al., 2004). 
The prediction index of system should be selected 
carefully based on coal mine accidents caused 
mechanism analysis combined with the actual 
production situation. Coal mine safety production has 
close contact with the human, machine, environment, 
management, information factors in system. Zhang, 
2008) Xu et al., 2009; Sun et al., 2009) consider that 
the accident was caused due to unsafe state of human, 

machine and environment. Sun Jian-Hua (Sun et al., 
2009) thinks that the coal mine safety evaluation 
index system should include the factors of human, 
machine, engineering technology and disaster 
prevention. In the actual production of the coal mine, 
management plays an important role in the process of 
coal mine production. What more, coal mine safety is 
affected by information feedback structure and 
mechanism in coal mine enterprise.  

In this study, combined with the actual 
production situation of a coal production enterprises, 
5 aspects of human, machine, environment, 
management measures and information factors 
affecting the safety production were studied.  
36 observation indexes are mainly extracted as 
predictors which can affect the safety of coal mine. A 
large number of coal mine production safety accident 
data prove that the accident was the interaction of 
these factors’ defects. Therefore, these factors are 
used as the prediction index (shown in Table 1) of 
coal mine safety in this study. Correspondingly, these 
indexes also determine the number of input vectors in 
calculation model.  

 
 

Table 1. The prediction indexes for the study. 
 

Rule Layer 
Index  Specific Items 

The proportion of safety technical 
personnel(A1) 
The proportion of safety 
management personnel(A2) 
The proportion of mining 
engineering and technical 
personnel(A3) 
Workers education(A4) 
The average length service of 
workers(A5) 
The average breaches of discipline 
proportion (A6) 

Human factors 
(A) 

Monthly training time(A7) 
Normal condition of support 
equipment (B1) 
Normal condition of ventilation 
equipment (B 2) 
Normal condition of dust-proof 
equipment (B 3) 
Normal condition of fire-fighting 
equipment (B 4) 
Normal condition of drainage 
equipment (B 5) 
Normal condition of lifting 
equipment (B 6) 
Normal condition of 
electromechanical equipment (B 7) 
Normal condition of transport 
equipment (B 8) 
Normal condition of gas drainage 
equipment (B 9) 
Normal condition of 
communications-equipment (B 10) 
Level of mining mechanization (B11) 

Machine factors 
(B) 

Level of transportation 
mechanization (B12) 
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Table 1 (Continue).  
 

Rule Layer 
Index  Specific Items 

The average fault throw (C1) 
Coal seam dip angle(C2) 
The reliability of roof and 
foundation(C3) 
Spontaneous combustion period (C4) 
Coal dust explosion index(C5) 
Average Gas Emission(C6) 

The factors 
of 
geological 
environ-
ment 

Mining surface rich water 
coefficient(C7) 
Dust concentration (C8) 
Noise figure(C9) 

En
vi

ro
nm

en
t f

ac
to

rs
 (C

) 

factors of 
work 
environ-
ment Supporting reliability(C10) 

Safety input index(D1) 
Degree of perfection on management 
system(D2) 
Degree of perfection on emergency 
response system(D3) 
Implementation of safety 
inspection(D3) 

Management 
factors (D) 

Rectification of hidden safety(D5) 
Level of information technology (E1) Information 

factors (E) Effective degree of information 
communication (E2) 

 
In this table, 
A- human factors 
B- machine factors 
C- Environment factors 
D- Management factors 
E- Information factors 
A1-The proportion of safety technical personnel 
A2-The proportion of safety management personnel 
A3-The proportion of mining engineering and technical personnel 
A4-Workers education 
A5-The average length service of workers 
A6-The average breaches of discipline proportion 
A7-Monthly training time 
B1-Normal condition of support equipment  
B 2-Normal condition of ventilation equipment  
B 3-Normal condition of dust-proof equipment  
B 4-Normal condition of fire-fighting equipment  
B 5-Normal condition of drainage equipment  
B 6-Normal condition of lifting equipment  
B 7-Normal condition of electromechanical equipment  
B 8-Normal condition of transport equipment  
B 9-Normal condition of gas drainage equipment  
B 10-Normal condition of communications-equipment  
B11-Level of mining mechanization  
B12-Level of transportation mechanization  
C1-The average fault throw  
C2-Coal seam dip angle 
C3-The reliability of roof and foundation 
C4-Spontaneous combustion period  
C5-Coal dust explosion index 
C6-Average Gas Emission 
C7-Mining surface rich water coefficient 
C8-Dust concentration  
C9-Noise figure 
C10-Supporting reliability 
D1-Safety input index 
D2-Degree of perfection on management system 
D3-Degree of perfection on emergency response system 
D4-Implementation of safety inspection 
D5-Rectification of hidden safety 
E1-Level of information technology  
E2-Effective degree of information communication 

3.2. The Network Training Data 
 
The relevant data of five coal enterprises is 

collected to as the sample data of prediction model. 
Parts of sample data of training are show in Table 2. 
In the model calculation，BP algorithm and BP-GA 
algorithm were used to calculate the sample data 
respectively. In order to compare the efficiency of 
operations, the mean squared error curves are 
recorded and shown in Fig. 1. The mean squared 
error curve using BP is shown in Fig. 1-a. By 
comparison, the curve using GA-BP is shown in  
Fig. 1-b. As can be seen from the graph, the curve 
using BP showed a platform, this shows that trapped 
in a local optimum. And it can be seen that BP 
algorithm achieve the goal at the 260 epochs of 
training. Correspondingly, the curve using GA-BP 
achieve target in the 149 epochs, and convergence is 
more rapid and stable. The results show that the  
BP-GA algorithm is faster and more efficient than the 
BP algorithm. 

 
 

 
 

(a) The mean squared error of using BP algorithm. 
 
 

 
 

(b) The mean squared error of using GA-BP algorithm. 
 

Fig. 1. Efficiency comparison of BP and BP-GA algorithm. 
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Table 2. The sample data for calculation. 
 

  Dec. 06 Jun.07  Dec. 07 Jun.08 Dec. 08 Jun.09 Dec. 09 Dec. 10 Dec. 11 
A1 4.34 % 4.51 % 4.55 % 4.60 % 4.63 % 4.72 % 4.79 % 4.92 % 5.19 % 
A2 1.25 1.26 1.29 1.33 1.35 1.4 1.49 1.65 1.8 
A3 2.13 % 2.20 % 2.30 % 2.45 % 2.53 % 2.68 % 2.78 % 2.94 % 3.01 % 
Ai … … … … … … … … … 
A7 7.5 8 8.2 8.8 8.2 7.7 7.9 8.5 9.5 
B1 85 % 86 % 88 % 88 % 89 % 91 % 91 % 93 % 97 % 
B2 72 % 74 % 77 % 77 % 80 % 82 % 85 % 88 % 90 % 
B3 78 % 78 % 79 % 81 % 83 % 83 % 88 % 89 % 90 % 
Bi … … … … … … … … … 
B12 81 % 81 % 85 % 86 % 88 % 88 % 90 % 91 % 93 % 
C1 34 35 37 40 40 41 41 45 49 
C2 3 5 6 8 10 12 11 13 14 
C3 88 % 90 % 92 % 92 % 94 % 94 % 95 % 94 % 96 % 
C4 … … … … … … … … … 
C10 87 % 86 % 89 % 93 % 92 % 94 % 91 % 95 % 96 % 
D1 1.42 1.48 1.69 1.7 1.79 1.83 1.9 2.08 2.26 
D2 89 % 90 % 90 % 92 % 92 % 93 % 93 % 95 % 96 % 
Di … … … … … … … … … 
D5 97 % 97 % 98 % 98 % 98 % 100 % 100 % 100 % 100 % 
E1 62 % 65 % 66 % 70 % 71 % 73 % 74 % 77 % 80 % 

The System State 
data of last 
month (The 

sample data of 
Inputs) 

E2 83 % 84 % 85 % 88 % 88 % 89 % 90 % 93 % 95 % 
The specified output 

data 01000 01000 00100 00100 00100 00100 00100 00010 00010 

 
(Data source: A coal industry group of Zhengzhou. Abbreviations are same to Table 1.) 

 
 

3.3. Test and Prediction  
 
In order to test the validity of the network, 2009-

2011 data in June were used to test (Table 3). As can 
be seen from the table，the test results are consistent 
with the practical situation. The data in 2012 June 
into the network to predict the safety state at that 
time, the summary data proved to be consistent with 
the fact. Therefore, it is proved that the model that 
build in this study have right evaluation to the safety 
situation of coal mine, and it provides a scientific 
basis for policy-makers to judge the safety conditions 
and formulate the countermeasures. 

 
 

4. Discussion and Conclusion  
 

The prediction system is a significant process that 
can prevent and control the accident. In the multi 
factors prediction and decision problems，BP neural 
network is used to calculate and predict the safety 
status because it has the characteristics of self-
learning. This result was also confirmed by many 
literature such as Huang, Gao, Zhou et al (Huang and 
Li 2007; Gao et al., 2011, Zhou and Wang, 2011). 

Even so, it also need to be aware of the fact that, 
while the neural network can predict the problem of 
multi-factors very good, but it still has defects needs 
to overcome, such as efficiency, easy to fall into local 
optimum and so on. In the process of resolving this 
problem, combined with the genetic algorithm is a 
good choice. 

 

Table 3. Forecast examples of using GA-BP algorithm. 
 

 Jun. 
2009 

Jun. 
2011 

Jun. 
2012 

A1 4.83 % 5.12 % 5.23 % 
A2 1.57 1.71 1.89 
Ai … … … 
A7 9 9.2 8.8 
B1 92 % 95 % 98 % 
B2 85 % 90 % 93 % 
Bi … … … 
B12 91 % 93 % 94 % 
C1 44 47 49 
C2 14 13 14 
Ci … … … 
C10 95 % 94 % 97 % 
D1 1.99 2.2 2.31 
D2 94 % 95 % 98 % 
Di … … … 
D5 100 % 100 % 100 % 
E1 76 % 78 % 82 % 

input data 

E2 90 % 93 % 95 % 
Output data - 00100 00010 00010 
The actual 
dangerous 
grade 

- mediu
m lower lower 

Corresponden
ce degree - 100 % 100 % 100 % 

(Data source: A coal industry group of Zhengzhou. Abbreviations 
are same to Table 1.) 
 
 

Through appropriate encoding and crossover, GA 
can contribute to BP neural network to skip the local 
optimal, increase operation efficiency. Theoretical 
analysis and experimental results indicated that the 
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Genetic Algorithms, as a new kind of global 
optimized search algorithm, can get better results 
than BP Algorithms in the hand of training the neural 
network weights. For the prediction of coal mine 
safety and other multi-factors influence problems, BP 
combined with GA algorithm is an effective method 
to solve problems. 
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Abstract: As far as water content detection of stored-grain is concerned, cross-hole radar tomography method is 
used to find the abnormal water content areas in granary. Based on the basic theory of tomography, wave front 
ray tracing methods have been studied. Travel-time equation is used to correct refraction points before ray 
tracing, which improves the precision of ray tracing, and is also easy to realize. Velocity and attenuation 
tomography forward model were built respectively, and Least Square QR-factorization (LQSR) image rebuild 
methods were adopted to solve the inversion equation. Meanwhile, the properties of the two ray tracing methods 
were analyzed. Simulation and experimental results show that, compared to traditional methods, there is a better 
performance for the improved ray tracing proposed in this paper. It’s proved that using cross-hole radar 
tomography method to detect the internal structure of huge granary is feasible. Copyright © 2013 IFSA. 
 
Keywords: Ground penetrating radar, Moisture content, Tomography, Ray tracing, Image reconstruction, Least 
square QR-factorization. 
 
 
 
1. Introduction 
 

Stored-grain water content is an important work 
for stored-grain status monitoring. The detection of 
stored-grain’s water content can be used to prevent 
stored-grain from mildewing, which has great 
significance for food security. At present, the main 
methods for grain water content detection include 
direct and indirect two methods. Most direct methods 
remove grain’s water by using drying or chemical 
methods, which can detect grain’s water content out 
precisely [1]. The drying method mainly includes 
electric oven method, decompression method, 
infrared heating method, microwave heating method 
and chemical method including distillation, Carle 
Fischer method and calcium carbide method and so 
on [2].The direct method has a very high detection 
accuracy but amount of time consuming, which is not 

suitable for on-line monitoring. Nowadays, we 
mainly have utilized indirect methods. The indirect 
methods use water-related physical quantities such as 
permittivity, conductivity, to finish measurement of 
grain’s water content indirectly, which generally are 
faster and easier to realize online detection. These 
methods mainly include resistance method [3], 
capacitance method [4], near infrared method [5, 6] 
and nuclear magnetic resonance method [7], etc. All 
these methods have their own special characteristics 
but also having many limitations. For example, they 
can't be used to execute a depth and wide detection, 
need complex equipment and are usually difficult to 
maintain their devices. Because granaries are usually 
constructed to be an airtight space, traditional water 
content detection methods mostly are based on 
sampling or arrange moisture sensors or humidity 
sensors to collect data. The disadvantages of 
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sampling are that the limited samples lead to an 
inadequate representation and the detection will take 
a long time; the shortcomings of assigning sensors 
are that the circuits are complicated and easy to aging 
or damage, and the measurement accuracy often has 
become unstable. To achieve convenient, non-
destructive and accurate real-time monitoring 
methods, we still need to propose new solutions. 

In recent years, using ground penetrating radar to 
detect stored-grain’s water content is proposed. But 
the current studies usually focus on detection point 
by point, or a profiling of water content for whole 
warehouse. The general idea of the current methods 
is that: firstly, get dielectric constants for a pointed 
area by using ground-penetrating radar, then use a 
dielectric- water model to get a point’s water content, 
and then use these points to form a profiling. 
Although using this method we can achieve a 
continuous water content monitoring for a large grain 
pile, it can not get a three-dimensional image of an 
abnormal water content region. Although getting 
more than one profile diagram, we can obtain a space 
simulation by arranging them, the requirement of a 
large number of profiles inevitably results in long 
measurement time consumption. 

Considering the above problems, this paper puts 
forward a detecting method by using radar 
tomography to show the images of the abnormal 
water content areas. Through continuous scanning to 
grain pile, we use ray tracing method to establish a 
tomography forward model, by solving the model 
and image reconstruction, we can inverse an image of 
the abnormal area ever whole stored-grain area. The 
method has the advantages such as non-contacting, 
non-destructive properties and simplicity for 
measurement. 
 
 
2. Theoretical Basis of Radar 

Tomography 
 

In 1917, Austrian mathematician J. Radon put 
forward the famous image reconstruction equation: 
Radon transform, played a lead role in the formation 
and development of technology tomography 
(Computer Tomography). The concept of Computer 
Tomography was originally used in medical field. In 
the late of 1970s, Tomography technology was 
applied to radar to detect ground. Because the drilling 
mode can be obtained than surface detection more 
wide detection range [8], Therefore, cross-hole radar 
imaging theory, methods and techniques have been 
deeply studied[8]. 

 
 

3. Granary Radar Tomography Imaging 
 

Based on the theory of cross-hole radar 
tomography, radar tomography measurement method 
is shown in Fig. 1 for horizontal warehouse. Firstly, 
transmitting antenna Tx and receiving antenna Rx are 

arranged on both sides of the warehouse. When 
measuring, the transmitting antenna is fixed on 
position t1 and the receiving antenna is moved from 
position r1 to position rn along the warehouse wall, 
ant at the same time, each echo wave is recorded. 
Then the transmitting antenna is moved to position t2, 
and the receiving antenna is moved to the position rn 
still from the location r1, thus we can obtain another 
group of receiving data. According to this rule, 
constantly moving the transmitting and receiving 
antenna, we can ultimately obtain n×n channel echo 
wave data. 

 
 

 
 

Fig. 1. Schematic diagram of measuring method. 
 
 
4. Simulation and Experiment 

 
4.1. Wave-front Ray Tracing Method  
 

Ray tracing is a kind of effective wave field 
approximation calculation method, which has the 
advantages of fast computation and visual result. Its 
theoretical basis is that the main part of energy of the 
wave fields spread along the ray path under the 
conditions of high-frequency and approximation. The 
traditional ray tracing method includes the shooting 
method based on initial value and the bending 
method based on boundary value .The shooting 
method determines the receiving point’s travel time 
through adjusting the incidence angle and density of 
rays form launching points and performing an 
interpolation to the rays mostly closed to receiving 
point. The bending method is first to assume and 
initial path between transmitting point and receiving 
point, and then adjust the path according to refraction 
law, to determine the receiving point’s travel time 
and ray path finally. The main drawbacks of the two 
methods are: ① the covering density of rays is 
insufficient; ② it is difficult to deal with larger 
change of the speed; ③ it is difficult to obtain the 
global minimum travel time under the circumstance 
of multiple values; ④ the computational efficiency is 
low [9]. Since the 1990s, there have been some new 
ray tracing algorithms. These algorithms are no 
longer limited to the description of the ray path. 
However, they use equivalent wave front to describe 
wave field directly using Fermat or Huygens 
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principle. The most famous methods are the shortest 
path method proposed by Moser [10] and wave front 
method proposed by Jielian Huang and others [11]. 

The computational method of ray tracing in wave 
front method is described as follow: Firstly, a region 
of grain pile is divided into a N×N×N grid, select a 
L×L×L (L＜N) block in the grid, and set a lower left 
corner of the block as initial wave launch point, then 
calculate ray travel time, ray length and ray path from 
initial launch point to each grid point which is 
directly based on the principle of Huygens. Secondly, 
regard all grid points except the initial launch point as 
secondary launch points, and select another L×L×L 
block to repeat the above process. Regarding each 
calculated ray travel time pulsing with the time from 
the initial launch point as the travel time of the waves 
from the initial launch point to the grid point, we can 
record the corresponding ray path and ray length until 
all nodes have been calculated as secondary source, 
then the ray tracing calculations are finished. Finally, 
according to the selection of the minimum travel time 
from receiving point, the ray path can be determined 
reversely. 

Taking L=8 for example, the grid setting of wave 
front ray tracing method is shown in Fig. 2. When 
spreading along the launch point to a grid point in the 
same direction. waves may encounter a number of 
grid points, It is only necessary for us to compute ray 
travel-times and ray paths of the grids that their 
distances to launch point is minimum, which is due to 
that the points that the distances to the launch points 
are not shortest, will gradually become the points 
with the shortest distances to launch points when 
launch points move in the same directions if there are 
multiple grid points. As shown in Fig. 2, in the 
calculation of ray travel time, path and length in 
section 1, we only calculate the 41 grid points simply 
shown in Fig. 2. 

 
 

 
 

Fig. 2. Setting in wave front ray tracing method  
(×is launch point;  is grid point). 

 
 

4.2. Advance in Wave Front Method 
 

As shown in Fig. 2, in the calculation box, the ray 
from source point to each grid point will pass grid 
boundary, and will be refracted on boundary if the 

dielectric constants of the both sides of the boundary 
are different (mainly due to the difference of water 
content between the two sides). In order to be given 
accurate ray path, the position of the refractive point 
needs to be determined precisely. In this paper, the 
Fermat minimum travel time principle was 
introduced in the wave front method. According to 
this principle, we can construct travel-time check 
equation of ray path, thus, the refraction points are 
determined. 

Different instances of ray path correction are 
illustrated in Fig. 3. The dotted lines represent the 
interfaces between different dielectric constants. On 
the interfaces in Fig. 3, the total travel-time t(x) can 
be given by:  
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In Eq.(3), The parameters 1 , 2 , 1l , 2l and y are 
known quantity, so Eq. (3) is the equation about the 
refraction point x. Solving Eq. (3) with restricting it 
with x ＜ y, and eliminating pseudo solutions 
according to the prior knowledge about dielectric 
constants of both side of interface, we will get the 
location of refraction point x. 

For the condition of right angle interface in Fig. 3, 
we can structure the following two equations: 
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Similarly, from Eq.(2) and constraint condition  
x1 ＜ y1, x2 ＜ y2, we can determine demarcation 

points x1,x2. 
 
 

 
 

(a) One interface                     (b)Two interfaces 
 

Fig. 3. Different Interface in ray path correction schemes. 
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4.3. Extraction of First-motion Wave 
 

The extraction of first-motion wave is an important 
step for radar tomography. For the radar tomography 
to granary, due to the limitation of granary’s height 
and width, when antenna moves along granary’s wall, 
the diffracted wave will have a great impact on the 
extraction of first-motion wave. 

Assuming that the upper part of granary is air 
layer, the bottom is ground and the granary’s wall is 
composed of concrete, when detecting, the granary’s 
wall can reflect electromagnetic wave, and forms 
multiple reflections between granary’s walls, and at 
the same time, produces diffracted waves on the 
surface of granary. The transmitted waves will 
accelerate when meeting air and slow when meeting 
high-moisture area. In addition, because the speed in 
granary’s bottom is lower then in grain layer, the 
bottom of granary has no impact on extraction of 
first-motion wave. It is the diffracted waves that have 
the largest effect on extraction of first-motion wave. 

We can set an appropriate time threshold to 
eliminate diffracted waves in air. During measuring, 
once the position of antenna and its moving step 
length are determined, the arrival time of diffraction 
waves at each position corresponding to transceiver 
antenna is determined. According to the received 
waveform of different position, we can set different 
time threshold and shield the initial diffracted waves 
in air, and then take the waves that emerge again as 
first-motion waves. 

 
 

5. Wave Velocity and Attenuation Joint 
Tomography Imaging 

 
Radar tomography imaging is divided into wave 

velocity tomography and attenuation tomography. 
Wave velocity tomography uses the travel time of 
first-motion wave to inverse image and attenuation 
tomography uses wave’s amplitude information to 
inverse image. The combination of the two 
tomographies can reflect the electromagnetic 
properties better such as wave velocity and 
attenuation for test area completely, and its algorithm 
scheme is shown in Fig. 4. Firstly, we extract the 
travel time, amplitude and spectrum from first-
motion waves; Secondly, perform a wave velocity 
tomography imaging using initial travel time data; At 
last, according to ray path obtained from wave 
velocity tomography and combining initial waves 
amplitude, perform an attenuation tomography 
imaging. 

 
 

6. Image Reconstruction of Abnormal 
Water Content Area for Grain Pile 

 
Many methods, such as Back Projection (BP), 

Algebraic Reconstruction Technique (ART), Joint 
Iterative Reconstruction Technique (SIRT), Tikhonov 

regularization, and Least Square QR-factorization 
(LQSR) [12-13] are used to solve the above 
tomography imaging equation. In these algorithms, 
the method of BP imaging is poor effective but 
simple and fast, commonly is used to define initial 
iteration model; ART method runs line by line and 
occupies less memory but needs more iterations; 
SIRT needs much memory, but has fast convergence 
and its result of reconstruction is better than ART 
method; Tikhonov regularization method has high 
convergence efficiency, but is sensitive to noise, 
under strong noise, the reconstruction process is not 
easy to converge; LSQR algorithm has small amount 
of calculation, and can take advantage of the sparsity 
of the matrix to simplify the calculation, so is widely 
used in image reconstruction. Taking LSQR method 
for example, this paper presented the results of the 
improved wave front method of ray tracing, and 
proved that using cross-hole radar tomography 
method to detecting the inside structure of barn is 
feasible and effective. 

 
 

 
 

Fig. 4. The schematic diagram for Wave velocity  
and attenuation joint tomography imaging. 

 
 

7. Experimental Results and Analyses 
 

We used a regular model to check the effect of 
wave velocity and attenuation joint tomography 
imaging and LSQR image reconstruction. The model 
simulate a horizontal warehouse with 6m high and 
12m width, and are full of wheat with ε′=3.5, ε″=0.5 
and Q=ε′/ε″=7. To reduce amount of calculation, we 
supposed there are two abnormal water content 
regions with regular shape, as shown in Fig. 5. 
Region 1 is 2m long, 1m width, ε′=12 and Q=6, and 
region 2 is 2m long and width is same too. In 
experiments, we extracted a two-dimensional section 
that includes then supposed abnormal regions. 
Through computer simulating, the results of the two 
image reconstruction methods are shown in Fig. 6 
and Fig. 7. 
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Fig. 5. Simulation Model. 
 
 

From Fig. 5 and Fig. 7, we can conclude that the 
effect of image reconstruction using ray path 
correcting is superior to that not using ray path 
correcting. 

To show the real effects of improved wave front 
method, we use LSQR to reconstruct image of 
abnormal moisture region for an experimental 
granary. The experimental granary is 6m width and 
6m height, and walls are made of wood boards with 
the same dielectric property as wheat. In experiments, 
we filled wheat into granary two times. The first 
time’s moisture is 9 % and the second is 12 %, and 
the interface between the two layers is shown as Fig. 
8. we divided the wheat region into 60×60 grids, and 
the step in horizontal and vertical direction are all  
0.1 m. The shift step of transmitting and receiving 
antenna are also 0.1 m. The experiment platform is 
composed of a vector network analyzer and a Vivaldi 
antenna with bandwidth of 1-6 GHz and center 
frequency of fc=3.5 GHz. 

In a real warehouse, because the wall is made of 
concrete, the electromagnetic properties of grain pile 
can not be reflected well for ray tracking, so the 
results of the above imaging reconstruction may 
exists deviation compared to real circumstance, 
which results in misjudgement to abnormal water 
content region in the real warehouse. Our next work 
will place focus on how to confirm deviation degree 
and reduce the deviation. 
 
 

8. Conclusion 
 

In this paper, we proposed a kind of radar 
tomography method to detect water content of huge 
grain pile, and discussed the ray tracking method 
using wave front method, and proposed the method 
that use travel time equation to correct refraction 
point location to improve the tracking precision. 
Aiming at the different boundary conditions from 
cross-hole detection when applying to granary 
detection, we construct the forward model for 
tomography imaging by combining Wave velocity 
tomography and attenuation tomography, and 
compared the properties of two kinds wave front 
methods for image reconstruction in LOSQ. The 
experimental results show that, using the improved 
wave front method for ray tracking, we can get better 
tomography imaging results in LSQR, Meanwhile, it 
also proved that using radar tomography to detect 
moisture content for a huge grain pile is feasible. 

 
 

(a) Result of LSQR using unimproved wave front method 
(1region, 10 times iteration). 

 

 
 

(b) Result of LSQR using improved wave front method 
(1 region, 10 times iteration). 

 

 
 

(c) Result of LSQR using unimproved wave front method 
(2 regions, 10 times iteration). 

 

 
 

(d) Result of LSQR using improved wave front method 
(2 regions, 10 times iteration). 

 
Fig. 6. Result of wave velocity tomography imaging  

for simulation model. 
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Abstract: This paper designs and implements a home elderly physiological data monitoring system，which 
based on multi-frequency narrowband power line communications technology. The system combines wireless 
sensor network and narrowband power line communication method, realizes the real-time monitoring and 
transmission of the physiological status of the home elderly. This scheme overcomes the weakness that the 
traditional monitoring system using wireless network signal alone, there is no signal in the shielding area, then 
realizes no blind angle control in buildings. Finally, through the test and analysis, it proved that the system can 
meet the application requirements, and it is a suitable solution for home elderly physiological status monitoring. 
Copyright © 2013 IFSA. 
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1. Introduction 
 

Recently, China is the world's the largest 
population in the elderly. According to the national 
related departments statistical forecast, by 2025, the 
elderly population will account for 19.34 % of the 
total population. With the development of China's 
aging process, the elderly medical care demand is 
increasing. The traditional medical monitoring must 
be conducted within a specific medical workshop, 
although monitored objects can be acting within a 
certain range when using simple wireless sensor 
network monitoring system, in some shield severely 
area will cause the disruption of normal data 

transmission. In view of the above situation, this paper 
designs a kind of physiological data monitoring 
system，which based on wireless sensor network and 
narrowband power line communication. The elderly 
can act freely with portable monitoring equipment in 
the indoor area of power line network coverage, to 
complete the monitoring data acquisition and 
real-time transmission of physiological data at any 
time. Narrowband power line communication 
technology becomes a very competitive means of 
communication because of its low investment, wide 
coverage, safety and reliability and maintenance and 
low cost. It is very suitable for real-time monitoring of 
the elderly daily physiological state [1, 2], and to 
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provide meaningful solutions for the urban living of 
the elderly physiological data monitoring and 
emergency rescue in time. 
 
 
2. The Composition of System 
 

The overall system diagram is shown in Fig. 1. 
The mobile terminals collect the elderly physiological 
data such as body temperature, heart rate and blood 
pressure by all kinds of sensors that wearing in the 
body, than transmit it to indoor receiver by wireless 
way. The receiver transmits the real-time 
physiological parameters to the health care center in 
the community by the low voltage power line. The 
control center handles the data timely, and compares 
the physiological parameters with the normal value. In 
addition, the control center also can calculate the 
location information through a specific algorithm, etc. 
When the elderly issued an emergency call or 
physiological data is abnormal, the medical staff can 
find it timely, so as to strive for the precious time for 
the rescue work. 

After collecting physiological data, sent it to the 
power line communication module, wireless 
transceiver module using the CC2430 chip. This chip 
is developed by TI, which used to implement the 
embedded ZigBee application system. As the sensor, 
it is a mature technology product. Therefore, the core 
algorithm of this paper is the design of multi 
frequency narrowband power line communication, 
which using DSP6713. 
 
 

 
 

Fig. 1. Overall system diagram. 
 
 
3. PLC System Design 
 

The block diagram of multi-frequency 
narrowband power line communications is shown in 
Fig. 2. After the sender receives the home elderly 
physiological data from wireless sensor, using the 
power line communication (PLC) device to send data. 
First of all, the data in the PLC device coding by 
convolution code error correction and adding CRC 
efficacy code coding after interleaving coding. The 
data encoded using an adaptive FSK (Frequency-shift 
Keying) modulation.  

The main process of the adaptive FSK is based 
on the SNR information of the receiver feedback to 
select the best transmission frequency. FSK 
modulated data transmission mode by using different 
frequency square-wave, after the hardware circuit 
filter amplified sent through the coupler to the low 
voltage power line network; Receiving end received 
the high frequency signal through coupler on the other 
end of the low voltage power grid, FSK demodulation 
using a specially designed differential demodulation, 
at the same time can demodulate three groups of the 
center frequency signal. Finally, we can obtain the 
actual data by decoding deinterleaving operations. 

 
 

  
 

Fig. 2. The PLC Block Diagram. 
 

 
4. Modulation and Demodulation 

Technology Design 
 

FSK technology, which used in narrowband 
power line system, is a mature modulation and 
demodulation technology. FSK Demodulation 
methods mainly have coherent demodulation and no 
coherent demodulation. This article shows no 
coherent demodulation, the advantage is that the local 
carrier demodulation does not need to use the same 
frequency and phase, and the differential 
demodulation method need not use the complex 
equalization algorithm, so as to simplify the hardware 
requirements [3]. FSK demodulation in digital 
communication mainly including: 1. periodic 
statistical zero crossing detection demodulation; 2. 
fixed delay differential demodulation. The second 
method is adopted in this design. Signal demodulation 
of FSK can be used in three groups of center 
frequency flexibly. The schematic diagram of 
differential demodulation shows in Fig. 3. 

The demodulation process is as follows: After the 
received signal delays K sampling, it multiplies by the 
original signal, and then it becomes a multi frequency 
signal. After it through the low pass filter, the 
high-frequency components are filtered out, and the 
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rest is low frequency component, finally through the 
sampling decision, we can get the demodulation 
results. Multiplying signal V (n) is as follows: 
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Fig. 3. Schematic diagram of differential demodulation. 
 
 

From above equation we can see that product 
signal can be seen as two cosine adding. After 
filtering, it changed into the cosine component that 
delays sampling number as a parameter. Through 
proper design, it can make the "0" and "1" frequency 
components into a bipolar signal. Complete 
differential FSK modulation and demodulation 
process as shown in Fig. 4 to Fig. 7. 

 
 

 
 

Fig. 4. Transmission bit. 
 
 

 
 

Fig. 5. Waveform after Power line channel. 

 
 

Fig. 6. Waveform after differential operation. 
 
 

 
 

Fig. 7. Envelope of differential waveform and sampling. 
 
 

The receiving terminal received the data that 
through the power line, after the difference operation, 
and using the 30 order Butterworth low-pass filter to 
find out the low-pass envelope of difference signal, 
after sampling sentence, the output demodulated 
signal as shown in Fig. 8. 

 
 

 
 

Fig. 8. Comparison between the transmission bits  
and received bits. 
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5. Adaptive Multi-Frequency FSK 
Technology 

 
Adaptive multi frequency FSK technology is the 

signal-to-noise of feedback information by the 
receiving end that adaptive to send equipment, 
adaptive adjustment of sending center frequency. In 
this paper, through setting a reasonable delay 
differential demodulation sampling number, which 
makes the receiver does not need to use frequency 
monitoring means, multiple different frequency points 
can use the same delay to complete demodulation 
process. Compared with the single frequency point 
FSK, using adaptive FSK has three key technologies 
need to design: the design of multi-frequency points 
delay and signal-to-noise estimation technique design 
and pre filter design. 

 
 

5.1. The Design of Multi-Frequency  
Points Delay 

 
FSK differential demodulation technology using 

the appropriate number of delay and sending 
frequency, which makes the differential envelope in 
the 0 and 1 frequencies and present different polarity, 
thus completing the demodulation process. Fig. 9 
shows when using the 54 kHz, 65 kHz and 75 kHz 
center frequency, the difference’s absolute value 
between 0 and 1 low frequency component closer to 2, 
the better performance of demodulation has. As can be 
seen from the graph, when the delay is 35, difference 
of the three frequency points are agreement. The FSK 
demodulation with different center frequencies can be 
used the completely consistent demodulation 
algorithm.  

 
 

 
 

Fig. 9. Frequency delay selection result. 
 
 

5.2. SNR Estimation Technology Design 
 
SNR estimation technique is the basis of adaptive 

frequency selection. There are a lot of SNR estimation 
algorithms for narrowband communication systems, 
such as maximum likelihood estimation method (ML), 

second order/fourth-order moment estimation method, 
based on signal subspace decomposition method (SB), 
signal projection algorithm (SP). 

The ML method is the SNR estimation methods in 
digital sequence domain, and it must be carried out on 
the demodulated signal. Because the moment method 
has square root operation, large amount of calculation. 
SB, SP method requires matrix operations, the amount 
of calculation is large, it is not easy to hardware 
implementation.  

This system adopts an improved correlation 
acquisition algorithm based on training sequence, and 
it mainly used the fact that noise distribution and 
communication signals unrelated in the power line.  

Assuming that the training sequence is MD , where 
M is the number of sampling points, then the receiving 
end receives signal from power line noise pollution is 

MX , which shows : 
 

 
MMM NfDX += , (2) 

 

where f is the signal attenuation constant, MN  is the 
noise; due to uncorrelated signal and noise: 
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Both sides seek for mathematical expectation: 
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Finally, SNR calculated as follows: 
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SNR estimation algorithm in Matlab simulation 

results shown in Fig. 10. 
 
 

 
 

Fig. 10. SNR simulation result. 
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5.3. Pre-Filter Design 
 

Low voltage power line channel noise is serious, 
and the high frequency signal attenuation is bigger. To 
improve the performance of the system against the 
narrow band interference, must first pass digital filter 
before receiving signal demodulation. 

This design adopts the band-pass filter with 
pre-filter comb filter cascade. By Chebyshev uniform 
approximation method to confirm the optimal 
estimation of the filter order N0, the normalized 
cut-off frequency vector f0, the ideal of pass band and 
stop band filters A0 amplitude vector and weight 
vector, based on the theory of Chebyshev best uniform 
approximation and in order to achieve the Parks 
McClellan algorithm, make the amplitude frequency 
response of the actual filter fits to optimally 
reasonable to amplitude frequency response of the 
filter, minimize the maximum error, in order to 
achieve better pass band and stop band performance, 
and accurately specified pass band and stop band 
edge, and has equiripple characteristics in the 
frequency domain. Cascade filter frequency response 
design is shown in Fig. 11. 

 
 

 
 

Fig. 11. Frequency response of cascade filter. 
 
 

6. System Simulation of PLC 
 
6.1. Simulation Environment  
 

The bottom-up approach is used and 
measurements are carried out in home power line 
circumstance. Statistical results are obtained to build 
the channel model. PLC channel transfer function is 
obtained by the computation of the ratio between the 
receiver and transmitter as 
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According to the transmission line theory, to 

obtain the transfer function of home PLC channel we 
need to measure the network topology and the 
properties of cables and loads [4, 5]. The power line 

network is divided into several units. Transfer 
function of each unit is calculated as: 
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Then the integral channel transfer function is 

calculated as: 
 

 
∏
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Fig. 12 shows three amplitude-frequency 

response of low voltage power line channel with 
different transfer function from 10 kHz to 40 MHz.  
Fig. 13 shows corresponding three phase-frequency 
response. 

 
 

 
 

Fig. 12. Power line channel amplitude-frequency 
characteristic diagram. 

 
 

 
 

Fig. 13. Power line channel phase-frequency  
characteristic diagram. 
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Noise is measured in real home environment [6] . 
Fig. 14 shows a 24 hours noise measurement results. 

 
 

 
 

Fig. 14. 24 hours measured noise. 
 

 
6.2. Simulation Result 
 

Simulation work is carried out under power line 
channel with Monte-Carlo method. The bit error rate 
(BER) is calculated by run 10000 times. Simulation 
Settings as follow: sampling frequency is 360 kHz; 
three center frequencies are 54 kHz/65kHz/75kHz; 
Frequency difference between 0 & 1 is 4 kHz. Fig. 15 
shows the BER performance of proposed 
multi-frequency FSK system. Proposed system shows 
better performance in power line channel. 

 
 

 
 

Fig. 15. Overall system performance simulation result. 
 
 

7. Hardware Experiment Results 
 
The proposed multi-frequency powerline based 

home elderly physiological status monitoring 
solutions are designed and implemented on a 
hardware platform [7]. Fig. 16 shows the experimental 
devices and schematic diagram. 

 
 

Fig. 16. Experimental schematic diagram  
of measurement system. 

 
 

The physiological status data of elderly are 
collected by a variety of sensors. Physiological status 
data is transmitted by the wireless network to the PLC 
devices which will inject the data into the power line 
network. In the PLC device the output FSK signal is 
coupled to the low voltage networks with high pass 
coupler with 10 KHz cutoff frequency. 

In the receiver, signal is coupled from another 
node of grid with several branches. Received data is 
first pass the VGA path of AD8260 evaluation board 
with lower than 2 V. Then the data is transmitted to 
AD sample of hardware development board. Digital 
oscilloscope is used to check the received waveform. 
And last the demodulated signal is transmit to 
computer by JTAG wires. Finally, analysis work is 
carried out by computer. 

Fig. 17 shows the waveform of received data. 
The modulated data is contaminated by the power line 
noise and many impulse noises can be seen in received 
waveform. Fig. 18 is the envelope of differential 
operation and sampling. It shows the fact that 
performance of proposed system is very stable in 
home PLC environment. 

 
 

 
 

Fig. 17. Experimental waveforms of received waveform. 
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Fig. 18. Experimental waveforms of differential envelope 
and sampling. 

 
 
8. Conclusions 
 

In this paper, we proposed an elderly 
physiological status monitoring scheme based on low 
voltage power line communication. A novel 
multi-frequency FSK PLC system is presented to this 
situation. Simulation and hardware experiments 
confirmed that it is a feasible solution for home elderly 
physiological status monitoring application. 
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Abstract: Stirling cryocooler becomes the research focus in many countries, because of high efficiency and 
compact structure. But the structure design, material selection and mechanical performance of spiral flexure 
spring, which is the key component of stirling cryocooler, is always an important problem. By means of in-depth 
study of spiral flexure spring of stirling cryocooler, the force model is established by finite element method. It is 
necessary to study its strength characteristics and analyze the influence factors. The simulation results are 
compared with the experimental results, which show that the method of the research, which the paper adopts, is 
feasible and effective. It also provides theoretical and engineering basis for design and analysis of spiral flexure 
spring of stirling cryocooler. Copyright © 2013 IFSA. 
 
Keywords: Stirling cryocooler, Spiral flexure spring, Strength, Finite element, Experimental study. 
 
 
 
1. Introduction  
 

At present, stirling cryocooler adopts the 
technology projects, which include linear motor, 
clearance seal and spiral flexure spring. In addition, 
stirling cryocooler uses unique the way of closed 
cycle, which makes the research of stirling 
cryocooler become the current hot topic in the study 
of low temperature refrigeration system [1]. Spiral 
flexure spring ensures that stirling cryocooler steadily 
and properly works. When stirling cryocooler is 
working, spiral flexure spring is connected to 
reciprocating pistons, which ensures that there is 
clearance between piston and cylinder and provides 
necessary restoring force for reciprocating movement 
of the piston [2]. The performance of spiral flexure 
spring is directly related to running stability and 
output efficiency of stirling cryocooler. The research 
of inherent stiffness and strength of spiral flexure 
spring has an important theoretical and engineering 
value for the performance and life of Stirling 
cryocooler [3]. 

In this paper, the mechanical model of strength 
of spiral flexure spring is established by finite 
element method. In addition, simulation data is 
contrasted with experimental results in the 
mechanical environment of spiral flexure spring, 
which verifies that spiral flexure spring meets the job 
requirements. Finally, the above conclusions provide 
theoretical and engineering basis for design and 
analysis of spiral flexure spring of stirling cryocooler. 

 
 

2. Theoretical Research Model of Spiral 
Flexure Spring 

 
Through the line design of spiral flexure spring, 

theoretical model of spiral flexure spring is set up in 
this paper. The line of spiral flexure spring is 
constructed with the method of circle involute. Then 
the parameters of circle involute equation are 
changed to construct different line of spiral flexure 
spring. In addition, spiral flexure spring with exact 
lines is produced by modern machining technology, 
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because the expression of circle involute is  
simple [4]. 

At present, there are not many systemic 
descriptions to the generation process of spiral line. 
Not only geometric equations of spiral groove are 
provided, but also fore and aft closure and spatial 
distribution is considered in this paper [5]. The 
special properties of circle involute are used to get 
geometric equations of spiral groove with the same 
base circle radius and different gradually open Angle. 
The following formulas are the equations of spiral 
flexure spring. 

 
( )
( )

1 1 1 1

1 1 1 1

cos sin
sin cos

x R
y R

α α α
α α α

= +⎧⎪
⎨ = −⎪⎩  

(1) 

 
( )
( )

2 2 2 2

2 2 2 2

cos sin
sin cos

x R
y R

α α α
α α α

= +⎧⎪
⎨ = −⎪⎩  

(2) 

 
Because the spiral groove width is small, 

convenience and reliability of the processing is 
considered, as closing two spiral lines. Meanwhile, 
the smooth transition will be used to avoid stress 
concentration [6]. Spiral flexure spring is designed as 
is shown in Fig. 1 by arranging spiral line in a  
certain way. 

 

 
 

Fig. 1. Spiral flexure spring. 
 
 

3. Finite Element Analysis of Spiral 
Flexure Spring 

 
3.1. Finite Element Model of Spiral Flexure 

Spring 
 

When stirling cryocooler is working, spiral 
flexure spring is connected to reciprocating pistons, 
which ensures that there is clearance between piston 
and cylinder and provides necessary restoring force 
for reciprocating movement of the piston [7]. Spiral 
flexure spring is fixed around and free in the middle. 
Its force situation can be simplified as what is shown 
in Fig. 2. 

Finite element analysis of spiral flexure spring 
mainly refers to the analysis of strength performance. 
At present, there is no theoretical method to strength 

check of spiral flexure spring [8]. So, finite element 
model is established to check the strength of spiral 
flexure spring in this paper. Maximum displacement 
of spiral flexure spring is 10 mm in order to satisfy 
the requirements of the work. After axial 
displacement is loaded which is from 10 mm to  
20 mm in the edge of spiral flexure spring, the 
maximum stress is contrasted with the allowable 
stress of material. If the maximum stress is lower 
than the allowable stress, the strength of spiral 
flexure spring meets requirements. On the contrary, it 
will be failure. 

 
 

 
 

Fig. 2. Mechanics diagram of spiral flexure spring. 
 

 
In the finite element analysis, the solid model of 

spiral flexure spring will be swept and meshed [9]. 
The solid model and meshing of spiral flexure spring 
are shown in Fig. 3 and Fig. 4. Spring material is 
spring steel, which elasticity modulus is 210 GPa and 
which Poisson’s ratio is 0.3. Outer diameter and inner 
diameter of spiral flexure spring are 125 mm and  
15 mm. Movement and rotation degrees of freedom is 
restricted in outer edge of spiral flexure spring [10]. 
Axial concentration is loaded in the edge of spiral 
flexure spring. Boundary constraints of spiral flexure 
spring and Loading way of spiral flexure spring are 
shown in Fig. 5 and Fig. 6. 

 
 

  
 

Fig. 3. Solid model of spiral flexure spring. 
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Fig. 4. Meshing of spiral flexure spring. 
 
 

  
 

Fig. 5. Boundary constraints of spiral flexure spring. 
 
 

 
 

Fig. 6. Loading way of spiral flexure spring. 
 

 
3.2. Finite Element Study of Spiral Flexure 

Spring 
 
From Fig. 7, it can be obtained that maximum 

stress of spiral flexure spring is from 215.3 MPa to 
430.6 MPa when axial displacement which is from  
10 mm to 20 mm is loaded in the edge of spiral 
flexure spring. The material of spiral flexure spring is 
65 Mn which yield strength is 1000 MPa. The 
maximum working stress is lower than yield strength 
of the material so that spiral flexure spring meets the 
strength requirements. 
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Fig.7. The diagram of displacement  
and  maximum stress. 

 
 

4. Strength Experimental Study of Spiral 
Flexure Spring 

 
4.1. Selection and Pasting of Resistance 

Strain Gage 
 

Resistance strain gage is used in the experiment, 
which has a resistance of 120 Ω and sensitivity 
coefficient of 2.08. Poisson’s ratio of the material is 
0.28 and the modulus of elasticity is 210 GPa. First 
of all, The pasting location must be identified. It is 
very important to find a correct pasting position for 
strain test, in order to get a good response to the 
output signal from the fixed strain gauge, by 
analyzing the line structure of spiral flexure spring. 
The position of tension and compression is to be 
identified when the spiral flexure spring has an 
alternating vibration [8]. According to the analysis of 
finite element method, deformation at the roots of 
vortex arms is very big, which has enough space for 
the strain gauges. So the strain gauges are pasted at 
radial and axial direction at the roots of vortex arms 
of spiral flexure spring, which are numbered 1-7, as 
is shown in Fig. 8. 

 
 

 
 

Fig. 8. The actual patch position. 
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4.2. Form of Bridge and Data Collection 
 

Method of half bridge measurement is chosen in 
the experiment, which is suitable for simple tension, 
compression or bending strain measurement, and has 
less demanding for the test environment. Fig. 9 is the 
circuit of bridge. The number of strain gauges is 2, 
which are one for work and another for 
compensation. Before measuring, the bridge circuit 
should be welded correctly and then connected to test 
system through DH3810 resistance strain adapter. 

 
 

 
 

Fig. 9. A half bridge measurement circuit. 
 

 
4.3. Analysis of Experiment Data 

 
At the experiment, the data is recorded and 

analyzed by changing the excitation current and the 
sampling frequency of the test system. Next, it has a 
detailed study of strain situations at various positions 
of spiral flexure spring during the piston movement. 

Firstly, when the sampling frequency is kept at 
200 Hz, the load at spiral flexure spring will be 
changed by adjusting excitation current of the motor. 

Then, when the sampling frequency is raised to 
10 kHz and kept unchanged, the load at spiral flexure 
spring will be changed by adjusting excitation current 
of the motor. 
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Fig. 10. The diagram of exciting current  
and strain value. 

It can be drawn through the recording and 
analysis of above experimental data: 

When the sampling frequency is kept at 200 Hz, 
the strain at spiral flexure spring will increase as the 
increase of motor excitation current. Therefore, strain 
at spiral flexure spring also increases with increase of 
load. When the sampling frequency is raised to  
10 KHz, the relationship is the same as that when the 
sampling frequency is kept at 200 Hz. 

Through the field experiment, the deformation of 
axial load in the case of surrounding fixed and center 
free of spiral flexure spring is obtained. For further 
confirmation of the reality of the experiment data, the 
comparison between experiment data and theoretical 
results through finite element method is as follows. 

The 4-line eccentric spiral flexure spring in finite 
element modeling is adopted as the experiment. The 
sinusoidal excitation load is the same as the 
experiment, and the direction is axial. From the time 
and auto-power spectrum strain oscillograph, the 
natural frequency of spring is 59.96 Hz, and the load 
function is  

 
( )sin 2 59.96tF A π= ×  (3) 

 
A is amplitude parameter. Different excitation 

current is corresponding to different amplitude; 
Natural frequency f is 59.96 Hz; T is time variable. 

It can be seen from above experimental analysis 
and simulation results. At different sinusoidal 
excitation, the maximum strain values of spiral 
flexure spring match with the experimental values at 
corresponding excitation by finite element analysis. 

 
 

5. Conclusions 
 

In this paper, theoretical calculation and 
experimental research is studied for the stiffness and 
strength of spiral flexure spring, which is the core 
component of stirling cryocooler. The performance of 
spiral flexure spring is analyzed and studied 
comprehensively by theoretical calculation of 
stiffness, finite element analysis and strain test. The 
main research work and the conclusion are: 

1) The strain situation at the maximum working 
displacement of spiral flexure spring through 
simulation model is obtained. The maximum working 
strain is considerably below the yield strength of 
material by comparing them, so the strength of 
designed spiral flexure spring meets the requirement. 

2) In this experiment, the strain values of 7 spots 
on spiral flexure spring are measured and analyzed 
by varying excitation current of the motor and the 
sampling frequency of test system. The strain values 
of the spots on spiral flexure spring rise as the 
excitation current of the motor increases. By 
comparing with the strain value of simulation model, 
the experimental values are corresponding with 
theoretical values. Then the sinusoidal excitation is 
constantly increased in simulation model, and the 
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maximum strain on spiral flexure spring becomes 
continually larger, but is still lower than the 
allowable stresses of material of spiral flexure spring, 
so its strength meets the requirements as long as it 
satisfies the working performance requirements. 
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Abstract: In order to understand the data of crack of wall in houses as much as possible and ensure the safety of 
life and property of residents, a kind of crack detection system of wall in houses based on SCM was designed to 
detect the crack of wall in houses. In the system, the main work includes the design for data acquisition module 
of crack in the wall and data receiving and processing control module. For detailed, the work can be divided into 
selection of sensor detecting cracks, hardware design and software design of the system. The hardware design 
consists of the design of data acquisition module and data receiving and processing control module, and the 
software design consists of the design of data acquisition program and data receiving and processing control 
program and so on. Finally, the hardware and software of system designed were debugged and it proved that the 
desired effect was achieved for the design in practice. Copyright © 2013 IFSA. 
 
Keywords: Crack of wall in houses, SCM, Data acquisition, Data receiving and processing control. 
 
 
 
1. Introduction 
 

In recent years, geological disasters happened 
frequently in our country. It always threatens the 
lives and property of the people, and has become a 
serious constraint of economic development. In this 
case, and in the meantime, with the construction 
quality of houses reducing, there are large range of 
cracks appeared in the wall.  

With the development of construction technology, 
cast-in-place shear wall structure is commonly used 
in high-rise buildings. Due to improper design or 
construction, this structure was prone to crack, 
thereby affecting overall performance and seismic 
performance of structures. The cracks in the 
reinforced concrete can be roughly divided into two 
categories: one is belonging to load crack, and the 
other is a deformation cracks. The former refers that 
tensile stress is generated inside the reinforced 
concrete under the load function. When the stress 

value exceeds the ultimate tensile strength of 
reinforced concrete, the crack will be produced. 
Deformation cracks refer that due to different reasons 
reinforced concrete produces deformation. Additional 
stress is produced inside reinforced concrete resulting 
from deformation coordination. When the additional 
stress exceeds the ultimate tensile strength of the 
reinforced concrete, the crack will be produced. 
According to reason of deformation crack forming, 
the deformation crack can be divided into shrinkage 
cracks, plastic shrinkage cracks, settlement cracks 
and temperature cracks [1]. 

It not only affects the appearance of the buildings 
seriously, but also leads to the collapse of the house 
and endangers safety of the residents [2, 3]. Crack of 
wall in houses is shown in Fig. 1 [4, 5].  

At present, there is not dedicated system 
monitoring methods to detect crack of wall in our 
country. There are a number of companies producing 
crack width gauge at home and abroad through 
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research, which can apply to detect the crack width of 
different object quantitatively such as bridges, 
tunnels, walls, concrete pavement and metal surface. 

 
 

  
 

Fig. 1. Crack of wall in houses. 
 
 

In addition, the FA-2 cracks alarm has been 
produced by hydrogeology and environmental 
geology survey center of china geological survey 
bureau. The cracks alarm can be applied to detect the 
crack displacement of houses and rock automatically 
which caused by sudden geological disasters such as 
collapses and landslides. In the United States, the 
company successfully developed multiple access 
technology that can simultaneously manage multiple 
sensors and also design and manufacture sensors that 
support the technology. The technology may surpass 
5000 sensor installments to take a network manage. 
All these sensors will be installed in various parts of 
the buildings to discover wall cracks and other 
problems in advance. But all these studies are not 
suitable to detect the wall cracks of houses specially, 
and the production is expensive and not conducive to 
practical application. [6-11]. 

Therefore, a kind of crack detection system of 
wall in houses based on SCM detecting width data of 
crack was designed. Through the demonstration and 
warning controlled by SCM, it can guarantee using of 
houses safely as far as possible. [12-15]. 

 
 

2. Design for Data Acquisition Module 
 
The data acquisition module is used mainly for 

detecting width data of crack and sends the date to 
the data receiving and processing control module. In 
the design of this part, the main work is choice of 
sensors and the design of hardware and software. 

 
 

2.1. Choice of Sensors Detecting Crack 
 
In the choice of sensors detecting crack width, 

many kinds of design proposal is analyzed, such as 
using paste injection MS-02 strain sensor and 
infrared sensor, however, these programs have a 
variety of defects, such as too small range of 
inductive displacement, expensive, low applicability 
and so on. Therefore, resistance strain gauge is the 
most simple and convenient in the design. The 

principle of design is that, firstly, resistance strain 
gauges are attached to the elastic sensing element, 
then, elastic sensing element will be fixed to the wall, 
when crack width changes, elastic sensitive element 
will be affected by the action of force, and After 
resistance strain gauge induces to the change of 
contingency power, the signal will be output, thus 
through turning change of the crack displacement to 
the change of contingency power, the range of crack 
width can be detected in real time. 

 
 

2.2. Design of Hardware and Software  
for Data Acquisition Module  

 
Design concept in the design of this module's 

hardware: the resistance strain gauges are used to 
collect data of crack width, then signals collected will 
be amplified through the amplification module, and 
the A/D conversion module will convert analog 
signals into digital signals, finally digital signals will 
be sent through serial port transmission module 
controlled by SCM, design diagrams as shown  
in Fig. 2. 

 
 

 
 

Fig. 2. Design diagram of data acquisition module. 
 
 

Design of hardware circuit mainly includes the 
design of minimum system circuit in SCM, the serial 
communication circuit, measuring and amplifying 
circuit, and A/D converting circuit. The common 
STC89C52 SCM and ADC0809 converters are 
selected. The main circuit as shown in Fig. 3, Fig. 4, 
Fig. 5 and Fig. 6. 

In Fig. 5, AD620 instrumentation amplifier is 
used in the design which takes the form of half-
bridge wheat stone bridge circuit. In Fig. 6, 
ADC0809 is used as the A/D switch. The four group 
analog data are inputted separately through IN0, IN1, 
IN2, IN3 port. The input of address signal is 
controlled by P2.0, P2.1 and P2.2 port. The input of 
clock signal is controlled by P2.4. The input of 
enable signal is controlled by P2.5. The start of A/D 
switch is controlled by P2.3 and P2.6 port. 
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Fig. 3. Circuit of serial communication. 
 
 

 
 

Fig. 4. Circuit of reset and clock oscillation. 
 
 

 
 

Fig. 5. Circuit of measuring and amplifying. 
 
 

 
 

Fig. 6. Circuit of A/D transformation. 
 
 

In the design of this module's software, firstly, 
both A/D and serial port are initialized. Then the A/D 
transformation channel is selected and the A/D 
transformation is started and stored the converted 
data until the completion of A/D conversion. Serial 

send procedure is called and the flag data, data 1, 
data 2, data 3 and data 4 will be sent in turn. The flow 
chart of main program is shown in Fig. 7. 

 
 

 
 

Fig. 7. Flow chart of main program of data  
acquisition module. 

 
 

3. Design for Data Receiving and 
Processing Control Module 
 
Data receiving and processing control module is 

used to receive and process the data sent from the 
data acquisition module and through displaying and 
alarm to remind people to ensure the personal safety 
and property of people. The main work is the design 
of hardware and software. 

Design concept in the design of this module's 
hardware: signals of crack width are received by the 
serial communication module controlled by SCM, 
and then the date processed will be displayed by the 
LCD. In the meantime, the alarm limit will be set by 
the keyboard, and when the value of date processed 
exceed this limit, speaker will be alarm and indicator 
will be light. A design diagram is shown in Fig. 8. 

 
 

 
 

Fig. 8. Design diagram of data receiving and processing 
control module. 
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In addition to the design of minimum system 
circuit in SCM and the serial communication circuit, 
design of hardware circuit mainly also includes the 
design of keyboard circuit, display circuit, indicating 
circuit, alarm circuit and the circuit of the RF 
receiver. The main circuit is shown in Fig. 9, Fig. 10 
and Fig. 11. 

 
 

 
 

Fig. 9. Circuit of keyboard. 
 
 

  
 

 
 

Fig. 10. Circuit of alarm and indicating. 
 

In Fig. 9, the system is controlled through 
independent keyboard in the design, and the three 
keys are connected P3.3 to P3.5 of P3 port. One 
button is used to set alarm limits, when it is pressed 
twice, the crack limit will be set, if it is pressed other 
times, the set is finished and real-time data are 
displayed. Another two keys are used to set the 
addition and subtraction of limiting value. 

 
 

Fig. 11. Circuit of LCD. 
 
 

In Fig. 10, four light-emitting diode is used in the 
design. It is connected the four I/O port of P0 port 
through74HC573 latch. If one I/O port is at the state 
of low level, the corresponding led will be lit. In the 
meantime, Speaker alarm is used in the design and 
controlled by the P2.4 port.  

In Fig. 11, the OCMJ4X8C 128*64LCD is used 
in the design. The data / command selection RS, read 
/ write selection R/W, enable signal E and the reset 
RSTB of LCD module are controlled by the P2.0 to 
P2.3 of P3 port. 

In the design of this module's software, 
subroutine is written firstly, then main program call 
various some subroutines. 

In the preparation of LCD subroutine, all date will 
be converted to liquid crystal character firstly. In the 
first line of the display, it will show the value of first 
inclination, with the second line showing the value of 
second inclination, the third line showing the value of 
third inclination and forth line showing the value of 
forth inclination. Then, it will be cleared, and the 
dynamic date will be displayed cyclically. The flow 
chart of LCD subroutine is shown in Fig. 12. 

 
 

 
 

Fig. 12. Flow chart of LCD program of data receiving  
and processing control module. 
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In the preparation of key handling, whether the 
set key under is determined firstly. When the set key 
is pressed down one time, the real-time data is 
displayed properly. If the set key is pressed down two 
times, value of limit inclination will be set. Under 
this condition, if plus key is pressed, value of limit 
inclination increase, otherwise, the value decrease. 
The flow chart of key handling subroutine is shown 
in Fig. 13. 

 
 

 
 

Fig. 13. Flow chart of keyboard control program of data 
receiving and processing control module. 

 
 

In the preparation of main program, firstly, all 
software is initialized. Then the serial communication 
is set to receive mode, and the date processed will be 
displayed by the LCD and compared with the value 
of limit inclination. When it exceeds the limit, the 
system will prompt dangerous. The flow chart of 
main program as shown in Fig. 14. 

 
 

4. Running Experiments of the System 
 
The debugging work mainly includes the check of 

the circuit board and the circuit schematic, and the 
debugging of procedure. System can run normally 
through debugging of the entire system. The 
debugging results of system as shown in Fig. 15 and 
Fig. 16. 

 
 

5. Conclusion 
 
Crack detection system of wall in houses based on 

SCM is full application of serial communication 
technology to detect the crack width of the wall. If 
the crack of the wall is more serious, people should 
move to others timely. And when the crack is little, 
people should repair houses regularly. The two 
measures are as follows: 

 
 

Fig. 14. Flow chart of main program of the part of data 
receiving and processing control. 

 
 

 
 

Fig. 15. Initial values of data. 
 
 

 
 

Fig. 16. Experimental values of data  
in different experiment. 

 
 

1) When the crack width is less than 0.2 mm and 
cracks is shallow, cement mortar or polymer cement 
paste is brushing in the cracks. 

2) When the crack width is more than 0.2 mm and 
cracks is deep, firstly, the crack is hewn V-groove, 
then the V-groove will be painted clean and wetted. 
Finally, XYPEX waterproof material will be packed 
in the crack, and in this way, cracks in concrete can 
be automatically healed 

In this way, it can not only increase the awareness 
of the people and reduce the economic losses, at the 
same time safeguard the people's life, but also there is 
great significance for research improving the 
monitoring of crack of wall in the houses. 
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Abstract: In the area of digital image compression, the vector quantization algorithm is a simple, effective and 
attractive method. After the introduction of the basic principle of the vector quantization and the classical 
algorithm for vector quantization codebook design, the paper, based on manifold distance, presents a clonal 
selection code book design method, using disintegrating method to produce initial code book and then to obtain 
the final code book through optimization with the clonal selection cluster method based on the manifold 
distance. Through experiment, based on manifold distance, compared the clonal selection codebook design 
algorithm (MDCSA) with the hereditary codebook design algorithm and LBG algorithm. According to the result 
of the experiment, MDCSA is more suitable for the evolution algorithm of the image compression. 
Copyright © 2013 IFSA. 
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1. Introductoin 
 

Along with the high-speed development of 
computer and digital communication technology, 
people need to transfer more and more image 
information which contains a large amount of 
redundant information. The purpose of image 
compression coding lies in eliminating all kinds of 
redundancy with the premise of ensuring the quality 
of the image and in representing and reconstructing 
image by using as few bits as possible in a given 
distortion conditions. Research on image 
compression coding is considered to be one of the 
most active fields in the information technology. In 
1948, Olive proposed TV signal digitization in the 
field of image compression coding technology, and 
then a lot of new compression methods and 
international standards were put forward 

successively. In the early 1960s and its metaphase, 
there appeared the earliest theory on vector 
quantization, which gradually became perfect in the 
1980s. Steinhaus, in 1956, first systematically 
developed the problem about the best vector 
quantization. In 1978, Buzo first put forward the 
actual vector quantizer. Until 1980 Linde, Buzo and 
Gray introduced clustering algorithm into the vector 
quantizer design and proposed a famous algorithm in 
vector quantization codebook design - LBG 
algorithm [1-2], which pushed the research and 
application of the vector quantization technology to a 
climax and which became a milestone in the 
development of this field. Although some 
achievements have been made in the research on the 
basic vector quantization technology, there still exist 
many problems. Therefore, a long way is ahead in the 
research on vector quantization technology. 
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2. Relevant Background 
 
2.1. Theoretical Basis of Vector 

Quantization 
 

Vector quantization is based on the theory of 
Shannon rate distortion [3]. In 1959, Shannon defined 
the rate-distortion function R (D) as the minimum 
code rate coding system can achieve in a condition 
not beyond a given distortion D, and defined 
distortion rate function D (R) as the minimum 
distortion coding system can achieve in a condition 
not beyond a given code rate R. Based on vector 
quantization, coding performance can be close to the 
rate-distortion function. Rate distortion theory 
suggests that vector quantization is always superior to 
the scalar quantization because vector quantization 
can effectively apply the mutual correlation 
properties of components of the vector to eliminate 
the redundancy of data. However, rate distortion 
theory is a theory of existence rather than a structural 
one for it does not specify how to structure vector 
quantizer. 
 
 
2.2. The Definition of Vector Quantization 
 

Vector quantization is to replace the value of a 
group of input samples (input vector) with the best-
match set of output value (code word) of the output 
group set (code book) in the quantitative process 

based on the relationship between the adjacent 
sampling. The advantage of vector quantization lies 
in its simple decoding and the high ratio of 
compression. 

The basic vector quantizer can be defined as a 
mapping Q from European space KR to a limited 
subset C : :  KQ R C→ . ( )ˆ ; 1,2, ,iC x i N= =  is called 

code book, ix̂ is called code word and N is code 

word size. The mapping satisfies ( ) ˆ
pQ x x=  , and 

meets:  
 

 ( ) ( )
1

ˆ ˆ, min ,p i
i N

d x x d x x
≤ ≤

=  (1) 

 
where ( )ˆ, id x x is the measure for the similarity 

between x and ix̂ . 
The basic coding and decoding process of vector 

quantization is shown in Fig. 1. According to certain 
measure of similarity, vector quantization encoder 
will search out the minimum code word between 
distortions of input vector in the code book and only 
transmit the index of this code word in transmission. 
Vector quantization decoding process is very simple. 
First, find out the code word in the code book 
according to the received code word index and then 
will it as the reconstruction vector of input vector.  

 
 

 
 

Fig. 1. Diagram of VQ encoding and decoding 
 
 

2.3. Performance Indicator 
 

The distortion between the input signal and the 
reconstructed signal is often described by using mean 
square error (MSE), signal-to-noise ratio (SNR) and 
peak signal-to-noise ratio (PSNR) [4] to describe. 
MSE，SNR and PSNR are defined as follows: 
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where NM × is the size of gray image, L is the 
grayscale, ijx For the pixels of original image, ijy is 
the pixels of reconstruction image. 10 −≤≤ Mi , 

10 −≤≤ Nj . The PSNR is used in this article. 
 
 
2.4. The Key Technology  

of Vector Quantization 
 
The key technology of vector quantization 

includes three aspects: code book design algorithm, 
code word search algorithm and distribution 
algorithm of code word index. 
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2.4.1. Code Book Design 
 

The first problem of vector quantization is to 
design a code book with good performance because 
the performance of code book directly determines the 
quality of the reconstructed vector and the 
performance of vector quantization system. Code 
book design process is actually seeking an optimal 
scheme to divide M training vectors into N classes in 
the condition of minimum average distortion. All 
kinds of centroid vectors are the code words. The 
purpose of the code book design is to seek an 
effective method to make code book close to or reach 
optimum and reduce the computational complexity. 
 
 
2.4.2. Code Word Search 
 

For a given input vector, code word search 
algorithm of vector quantization can be used to 
search the code word with minimum distortion 
among the input vectors in the code book already 
designed. In the given code book ( )ˆ ; 1,2, ,iC x i N= = , 

ix̂ is the code word and N is the size of code book. 
The code word with minimum distortion meets 
( ) ( )

1
ˆ ˆ, min ,p ii N

d x x d x x
≤ ≤

= .There is a high complexity 

of calculation in searching the input vector to the end, 
so the code word search's main purpose is to seek the 
rapid and effective algorithm to reduce the 
computational complexity. 
 
 
2.4.3. Code Word Index Distribution 
 

In vector quantization coding system, channel 
noise often causes inconsistency between the code 
word from the sending end and that from the 
receiving end. The distribution algorithm of code 
word index can redistribute the codeword index and 
reduce the distortion. The local optimal search 
algorithm is often used now and to seek the optimal 
or near global optimal algorithm has become a new 
branch in the field of vector quantization technique. 
 
 
3. The Algorithm of Clonal Selection 

Code Book Design Based on the 
Manifold Distance 

 
This algorithm is based on the clonal selection 

code book design and each antibody is a code book in 
a given antibody population. LBG algorithm is more 
sensitive to the initial code book, so clonal selection 
algorithm [5-6] is introduced in this paper. by which 
splitting method will be applied to generate the initial 
code book. That is, all of initial antibody forms the 
initial antibody population. The algorithm of clonal 
selection code book design based on the manifold 
distance can effectively search out the global optimal 
solution — the optimal code book. 

3.1. The Formation of Initial Antibody 
Population  

 
In this algorithm, real number coding mode based 

on the clustering center is adopted for the initial 
antibody group and each antibody represents a code 
book. If a training vector group X and the size of the 
design code book M are set, splitting method will be 
used to initialize code book. First, the whole training 
sample will be taken as a cell, which will be divided 
into two and two into four via the optimal partition 
hyperplane until it becomes M  cells. They stand for 
the size of the code book M , which is regarded as the 
clustering number to generate an initial code book 
consisting of M code words. According to the size of 
the antibody population, the same method will be 
used to generate Size of the antibody population, 
every antibody is the initial code book as a need to 
optimize a final code book. 

The specific steps of the splitting method:  
1) Calculating the center of mass of the training 

samples X and it is set as 
0C —— the first code word;  

2) Choosing disturbance vector δ , taking 
{ }

0 0
,C Cδ δ− + as the initial code book and applying 

LBG algorithm to design a code book containing 
only two code words;  

3) Taking { }1 1 2 2, , ,C C C Cδ δ δ δ− + − + as the initial 
code book and applying LBG algorithm to design a 
code book containing only four code words.  

Through repeating the above steps and designing 
M
2log times, the initial code book consisting of 

M code words required can be obtained. The 
calculation method for disturbance vector is: 

( )1 2, , , ka a a aδ σ σ σ σ= = . 0a > is the scale factor 

iσ is standard variance of the i th component among 
the training vectors; 1,2, ,i k= ; k  is the dimension of 
training vectors. In this algorithm, for a diversity of 
the antibody population, the first code word will be 
generated at random when the splitting method is 
applied to produce the antibody and the other steps 
are the same as those of the standard splitting 
method. 
 
 
3.2. The Algorithm of Clonal Selection Code 

Book Design Based  
on the Manifold Distance 

 
3.2.1. Clonal Selection Theory [7-9] 
 

Due to the gene mutation of genetic and immune 
cell proliferation, a diversity of immune cells is 
formed, the proliferation of which will become a 
cloning system. In 1958, Burnet and other researchers 
proposed the theory of immune clonal selection, 
which argues that lymphocytes, in addition to being 
amplified or differentiated into plasma cells, can also 
be differentiated into B memory cells with longer 
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life. Meeting the corresponding antigen, memory 
cells will be selected in advance by the immune 
system, being rapidly activated, proliferated and 
differentiated into cells of antibody generation and 
implementing efficient and durable immune function. 
Clonal selection is a dynamic process during which 
organism immune system tries to adapt itself to 
antigenic stimulation. 

Inspired by the clonal selection theory, De Castro 
and other researchers put forward a kind of clonal 
selection algorithm (CSA), which is a new approach 
for artificial immune system based on the biological 
characteristics of antibody clonal selection. With the 
aid of antibody clonal selection mechanism of the 
immune system, Clonal selection algorithm structures 
clone operator suitable for artificial intelligence. In 
terms of clone operator, clonal selection algorithm is 
a kind of group search strategy characterized by 
parallelism and randomness of the search change, 
which helps it avoid falling into local optimal value 
and which can get the global optimal solution with 
the larger probability. Du Haifeng and others put 
forward the algorithm of immune clone strategy 
mainly suggesting the clone operator consisting of 
three steps: cloning, clone variation and clonal 
selection. In the antibody group 

1 2( ) { ( ), ( ), , ( )}NtA A t A t A t= , the state transition can 
be expressed in a random process as following: 

 
clone mutation selection' ": ( ) ( ) ( ) ( 1)C A k A k A k A k⎯⎯⎯→ ⎯⎯⎯⎯→ ⎯⎯⎯⎯→ +  

(5) 
 

 
 
3.2.2. Production of Antibody Coding  

and Initial Antibody Group 
 

Real number coding mode on the basis of 
clustering center is adopted in the Clonal selection 
algorithm. In n  data samples, dimension d , every 
antibody 

 iA is composed of k clustering centers, 
which can be as a real number coding with the 
length l k d= × . An antibody can be shown below： 

 
( )

1

 11 12 1 1 1 2{ }

i k

i d i id k k kd

c c c

A t a a a a a a a a=

(6) 
 

In this equation, the corresponding coding of 

1 2, , , kc c c  is the coordinate for the clustering 
center in the sample space. The results of K-MEANS 
iterated 5 times will be applied to initialize antibody 
group. Of course, using random number to initialize 
antibody group is also feasible but the accuracy and 
convergence speed are both inferior to the results of 
K-MEANS iterated many times. More times of K - 
MEANS iteration cannot improve the clustering 
results, but takes more time. 

3.2.3. Clone Operator 
 
3.2.3.1 Cloning Operation 
 

In order to control the optimal antibody 
proliferation, first antibody affinity and dimension of 
antibody population will be arranged according to the 
descending order. The corresponding antibody 
population also arranged by the descending order of 
antibody affinity degree sequence, and then the 
equation (3) is used to calculate the number of each 
optimal antibody to be cloned. Because the individual 
cloning number is relevant to antibody affinity and 
the values of it, the lower the antibody affinity and 
the value are, the smaller the number of cloning will 
be. 

 
 

b
b

i ni
i
n

roundn ≤≤⎟
⎠
⎞

⎜
⎝
⎛ ⋅

= 1     ,
β , (7) 

  

where ( )round ⋅ is the integer function, β is the 

cloning coefficient and is a constant, bn is the total 
number of individuals selected to be cloned. 

 
 

3.2.3.2 Clone Variation Operation 
 

According to immunology, the improvement of 
antibody affinity and the appearance of antibody 
diversity mainly rely on high frequency variation of 
antibody but not on cross or reorganization. Hence, 
different from the general genetic algorithm 
suggesting that cross is a major operator and 
mutation is background operator, clonal selection 
algorithm puts more emphasis on the role of 
variation. Variation mimics gene mutation in natural 
biological evolution and it chooses several gene 
mutations in one or several genes of the antibody 
with a certain probability, randomly changing the 
gene value so as to change the structure of the 
antibody. In this paper the uniform mutation operator 
will be adopted and the operation process is: for each 
variation point, a random number will be chosen 
from the value range of the corresponding gene to 
replace the original gene value. That is,  

 
 ( )minmaxmin

' UUrUP −+=  (8) 
 
r  is the random number within the scope of ( )1,0 ；

minmax ,UU  are the upper and lower limits of the value 
of this gene. 
 
 
3.2.3.3 The Clonal Selection Operation. 

 
Different from the options in genetic algorithm, 

clonal selection operation chooses the preeminent 
individuals from the cloned progenies of each 
antibody to form a new population—a neuter 
selection process. 
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3.2.3. Fitness Function 
 

Manifold distance measure is adopted in the 
fitness function of the algorithm and the specific 
approach is described as below [10-15]: 

Data clustering is characterized by local and 
global consistency. Local consistency refers to the 
high similarity between the adjacent data points in 
the space position; global consistency refers to the 
high similarity between the data points in the same 
manifold. Similarity metric based on Euclidean 
distance can only reflect the local consistency of 
clustering results — the high similarity of the 
adjacent data in the space position, but cannot reflect 
the clustering global consistency—the high similarity 
located in the same manifold sample. A simple 
example can illustrate this as is shown in Fig. 2. The 
similarity between data point a and data point e is 
expected to be larger than the similarity between data 
point a and data point f . So just using Euclidean 
distance as the similarity measure will seriously 
affect the performance of the clustering algorithm. 

 
 

 
 

Fig. 2. Illustration of European measure unable being  
to meet the globally consistency. 

 
 

In order to guarantee the performance of the 
clustering algorithm, meeting the distance of 
clustering global consistency does not necessarily 
mean meeting the triangle inequality of European 
measure. In other words, meeting the distance of 
clustering global consistency cannot definitely lead to 
the shortest direct path between two points. The path 
length in the same manifold connected with the short 
side must be made shorter than the distance between 
two points directly connected through the low density 
area, as is shown in Fig. 2.: ab bc cd de ae+ + + <  . 
To achieve this objective, first a manifold line length 
will be defined. 

 
Definition 1: Manifold Line Length 

 
 ( ) ( ),, 1i jd x x

i jL x x ρ= −  (9) 
 

( ),i jd x x is the Euclidian distance between ix  

and jx ; 1ρ > is the expansion factor. 

Definition 2: Manifold Distance Measure 
 

The data point is taken as the culmination of 
graph ( ),G V E= ; lp V∈ represents the path between the 

two connections
1p and pp with the length 1l p= − in 

the figure; the side is ( )1,k kp p
+

, 1 k p≤ < . 
ijP stands 

for the set of all paths of connection data points ix  

and jx ; the manifold distance between ix and jx can 
be calculated via the following equation: 

 
 ( ) ( )

,

1

1
1

, min ,
i j

p

i j k kp P
k

D x x L p p
−

+
∈

=

= ∑  (10) 

 
Obviously, manifold distance measure meets four 

conditions of measure, namely, symmetry: 
( ) ( ), ,

i j j i
D x x D x x= , non-negativity: ( ), 0

i j
D x x ≥ : 

triangle inequality: for any , ,i j kx x x , 

( ) ( ) ( ), , ,
i j i k k j

D x x D x x D x x≤ + , self-reversity: 

( ), 0
i j

D x x = , if and only if i jx x= . Manifold distance 
measure can measure the shortest path along the 
manifold and this makes the two points in same 
manifold can be connected by many short sides. At 
the same time, the two points located in different 
manifolds should be connected by the relatively 
longer side, finally achieving the purpose of 
lengthening the distance between data points in 
different manifolds and shortening the distance 
between data points in the same manifold. Based on 
the manifold distance, a fitness function of 
calculation similarity can be designed and the fitness 
function of iP (the ith antibody):   
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(11) 

 

C is the center set of all clustering; kc  is the class 
center of clustering

kC ; ( ),
k

D i c is the manifold distance 
between data point i  of clustering

kC  and the 
clustering kc .  

 
 
3.2.4. The Process of the algorithm Of Clonal 

Selection Code Book Design Based  
on the Manifold Distance 

 
Specific process of the algorithm is listed below:  

Step 1: initialize antibody population. The scale of 
antibody group is set as N ; 0=t ; splitting method is 
used to initialize the code book and each code book 
represents an antibody group; a total of N initial 
antibodies is produced to form an initial antibody 
population ( )C t .  
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Step 2: According to the clustering center code of the 
antibody, each sample point will be grouped into 
different clustering via manifold distance measure 
based on the nearest neighbor principle; antibody 
affinity and degree value is calculated.  
Step 3: Cloning operation. After clonal variation 
operation and Clonal selection operation, a new 
generation of antibodies ( )1C t+  is generated.  
Step 4: Calculating fitness of the updated antibody 
population. 
Step 5: 1t t= + . If the clustering error rate is less 
than stop threshold e , or reaches to the upper limit of 
iterations ( maxt ), the progress will terminate and 
output the optimal antibody-optimal code book. 
Otherwise, the process will turn to Step 3. 
 
 
4. The Analysis of Experimental Results 
 
4.1. Experimental Setup 
 

In the experiment, the main parameters are shown 
in Table 1 and Table 2 below. 

 
 

Table 1. Parameters of the algorithm of genetic code book 
design selection matrix rules. 

 
Parameters Genetic Algorithm 

Maximum iteration 100 
Population size 40 
Termination condition 51 −= eε  
Crossover probability 8.0=cp  

Mutation probability 5.0=mp  
 
 

Table 2. Parameters of the algorithm of clonal selection 
code book design. 

 

Parameters Clonal Selection 
Algorithm 

Maximum iteration 100 
Population size 40 
Termination condition 51 −= eε  
Cloning coefficient 5.3=β  

Numbers to be cloned 5=bn  

Mutation probability 5.0=mp  

 
 

4.2. Analysis of the Results 
 

In order to validate the performance and 
effectiveness of the algorithm, in this paper the four 
pictures of natural image are compressed and 
reconstructed. These pictures and their size are 
shown in Fig. 3. In the experiment, the three pictures 
of boat , bird, Barbara and build with eight bits per 
pixel produce code books of all sorts of size as the 
training images, with their respective vector 
dimension 16  
(4x4). In Fig. 3, peak signal-to-noise ratios (PSNR) 
produced when the code books of different sizes 

generated by all kinds of algorithms (based on the 
manifold distance clonal selection algorithm 
(MDCSA), based on the manifold distance genetic 
algorithm (MDGA) and the traditional LBG 
algorithm) perform image coding on the four pictures 
respectively are compared. 

According to Table 3, for the four images tested, 
PSNR value of MDCSA algorithm is much higher 
than that of MDGA and LBG algorithm when the 
code book size is 128; when the code book size is 
256, PSNR value of MDCSA and MDGA is the 
same, but it is much higher than that of LBG 
algorithms, when the code book size is 512, in 
addition to PSNR value of MDGA algorithm of fruit 
image is high, PSNR values of MDCSA algorithm of 
others is much higher. Therefore, a conclusion can be 
reached that the method of clonal selection code book 
design based on the manifold distance is 
characterized by better performance and 
effectiveness. 

 
 

  
 

(a) Boat (512×512) 
 
 

 
(b) Bird (481×321) 

 

  
 

(c) Barbara (512×512) 
 

(d) Build (481×321) 
 

Fig. 3. Images tested. 
 
 

Table 3. Image tested PSNR (dB). 
 

Images Code 
book size MDCSA MDGA LBG 

128 24.943 24.8419 20.1869 
256 24.8418 24.8418 24.5579 Boat 
512 24.8431 24.8431 24.565 
128 23.45 23.3815 19.5655 
256 23.3781 23.3781 23.1114 Bird 
512 23.385 23.3859 23.1495 
128 23.1356 23.0691 19.4034 
256 23.0688 23.0688 22.8644 Barbara 
512 23.0703 23.0701 22.8773 
128 25.1284 25.058 20.0653 
256 25.12 25.12 24.5258 Build 
512 25.1421 25.1419 24.5186 
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5. Conclusion 
 

This paper is mainly about the image 
compression problem of image clustering, in which 
the basic principles of vector quantization and classic 
LBG algorithm are introduced. Besides, a method of 
clonal selection code book design based on manifold 
distance is put forward. During the process, splitting 
method is adopted to produce initial code book and 
clonal selection clustering approach based on 
manifold distance is applied to generate the final 
code book. In the experiment, algorithm of clonal 
selection code book design, algorithm of genetic code 
book design and the traditional LBG algorithm are 
compared. The results show that for code books of 
different sizes relatively high PSNR value can be 
achieved via MDCSA, which proves that this 
algorithm has good performance and effectiveness. 
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Abstract: Wireless sensor network as a new information acquisition technology has profound impact on 
people's work and life style, has the very high research value. Energy issues important factor restricting the 
development of the deep WSN is node, sensor nodes for processing data collected information and 
communication between nodes will speed up the energy consumption of nodes. Cover the deployment strategy 
is directly related to the optimal distribution of target area monitoring the degree of perception and limited 
resources of wireless sensor network, determines the service quality of the wireless sensor network to improve 
the. How to design an efficient coverage algorithm directly affects the coverage and network lifetime, because 
the actual environment of 3D wireless sensor network is more close to people, so the 3D WSN. Covering 
research has more realistic significance. At present, about the research of wireless sensor network many 3D 
covering literature, according to the general configuration of nodes is divided into deterministic coverage and 
random covering two aspects. This paper presents a wireless sensor network node for 3D scene coverage model 
and its deployment method, based on analyzing the common regular polyhedron models used in 3D space 
coverage, proposed a model based on covering the structure, on the basis of this theory to derive a quantitative 
relationship between coverage model and node sensing radius, more based on the quantitative relationship 
between the further calculation of network area remains fully covering the minimum number of nodes are 
required, the network regional 3D mesh finite mesh node coverage model in accordance with the deployment. 
Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor network, 3D, Algorithm, Nodes. 
 
 
 
1. Introduction  
 

With the rapid development of embedded system, 
wireless communication and computing technology. 
Wireless sensor network as a new information 
acquisition technology has profound impact on 
people's work and life style, has the very high 
research value [1]. WSN is composed of a large 
number of resource constrained (e.g. CPU, battery 
energy, communication bandwidth) consists of sensor 
nodes, the sensor node real-time monitoring the 
perception of the target area, all kinds of information 
acquisition and perceptive object (such as air 
humidity, ground temperature and pollutant 

concentration), and then the collected information 
and data processing, and the processed data through 
wireless communication in multi-hop transmission 
way to network or observer terminal, thereby 
effectively to the physical world, computer network 
and real world, give people provides a new 
observation of the physical world [2]. 

Wireless sensor network is integration of sensor 
techniques emerging and embedded technology, the 
traditional wireless communication technology and 
distributed information processing technology, the 
effective implementation of the mass monitoring and 
tracking service complex [3]. As a new information 
perception and acquisition technology, WSN 
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technology has been involved in various aspects of 
people's lives, is widely used in many important 
fields of military applications, medical care, 
environmental monitoring, space exploration, 
especially in the bad environment of regional or 
unattended monitoring area in information collection 
show unique advantages [4, 5]. At present, in the 
promotion of technological development and social 
progress based on the advantages of wireless sensor 
network, has become the domestic and international a 
new research hotspot, and achieved certain results. 

WSN technology is the main task of sensing and 
monitoring the target region, to achieve a variety of 
environment or object in the target area for sensing 
and monitoring, the first job is to cover the effective 
control to the target area [6]. WSN coverage control 
problem is that sensor nodes by adjusting the position 
of their own to monitor the target area, and execution 
of the target object perception task, it reflects the 
degree of perception of the designated area 
monitoring WSN fundamentally. At the same time, 
the sensor node sensing range and communication 
with the battery consumption gradually reduce the 
monitoring performance and service life directly 
affects the network. Communication energy Co., 
limited energy, computation ability of finite resources 
characteristics greatly influence the service quality of 
WSN, how to use various resource allocation 
optimization method to control the appropriate 
coverage of WSN can improve WSN quality of 
service has become an urgent problem to be solved 
for WSN technology [7-9]. 

In general, WSN coverage is through the 
deployment of nodes and node control, to meet the 
requirements of WSN sensing and monitoring of the 
target area, reflects the network "perception" quality 
of service, it is a basic prerequisite of a wireless 
sensor network work. Only in this way, the observer 
can obtain all the information needed. Based on this 
theme, in 3D Wireless Sensor deterministic coverage 
and random covering two aspects, respectively, two 
control algorithms are proposed from the two aspects 
of coverage. Deterministic coverage problem can be 
regarded as the target region size determination, state 
fixed predetermined time, the topological structure of 
the network and to determine the position of the 
node, then the node deployment to meet the needs of 
coverage network [10]. In view of this situation, this 
paper presents a model based on covering the 
structure, and the theory of 3D calculations derive 
known completely cover the required number of 
sensor nodes, the network regional 3D mesh finite 
mesh node coverage model in accordance with the 
deployment of [11]. 

 
 

2. Wireless Sensor Network 
 

2.1. Gateway Function Analysis and Design 
 

The gateway of wireless sensor network in 
wireless sensor network plays an important role in 

wireless sensor network gateway [12]. The main 
functions are as follows: collecting information 
through WSN network coordinator; the gateway for 
wireless sensor network processing unit according to 
the application requirements for gathering 
information for initial treatment; the processing of 
data via an external network communication module 
for forwarding to the application server. The gateway 
can be added new auxiliary functions, such as the 
Short Message Service (SMS) gateway alarm 
function. The traditional WSN gateway network set 
data with the help of networked PC wireless sensor 
network. According to the characteristics of wireless 
sensor network and agricultural monitoring 
applications, and fully consider the gateway 
practicality, compatibility and scalability 
requirements [13, 14]. We design a kind of oriented 
agricultural monitoring wireless sensor network 
gateway, the plan is as follows: In the ARM 
processor uC/OS-II operating system transplant, the 
ZigBee radio frequency module to complete ZigBee 
network and receiving sensor to collect the data. 
After a certain data storage strategy, by GPRS 
wireless or Ethernet wired to the acquisition of the 
environmental data transmission to the remote 
monitoring center [15]. 

The hardware requirements: gateway hardware 
platform should have the high performance MCU, 
memory, Ethernet interface chip, GPRS module, 
SgBee module, a clock circuit and a reset circuit. 
Software requirements: selection can be cut, 
transplant embedded operating system easily, 
application layer supports the WSN data collecting, 
protocol conversion, forwarding functions. Gateway 
is the bridge to build a wireless sensor network 
sensor node and a remote monitoring center 
communication, and it is the core part of wireless 
sensor network. The gateway system coordinator is 
responsible for wireless sensor network sensor data 
acquisition nodes to communicate, gateway 
communication by GPRS wireless or Ethernet cable 
and remote monitoring center [16]. 

The gateway of wireless sensor network and 
sensor acquired data communications between the 
nodes by extending the ZigBee module, GPRS 
module and Ethernet interface chip. With GPRS as 
connecting to the remote monitoring center and the 
gateway of wireless transmission, to network 
interface chip as connecting to the remote monitoring 
center and gateway Ethernet wired transmission 
mode [17]. The hardware part is mainly composed of 
ARM microprocessor, ZigBee module, GPRS 
module which used for wireless communication, 
Ethernet interface chip memory chip, Flash memory 
chip, power supply circuit module [18]. The gateway 
hardware structure diagram is shown in Fig. 1. 

Recently, advancement in wireless 
communications and electronics has enabled the 
development of low-cost sensor networks [19]. The 
wireless sensor network as a new kind of technology 
has been researched by many universities and 
institutes, and also been used in many areas [20]. 



Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 422-430 

 424 

Wireless ad hoc networks as a product of integration 
of network technology and wireless communication 
technology, can be separated from the wired 
infrastructure (such as the base station), multi-hop 
networks with self-organizing way. Its composition is 
shown in Fig. 2(a), it is different with the visible and 
the structure of the traditional WLAN which is 
shown in Fig. 2(b). 

 
 

 
 

Fig. 1. The gateway hardware structure diagram. 
 

 

 
 

(a) 
 

(b) 
 

Fig. 2. (a) Structure of MANET, (b) Structure of WLAN. 
 
 

Developers use this basic communication 
capacity to implement protocols that let the collection 
of nodes transport and process information and 
coordinate their activities [21]. A basic capability in 
such networks involves disseminating information 
over many nodes. This can be achieved by a flooding 
protocol in which a root node broadcasts a packet 
with some identifying information. Receiving nodes 
retransmit the packet so that more distant nodes can 
receive it. However, a node can receive different 
versions of the same message from several 
neighboring nodes, so the network uses identifying 
information to detect and suppress duplicates. 
Flooding protocols use various techniques to avoid 
contention and minimize redundant transmissions. 
Reliability also follows a different pattern. 
Increasingly, sensor networks will deploy disruption-
tolerant networking approaches in which they 
transfer bundles of data reliably, hop by hop, in 
contrast to the Internet, which sets up an end-to-end 
connection using byte or packet matching between 
the original source and destination to determine 

reliability. The DTN model better suits the variable 
connectivity that results from dynamic environments 
and the need to duty-cycle. 
 
 
2.2. The System Structure of Wireless  

Sensor Network 
 

According to the requirements of the application 
of WSN, wireless sensor network node current 
mainly by the data collection unit, data processing 
four parts unit, data transfer unit and power 
management unit. The hardware structure of sensor 
node most companies or research institutions to 
develop the same, there are subtle differences only in 
special demand function component. A typical sensor 
node hardware structure was shown in Fig. 3. 

 
 

 
 

Fig. 3. A typical sensor node hardware structure. 
 
 

The data collection unit comprises a sensor 
module and analog/data conversion module, sensor 
for collecting the object of observation information 
and then through the digital-analog conversion is 
transferred to the data processing unit. According to 
the different collection object needs to choose 
different sensor equipment in actual use, a node may 
device a plurality of sensor devices. 

Power management unit usually means a small 
battery, responsible for the sensor nodes to other unit 
normal operation to provide the necessary energy to 
support. The data processing unit from the memory, 
microprocessor and embedded OS module, the 
processor operates at a different frequency or 
different voltage directly affects the energy 
consumption of sensor nodes with different. At the 
same time, the processing unit determines the 
topology selection and processing speed and the 
ability of network nodes, routing algorithm of sensor 
data. Data transmission unit consists of a RF module, 
responsible for sending and receiving data exchange 
between nodes and control information, and a 
wireless gateway digital signal acquisition 
transmission to the monitoring center, to the observer 
analysis. In wireless sensor networks, the use of 
different communication protocols will directly affect 
the communication range of sensor nodes and node 
energy consumption of different. Communication is 
currently widely used in WSN include common RF 
communication using GSM band and with the 
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ZigBee protocol and Bluetooth communication 
protocol, RF communication. 

This network consists of sensor nodes, Sink (sink 
node), intermediate transmission network (satellite 
communication network or the Internet) and the 
observer. Many inexpensive miniature sensor nodes 
scattered deployment in or in the vicinity of the 
sensing area, these nodes by self-organizing, adaptive 
wireless communication network, in a collaborative 
manner perception, acquisition and processing 
network covering the specific object information 
area, after processing a plurality of nodes and 
eventually passed to the sink node. Users can directly 
access the sink node or the intermediate transmission 
network using indirect management of sink nodes, 
reverse control and management of the sensor node, 
and realizes the monitoring and management of 
remote monitoring area. 

Sink node is responsible for bridging WSN and 
satellite communication network or Internet 
intermediate transmission network must have strong 
computation, storage and communication ability and 
sufficient energy supply. The Sink node has abundant 
port resources can easily add new hardware 
implementation of integration with the existing 
network facilities, a full-featured special sensor nodes 
can be used as a Sink node, a special gateway device 
with only wireless communication interface, can also 
be used as a Sink node. Monitoring system of WSN 
as a new information acquisition technology 
compared with traditional has many obvious 
advantages such as WSN nodes with no fixed 
infrastructure significantly reduces the cable cost, 
node with computing and self-detection function 
greatly improve the system performance and stability. 
 
 
2.3. Development and Key Technology 

Research of Wireless Sensor Network 
 

Wireless sensor network as a new information 
acquisition technology effectively implement large-
scale monitoring and tracking service complex, has 
the profound influence people's way of life and work. 
The United States business weekly and MIT 
Technology Review in forecasting the future 
technology development report, respectively, the 
wireless sensor network is one of the top 10 
technology 21 most of twenty-first Century and 
change the world. 

Application of the United States Department of 
defense for the first WSN in the last century 70's, will 
be dedicated to wireless sensor network is extended 
to the future military war. The United States 
Department of Defense Advanced Research Program 
(DARPA) began to study funded by the Carnegie 
Mellon University set up a distributed sensor network 
working group of distributed sensor network in 1978, 
this is seen as a WSN prototype. The United States 
military department at the WSN research fruits, the 
period of 2001~2005, the United States Army put 

forward "smart sensor network communication" plan, 
the sensor and the robot system as a unified network, 
using a dynamic understanding of the battlefield of 
the network timely in military operations, adjust the 
operational plan. The United States Navy recently for 
the establishment of a set of real-time database 
management system to carry out a "sensor network 
system" project, the system uses a dedicated portable 
sensor device, can coordinate the air and ground 
monitoring equipment, access and data information to 
deploy to all levels of command unit. 

 
 

 
 

Fig. 4. The network structure of a typical wireless sensor. 
 
 

The network structure of a typical wireless sensor 
was in Fig. 4 above. With the rapid development of 
WSN, WSN has been involved in various aspects of 
people's lives, has been widely used in military 
applications, medical care, environmental 
monitoring, space exploration and other fields, WSN 
technology into the technology of the Internet of 
things has become a trend in current research. 

The node location information directly affect the 
WSN data acquisition node effect, the necessary 
condition of normal operation of the wireless sensor 
network is to determine the formation of a stable 
network node position in WSN. Through the 
positioning technology, deployment of nodes in the 
target area can determine its location information, 
WSN can dynamically select some specific sensor 
node consists of a dynamic set to complete the task, 
in this way reduces the number of working nodes and 
greatly reduce system energy consumption. 
According to the characteristics of sensor nodes have 
limited battery energy, random deployment, easy 
failure, the requirements of positioning technology 
can meet the energy efficiency, self-organization, 
distributed computing and robustness requirements. 
At present common positioning technology, 
including centralized positioning technology and 
distributed positioning technology. 

In WSN, the topology control technology directly 
affects the topology of the network, the use of 
topology control technology can not only improve the 
efficiency of MAC protocol, but also can provide 
adequate routing updates. Topology control to 
provide the necessary support time synchronization 
technology and target positioning technology, in 
order to WSN limited resources efficiently using the 
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network coverage and connectivity in the case, 
effectively prolong network lifetime. Implementation 
of topology control algorithm will consume the 
energy of the node, and storage capacity, processing 
power and communication capabilities of sensor 
nodes are limited, so the topology control algorithm 
for complex is not suitable for WSN network. At 
present, there are two main research directions: one is 
to choose the appropriate transmission power of 
sensor nodes; two is the conversion control sensor 
nodes between working state and sleep. 

WSN nodes are deployed in the area of 
communication, nodes are prone to failure, the 
deployment of regional security can’t be guaranteed, 
and the nodes using wireless communication 
transmission without special equipment, which will 
cause the security problems of WSN. The main goal 
of WSN network security is the guarantee of 
confidentiality, data integrity and the authenticity of 
the message. Aiming at these problems, the general 
practice is by means of encryption, to prevent the 
attacker communication information between nodes, 
so that an attacker cannot effectively attacks and 
malicious damage. At the same time, the need for and 
remote control of the wireless sensor network 
information legally users open access. 

Cover the deployment strategy is directly related 
to the optimal allocation of monitoring sensing 
requirements of target area and limited resources of 
wireless sensor network, determines the service 
quality of the wireless sensor network to improve the. 
WSN coverage control problem involves many key 
technologies, network model, sensor node hardware 
and software system, covering algorithm can directly 
affect the effect of covering WSN. Wireless sensor 
network to access object perception information for 
the purpose of application, has strong correlation, so 
according to different application requirements, WSN 
coverage control should be used in conjunction with 
the coverage of different techniques and strategies. 
 
 
2.4. Research on Coverage in Wireless 

Sensor Networks 
 

The coverage problem in wireless sensor network, 
is adjusted by controlling the node deployment 
position, the optimal distribution of WSN network 
node energy, network communication, network data 
storage and processing power limited resources, in 
order to improve the network of various quality of 
service, prolong the network life purpose. In general, 
WSN coverage is through the deployment of nodes 
and node control, meet the WSN network and the 
monitoring of the target area requirements, reflects 
the network service quality. 

For the different perception of different target 
monitoring area requirements, WSN coverage can be 
divided into 3 categories: coverage, line coverage and 
area coverage. Coverage refers to the sensor node to 
the target area of the specified target object to satisfy 
the coverage requirements, ensure that each target 

object discrete is at least one sensor node monitoring 
at any time. Covering about from all sensor nodes in 
selecting nodes with sensor nodes and ensure 
minimum meet the coverage requirements for all 
specified point target. A typical coverage model was 
shown in Fig. 5, the deployment of 10 sensor nodes 
in the rectangular target area, in order to monitor to 
the 7 point target within the target region, covering 
does not require all nodes perform coverage task 
requires only 3 sensor nodes perform work that can 
cover all the need to monitor the point target. 

 
 

 
 

Fig. 5. A typical coverage model. 
 
 

Line overlay (coverage) refers to the sensor node 
to all point of a path on the target area to satisfy the 
coverage requirements, line covering about 
monitoring area of a moving target through the 
sensor nodes, the probability to be detected or not 
detected. The model shown in Fig. 6 covers a typical 
line, black curve in the diagram of moving target 
through the whole process of trajectory monitoring 
area, sensor nodes 3 work in a state of complete a 
target is detected through the rectangular monitoring 
area. 

Regional coverage is a WSN covering the most 
common, it requires cooperation among sensor nodes 
complete coverage of a target area and ensure that 
every point within the target area can be WSN 
coverage monitoring. Area coverage is concerned 
with the combinatorial optimization problem of WSN 
nodes, the basic idea is to use all the sensor nodes are 
divided into several different sets of nodes, each set 
can independently complete the specified coverage 
task target area at any time, as long as there is a set is 
in the working state can ensure the target area is 
WSN cover. According to the network coverage of 
the target in different regions, regional coverage is 
divided into two surface coverage and 3D spatial 
coverage. A typical two-dimensional surface 
coverage was shown in Fig. 6. The deployment of 20 
sensor nodes in the rectangular target area, using 7 
sensor nodes to form a working set can completely 
cover the target area in order to complete the 
monitoring task. 
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Fig. 6. A typical two-dimensional surface coverage. 
 
 

WSN coverage strategy on one hand can control 
the sensor nodes from the global work to improve the 
network covers the whole perception effect, but also 
can avoid unnecessary energy consumption, on the 
other hand, WSN coverage strategy will also bring 
the computational treatment increases and the cost of 
network communication to increase the burden. 
Coverage of the assessment standard reflects the 
basic requirements of coverage of WSN, considering 
the different needs of coverage, to provide the 
necessary support for the analysis of an effective 
coverage strategy. Coverage criteria can help us 
understand the WSN coverage of the key and 
difficult points, analysis can also help us better 
coverage algorithm at present between different 
species of the advantages and disadvantages of. 

The coverage quality (perceived quality) is WSN 
coverage of the most important indicators, to reflect 
the WSN to the target area of sensation and 
perception, is the primary measure of a wireless 
sensor network coverage quality. The coverage 
quality mainly include the basic factors of the 
following: coverage, coverage uniformity, coverage 
level, covering the time and the average moving 
distance. 
 
 
3. Result and Discussion 
 
3.1. Deterministic WSN Full Coverage  

of the Deployment Algorithm  
for 3D Space 

 
Cover the deployment strategy is directly related 

to the optimal allocation of monitoring sensing 
requirements of target area and limited resources of 
wireless sensor network, determines the service 
quality of the wireless sensor network to improve the. 
With the deepening of theoretical research and 
application demand unceasing expansion, the three-
dimensional WSN close to the reality of the physical 
world is attracting more and more attention, such as 
three-dimensional network as the background of the 
underwater acoustic sensor networks and atmospheric 
monitoring sensor network. 

If the advance informed the three-dimensional 
induction zone size and shape, you can plan the 
network topology in advance according to the 3D 
model, then according to the coverage requirements 
to calculate the position of the node and the node 
deployment, in this case, the deterministic 
deployment method can effectively reduce computing 
less number of nodes, and the nodes deployment 
time. At present, most of study on the method of 3D 
spatial coverage problem is pumping into three-
dimensional space three-dimensional ball cover, that 
is to say, the sensing range of each sensor node as a 
node is the center of the sphere, and then uses a 
plurality of coverage overlap sphere covering the 
entire three-dimensional monitoring area. In order to 
reduce the number of nodes in the work to save the 
network energy angle, coverage optimization 
problem corresponding to the maximum of how to 
use the minimum number of spheres to the 3D space 
coverage. 

This chapter uses the ball for a 3D spatial 
coverage coverage model design covering method, 
the model of a cuboid structure based on the theory, 
this chapter deduces the quantitative relationship 
between coverage model and node sensing radius, 
further based on the quantitative relationship between 
the computing network area to keep sufficient 
minimum number of nodes needed to cover the 
network, finally regional 3D mesh finite mesh node 
coverage model in accordance with the deployment 
of. In three-dimensional space, we define a coverage 
model, was shown in Fig. 7. 

 
 

 
 

Fig. 7. A coverage model. 
 
 

Among them, the tetrahedral ABCDA’B’C’D’ is 
a long, width and height respectively, X, Y, Z cuboid; 
middle plane EFGH in cuboid ABCDA’B’C’D’, with 
the bottom surface ABCD parallel, and in the Z/2, I is 
a planar EFGH center; node deployment in E 
respectively, E, F, G, H, I five positions of the place a 
sensor node. Coverage density equal to the volume 
ratio of the sensing radius of five r sensor node 
sensing the total range of space and the cuboid 
ABCDA’B’C’D’ coverage model, denoted as R, V, 
and type set: 
 

  VrVr 3/20, 3   (1) 
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According to the geometrical symmetry, we can 
put the whole cover covering the whole three-
dimensional cuboid is mapped to 2D rectangular 
ABCD. A sensor node sensing radius is Sr, then the 
node is a circle in the plane ABCD sensing range, the 
region of radius Rs are: 
 

4

2
2 z

RsRS   (2) 

 
The best conditions of rectangular ABCD full 
coverage of the corresponding to the overlay model 5 
sensor nodes in the rectangular ABCD on the 
intersection. According to the length of X, width of Y 
and the sensing radius S. The relationship between R, 
when x>2Rs, y>2Rs as shown in Fig. 8. 
 
 

 
 

Fig. 8. The relationship of x and y. 

 
 
3.2. Coverage Control Algorithm for UWSNs 
 

Underwater sensor networks (UWSNs) is a hot 
area of research in recent years WSN. UWSNs on the 
oceans, lakes, and other fields to provide real-time, 
accurate an efficient target detection and data 
acquisition. Underwater sensor network consists of a 
large number of underwater sensor nodes and a 
limited number of located on the surface or the base 
station node itself autonomous receivers, with 
acoustic equipment, nodes communicate by sound, 
and use the data collected will be transmitted to the 
radio base station receiver or autonomous. The 
application prospect of UWSNs is very extensive, 
including the discovery of enemy submarines, small 
vehicles, detection, coastal pollution detecting 
tsunamis and send alerts etc. 

Three-dimensional sensor networks UWSNs is 
different from the traditional, because the waters in 
the sea, lake environment is often unknown, so the 
resulting deterministic coverage strategy difficult to 
implement. Random coverage does not need to 
receive location information for all nodes in advance, 
only need to cover the network can complete the 
sensing task by nodes forming a self-organizing, so 
underwater sensor networks are mostly use the 

random coverage strategy. The 3D underwater 
environment, the commonly used approach is first to 
use the aircraft or ship sensing device is random 
distribution to the surface of the water, and then 
through the horizontal position covering algorithm 
node adjust certain and vertical depth, the sensing 
device to sink underwater target area, the formation 
of topological structure of the network eventually. 
Network topology generation process directly affects 
the network coverage and energy consumption, and 
the influence of network coverage and life cycle 
period. The literature provides a method for the 
underwater 3D Wireless Sensor Networks 
deployment strategy, the purpose is to use the 
minimum number of sensor nodes in the overlay 
target area and to ensure that the sensing and 
communication. In underwater acoustic sensor 
networks (UWSNs), Akkaya et al proposed a 
distributed node coverage algorithm, the algorithm 
uses the graph coloring of node number and 
clustering, and chooses the neighbor nodes of the 
node as cluster head number. Because the nodes in 
the cluster of the highest degree of coincidence 
between the cover, so the nodes in the cluster to be 
assigned to different depth to reduce the coverage of 
coincidence degree. The cluster head node to 
calculate the depth position of each packet of cluster 
nodes will be adjusted to the last packet, the depth 
adjustment. 

 
 

 
 

Fig. 9. Schematic diagram of network packet. 
 

The sensing radius assume that sensor nodes are 
randomly selected for SR, a node, the node searching 
neighbor nodes within the range of SR to form a 
cluster, and set the node for the cluster head. Then, a 
cluster as a group, and ID number of the group, the 
depth of the adjustment of cluster head node is 
responsible for all nodes within the group. At the end 
of the level of other ungrouped nodes according to 
the method of grouping, until all nodes are in groups. 
Grouping common was shown in Fig. 9. 

In order to effectively reduce the coverage 
overlap and maintain connectivity, we consider the 
coverage of the first 3 nodes. Cover the sensing range 
of each sensor node is assumed spherical space, and 
the sensing range of each node in the network is the 
same, the communication range of nodes is not less 
than two times of the sensing range of circumstances, 
if a group of nodes can completely cover a convex 
region, is between the set of nodes will be 
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communicated. Therefore, in this condition only meet 
the coverage requirements can also guarantee the 
network coverage and connectivity. 

The depth of the adjustment, from different 
groups of nodes may move to the same depth, there 
are still covered in overlapping area between them. 
So the optimization cycle can realize this kind of 
joint in the vertical direction away from each other, 
to further reduce the coverage overlap. And it is in 
the same depth of the neighbor node is calculated for 
each node distance, is it right? Check the neighbor 
nodes in the sensing within it, if there is an overlap 
with the node, readjusting the neighbor node depth, 
remote and the nodes in the vertical distance. 

 
 

3.3. Experimental Results and Simulation 
 

In order to study on application of ICC-3D algorithm 
in the actual environment, we deployed nodes 
sensing radius SR =10m in 3D water 120 m × 100 m 
× 60 m in area, in accordance with the 
implementation steps of the algorithm, simulation, 
ICC-3D algorithm and random deployment algorithm 
of network coverage rate were compared, the 
experimental results show the effectiveness of the 
ICC-3D algorithm. 
 
 

 
 

Fig. 10. The region of deployment of nodes  
is not the same coverage changes. 

 
 

Fig. 10 shows the region of deployment of nodes 
is not the same coverage changes, ICC-3D algorithm 
rate is obviously higher than that of random node 
distribution coverage, and with the number of nodes 
increases the coverage rate effect is more obvious, 
because the ICC-3D algorithm for mobile nodes in 
the vertical direction between adjacent nodes, reduce 
the sensing area overlap. 

Coverage control is a key problem of the 
application of wireless sensor networks, especially 
the certainty in 3D underwater environment 
deployment is often difficult to implement. This 
chapter considers the particularity of mobile node in 
the underwater environment, improve the coverage 
rate from the point of view, this paper proposed a 

distributed suitable for underwater wireless sensor 
network coverage control algorithm ICC-3D 
(Increased CoverageControl-3D), ICC-3D algorithm 
is divided into groups, effective depth of the 
adjustment, optimization of cycle three steps, a series 
of simulation experiments the ICC-3D algorithm can 
effectively improve the network coverage. 
 
 

4. Summary 
 

For the underwater wireless sensor network 
(UWSNs) 3D coverage problem, according to the 
particularity of mobile node in the underwater 
environment, put forward a coverage control 
algorithm node of a distributed ICC-3D algorithm 
(Increased Coverage Control-3D). The assumption 
that nodes initially deployed on the surface of the 
water, the algorithm first depth control, then the loop 
control in the 2D plane, finally realizes the effective 
coverage of 3D sensor networks. A large number of 
experiments show that, ICC-3D algorithm can 
obviously eliminate the overlap region, effectively 
meet the coverage requirements. How to design an 
efficient coverage algorithm directly affects the 
coverage and network lifetime, because the actual 
environment of 3D wireless sensor network is more 
close to people, so the 3D WSN. Covering research 
has more realistic significance. At present, about the 
research of wireless sensor network many 3D 
covering literature, according to the general 
configuration of nodes is divided into deterministic 
coverage and random covering two aspects. This 
paper presents a wireless sensor network node for 3D 
scene coverage model and its deployment method, 
based on analyzing the common regular polyhedron 
models used in 3D space coverage, proposed a model 
based on covering the structure, on the basis of this 
theory to derive a quantitative relationship between 
coverage model and node sensing radius, more based 
on the quantitative relationship between the further 
calculation of network area remains fully covering 
the minimum number of nodes are required, the 
network regional 3D mesh finite mesh node coverage 
model in accordance with the deployment. 
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Abstract: Stability of roadbed can be effectively improved when the roadbed filler is mixed with lime content, 
while the physical properties of the limestone soil are very complicated. The variation characteristics of dry 
density, optimum moisture content and resilient modulus are studied with laboratory experiment. Firstly, set 
three group weathered mudstone soil with different lime content (4 %, 6 %, 8 %), then compare with the mixed 
soil of clay and sand, at last, to do the compaction test of each group. The research shows that engineering 
properties of the strong weathered mudstone is effectively improved. The finite element shows that the 
settlement and stability of roadbed is obviously improved after replacement with lime soil.  
Copyright © 2013 IFSA. 
 
Keywords: Limestone soil, Resilient modulus, Optimum water content, Settlement, Lime content. 
 
 
 
1 Introduction 
 

In recent years, with the rapid development of 
highway and the continuous improvement of the 
various road norms, the demands on controlling the 
road construction quality are getting higher and 
higher. Because the roadbed directly affects the 
stability and strength of pavement, it’s particularly 
important to control the roadbed quality firstly. At 
present, in the process of the roadbed construction, 
if the designers are faced with bad geological and 
soil conditions, they often use lime soil as filler, not 
only for the low cost and convenient construction, 
but also for the special engineering characteristics 
of lime soil. The main ingredients of lime are 
calcium oxide and magnesium oxide. After adding 
it in the soil, through physical and chemical action, 
there can form a gel forming the gel group structure. 
Along with the age growth, there will slowly 
generate a kind of stick and fibrous crystal, which 

forms the crystal network and the mixed structure 
of gel-crystal. The ion exchange reaction in lime 
soil can form the colloid flocculation of clay, which 
greatly improves the wet collapse of soil and 
obtains the early stability of lime soil. Carbonate 
reaction and pozzolanic reaction improve the 
strength and stability of lime soil. When their 
products are in the gel state, lime soil will be in the 
condensed structure state. And along with the 
generation of crystalline grid, it will gradually 
transform into crystalline condensed structure, 
increasing the strength and stiffness of lime soil  
[1-2]. the strength of the lime improving expansive 
soil were studied by Yingqi [3], the experimental 
results showed that lime improving expansive soil 
during the initial filling water content was slightly 
larger than the compaction curve by the reaction of 
the optimum water content to be able to achieve 
higher strength. using lime as admixture bed 
packing for soil improvement, and combined with 
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the newty built railway Shijiazhuang to Taiyuan 
passenger railway engineering by Suzhuonghua [4], 
good results such as improves the bearing capacity 
of subgrade, reduced the defection, guarantee the 
quality of the construction have been achieved. 
Zhousongquan [5-7] has emphasized the 
importance of lime soil moisture content control of 
raw materials by discussing calcareous soil mixture 
construction quality from raw materials, mixture 
ratio, mixture gradation, etc. According to study the 
engineering characteristics of calcareous soil is 
necessary because it plays an important role to 
improve the strength and stability of the roadbed. 
lime soil compaction degree is an important index 
of pavement compaction quality control In the 
process of construction [8-10]. 
 
 
2 Experiment Design 

 
For study the engineering property of limestone 

soil, we use roadbed filling to design three group 
limestone soil which are mixed 4 %, 6 % and 8 % 

lime respectively, and then we also design mixed 
soil of clay and sand with different ratio as 4:6,5:5 
and 6:4 which can be compared with the original 
roadbed filling. As defined in table 1.At last we test 
the dry density and resilient modulus of limestone 
soil and roadbed soil respectively.  

 
 

3. Engineering Property of Limestone Soil 
 

3.1. Analysis of Compaction Test 
 
According to Standard for soil test method 

(GB/T50123-1999) [14], each group soil above is 
studied with compaction test, and we obtain the 
relationship curve between dry density and 
moisture content of limestone soil with different 
lime content is drawn., as seen in Fig. 1, and then 
the maximum dry density and the optimum water 
content of soil samples are as Table 2. 

 

 
 

Table 1. Conditions of soil samples. 
 

Soil sample Experiment design 
Strong weathered 
mudstone soil Roadbed filling 

Limestone soil Lime content 4 % 6 % 8 % 
Clay and sand soil Quality ratio 4:5 5:5 6:4 

 
 

  
 

(a) limestone soil with 8 % lime content. 
 

(b) limestone soil with 4 % lime content. 

 
 

(c) limestone soil with 6 % lime content. 
 

Fig. 1. Relationship between dry density and water content of limestone soil. 
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Table 2. Results of compaction test. 
 

Soil samples 
Optimum 

water content 
( %) 

Maximum 
dry density 

(g/cm3) 
Strong weathered mudstone 

soil 9.4 1.907 

8 % 12.0 2.070 
6 % 12.5 2.055 Limestone soil  
4 % 13.0 2.081 
4:6 9.3 2.017 
5:5 9.1 2.098 Clay and sand soil 
6:4 9.6 1.918 

 
 

The test results show that the optimum water 
content of the weathered mudstone soil with 
different lime is decrease with the increase of the 
lime content, while the decrease extent is relatively 
small, and the dry density is decrease firstly and 
then increase with the lime content, and the range 
of variation is small. The regulation applies to the 
weathered mudstone soil which is mixed lime, 
because different types of soil samples have 
different conditions after mix lime. For example, 
the silt with lime is studied in literature [10], and 
the result may vary. So the soil sample of different 
property after mix lime has different performance. 
 
 
3.2. Analysis of Resilient Modulus of Soil 

Sample 
 

Resilient modulus is an important index to 
evaluate the compressive strength of roadbed in 
pavement design, the more the resilient modulus of 
roadbed, the less the vertical displacement of 
roadbed. If the vertical displacement is a fixed 
value, the capacity of the roadbed to bear the 
external load is improved with the increase of 
resilient modulus of roadbed. So it can provide 
certain reference for design to study the limestone 
soil with different lime content. 

 
 

3.2.1 Experiment Principle 
 
The resilient modulus is similar to the elastic 

modulus, which is the ratio between repeat peak 
stress and up-rebound strain of corresponding 
direction on specimens. Because of the sync 
between repeat peak stress and up-rebound strain, 
the resilient modulus is only an approximate 
concept. As seen in Fig. 2. The resilient modulus is 
calculated by the next formula 1. 

 

R

d
RM

ε
σ

= , (1) 

 
where MR is the modulus of resilience; dσ  is the 
peak f axial repeated stress（meridional stress）, 

Rε  is the peak of the axial elastic strain. 

 
 

Fig. 2. Resilience test principle. 
 
 
3.2.2. Experiment Process 

 
The experiment of resilient modulus is test with 

triaxial apparatus, as seen Fig. 3, repeated cyclic 
loading, and then calculated with formula 1.  

 
 

 
 

Fig. 3. Resilient modulus test. 
 
 

According to the experiment data, we can draw 
the curve between unit press and rebound 
deformation, as shown in Fig. 4. 

According to above curve, we can obtain the 
results as follows: 

- Resilient modulus of limestone soil with 8 % 
lime content is 342.3 MPa; Resilient modulus of 
limestone soil with 6 % lime content is 248.7 MPa, 
Resilient modulus of limestone soil with 4 % lime 
content is 190 MPa. 

- Resilient modulus of clay and sand with ratio 
6:4 is 227.6 MPa, Resilient modulus of clay and 
sand with ratio5:5 is 362 MPa, Resilient modulus 
of clay and sand with ratio 4:6 is 199.6 MPa. 

- Resilient modulus of strong weathered 
mudstone soil is 268 MPa. 

Because of the laboratory experiment was 
conducted under the condition of confining, the test 
results are needed to amendment. According to the 
Specifications for Design of Highway Asphalt 
Pavement (JTG D50-2004), for super highway, the 
resilient modulus should be greater than 40 MPa, 
the results of laboratory experiment should be 
multiply by correction factor 0.78. the final results 
are seen as Table 3. 
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(a) Limestone soil with 4 % lime content. 
 

 
(b) Limestone soil with 6 % lime content. 

  
 

(c) Limestone soil with 8 % lime content. 
 

 
(d) Clay and sand soil with ratio 6:4. 

  
 

(e) Clay and sand soil with ratio 5:5. 
 

 
(f) Clay and sand soil with ratio 4:6. 

 
 

(g) Strong weathered mudstone soil. 
 

Fig. 4. Relationship between Unit pressure and r deformation of limestone soil. 
 

Table 3. Resilient modulus of soil. 
 

Limestone soil Clay and sand soil Soil samples Strong weathered mudstone soil 8 % 6 % 4 % 4:6 5:5 6:4 
Resilient modulus 

(MPa) 209 267 194 148 155 282 178 
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4. Analysis of Case 
 

For improve the stability of pavement structure 
on the corner of high speed loop, we use the 
limestone soil with 8 % lime content to replace the 
subgrade, as seen Fig. 5, and analyze the high 
speed loop with finite element. Replacement with 
limestone soil and without replacement on high 
speed loop is analyzed comparatively. 
 
 

 
 

Fig. 5. Section of design. 
 

4.1. Calculation Parameters 
 

The settlement of the high fill embankment is 
analyzed with finite element method in this paper, 
the filling parameters are used according to the 
results of laboratory test. As shown in Table 4. 

 
 

4.2. Calculation Model and Condition 
 
According to the design requirements, the 

designers replace roadbed limestone with 1 meters 
and 8 % limestone and use strong weathered 
mudstone as embankment filler. The model of 
finite element is shown in Fig. 6. 

Calculate conditions: 
1) Condition 1: not using lime soil as the 

roadbed filler; 
2) Condition 2: using lime soil as the 

embankment filler. 
 

 
Table 4. The parameter of the model. 

 
Name Bed rock Lime soil with 8 %(10 days) Weathered mudstone Clay 

Elastic modulus /MPa 3000 45.8 50.0 16.0 
Poisson's ratio 0.3 0.33 0.34 0.38 
Density/kg/m3 2500 2070 2086 1824 
Cohesion /kPa 2800 106.3 65.9 300 
Internal friction angle /° 35 18 27.9 12 

 
 

 
 

Fig. 6. Model of finite element. 
 
 

4.3. Result Analyses 
 

According to the finite element calculation, 
settlement changes of subgrade with and without 
replacement of limestone can be derived, as shown 
in Fig. 7. 

The calculation results show that, when not 
using lime soil as the roadbed filler, the maximum 
settlement of filled roadbed is 14.14 cm. And in the 
case of Condition 2, the maximum settlement of 
filled embankment is 13.81 cm. Only after filling 
the roadbed with 1 meter and 8 % lime soil, the 
settlement reduce 1 cm. 

  
 
 

 
 

Fig. 7. Settlement changes of subgrade with  
and without replacement of limestone. 
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5. Conclusions 
 
For study the engineering properties of 

limestone soil, we do some experiments with strong 
weathered mudstone soil which is mixed with 
different lime content, and we analyze the influence 
of dry density and resilient modulus by lime 
content replacement, then we obtain the major 
conclusions are as follow: 

1) The optimum water content of strong 
weathered mudstone soil with lime content is 
decrease with the increase of the lime content, 
while the decrease extent is relatively small, and 
the dry density is decrease firstly and then increase 
with the lime content, and the range of variation is 
small. 

2) The resilient modulus of limestone soil is 
increase with the increase of lime content, when the 
strong weathered mudstone is mixed different lime 
content. So it can be improved the engineering 
properties of roadbed filling, and it also can be 
control the settlement deformation of post 
construction and improve the stability, in fact, we 
should consider the optimum of economic, and then 
determine a reasonable amount of lime by 
combining with the minimum standards required to 
meet the design. 

3) According to the case of roadbed replaced 
with limestone soil, it shows that the settlement of 
roadbed is obviously decreased, and the stability of 
roadbed is improved after replacement with lime 
soil. Just so you know, the experiment in this paper 
is major aimed to the strong weathered mudstone 
soil with lime content in Chongqing, so the 
regulations are obtained will different from the 
other area. 
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Abstract: Based on the previous schemes to solve the problem of high empty-loading ratio to taxies, the paper 
discusses the development of taxi radio dispatch system, and the causes to the low efficiency of the system. By 
the system that mentioned previous, the effective information between passengers and taxi can’t be transferred 
on time; therefore, the problem of high taxi empty-loading ratio remains undecided. Combined with the existing 
experiences and the domestic market present situations, we design an operation framework of the interaction 
system of real-time traffic information, and analyze its applicability. This paper argues that traditional taxi radio 
dispatch system should be changed, and the system of real-time traffic information should be promoted, thus the 
problem of taxi empty-loading ratio can be solved effective. Copyright © 2013 IFSA. 
 
Keywords: Transportation economy, System analysis, Taxi, Real-time, Traffic information. 
 
 
 
1. Introduction 
 

Based on GPS technology, the real-time traffic 
information interaction system will exchange the 
information between taxis and passengers real-
timely, and match the two effectively.  The system is 
focus on reducing the taxi empty-loading ratio and 
improving the utilization rate of social traffic 
resources. Taxi empty-loading ratio, generally refers 
to the percentage of the mileage that a taxi doesn’t 
carry passengers in the whole journey. High empty-
loading ratio of taxi will cause a series of problems, 
such as the high fuel consumption, the low income of 
taxi driver, serious pollution and waste of road 
resources. According to Zhou Yong-Sheng and Wei 
Jie-Yu (2009), as the taxi mainly use the method of 
carrying passengers along the road, which is a 
traditional and backward mode of operation, empty-
loading ratio is usually over 40 %, in the part of the 
city can even reach 50 % to 70 % [1]. 

“The daily damage statistics" about 66000 no-
load taxis which takes the main models (Beijing 
Hyundai Elantra) as the prototype in Beijing is shown 
below. (Assume that each taxi travel 400 kilometers 
per day, with 10 liters fuel consumption per 100 km, 
and the average oil price is 8 Yuan. saving 1 liter of 
gasoline = 2.3 kg of carbon dioxide emissions 
reduction = 0.717 kg of carbon emissions reduction. 
Taxi’s occupation of road resources is 2.5 times as 
much as that of social vehicles). The harm of empty-
loading ratio is shown in Table 1and Table 2. 

 
 
Table 1. Damages of empty-loading ratio statistics 1 

 
Empty-
loading 

ratio 

Mileage 
(100km) 

Empty-loading 
fuel consumption 

(t) 

Empty-loading 
fuel cost 

(Million Yuan) 
40 % 105600 1056 844.8 
30 % 79200 792 633.6 
20 % 52800 528 422.4 
10 % 26400 264 211.2 
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Table 2. Damages of empty-loading ratio statistics 2. 
 

Empty-
loading 

ratio 

Empty-loading  
occupation of road 
resources (Million) 

Empty-loading 
Carbon 

emission  (kg) 
40 % 6.6 757152 
30 % 4.95 567864 
20 % 3.3 378576 
10 % 1.65 189288 

Note: Data from BP China's carbon emissions calculator. 
 

It is not difficult to see that, if the taxi empty-
loading ratio decreased 10 %, the waste of resources 
can reduce 25 %. It is necessary to find effective and 
feasible ways to solve the problem of high empty-
loading ratio. Some research suggested that the 
quantity of taxies can be controlled to reduce the 
empty-loading ratio of taxi, but this method does not 
have high practical significance. In many cities, the 
situation of surplus taxis and high taxi empty-loading 
ratio have developed for a period of time before 
taking the policy of limiting the number of taxis. 
However, the way which considers the actual 
situation and then limits on the size lack qualitative 
estimation of the scale of taxi, so it is not desirable. 
Many scholars have mentioned that we can utilize the 
imbalance between supply and demand to solve the 
problem of high empty-loading ratio. Guo Rui-Xin 
(2007) proposes that taxi fares can be adjusted 
according to the demand in a certain range; 
appropriately decrease taxi freight during off-peak 
hours, and increase the freight in the peak and the 
night. This method can compensate the driver for the 
congestion cost in peak period to some extent, but did 
not take into account the taxi drivers’ cost of looking 
for passengers during off-peak hours. [2] Hu Lie-Ge 
(2011) argues that when the spatial empty-loading 
ratio exceeds 40 %, the taxi transportation capacity 
shows a state of oversupply; the traffic mode split 
model should be established to determine the 
relationship between the amount of urban taxi and the 
whole way of traffic sharing. [3] For large and 
medium-sized city, taxi’s operating range is so large 
that the phenomenon of "the driver could not find the 
passengers" and "passengers couldn't catch a ride" 
would appear at the same time, and the problems 
cannot be solved by changing the number of taxis 
simply. 

The taxi has the nature of quasi-public transport, 
with indefinite lines and stations, operating in log or 
timing way and no fixed transaction site between 
passengers and drivers. [4] Therefore, it is necessary 
to solve the problem of information searching caused 
by the nature of taxi industry in order to solve the 
problem of taxi empty-loading ratio is to. Taxi 
drivers do not know the distribution of passengers 
when they facing a greater running route. Since the 
1990’s, the on-call taxi service has been developed, 
however it does not solve the problem of taxi empty-
loading ratio effectively. 

The purpose of this paper is to design a more 
effective way to solve the problem of high taxi 
empty-loading ratio, i.e. the interaction system of 

real-time traffic information between taxi and 
passengers. 

 
 
2. Analysis of Domestic On-call System 
 
2.1. The Development of Domestic On-call 

Taxi Dispatch System 
 

Researches on vehicle dispatch and control 
system have been made from the early 90's. With the 
continuous improvement of technology, more and 
more cities began to use the on-call taxi system.  

Taking Beijing as an example, since Beijing 
Qihua Taxi Dispatching Center opened the car phone 
in 1999, there are more than 30,000 taxis that can 
provide on-call service in Beijing, accounting for half 
the total number of taxi in Beijing. Citizen can obtain 
the on-call service by dialing either 96103 or 
68373399.[5] However daily taxi reservation 
business is less than 10000, and the proportion in the 
taxi business volume is much less than 1 %. 

 
 

2.2. The Technological Process and Present 
Situation of On-call Taxi  
Dispatch System 

 
The process analysis of Beijing Yinjian Taxi 

Company’s on-call dispatch system is shown  
in Fig. 1. 

In the on-call system, the operator acts as an 
information intermediary. The demand information 
from passengers is sent to the empty taxis, and the 
taxi’s feedback information is transferred to the 
passenger. 

 
 

 
 

Fig. 1. The process analysis of Beijing Yinjian Taxi 
Company’s on-call dispatch system. 
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2.3. Limitations of On-call Taxi Dispatch 
System 

 
In the survey of passengers in Beijing 

Zhongguancun area, 83 % of the respondents know 
the on-call taxi service, but only 20 % of them have 
used the system. The problem of "high input, less 
use" exist in the On-call taxi dispatch system can be 
explained by the follow factors. 

1) As the amount of information transfer is too 
small, the problem of uneven distribution of 
passengers and no-load taxis cannot be solved. On 
the premise that information of supply and demand is 
transferred sufficiently, the distribution of passengers 
with demand is consistent with no-load taxis. [6] The 
on-call taxi dispatch system provides a point-to-point 
taxi service, which unable to realize the efficient 
matching between taxis and passengers. 

2) The risk of default is huge. On-call taxi 
dispatch system is mainly managed by the 
dispatching center and reflects the passenger's 
demand to the taxi driver to some extent. The 
agreement between the passenger and the taxi driver 
comes into effect only after the passenger gets on, 
before this, both sides will bear the unilateral risk of 
default from each other, thus the efficiency of the 
point-to-point information transmission is low. 

3) The regulation is not perfect. Despite almost all 
large and medium-sized cities all over the country 
have started to apply the on-call taxi dispatch system, 
there is a shortage of the regulations on both sides 
after reaching a preliminary agreement successfully. 

  
 

3. The Interaction System of Real-time 
Traffic Information 

 
3.1. Introduction of the System 
 

The system is based on the geographic information 
system (GIS), global positioning system (GPS) and 
GPRS/CDMA mobile communication technology, 
designing the real-time transport interaction system 
between passengers and drivers. Flow chart is shown 
in Fig. 2. 

No-load taxis and passengers release their 
location information through the GPS device, after 
the central information system deals with it, taxi 
drivers can drive to the area where passengers’ 
density is higher when electronic map in the taxi 
shows all passengers’ distribution that are using the 
system. Accordingly, passengers can apparently see 
the empty vehicles’ distribution nearby. In this way, 
no-load taxis and passengers’ demands can match 
well and the distribution of the two is rational in the 
city. 

In addition, passengers can send their own 
specific information immediately to the taxi driver 
nearest through the system. At the same time, taxi 
drivers can choose whether to accept the passengers’ 

requests or not. If a driver accepts request, the pairing 
is successful, and the passenger will receive further 
information feedback. Otherwise, the request will be 
returned to the information center once again. After 
the transaction, the passenger and the taxi driver will 
evaluate each other on honesty, quality of service and 
so on, in this way, the system can be established to 
record the passengers’ and taxi drivers’ integrity and 
service. 

 
 

 
 

Fig. 2. The chart of Real-time Transport and Information 
Interaction System. 

 
 

3.2. Analysis of Advantages 
 

1) From the angle of passengers, they can possess 
the initiative in the scheduling process, which means 
they can participate in the scheduling process through 
view themselves and surrounding taxis’ location 
directly. Compared with Beijing call-taxi system (3 
RMB once), passengers will cost lower fees from the 
GPRS flow. 

2) From the perspective of drivers, the distribution 
of passengers becomes visible hence the driver’s 
running become more effective and drivers can earn 
more by reducing no-load rate. 

3) The system seems more practical comparing 
with the traditional "passive" waiting mode. 
Moreover, differ from the traditional call-taxi system, 
the system omits unnecessary artificial links and 
improve the quality of information transmission. At 
the same time, the system can establish a perfect 
credit system relatively by binding the ID of 
passengers and taxi together and designing a taxi and 
passenger peer review mechanism. 

4) The phenomenon of “non-registered taxis 
joined transport” can effectively alleviate. The 
government controls the regular taxi strictly. There 
are blind spots that public traffic can’t cover, as well 
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as the travel demand of people can’t be met, which 
lead the non-registered taxis to joined in transport. 
[7]The interaction system of Real-time transport 
provides unique information database for each formal 
registered taxi and provides more customers for the 
regular taxi. The system effectively keeps the 
operators of non-registered cars from joining 
transport and maintains the taxi market’s order. 

5) The system advocates the green and low 
carbon concept, focusing on energy conservation and 
emission reduction. It will help our country to speed 
up the formation of resource conservation, the 
environment friendly transportation development and 
consumption patterns. Besides, it is conducive to the 
construction of the green transportation system and is 
helpful for realizing the harmony development of 
transportation and resource environment. 

 
 

3.3. The Market Situation in China  
and Abroad 

 

In recent years, with the popularity of intelligent 
mobile phone, many similar real-time systems have 
been introduced overseas, such as Hailo, Get Taxi 
and Uber. The system has significant effect that many 
drivers said the no-load rate decreased about 50 % 
the system has been applied in a week or so. 

The prospect of taxi intelligent system seems 
bright. The registered taxi number increases rapidly 
and the quantity of clients download also shows an 
increasing trend. At present, Get taxi has developed 
the system in the 13 city like London, Moscow and 
other places of Israel, and proposes to set branches in 
France, Italy, Germany and Spain. The system is 
predicted to complete 500 transactions at least a week 
in a city, and growth rate is 100 % in 3 months. 

  

 

4. Analysis of Feasibility 
 

This paper argues that China can generate this 
transport real-time interactive system because of the 
various appropriate conditions. The following will 
analyze feasibility from macro policy, technology 
and market demand. 

 
 

4.1. Feasibility of Macro Policy 
 

Efficient public transportation system is 
beneficial to the development of the social and 
economic society. Taxi is an important part of the 
public transport system and has drawn whole 
society’s attention. 

At present, the Chinese government has regarded 
the intelligent transportation system as an important 
development direction of China's future transport 
system. In April 13, 2011, the Department of 
Transportation issued the 12th Five-Year Plan for 
Transportation, which puts forward clearly that the 
country should recognize the power of science and 
technology, and constantly improves the technology 

content of transportation and information level. The 
implementation of this real-time transportation 
information system is conducive to promote the 
construction of traffic information system and 
enhance the level of modernization of transportation. 

The extending of this system is also in line with 
the 12th Five-Year Plan for Internet of things (IOT), 
which the Ministry of Industry and Information 
Technology released in February 14, 2012. The 
planning advocates to vigorously promoting the IOT 
application policy which is conducive to 
development and industrialization of traffic field IOT 
core technology. 

 
 

4.2. Feasibility of Technology 
 

GIS, GPS, GPRS/CDMA and other information 
processing technology used by the system terminal is 
mature now. It means the system terminal can meet 
the requirements of capacity, precision, real-time 
speed, compatibility and powerful data processing 
function. Undoubtedly, the system terminal can 
achieve the goal of lowest cost and effect of the 
system. 

In addition, the wireless network construction is 
constantly expanding and some cities have set free 
WIFI coverage in urban areas. At the meantime, 
Beijing, Tianjin, Wuhan, Shenzhen and other places 
have issued "wireless city" plan. The technical 
conditions for passenger’s client popularity are well 
prepared.     

 
 

4.3. Feasibility of Market Applications 
 

The taxi supply has become saturated and the 
number will not be large-scale "expansion" in most of 
Chinese cities. It’s necessary to solve the problem of 
information asymmetry between taxis and passengers.  

The Interaction System of Real-time Traffic 
Information is based on intelligent mobile phone. 
With expanding of the share of intelligent mobile 
phone in the global, the number of user in China is 
also growing rapidly in large and medium-sized city. 
It provides the foundation for the promotion of the 
system. 
 
5. Conclusions and Suggestions 
 

This paper believes that when the aggregate 
demand and aggregate supply in taxi market remain 
unchanged, "difficult to take a taxi" for passengers 
and high empty- loading ratio of taxi are mainly due 
to the delay of information transferring during off-
peak hours. And the current on-call system cannot 
solve the problem effectively. The interaction system 
of real-time traffic information can make the 
information of supply and demand in the whole taxi 
market intuitive and visualized, improve the quality 
of regular taxi service and distribute the no-load taxis 
and passengers properly. Finally, the problem of high 
taxi empty-loading ratio can be solved effectively. 
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Abstract: The simulation model of impact damper with particles was established based on the theory of 
collision energy dissipation to study the displacements and velocities of the adjacent particles before and after 
the collision between the particles and the damper wall. The particle parameters were studied experimentally, 
such as the number of particles, the density of particles, the size of particles, the recovery coefficient of granular 
material and the initial velocity of damper, which have a great influence on the damping characteristics. The 
experimental results show good agreement with the calculation prediction, which verifies the proposed 
simulation model. The results have shown that the impact damper with particles can effectively reduce the 
kinetic energy of structure, and offer considerable damping effect. This simulation model will provide the 
engineering applications with the theoretical guidance and design criteria. Copyright © 2013 IFSA. 
 
Keywords: Impact damper, Particles, Collision, Energy dissipation, Experimental study. 
 
 
 
1. Introduction 

 
Particle damping technology is a passive vibration 

control technology. The kinetic energy of structural 
system is dissipated through the collision and friction 
between the particles and the damper, so as to 
suppress the vibration and the noise [1-2]. This 
vibration damping technology has a lot of 
advantages, for example, simple structure, low costs, 
small modification of original structure, low 
additional mass, remarkably improving the damping 
ratio of system, applicable for harsh environment, 
without damping performance degradation over time 
etc [3-4]. Therefore, it has wide prospect of 
engineering applications in the fields of aerospace, 
automobile and precision machinery etc [5-7]. 

This concept of non-obstructive particle damping 
(NOPD) was put forward firstly in 1991 and had been 
successfully applied to the turbine blades [8]. 
However, the mechanism of vibration energy 

dissipation in the particle damper is very complex 
and involves in the mechanical behavior of particles 
media, which has hindered the application of the 
particle damping. Recently, many studies have been 
carried out based on the particle damping and the 
particulate matter dynamics. The research methods 
are mainly divided into the theoretical simulation and 
the experiment [9-14]. The theoretical methods 
mainly include the discrete element method (DEM), 
the collision theory, the regression design and the 
optimization design etc., and many new theories and 
methods are being introduced into the research of 
particle damping [15-19]. DEM is used to simulate 
the dynamics of particle system contacting with each 
other by establishing the mechanical model of single 
particle [20-23]. However, during the numerical 
computation, because the nonlinear contact 
characteristics of particles limit the time-step of 
contact parameters, DEM is unsuitable for any large 
simulation of the nonlinear contact model with 
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particle number more than 107 [20]. However, in the 
engineering applications, the particle number in the 
damper is usually more than 108, which limit the 
application of DEM in the engineering field. 

According to the present research of mechanism 
and the defects of the existing model [24-26], we 
establish the collision model based on the movement 
of among the particles, between the particle unit and 
the damper boundary, and among the adjacent 
particles after colliding with the damper wall. The 
energy method is used to calculate the energy 
dissipation factor, which is compared with the 
experimental results. This paper investigates the 
particle parameters between the particle group and 
the damper, such as the number of particles, the 
density of particles, the size of particles, the recovery 
coefficient of granular material and the initial 
velocity of collision, which have a great influence on 
the damping characteristics. The simulation model of 
impact damper with particles which characterizes the 
nonlinear damping will be employed in the 
engineering design. 

 
 

2. Energy Dissipation Model of Collision 
for Particles 
 
During the energy dissipation of impact damper 

with particles, when the amplitude of the excitation 
force is more than 1/5 of system gravity [15], the 
relative movement among the particles is violent so 
that the particles are separated. At this time, the 
vibration energy of system is dissipated mainly by 
the collision among the particles and between the 
particles and the damper wall. This paper will 
establish the energy dissipation model of impact 
damper with particles based on the collision theory 
[12, 16, 26]. 

 
 

2.1. Collision Model Among the Particles 
 
In order to be convenient for analysis and 

calculation, it is assumed that the particle is the 
sphere unit. The analysis of interaction among the 
particles requires judging the relationship of particle 
positions at different moments. The local coordinates 
are established in Fig. 1. 

 
 

 
 

Fig. 1. Collision coordinates of two particles. 

It is assumed that the masses of particle 1 and 
particle 2 are respectively 1m  and 2m , the radius of 

particle 1 is 1r , its position coordinates are 

( )1 1 1, ,x y z , its velocity is ( )' ' '
1 1 1, ,x y z , and the 

radius of particle 2 is 2r , its position coordinates are 

( )2 2 2, ,x y z , its velocity is ( )' ' '
2 2 2, ,x y z . The 

contact conditions of particle 1 and particle 2 can be 
expressed as 

 

( ) ( ) ( )2 2 2
12 1 2 1 2 1 2 1 2d x x y y z z r r= − + − + − < +  (1) 
 
Before the collisions happen, the velocities of 

particle 1 and particle 2 in local coordinates are 

respectively ( )1 1 1, ,l m nv v v  and ( )2 2 2, ,l m nv v v . It 

is assumed that l axis coincides with the connecting 
line for centers of two particles in local coordinates, 
and cosα , cosβ , cosγ  are respectively 

direction cosine of l  axis. 
The corresponding relations of the movement 

velocity of particle 1 in local coordinates and original 
coordinates before the collision are 

 
' ' '

1 1 1 1cos cos coslv x y zα β γ= + +  (2) 
 

' '
1 1 12 2 2 2

cos cos
cos cos cos cos

mv x yβ α
α β α β
−

= −
+ +

 (3) 

 
' '

1 1 12 2 2 2

2 2 '
1

cos cos cos cos
cos cos cos cos

cos cos

nv x y

z

α γ β γ
α β α β

α β

− ⋅ ⋅
= ⋅ − ⋅ +

+ +

+ + ⋅

 (4) 

 
After the collisions, the velocity components of 

particle 1 and particle 2 in local coordinates are 
respectively ( )1 1 1, ,l m nV V V  and ( )2 2 2, ,l m nV V V . 
Hence, the equations according to the momentum 
theorem are written as 

 
1 1 2 2 1 1 2 2

1 1 2 2 1 1 2 2

1 1 2 2 1 1 2 2

. . . .
. . . .
. . . .

l l l l

m m m m

n n n n

m V m V m v m v
m V m V m v m v
m V m V m v m v

+ = +
+ = +
+ = +

 (5) 

 
The normal Newton recovery coefficient at the 

contact point of two spheres is given by 
 

2 1

1 2

l l

l l

V Ve
v v

−
=

−
 (6) 

 
The friction coefficient iλ  in local coordinates is 

the ratio of impulses in two directions, which is 
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written as 1
m

l

I
I

λ =  2
n

l

I
I

λ = . The momentum 

equations become 
 

1 1 1 2 2 1 1 1 2 2

1 1 2 2 2 1 1 2 2 2

. .

. .
m l m l

n l n l

m V m V m v m v
m V m V m v m v

λ λ
λ λ

⋅ + ⋅ ⋅ = + ⋅⎧
⎨ ⋅ + ⋅ ⋅ = + ⋅⎩

 (7) 

 
The friction coefficient 1λ  and 2λ is defined by 

2 1
1

2 1

sgn sgn m m

l l

v v
v v

λ −
=

−
（ ）, 2 1

2
2 1

sgn sgn n n

l l

v v
v v

λ −
=

−
（ ）, 

where symbolic function sgn[] is expressed as 
1 0

sgn[ ]
1 0

x
x

x
≥⎧

= ⎨− ≤⎩
. 

It is assumed that the vector  

1 1 1 2 2 2{ , , , , , }T
l m n l m nV V V V V V V= , 

1 1 1 2 2 2{ , , , , , }T
l m n l m nv v v v v v v= . 

The velocity equation in local coordinates before 
and after two particles collide can be written as 

 
[ ] [ ] [ ]1 =V A B v C v−= ⋅ ⋅ ⋅  (8) 

 
Where matrix A and B are 

[ ]

1 2

1 2

1 2

1 1 1

1 2 2

0 0 0 0
0 0 0 0
0 0 0 0

1 0 0 1 0 0
0 0 0 0
0 0 0 0

m m
m m

m m
A

m m
m m

λ
λ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥

= ⎢ ⎥
−⎢ ⎥

⎢ ⎥−
⎢ ⎥

−⎢ ⎥⎣ ⎦

, 

 

[ ]

1 2

1 2

1 2

1 1 1

1 2 2

0 0 0 0
0 0 0 0
0 0 0 0

0 0 0 0
0 0 0 0
0 0 0 0

m m
m m

m m
B

e e
m m

m m
λ
λ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥

= ⎢ ⎥
−⎢ ⎥

⎢ ⎥−
⎢ ⎥

−⎢ ⎥⎣ ⎦

 

 
After the adjacent particles interact, one particle 

will change to a new velocity and position. Then 
continue colliding with other particle and change its 
velocity and position again. When the collision 
energy dissipation of impact damper with particles is 
calculated, the cycle repeats, and the system energy is 
continually dissipated. Therefore, after one time 
step t∆ , new position coordinates of particle 1 are 

 
' '
1 1

1 1

' '
1 1

1 1

' '
1 1

1 1

( )
2

( )
2

( )
2

t
t

t
t

t
t

x x tx x

y y ty y

z z tz z

⎧ + ⋅∆
= +⎪

⎪
+ ⋅∆⎪

= +⎨
⎪
⎪ + ⋅∆

= +⎪
⎩

 
(9) 

2.2. Collision Model between the Particles 
and the Damper 

 
When the particles move in enclosed space, in 

addition to the collision among the particles, they are 
also subjected to the restriction of the damper wall. In 
this paper, the contact between the particles and the 
damper wall is equivalent to the mass-spring-
damping system. 

It is assumed that the mass of particle i  is im , its 

velocity is iv  and the included angle between the 
particle and the damper wall xo y  plane is α  
during colliding with the damper wall. The collision 
process is divided into two stages, i.e. compression 
stage and recovery stage [14]. The velocity of particle 

leaving away from the damper wall is itv  after the 
collision. The schematic representation of collision is 
given in Fig. 2. 

 
 

 
 

Fig. 2. Collision model of particles and damper wall. 
 
 

1) Compression stage. 
The velocity of particles before the collision is 

divided into '
ix , '

iy  and '
iz  respectively in the 

direction of tangent plane and normal plane. 
According to the impulse theorem, we obtains 

 
' '

' '

'0

c
i i cx
c

i i cy

i cz

mx mx I
my my I

mz I

⎧ − =
⎪ − =⎨
⎪ − =⎩

, (10) 

 
where ' c

ix , ' c
iy  and 'z c

i  are the velocity 
components of particle in tangent plane and normal 
plane when the compression stage finishes; cxI  and 

cyI  are the impulse component in tangent plane in 

this stage; czI  is the impulse component in normal 
direction. 

Define the tangential dynamic friction factor as  
 

2 2

= cx cy

cz

I I
I

µ
+

. 
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The velocity component c
iv τ  of particle in 

tangent plane when the compression stage completes 
is given by 

 
' 2 ' 2 '( ) ( )c

i i i iv x y zτ µ= + −  (11) 

 
2) Recovery stage. 

In recovery stage, the collision impulse 
components in tangent plane and normal direction are 

rxI , ryI and rzI , and the impulse equations become 
 

' '

' '

' 0

c
it i rx

c
it i ry

it rz

mx mx I
my my I

mz I

⎧ − =
⎪ − =⎨
⎪ − =⎩

 (12) 

 
The normal recovery coefficient is given by 
 

'

'= it

i

ze
z
−

. 

 
The position of particle unit between the particle 

and the damper wall after the collision is 
( ), ,it it itx y z . The velocity component itv τ  of 
particle in tangent plane when the recovery stage 
completes is given by 

 
' 2 ' 2 '( ) ( ) (1 )it i i iv x y z eτ µ= + − + ⋅  (13) 

 
After one time step t∆ , new position coordinates 

of particle i are 
 

' '

' '

( )
2

( )
2

i it
it i

i it
it i

it iw i

x xx x t

y yy y t

z z r

⎧ +
= + ⋅∆⎪

⎪
+⎪

= + ⋅∆⎨
⎪

= +⎪
⎪
⎩

, (14) 

 
where iwz  is the normal coordinate of particle unit 
on the damper wall.  
 
 
2.3. Collision Model of Adjacent particles 

after Colliding with the Damper Wall 
 
After the particle 1 collides with the damper wall, 

the collision model of other particles is shown  
in Fig. 3. 

For collision of two particles, the masses of 
particle 1 and particle 2 are respectively m1  and m2. 
It is assumed that the velocity of the particle 1 is 1v  

and the particle 2 is stationary after the particle 1 
collides with the damper wall. And the velocity of the 
particle 2 is 2v  after the particle 1 collides with the 
particle 2. Define the recovery coefficient of two 
particles as 12e . According to the momentum 
theorem, 2v is written as  

 

2 1 12 1 1 2= (1 ) /( )v m e v m m+ +  (15) 
 
 

 
 

Fig. 3. Collision model of multiple particles. 
 

 
Similarly, the energy of particle group in the 

damper is transferred from left to right. After the first 
particle collides with the damper wall, it collides with 
the second particle; after the second particle collides 
with the first particle, it collides with the third 
particle, and the like, till the rightmost particle. So 
the velocity after the n-1 particle collides with the n 
particle is 

 

1 ( 1)
-1

1

[1 ]n n n
n n

n n

m e
v v

m m
− −

−

+
=

+
 (16) 

 
Through the recursion, we obtained 
 

1 ( 1)
1

2 1

[1 ]n
i i i

n
i i i

m e
v v

m m
− −

= −

+
= ⋅

+∏
 

(17) 

 
It is assumed that the velocities of damper before 

and after the first particle collides with the damper 
are respectively 1V and 2V . The recovery coefficient 

0e  between the first particle and the damper is given 
by 

 

2
0

1 1

0
-
V e

V v
−

=  (18) 

 
So the velocity nv  becomes 
 

1 ( 1)
0 1 2

2 1

[1 ]
[ ]

n
i i i

n
i i i

m e
v e V V

m m
− −

= −

+
= ⋅ +

+∏  (19) 

 
From the above equation, after the collision 

between the particle group and the damper, the 
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velocity nv  is related to the number of particles, the 
materials of particles, the velocity before the collision 
and the nature of damper. 

When the motion status of particle unit change, it 
will return to the above calculation process, enter into 
the next time step, and calculate the movement 
increment of particle units again. Through the 
iterative computation, the real-time tracking of the 
movement of each particle unit can be done. 

 
 

2.4. Collision Energy Dissipation Factor 
 
For the collision of any particle [3, 14], it is 

assumed that the velocity before the collision is 0nv  

and the velocity after the collision is ntv . According 
to the law of conservation of momentum, the 
velocities of ( -1)n tv  and ntv  are written as 

 

( 1) ( 1)0 ( 1)0 0
1

(1 ) [ ]n
n t n n n

n n

m ev v v v
m m− − −

−

+
= − −

+
  

 
-1

0 ( 1)0 0
1

(1 ) [ ]n
nt n n n

n n

m ev v v v
m m −

−

+
= − −

+
 (20) 

 
The energy dissipation factor could be calculated 

by the following equation 
 

2 2 2 2
1 ( 1)0 0 1 ( 1)

2 2
1 ( 1)0 0

[ ] [ ]
2 [ ]

n n n n n n t n nt

n n n n

m v m v m v m v
m v m v

η
π

− − − −

− −

+ − +
=

⋅ +
 (21) 

 
 

3. Collision Energy Dissipation Model 
Among the Particles 

 
3.1. Experimental Equipment 

 
A cube damper is used in experiment, which the 

material is 40Cr, length × Width × Height is 70 mm × 
40 mm × 120 mm, and the wall thickness is 4 mm. 
The schematic diagram and photographic picture of 
the impact damper with particles are shown in Fig. 4.  

 
 

 
 

Fig. 4. The experiment system. 

The test system is composed of the signal 
acquisition analyzer of INV3018C, ICP acceleration 
sensor of INV9822, acceleration and force compound 
sensor of CL-YD-331 and electromagnetic exciter of 
JZ-50 etc. The number of sampling points within 
each vibration cycle was not less than 400 and the 
experiment was repeated 5 times under every initial 
condition.  

 
 

3.2. Results and Analysis 
 
In accordance with the theoretical model, the 

regular smooth sphere particles are used, with 3mm 
diameter and 90 % filling rate. The test materials are 
the aluminum oxide, steel and tungsten carbide with 
the densities of 3.42 g/cm3, 7.86 g/cm3 and  
18.3 g/cm3. 

Fig. 5 compares theoretical and experimental 
results of the relationship of damper energy 
dissipation factor vs. acceleration under different 
densities of particle. From Fig. 5, the energy 
dissipation factor of particles along with the 
acceleration is nonlinear. Due to less density, in the 
same volume, the energy dissipation caused by 
inelastic collision of aluminum oxide particles is less 
and its damping effect is also less. With the increase 
of particle density, the energy dissipation caused by 
inelastic collision becomes larger. The damping 
effect of tungsten carbide particle is the most 
considerable. 

It would appear from the data presented in Fig. 5 
that the theoretical and experimental results are in 
good agreement. This proves the rationality for 
energy dissipation model of impact damper with 
particles. In addition, the energy dissipation values of 
the numerical simulation are slightly less than the 
experimental values. And the reason for such 
deviation is that the numerical simulation only 
considered main mechanism of energy dissipation i.e. 
collision, however, many mechanisms of energy 
dissipation like the collision, the friction, the noise, 
the adhesion are included in the experiment. 

 
 

 
 
 

Fig. 5. The effect of acceleration and density of particles  
on energy dissipation factor. 
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The effect of acceleration and particle size on the 
energy dissipation factor is shown in Fig. 6. The test 
material is the steel. It can be seen from this plot that 
the energy dissipation factor of particles will almost 
increase with the increase of the acceleration. With 
the increase of particle size from 0.5mm to 4mm, the 
energy dissipation factor becomes larger, however, 
when the particle size is more than 4mm, it begins 
decreasing. So for the steel particle, too small or too 
large particle size will both not obtain good damping 
effect, and the energy dissipation of 4 mm steel 
particle is the best in this damper. The reason for 
such turn is that when the particle size is too small, 
the adhesion among the particles will reduce the 
damping effect; when the particle size is too large, 
the particle number of involved in the collision 
decrease, which will also reduce the damping effect. 
Therefore, in the design of dampers, choosing a 
proper particle size is necessary and the optimal 
particle size can be determined by this simulation 
model. 

 
 

 
 

 
Fig. 6. The effect of acceleration and particle size  

on energy dissipation factor. 
 
 

After the collisions of the outer layer of particles 
and the damper complete, the relationship between 
the velocity of adjacent particles and the recovery 
coefficients is shown in Fig. 7. The recovery 
coefficients of collision among the particles are 
respectively 0.2, 0.4, 0.6. From the Fig. 7, it can be 
observed that after colliding with the damper, the 
movement velocities of the adjacent particles reduce 
rapidly. The low recovery coefficients among the 
particles result in a faster reduction of velocity, a 
larger energy dissipation, and a greater damping 
effect. When the movement is transferred to the 
seventh adjacent particles, if the recovery coefficient 
e is less than 0.4, the velocity will reduce to about  
5 % initial velocity after collision. So, the velocity 
attenuation of particles is very obvious. 

The vibration amplitude of damper has great 
influence on the damping effect of impact damper 
with particles. The relationship between the velocities 
of the adjacent particles and the vibration amplitude 
of the damper after the outer layer of particle collides 
with the damper is shown in Fig. 8. 
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Fig. 7. The velocity distribution after collision under 
different recovery coefficients. 

 
 

  
 
 

Fig. 8. The velocity distribution after collision under 
different vibration amplitudes. 

 
 
The vibration velocities of the damper are taken 

as 0.5 /V m s= , 1.5 /V m s= , 3 /V m s= . It can be 
seen from this plot that the larger amplitude of 
vibration velocity of damper will result in a higher 
velocity of adjacent particles, but a faster velocity 
attenuation of particles. It indicates that the energy 
dissipation effect of particle group will greatly 
increase when the vibration amplitude of the damper 
increase. When the movement is transferred to the 
eighth adjacent particle, all the particle velocity can 
reduced to about 3 % initial velocity after collision. 

The energy dissipation distribution vs. the 
recovery coefficient of particle and the initial velocity 
of damper is shown in Fig. 9.  

It should be noted from this plot that with the 
initial velocity of damper rising, the energy 
dissipation of particles increases and the energy 
attenuation becomes faster at higher velocity. It 
indicates that with more violent vibration, the number 
of particles involved in the collision increases and the 
energy dissipation effect of is enhanced. With the 
recovery coefficient decreasing, the energy 
dissipation effect is enhanced in the impact damper 
with particles. 
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Fig. 9. Variations of energy dissipation with recovery 

coefficient and initial velocity. 
 
 

4. Conclusion 
 
This paper establishes an energy dissipation 

model of impact damper with particles based on the 
collision theory. Through the experiment, the 
parameters of particles are further researched into, 
such as the particle number, the particle density, the 
particle size, the recovery coefficient of granular 
material and the initial velocity of damper, which 
have a great effect on the damping characteristics. 

The energy dissipation factor of particles along 
with the acceleration is nonlinear. The theoretical and 
experimental results are in good agreement. The 
energy dissipation values of the numerical simulation 
are slightly less than the experiment. And the reason 
for such deviation is that the numerical simulation 
only considered main mechanism of energy 
dissipation i.e. collision, however, many mechanisms 
of energy dissipation like the collision, the friction, 
the noise, the adhesion are included in the 
experiment. 

With the increase of particle density, the energy 
dissipation caused by inelastic collision becomes 
larger. The damping effect of tungsten carbide 
particle is the most considerable. Too small or too 
large particle size will both not obtain good damping 
effect, and the energy dissipation of 4mm steel 
particle is the best in this damper. Therefore, in the 
design of dampers, choosing a proper particle size is 
necessary and the optimal size can be determined by 
this simulation model. 

After colliding with the damper, the movement 
velocities of the adjacent particles reduce rapidly. The 
low recovery coefficients among the particles result 
in a faster reduction of velocity, and a greater 
damping effect. When the recovery coefficient e is 
less than 0.4, the velocity attenuation of particles is 
very obvious. The larger amplitude of vibration 
velocity of damper will result in a faster velocity 
attenuation of particles. The energy dissipation effect 
of particle group will greatly increase when the 
vibration amplitude of the damper increase.  

The results show that the impact damper with 
particles can effectively reduce the kinetic energy of 
structure, have an apparent damping effect. This 
simulation model will provide the engineering 
applications with the theoretical guidance and design 
criteria. 
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Abstract: The safety of rotating machinery is important for the manufacture industry. As the core component of 
the rotating machinery, the rotating shaft with racks or damages will lead to the terrifically disaster. Compare 
with the vibration signal diagnosis of the rotating shaft, it presents a novel method to detect crack on rotating 
shaft with longitudinal ultrasonic guided wave. In the view of elastic wave propagating mechanism in the 
cylindrical waveguide, it discuss the influence of rotor dynamics effect on the system, from the govern equation 
of wave propagating in rod, it consider the lateral effect of the rotating shaft, the reflection and transmission of 
the guided wave in the waveguide. It takes the Galfenol transducer as a pulse-echo transducer to detect the crack 
on the rotating shaft. Finally, it gives the simulation of experiment results, the results indicated the method can 
locate the crack accurately after conducting the wavelet transformation on the difference between cracked and 
non-cracked rotating shaft experiment waveform. Copyright © 2013 IFSA. 
 
Keywords: Ultrasonic guided wave, Rotating shaft, Galfenol, Elastic wave, Transducer. 
 
 
 
1. Introduction 
 

The demand for non-destructive health 
monitoring of machinery systems has been steadily 
increasing. Especially in case of rotating machinery, 
most non-destructive health monitoring techniques 
are based on vibration signals. In this investigation, 
we consider the use of longitudinal ultrasonic 
guidedwaves instead of vibration signals for early-
stage crack detection in a rotating shaft. Rotating 
cylindrical bars are fundamental components in 
mechanical engineering and there are many 
applications of non-destructive testing of such 
objects. Thus far, ultrasonic testing of such bars has 
been studied mostly by using bulk ultrasonic waves 
and usually conducted from the free end surface of 

the bars. Moreover, ultrasonic testing by means of 
ultrasonic guided waves could be promising 
especially for long-range inspections [1, 2]. There 
have been studies of ultrasonic guided wave testing 
of bars, the guided waves are basically generated in 
the vicinity of the end surface of bars. There have 
been several researches of ultrasonic guided wave 
testing that could be conducted from a side area of 
bars [3, 4].  

The guided-wave technique has been used in 
stationary waveguides, such as pipes, The application 
of guided-waves in a rotating shaft was made by Han 
[5] et al. but no guided-wave based health monitoring 
of rotating shafts has been reported yet. For practical 
applications of the guided-wave method in rotating 
shafts, Motivated by the need of wave generation and 
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measurement should be carried out without affecting 
shaft rotation motion. A new ultrasonic transducer 
capable of transmitting and receiving guided-waves 
in a rotating shaft without mechanical contact is 
developed [6]. Specifically, a Galfenol transducer 
based on the magnetostrictive effect is proposed. 
Magnetostrictive transducers have unique 
characteristics in that they do not require direct 
wiring between magnetostrictive materials and 
sensing/actuating solenoids. For guided-wave 
generation and measurement, magnetic field is 
supplied to and measured from magnetostrictive 
material by solenoids [7]. In this context, we have 
investigated ultrasonic guided wave generation and 
testing on steel bars by using Galfenol transducers 
attached to the sides of the bars. To show the 
effectiveness of the proposed transducer, we used it 
to carry out the damage inspection of a rotating shaft 
having an artificial crack. 

 
 

2. Ultrasonic Guided wave Propagation 
in Shaft 
 
In this study, we utilized a rotating shaft with 

crack as study object. The experiment setup can be 
seen in Fig. 1, the rod was driven rotating by motor 
connected with coupler. The Galfenol transducer 
responsible for transmit and receive the ultrasonic 
guided wave. Guided-waves denote elastic waves 
propagating along cylindrical waveguides. Traveling 
along a structure guided by boundaries, guided-waves 
can propagate relatively long distances so that the 
whole part of a structure can be inspected at one time. 
Where we assume the Galfenol transducer generates 
the displacement and transmit it to the rod. So the 
incent wave from the Galfenol transducer will 
propagate along the rotating shaft. According to the 
reflect wave from the end and crack, we can get the 
damage information about the rotating shaft. In the 
view of elastic wave propagate in rotating cylindrical 
waveguide. The following problems will be 
encounter in the study. 

 
 

 
 

Fig. 1. Experiment setup for longitudinal ultrasonic guided 
wave to detect the crack.  

 
 
2.1. Rotor Dynamics of Rotating Shaft 
 

The rotating shaft as elastic medium. Consider an 
infinite homogeneous, isotropic, linear elastic 
medium characterized by a density, a shear modulus 
and a bulk modulus. These quantities determine, in 
the usual fashion, a shear wave speed cs and a 
pressure wave speed cp. the medium is rotating 

uniformly with respect to an inertial frame, and the 
constant rotation vector in an x1, x2, x3 rectangular 
Cartesian frame rotating with the medium is 

ŵΩ = Ω   , the unit vector ŵ will denote the 
direction of the axis of rotation (according to the 
right-hand rule) throughout. 

The displacement equation of motion in such a 
rotating frame has two terms that do not appear in the 
non-rotating situation. As we are looking for time-
varying dynamic solutions, the time-independent part 
of the centripetal acceleration  

 
2 2 2 2( ) ( ) ( ) 2p s sc c u c u u u u− ∇ ∇ + ∇ = + Ω× Ω× + Ω×i  

 (1) 
 

( )xΩ× Ω× , as well as all body forces, will be 
neglected. Thus our dynamic displacement u is 
actually measured from a steady-state deformed 
position, the deformation of which, however is 
assumed small. 

Where the dot denotes time differentiation. The 
term ( )uΩ× Ω× is the additional centripetal 
acceleration due to the time-varying motion only, and 
the term 2 uΩ×  is the coriolis acceleration. All other 
terms are as usual for a linear elastic medium under the assumptions of small strains and displacements. 
For the axial direction, the equation can be reduced to 
the normal wave equation. Because the Ω is the same 
direction to the u. so whatever the magnitude of uz, 
the last two terms of the equation(1) are  
equal to zero. 

 
 

2.2. Govern Equation 
 
For the rotating shaft, we can conclude that the 

rotating speed has little effect on the longitudinal 
guided wave propagating. So we can employ the 
govern equation when the shaft is stationary. The 
governing equation for the thin rod will be derived 
and the basic propagation characteristics considered. 
The rod most aspects are similar to the case of waves 
in strings, Consider a straight, prismatic rod as shown 
in below, the coordinate x refers to a cross-section of 
the rod, while the longitudinal displacement of that 
section is given by u (x,t). We presume the rod to be 
under a dynamically varying stress field σ (x,t), so 
that adjacent sections are subjected to varying 
stresses. A body force q (x,t) per univolume is also 
assumed present. The equation of motion in the x 
direction then becomes 

 
2

2
( ) ,u

A dx A qAdx Adx
x t

σ
σ σ ρ

∂ ∂
− + + + =

∂ ∂
 (2) 

 
where A is the cross sectional area of the rod. We are 
considering a prismatic rod, so this parameter is a 
constant in this development. We note that tensile 
stress is assumed positive. (2) reduce  to  
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2

2

u
q

x t

σ
ρ

∂ ∂
+ =

∂ ∂
 (3) 

 
 

dx

x u

q

dx  
 

Fig. 2 (a) A rod with coordinate x and displacement u  
of a section, (b) the stresses acting on a differential  

element of rod. 
 
 

Material effects have not been introduced, So that 
this stage the equation is applicable to non-elastic as 
well as elastic problems. We now presume that the 
material behaves elastically and follows the simple 
Hooke's law 
 

Eσ ε= , (4) 
 
where E is the Young’s modulus and ε is the axial 
strain, defined by  
 

u

x
ε

∂
=
∂

 (5) 

 
Using (3) and (5) in the equation of motion, we 

obtain 
 

2

2
( )

u u
E q

x x t
ρ

∂ ∂ ∂
+ =

∂ ∂ ∂
 (6) 

 
If the rod is homogeneous so that E (and ρ) do not 

vary with x, the equation reduces to 
 

2 2

2 2

u u
E q

x t
ρ

∂ ∂
+ =

∂ ∂
 (7) 

 
We see that in the absence of body forces, the 
equation reduces to 
 

2 2

2 2

u u
E

x t
ρ

∂ ∂
=

∂ ∂
 (8) 

 
Or  
 

2 2

02 2 2

0

1
    c =

u u E

x c t ρ

∂ ∂
=

∂ ∂
 (9) 

 
So this is the familiar wave equation. And c0  is 

the bar velocity. The Poisson effect causes lateral 

expansions and contractions under a propagating 
pulse. This effect is illustrated in Fig. 3 
 
 

 
 

Fig. 3. Poisson expansion and contraction resulting  
from longitudinal stress pulses. 

 
 

The particle velocity in the bar is given by  
 

0 0( , ) '( )uv x t c f x c t
t

∂
= = − −
∂

 (10) 

 
This may be expressed in terms of the stress, 

since  
 

0( , ) '( )ux t E Ef x c t
x

σ ∂
= = −

∂
 (11) 

 
Then we directly obtain 
 

0( , ) ( , )cv x t x t
E
σ= −  (12) 

 
Under elastic conditions, the stress is always 

much less than the elastic modulus. So the particle 
velocity will be much less than the propagation 
velocity. As an example, suppose a pulse of 
magnitude σ=108N/m2 is propagating in steel, we 
know that bar velocity of steel c0≅5.1×103 m/s, 
E=2.07×1011 N/m2. This gives a particle velocity of 
v=2.5 m/s, not only is the particle velocity less than 
the propagation velocity, it is less by several orders of 
magnitude. So we can see that, the lateral effect has 
little effect on the rotating shaft. 
 
 
2.3. Reflection from other End Conditions 

and Transmission into Another  
Rod of Wave 

 
When the ultrasonic guided wave was generated 

by transducer, the ultrasonic wave will be reflect at 
the end of the first end of the shaft ,and then 
transmission into the shaft boundary [9], in fact , if 
adjust the impedance of the transducer and shaft, it 
will optimized the transmission power efficiency. We 
suppose some force F(t) to be acting on the end of the 
rod, such as that due to the resistance of some load 
against which the rod end is moving. The velocity of 
the rod end is V(t). The stress field in the rod will be 
given by 

 
0 0

0 0

, ) { '( ) '( )}

( ) ( )r i

x t E f x c t g x c t

x c t x c t

σ

σ σ

= − + +

= − + +

（
 (13) 
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Thus σi and σr are the incident and reflected stress 
pulse. Similarly, the velocity field in the rod is  

 

0 0 0

0
0 0

( , ) { '( ) '( )}

{ ( ) ( )}r i

v x t c f x c t g x c t

c
x c t x c t

E
σ σ

= − − + +

= − − + +
 (14) 

 
Then, balance of force at the end of the rod 

requires 
 

( ) { (0, ) (0, )}r iF t A t tσ σ= − +  (15) 
 
The velocity of the rod tip will be 
 

0( ) { (0, ) (0, )}r i

c
V t t t

E
σ σ= − +  (16) 

 
We consider a rod, having free end conditions, 

subjected to pressure pulse at one end. Physically, we 
may imagine the rod to be freely suspended by two 
light strings, So that it is free to swing under the 
action of applied loads. This configuration has no 
counterpart in the case of the string. Thus, while free 
end boundary conditions exist, the string is incapable 
of translation as a whole. 

Consider the applied pressure to be a five peak 
signal described by  

 
0 0(1 cos(2 / )]sin(2 ),    0

( )
0                                                       

A t f t t T
P t

t T

π ω π− < <
=

>

⎧
⎨
⎩

, (17) 

 
 

Time T

 

0

Excitation pulse

A
m

pl
itu

de

 
 

Fig. 4. Five peak signal of P(t). 
 
 

where the negative sign indicates compression. The 
propagating stress wave will be given by 
 

0( , ) ( )x t p x c tσ = −  (18) 
 

Before the first end reflection. Now the response 
of a particle at a typical point to this stress pulse can 
be deduced from the results presented before, 
according to the equation (16), the particle will be 
brought from rest to the velocity 

 

0 0 0( , ) ( ) /v x t c p x c t E= − −  (19) 

Instantaneously and will remain at this remain at 
this constant velocity until the pulse passes, at which 
point the velocity will again be zero. The 
displacement will increase according to the relation 
u(x0,t)=c0p0t/E, while the pulse passes and will 
remain constant after passage. 

We are interested here in the case of a junction 
between two rods. Where there is a discontinuity in 
cross-section, in material properties or both. The 
situation is shown in Fig. 5. Proceeding in a manner 
similar to that used for the analogous case of the 
string, we have from balance of force and continuity 
of velocity at the junction 
 

1 1 2( ) ,    r t i r tA A v v vσ σ σ+ = + = , (20) 
 

where the stresses and velocities are determined from 
the wave fields 
 

1 1 2 2 2 2( ), ( ), ( )i r tu f x c t u g x c t u f x c t= − = + = −  (21) 
 
 

iσrσtσ

2 2 2, ,A E ρ
1 1 1, ,A E ρ

 
 

Fig. 5. Incident reflected and transmitted waves at the 
junction between two rods. 

 
 

The results for the transmitted and reflected 
waves are then  

 

1 2 2 2 2 2 1 1 1

1 1 1 2 2 2 1 1 1 2 2 2

2
,t i r i

A c A c A c

A c A c A c A c

ρ ρ ρ
σ σ σ σ

ρ ρ ρ ρ

−
= =

+ +
 (22) 

 
Problems involving transmission across junctions 

are often spoken of in terms of impedance. This term 
and concept borrowed from electric circuit theory 
expresses the ratio of a driving force to the resulting 
velocity at a given point of the structure. For a rod, it 
is easily shown that the driving point impedance is 
given by 

 

/Z F V A Eρ= =  (23) 
 
Using this parameter, it is possible to express the 

results as  
 

2 1 1 2 2 1

2 1 2 1

2( / )( / ) ( / ) 1
,

1 ( / ) 1 ( / )t i r i

Z Z A A Z Z

Z Z Z Z
σ σ σ σ

−
= =

+ +
 (24) 

 

where 
1 1 1 1Z A Eρ=  and 

2 2 2 2Z A Eρ= , A 
number of interesting reflection-transmission 
situations arise as Z1,Z2,A1 and A2 are varied. 
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3. Generation of Ultrasonic Guided Wave 
 
3.1. Linear Piezomagnetic Equations  

of Galfenol 
 

Galfenol alloys (Fe1−xGax) where the gallium 
content, x, varies between 12 and 20 % were also 
developed through scientific research by the Naval 
Ordnance Laboratory. These  alloys have mechanical  
properties that  are far superior  to those in Terfenol-
D. Galfenol has a  mechanical robustness similar to 
steel while exhibiting a moderate magnetostriction at 
low  saturation fields. The magnetostriction for 
Galfenol is around 300×10−6 ppm. The unique 
property of  Galfenol makes it a potential candidate 
for shock-tolerant adaptive structures,  as well as 
sonar  transducers  with load bearing capability. 
Additional, unexpected benefits. They can be 
machined with conventional metal working tools and 
welded with a normal tungsten inert gas welder. 
Perhaps Galfenol’s most unique feature is its ability 
to have a uniaxial stress built in by stress annealing. 
The built-in stress acts exactly like an externally 
applied prestress and allows full strain to be obtained 
not only with zero prestress. But also with up to  
50 MPa tension. The Fe–Ga materials are much more 
robust than existing high strain Materials and also 
provide. Reviewing the stress and magnetic variables 
for the structural and magnetic modes, the coupling 
terms can easily be implemented into the stress and 
magnetic field variables. In order to determine the 
correct terms to add into these variables, the linear 
magnetostrictive equations are written in the form  
shown in Fig. 6: 
 
 

σ
,E ν

µ

T

H

B dT H
S s dH

µ

σ

= +

= +

 
 

Fig. 6. Magnetostrictive effects [8]. 
 
 

Where T is stress, d  is the compliance matrix with 
constant magnetic flux density, S is strain, sH and 
µTare the appropriate magnetostrictive coupling 
coefficients, H is magnetic field, B is flux density, 
and is d the inverse of permeability. 
 
 
3.2. The Displacement Generation  

of Galfenol 
 

Under quasi-static condition (continuous 
excitation under a sinusoidal alternating current), 

assuming zero pre-stress and assuming a linear 
relationship between the strain and the magnetic field, 
the strain is given by: 

 

33

HS s d Hσ= +  (25) 
 
The coefficient d33 is found to be almost constant 

for most frequencies. However when the frequency 
approaches a value causing the sample to resonate in 
its longitudinal direction, the amplitude of the 
vibration increases abruptly. For this to be observed 
the sample of Galfenol must be free to vibrate, so that 
if it was in an actuator it would be an unloaded 
actuator. The strain at resonance is much higher than 
it is under quasi-static conditions. The strain at the 
resonance condition is given by: 

 

33

H mS s Q d Hσ= +  (26) 
 
The amplification factor of the strain at its first 

resonance over the strain under quasistatic conditions 
is the quality factor Qm. In the case where the 
actuator’s vibrating end is totally free, the quality 
factor Qm is due to mechanical losses occurring 
internally in the material [9, 7] and is equal to QH. 
This internal material quality factor QH is in the 
range of 3-20 [9, 7]. On the other hand, when there is 
a load, when the sample of Galfenol encounters a 
resistance to its free movement because of the 
surrounding assembly, a damping feature is 
introduced into the vibration and the quality factor 
QH is reduced to a value Qm. 
 
 
4. Simulation and Experiment of Crack 

Detection with Longitudinal Wave 
 

Where the Galfenol transducer generates the 
displacement and transmits it to the rod. So the incent 
wave from the Galfenol transducer will induced the 
longitudinal guided wave propagating along the 
rotating shaft. According to the reflect wave from the 
end and crack, we can get the damage information 
about the rotating shaft [11]. The Indicated the 
simulation and experiment setup, The parameters and 
boundary conditions list in Table 1. 

 
 

Table 1. Parameters of  Steel and Galfenol. 
 

 Steel Galfenol 
Young’s modulus 210 GPa 40-75 GPa 
Possion’s ration 0.3 0.27 
Mass density 7850 kg/m3 7800 kg/m3 
Relative 
permeability 1500-3000 75-100 

Acoustic 
impedance 4.5×106g/cm2⋅s 12.7×106 g/cm2⋅s 



Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 450-456 

 455

 
 

Fig. 7. Graph of Experiment setup. 
 
 

As shown in Fig. 8, graph of second row is the 
ultrasonic guided wave which is 50 kHz propagating 
from the non-cracked shaft’s left end to the right end 
back and forth. We can see the same distance 
between the two waves. The time between the two 
waveforms is the travel time which ultrasonic 
longitudinal guided wave travel the twice length of 
the shaft by group speed. From the graph, it’s about 
0.0036 s, So, we can get the group speed at this 
frequency is about 5405 m/s. from the first row graph, 
we can see some minor waveforms similar to the big 
one. The first row graph data substrates the second 
graph data at the corresponding location, it will get 
the third row graph. The third graph is the difference 
signal between cracked and non-cracked rotating 
shaft. Fig. 9 is the difference signal after the morl 
wavelet transformation. t1 is 0.3 times of T. So it 
indicates that the crack locates the 0.3 length of the 
whole shaft. It proves the effectiveness of the crack 
located method in the simulation.    

 
 

Table 2. Parameters of simulation of experiment setup. 
 

Item Value 
Rotating speed 3000 rpm 

Crack location 30 mm from one Galfenol 
transducer end. 

Diameter of shaft 40 mm 
Length of shaft 1000 mm 
Fixed conditions Bottom of two bearings journal 
Material of shaft Steel 
Crack size 2 mm × 2 mm cross-section crack 

 
 

5. Conclusion 
 
In this research, in the view of elastic wave theory, 

we utilized the longitudinal guided wave to detect the 
minor crack of rotating shaft. From the theory to 
simulation and then practical experiment, the results 
indicate the new method is effective for detecting the 
crack on rotating shaft. Wavelet transformation was 
be used for difference signal analysis and locating the 
crack. The method can improve the simplicity of 
crack analysis and location. Meanwhile, Galfenol as a 
promising functional material, It can be used to 

design and fabricate ultrasonic transducer. It has 
greater excitation then the other ultrasonic transducer. 
So it will be used in the larger rotating shaft to 
monitor the health of the rotatory machinery.  
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Fig. 8. Waveforms and difference between the cracked  
and non-cracked rotating shaft at 3000 rpm. 
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Fig. 9. Wavelet transformed difference signal  
by morl wavelet. 
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Abstract: Voltage fluctuation and flicker are becoming more and more serious, which need necessary detection 
and further management. An improved algorithm designed for detecting voltage flicker parameters has been 
proposed. The method transformed voltage flicker signal model into a sum of series exponential signal model. 
Two matrices were constructed and combined into a matrixpencil. Thus, the nonlinear problem was converted 
into a linear problem. Not only voltage amplitude and frequency but also phase information of voltage flicker 
can be extracted through the method. Moreover, due to the difficulty of modal order determination in the noise 
environment, a method of Hankel matrix rank estimation was put forward to determine modal order accurately. 
Voltage flicker experiments were taken in the noise background. The results show that the proposed method is 
superior in computational accuracy, order determination and anti-noise capability. As a result, the method could 
contribute a new idea for the voltage flicker signal parameter extraction. Copyright © 2013 IFSA. 
 
Keywords: Voltage flicker, Matrix pencil algorithm, Model order determination, Harmonics. 
 
 
 
1. Introduction 

 
With the rapid growth of electric power system 

load, the extensive utilization of impact load causes 
more and more serious voltage fluctuation and flicker 
in the power system. Voltage fluctuations and flicker 
may cause malfunction to some important electronic 
instruments, control systems or protective devices 
under some serious circumstances, thus more and 
more attention has been paid on the voltage flicker 
problem. In order to avoid voltage fluctuation and 
flicker, the SVC is applied in power system, which 
requires accurate flicker parameters so as to make a 
correct management decision [1-7]. 

The detection method of voltage flicker is to 
extract voltage fluctuation signal and to analyze the 
frequency spectrum of fluctuation signal, frequency 

and amplitude of low frequency harmonic 
components. The common methods of voltage flicker 
test contain half-wave RMS method, square detection 
method and full-wave rectifier method [1]. Square 
detection method is a flicker measuring method 
recommended by IEC. With the development of 
mathematical tools, several mathematical methods 
have been widely used for flicker detection. 
Literature [8-9] proposed a method based on the 
voltage fluctuation and flicker detection method with 
FFT. Because of the non-integer relationship between 
voltage flicker frequency and the base frequency, 
analyzing the voltage flicker by using the FFT 
method directly can lead to spectrum aliasing due to 
the non-synchronous sampling, which affects the 
accuracy of the measurement results. By using the 
Kalman filter algorithm, literature [10-12] has 
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achieved the voltage flicker detection, but the 
detection method is complicated. The wavelet 
algorithm can also be used to detect the voltage 
flicker [13-15]. However, it is difficult to choose 
appropriate wavelet bases in practice. Literature [16-
18] adopts Hilbert transform method, which require 
narrowband signal, to detect the for flicker detection, 
While the actual flicker signals do not 
accommodate the requirement due to the higher 
harmonics noises. 

In addition to the methods above, MP (Matrix 
Pencil) method can also be used to extract flicker 
parameters of the voltage flicker. MP algorithm is a 
pole extraction method proposed by Y.B Hua and 
T.K Sarkar et al. As MP algorithm uses the inner 
product forms to improve noise immunity, better 
effects are obtained in the aspect of digital signal 
processing [19-21]. MP is a non-iterative algorithm 
which could avoid the convergence problem and the 
numerical difficulty of computation. Thus the MP 
algorithm is an efficient numerical method [22]. This 
paper proposes some improvements to the MP 
method for voltage flicker detection. The basic idea 
is: By constructing two matrices and merging them 
into one matrix pencil, the nonlinear problem can be 
transformed into a linear issue which is easy to be 
solved. Furthermore, considering the inaccuracy 
problem on order determination, this paper utilizes 
the Hankel matrix rank estimation method to 
determine system order accurately, which improves 
the MP method, inhibits the noise and achieves the 
purpose of obtaining the signal parameters 
accurately. The stimulation results show that the 
method has the characteristics of accurate order 
determination, strong noise immunity, high efficiency 
and high precision. The improved MP method cannot 
only extract the voltage flicker amplitude wave 
parameter of frequency and amplitude accurately, but 
the phase information can also be obtained, which 
provides a new thought in flicker detection. 
 
 
2. Voltage Flicker Mathematical Model 
 

Usually, the voltage with characteristics of 
fluctuation and flicker is viewed as modulation signal. 
The carrier wave is power frequency voltage (50 Hz 
or 60 Hz) whose RMS (Root Mean Square) or peak 
value is modulated by the amplitude-modulated wave 
that mainly contains voltage fluctuation components. 
The frequency fluctuation of voltage signal ranges 
from 0.05 Hz to 35 Hz, while the amplitude varies 
from 0 to 10 % of power frequency carrier wave 
amplitude. The characters of voltage fluctuation and 
flicker are reflected through the amplitude-modulated 
wave. So the method to extract parameters from the 
amplitude-modulated wave is equal to that from the 
voltage flicker. Voltage flicker can be divided into 
two categories, periodicity and aperiodicity. The 
former has a more important effect on people's life, 
thus researches on parameter extraction from periodic 
voltage flicker is the main content in this paper. 

Usually, harmonics are contained in voltage flicker 
signals. To make the analysis simple, the parts related 
to harmonics will be discussed in the following 
section 3.2. Given ignoring the harmonics, voltage 
flicker signal ( )u t  can be expressed as a power 
frequency sinusoidal signal which is linear amplitude 
modulated by the amplitude-modulated signal iA . 

 
 

0
1

0 0

( ) [ cos(2 )]

cos(2 ),

n

i i i
i

u t A A f t

f t

π θ

π θ
=

= + + ⋅

⋅ +

∑  (1) 

  
where 0A , 0f , 0θ denote the amplitude, the frequency 
and the initial phase of the fundamental components 
respectively. iA denotes the amplitude of 
AM(amplitude modulation) wave components whose 
frequency is if and phase is iθ . Expand (1) by 
trigonometric decomposition:  
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∑

∑

 
(2) 

 
where 0 if f− and 0 if f+ are called side frequency. If 
the parameters of the side frequency components can 
be obtained by detecting ( )u t , the information in 
voltage flicker about amplitude, frequency and phase 
of amplitude modulation wave can also be acquired 
sequentially. 
 
 
3. The MP Algorithm 
 
3.1. The Basic Principle of the Algorithm 
 

Assuming that t∆ is the sampling interval, the 
systemic discrete response sequence ( )y k  can be 
expressed as the sum of exponential function. 
 

 

1
( ) ( ) 0,1,2,..., 1

M
k

i i
i

y k R z n k k N
=

= + = −∑ , (3) 

 

where ij
i iR A e θ= is the residue, ( )i ij t

iz e α ω+ ∆= is the 
systemic response pole, k is the sampling points, 

t∆ is the sampling interval, N is the sum of the 
sampling points, ( )n k is the noise in the system; 
M is the number of poles in the signal and the modal 
order of system as well, iA , iθ , iα , iω are the 
amplitude, initial phase, damping factor and angular 
frequency of ith sinusoid , respectively. 

The calculation steps of the MP algorithm [21] 
are as follows: 

1) Construct a ( ) ( 1)N L L− × + Hankel matrix 
with sampling series ( )y k ( 0,1,2,..., 1)k N= − : 
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(0) (1) ( )
(1) (2) ( 1)
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y y y L
y y y L

y N L y N L y N
− × +

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

+=

− − − −

Y , (4) 

 
where L is the matrix parameter. An appropriate 
choice can suppress interference to some extent. 
Generally, L=N/4~N/3. 

2) SVD. 
Make an SVD on Y: 

 
 TUDVY = , (5) 

 
where )1()( +×−∈ LLNRD is the diagonal matrix, the 
main diagonal elements id  are the singular values 
arranged in non-increasing sequence. 

)()( LNLNRU −×−∈ and 
)1()1( +×+∈ LLRV are both 

orthogonal matrix. 
For the actual system, considering the noise 

impact, a nonzero-singular-value sequence can be 
obtained by making a SVD (Singular Value 
Decomposition) on the matrix Y. Since the singular 
value of the real modal is big while that of the noise 
modal is small, we select the maximum singular 
value maxd from id and record the maximum 
subscript i satisfying the constraint condition(6) as 
the system maximum modal number. 
 

 µ≥max/ ddi  (6) 
 

Meanwhile, combine the first M non-zero 
singular values of D  into a new matrix D′ . 
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(7) 

 
3) Solution to the modal damping factor and 

oscillation frequency 
V ′ is made up of the first M  right singular 

vectors of theV matrix . The rest but the last line of 
V ′  makes 1V and the left except the first line of V ′  
forms 2V . Then define 
 

 

⎩
⎨
⎧

′=

′=
T

T

VDUY
VDUY

22

11  (8) 

 
Make up a matrix pencil 12 YY λ− . It can be 

proved that solving the poles in (3) is equal to finding 
a solution to the generalized eigenvalues of (9). 

 

 
21 YYG += , (9) 

where +
1Y is the pseudo-inverse matrix of 1Y . There 

are M non-zero eigenvalues ),3,2,1( Mizi =  

in G . 
 
 
3.2. Improvement on the MP Algorithm 
 

MP method accuracy lies in the determination of 
modal order M . A lower modal order can result in a 
leakage identification phenomenon with modal 
information missed; while excessive modal order 
may lead to a phenomenon of over-fitting which can 
result in false modal and reduce the MP algorithm 
accuracy. Therefore the choice of the threshold µ in 
(6) plays a decisive role in the determination of 
modal order M . However, the threshold µ is 
generally selected by experience and it is difficult to 
determine the order of the system accurately, which 
affects the accuracy of the MP algorithm. So the 
Hankel matrix rank estimation [23] method is 
presented in this paper to determine the modal order, 
which improves the identification accuracy of matrix 
pencil by accurate order determination. 

According to the dynamic theory, for a dynamic 
system whose degree of freedom is P, its discrete 
impulse response (or the free response) can be 
expressed as (3). At this point, PM 2= , which 
means that a dynamic system with P degrees of 
freedom has 2P modal . Without considering noise, 
the mathematical form of a dynamical system with 
P degrees of freedom is an M-order differential 
equation. When the system is discrete, its 
mathematical form is surely an M-order difference 
equation. Hence, its impulse response (or free 
response) sequence satisfies the difference  
equation (10). 
 

1

0
( ) ( ) 0 0,1,2,...,

M

i
i

y M n y i n nβ
−

=

+ + + = =∑  (10) 

 
where )1,...,2,1,0( −= Miiβ is the real coefficient. 
Formula (10) can be written in the form of the 
regression equation as (11). 
 

 1

0

( ) ( ) 0,1,2,...
M

i
i

y M n y i n nβ
−

=

+ = − + =∑  (11) 

 
The regression equation (11) shows that each 

value in the response sequence is the linear 
combination of M values just ahead of that. Further, 
the discrete impulse response (or free response) of 
this dynamical system can be completely expressed 
by M arbitrary consecutive sample values. As a 
result, the rank of the Hankel matrix constituted by 
the impulse response (or free response) is no more 
than M. As long as the number of rows and columns 
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in the Hankel matrix is large enough, the rank will 
necessarily be M. 

The matrix rank is the number of non-zero 
singular values which can be obtained by using the 
SVD. Without noise, after making an SVD to the 
Hankel matrix, the number of non-zero singular 
values is the system modal order M. 

In the actual system with noise, if making an 
SVD to the Hankel matrix, the zero singular values 
become nonzero. First, we can calculate the singular 
values by a normalized formula (12) for plotting 
the normalized singular value curve. Since the 
singular value of the noise mode is much less than 
that of the intrinsic mode, an inflection point can be 
detected by plotting the normalized singular value 
curve. On the left of the point, the curve decreases 
steep firstly and then the curve changes smoothly on 
the right of it. As a result, the modal corresponding to 
the singular value on the right of the inflection 
point is the noise model, and that corresponding to 
the left part of the point is the system modal. Hence, 
the index of singular value is the system order M.  
 

 min max min* ( ) / ( )i id d d d d= − −  (12) 
 

The concrete steps of the Hankel matrix rank 
estimation method is described as follows: 

1) Construct the Hankel matrix using sampling 
sequence. The number of rows and columns cannot 
be so small to ensure that the rank of the matrix is 
large enough to contain all the intrinsic modal 
information. 

2) Make an SVD to the Hankel matrix; make 
normalized calculation of (12) and plot the 
normalized singular value curve. 

3) Detect the inflection point according to 
aforementioned method and the system intrinsic 
modal order M is determined also.  

After the system intrinsic modal order M is 
determined, all the eigenvalues ( 1,2,..., )iz i n= can be 
calculated by (9) and the residue iR can be acquired 
by utilizing the least squares method as specified  
in (13). 
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All the parameters corresponding to each modal 

characteristic can be calculated through (14). 
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In summary, the improved MP algorithm 

suppresses the actual noise through the following 

steps. First, construct two matrices with the sampling 
signal and merge them into one matrix pencil. Then 
determine the accurate order with the Hankel matrix 
rank estimation method. The eigenvalues are 
calculated based on the order determination and the 
residues are acquired by the least squares method. At 
last, voltage flicker parameters are extracted 
accurately by the equation (14), (1) and (2). 

 
 

4. Stimulations 
 
4.1. The Ideal Examples 
 

In order to verify the effectiveness of the method 
in voltage flicker parameter estimation proposed in 
this paper, an ideal single frequency flicker signal is 
taken for an example as (15).  
 

 ( ) [1 0.06 cos(50 / 4)]
[cos(100 / 6)]

u t t
t

π π
π π

= + + ⋅
+

 (15) 

 
According to (2) and Euler equation, the 

theoretical modal order of the signal is 6. Since the 
actual measurement signal contains high frequency 
noise, the white Gaussian noise with 30 db SNR 
(Signal Noise Ratio) is injected into the ideal signal. 
The simulation is done with Matlab, the signal 
sampling frequency is 1 kHz and the sampling time  
is 0.4 s. 

First, determine the modal order with the 
traditional MP algorithm. According to (6), select the 
threshold to determine the modal order M. When the 
thresholds are 1 %, 2 % and 5 % respectively, the 
modal orders determined by the Hankel matrix 
singular decomposition are shown in Table 1. As can 
be seen from Table 1, with noise, the experience 
threshold selection is very important which is directly 
related to the accuracy of the voltage flicker 
parameters extraction. In this example, 3 % is a 
reasonable selection, while 1 % and 5 % cannot 
determine the order accurately and thus the voltage 
flicker parameters cannot be accurately extracted.  

 
 

Table 1. The modal order under different threshold. 
 

Threshold  1 % 3 % 5 % 

Modal order 18 6 2 
Detected 
Results Over fitting Correct order leakage id

*leakage id is leakage identification 
 
 

Then the improved MP method is adopted to 
analyze the signals above. Firstly, the Hankel matrix 
formed by the sampling signal are decomposed with 
the SVD, the normalized singular value curve is 
shown in Fig. 1. As can be seen from Fig. 1, the 
curve becomes smooth at the point of six. As a result, 
six is the modal order of the system, which is the 
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same as the theoretical value. Therefore the 
effectiveness of the proposed method is proved. 
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Fig. 1. Normalized singular values. 
 
 

The parameters extracted by the improved MP 
method are shown in Table 2. Amplitude wave 
parameters are calculated through adopting the 
formula (1), (2) and using the data in Table 2.  
 

 
Table 2. The extracting parameters for simple flicker. 

 
Parameter Amplitude/V Frequency/Hz Phase/° 

Base 
frequency 0.996 49.9998 30.0611 

Side 
frequency 1 0.0293 75.0963 72.7069 

Side 
frequency 2 0.0315 24.9887 -15.3452 

 
 
The comparison with the ideal parameters is 

shown in Table 3. 
 
 
Table 3. Parameters of flicker and detected values. 

 
Calculation parameters 

Parameters Ideal 
parameters 

40 db 
white 
noise 

30 db 
white 
noise 

25 db 
white 
noise 

u/V 0.06 0.0602 0.0608 0.63 

f/Hz 25 24.98 25.0538 24.851 

θ/° 45 44.95 44.026 42.13 
 
 
As can be seen from Table 3, with the 30 db 

noise, the identification is pretty accurate. The errors 
of the amplitude and frequency of the amplitude 
modulated wave are 1.333 %, 0.215 % respectively, 
which are small. To validate the noise immunity, 
Table.3 also shows the parameter values while the 
SNR is 40 db and 25 db respectively. It can be 
analyzed from Table 3 that the maximum error of the 
modulated wave parameters is not over 0.5 % when 

the noise is 40 db. With the noise rising, the 
identification error is also increasing. But the errors 
are within a reasonable range. The results of the 
simulation show that the improved MP method has 
high noise immunity and detection accuracy in a case 
of a simple flicker. 

 
 

4.2. Examples with Harmonics 
 

Actual flicker signals often contain multiple 
frequency flicks and the harmonic pollution also 
exists in the signal. Now, an amplitude modulated 
wave whose amplitude and frequency are 0.08 and  
10 Hz respectively, mixed with a harmonic signal 
whose amplitude and frequency are 0.1 and 100 Hz 
respectively, is added into the detection signal. The 
complex flicker signal is: 
 

 ( ) [1 0.06 cos(50 / 4)
0.08 cos(20 )] [cos(100 / 6)
0.1cos(200 / 3)] ( )

u t t
t t
t e t

π π
π π π
π π

= + + +
⋅ + +

+ +

 
(16) 

 
It can be acknowledged by analyzing the signal 

modal (16) that the system order should be 18. Since 
the voltage flicker parameters calculation only 
requires the side frequency components of the base 
wave, the side frequency components of the 
harmonic almost have no impact on the voltage 
flicker parameter calculation. Therefore, the side 
frequency components corresponding to the harmonic 
are negligible and only the 12-order approximation 
system model is considered. 

First, determine the mode order with the 
traditional MP algorithm. When the threshold is 
selected as 1 %, 3 % and 5 % respectively, the modal 
order is shown in Table 4. Either over-fitting or 
leakage identification is existed. The order 
determination can be accurately obtained only when 
the threshold is selected as 2.8 %. 

 
 

Table 4. The modal order under different threshold. 
 

Threshold 1 % 2.8 % 3 % 5 % 
Modal 
order 22 12 8 4 

Detected 
Results 

Over 
fitting 

Correct 
order Leakage id Leakage id

* leakage id is leakage identification 
 
 

It can be acknowledged by consolidating this case 
and the examples in 3.1 that the correct thresholds are 
different under different circumstances (the threshold 
is 2.8 % in this case and 3 % in examples of section 
3.1). The traditional MP method which adopts 
empirical threshold selection will affect the order 
determination, and thereby reduce the accuracy of the 
algorithm. Especially with actual noise, the threshold 
value selected by experience will reduce the 
reliability of the MP algorithm and even cause flicker 
parameters extraction failure. 
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The order determination is further calculated by 
the improved MP method. Fig. 2 portrays a singular 
value curve. As shown in Fig. 2, the curve becomes 
smooth at the point of 12. Therefore the order of the 
system model is 12 instead of 18 as analyzing the 
equation of (16). It is because the side frequency 
components of harmonic are too weak to be detected 
accurately on the impact of noise. And that the order 
of the system model is set to be 12 will not impact 
the flicker parameter extraction.  
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Fig. 2. Normalized singular values. 
 
 

After order determination, the base frequency, 
the harmonic and 4 side frequency components 
corresponding to the base frequency are extracted and 
the results are shown in Table 5. 

 
 

Table 5. The extracting parameters for complex flicker. 
 

Parameter u/V f/Hz θ/° 

Base frequency 1.0005 50.0005 29.9514 

Side frequency 1 0.0403 60.0193 28.7489 

Side frequency 2 0.0401 39.9821 29.4296 

Side frequency 3 0.0308 74.9794 69.4316 

Side frequency 4 0.0304 25.0334 -17.0319 

Harmonics 0.1008/ 99.9631 60.8617 
 
 
The amplitude wave parameters can be 

calculated by the same method with formula (1) and 
(2). The comparison with the ideal parameters is 
shown in Table 6. It can be seen that harmonics have 
no impact on the accuracy of the calculation results. 
The maximum identification errors of the amplitude 
and frequency of the amplitude modulated wave are  
2 %, 0.19 % respectively. The maximum 
identification error of the phase parameter is 3.93 %, 
which is slightly large but the phase does not play a 
major role in the voltage flicker detection. As can be 
seen from the above, the improved MP method also 
has high noise immunity and detection accuracy in 
complex flicker cases. 

It can be seen by comparing the traditional MP 
methods and the improved MP method that the 
flicker parameters can be effectively extracted only if 
the system order is determined accurately under noise 
circumstances. The traditional MP method relied on 
experience may degrade its accuracy. The improved 
MP method can accurately determinate the order and 
thereby extract the voltage flicker parameters 
precisely. 

 
 

Table 6. Parameters of flicker and detected values. 
 

Calculation 
Parameters Parameter Type Ideal 

Parameters Parameter 
Value Error 

u/V 0.06 0.0612 2.00 % 

f/Hz 25 24.973 0.11 % 
Amplitude 
modulation 
parameters1 θ/° 45 43.2318 3.93 % 

u/V 0.08 0.0804 0.38 % 

f/Hz 10 10.0186 0.19 % 
Amplitude 
modulation 
parameters 2 θ/° 0 0.34 ------ 

u/V 0.1 0.1008 0.80 % 

f/Hz 100 99.9831 0.02 % Harmonic 
parameters 

θ/° 60 60.8617 1.44 % 

 
 

5. Conclusions 
 

1) An improved algorithm has been proposed for 
detecting matrix pencil parameters in voltage flicker. 
The method can convert signal model of voltage 
flicker into sum of complex exponential. By 
constructing two matrices and merging them into one 
matrix pencil, the nonlinear problem can be 
transformed into a linear issue which is easy to solve. 
This method cannot only extract the frequency and 
amplitude voltage flicker modulated wave, but the 
phase information can also be obtained. 

2) Model order calculation with traditional matrix 
pencil algorithm is mainly based on experience. It 
may not be accurate for parameter extraction from 
voltage flicker signals, or even be failed. 
Improvement has been made with the Hankel matrix 
rank estimation method in this paper. Numerical 
examples show that this method can make a precise 
order determination and improve the algorithm 
accuracy. 

3) A comparison is made for both simple and 
complex flicker under a noise background. The 
simulation shows that improved MP method has the 
advantages of precise order determination, high 
accuracy and strong noise immunity, which provides 
a new idea for the parameter extraction from voltage 
flicker signal. 
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Abstract: According to the ultrasonic propagation characteristics in continuous mediums, the propagation 
problem of sound waves in inhomogeneous mediums was studied. Based on the scattering field wave equation 
and total field wave equation, the method of moments was introduced into the discrete problem of equations 
which provided a theoretical basis for solving wave equations. The Born iterative algorithm was adopted to 
solve the nonlinear problem of equations. The truncated singular value decomposition regularization method 
was adopted to solve the stability of solutions. Experimental results indicate that the above methods can be 
applied to the strong scattering field and have higher image quality. Copyright © 2013 IFSA. 
 
Keywords: Wave equation, Iterative algorithm, Truncated singular value decomposition, Ultrasound computed 
tomography. 
 
 
 
1. Introduction 
 

In the past twenty years, ultrasonic diffraction 
tomography technology develops rapidly. The core of 
the technology is based on iterative to approach the 
truth. The equation based on wave theories usually 
has an ill-posed problem which is about existence, 
uniqueness and stability of the solution. For the 
uniqueness and existence, we can use appropriate 
mathematics method to solve. For the stability of the 
solution, we should use a regularization method to 
solve it [1, 2]. 

 
 

2. Establishment of Wave Equations 
 

In tomographic imaging, the object is a 
homogeneous medium. We are interested in the 
sound waves through the heterogeneity of medium, 
so the wave equations in inhomogeneous mediums 
must be studied [3]. 

Medium internal refraction coefficient change 
function ( )rk  can be indicated: 
 
 ( ) )(

)()( 0
0

0

rnk
rc

c
crc

rk =⋅==
ωω  (1) 
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where 
)(

)( 0

rc
crn =  is the refraction coefficient of 

the point r , 0k  is the average number of waves in 

the medium, 
0

0 c
k ω

= , 0c is the propagation 

velocity of the sound wave in an uniform medium, 
( )rc  is the velocity of the sound wave about the 

internal point r  ,ω is acoustic angular frequency. 
Wave equation can be transformed into the 

following form: 
 

 )())1)(()()( 22
0

2
0

2 rprnkrpk −−=+∇  (2) 
 

2∇  is LABOLAS operator, )(rp  is the pressure 
when the sound wave propagate in the medium. If 

( )2 2
0( ) 1o r k n r⎡ ⎤= −⎣ ⎦ , then Eq. (2) can be written 

as  
 

 ( ) )()()( 2
0

2 rprorpk −=+∇  (3) 
 

Eq. (3) is the inhomogeneous wave equation 
when ultrasonic wave propagates in the non-uniform 
medium. Ultrasonic propagation in the non-uniform 
medium generates the filed )(rp . The filed can be 
divided into two parts: the scattering filed ( )rps  

and the incident field ( )rp0 . 
 

 ( ) ( )rprprp s+= 0)(  (4) 
 

( )rp0  is the acoustic field when the acoustic wave 
is between emitter and receiver propagates in the 
uniform medium. It fits to the equation 

( ) 0][ 0
2
0

2 =+∇ rpk . While ( )rps  is in the case of 
non-uniform medium and it fits to 
( ) )()()(2

0
2 rprorpk ss −=+∇ . 

From Eq. (4), we can get the scattering field by 
Green's Function )( 'rrG − . Supposing the 
scattering field as scattering point array, the 
scattering field can be showed as 
 

 ( ) ( )'''' )()()( rdrprorrGrps ∫ −=  (5) 

 
Eq. (5) means that the scattering field can be 

showed by the superposition of scattering point 
source. 

So the whole field equation can be written as 
 

( ) ( ) )()()()()()( ''''
00 rdrprorrGrprprprp s ∫ −+=+=  

(6) 
 

Eq. (5) and Eq. (6) describe characteristics of the 
scattering field and the whole field .They are the base 
of ultrasound CT. 

Using )( 'rrj −= δϕ  to make )()( rpro  
become 
 

 ∑=
j

jjj rprorpro ϕ)()()()(  (7) 

 
Nj ,,3,2,1= , N is the amount of divided units. 

Substituting Eq. (7) into Eq. (6), we can get 
 
 ∑ ∫ −+=

j
jj drrrGrprorprp ))()()()( '''

0 （  (8) 

 
Choosing Dirac function δ as the test function 

and making inner product with each end of Eq. (8), 
then the whole field of any point in the rectangular 
area can be  
 

∑ ∫ −−+=
j

jijjii rdrrrrGrprorprp '''''
0 )())()()()( δ（  

(9) 
 

In Eq. (9) , Ni ,,3,2,1= . 
By the characteristics of δ function, Eq. (9) can 

be transformed into  
 

 ''''
0 )()()()()( ∑ ∫

Ω

−+=
j

ijjii rdrrGrprorprp
j

, 
(10) 

 
where jΩ  is the j th rectangular unit which is 
divided into. 

The two-dimension green function can be showed 
by the first kind of HANKEL function. By the 
characteristics of HANKEL function, we can get  
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where 1J is the first kind of Bessel function, 

)(m
nH is the mth class n order BESSEL function, a is 

the small unit inscribed circle radius of the 
rectangular area, ijR  is the distance of the ir  and jr . 

Supposing 
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0k is the wave number of the ultrasonic waves in the 

water, Lk /*20 π= , a  is the inscribed circle 

radius of the discrete small area, 
 

2/da = ,
 
 d is 

sampling interval of the square area for uniform 
sampling, 

 
10/Ld = ,

 
L  is the wavelength. 

Eq. (10) can be simplified as  
 

 
ij

j
jjii crprorprp ∑+= )()()()( ''

0  (12) 

 
Eq. (12) is the total field equation after scattering [4]. 

Supposing ( ) ( )t
ip p r=  is 1N ×  dimension 

total field vector, ( ) ( )i
in rpp 0=  is 1N ×  

dimension incident field vector, ))(( '
jrodiagO = is 

the diagonal matrix of the unknown function, ijcC =  

is the forward scattering equation’s 1N ×  dimension 
coefficient matrix, so Eq. (12) can be simplified as:  
 

 )()()( tint COPPP +=  (13) 
 

The scattering field Eq. (7) can be discrete as the 
follow form through the same method:  
 

 
mj

j
jjms drprorp ∑= )()()( ''  (14) 

 

In Eq. (14), ]()(
2 0

)2(
001

0
mjmj RkHakJakjd π

= , 

Mm ,,3,2,1=  is the receiving scattering field 

point. ( ) ( )ms
s rpp =  is 1×M  dimension 

scattering field vector, mjdD = is NM ×  
dimension scattering equation’s coefficient matrix. 
Eq. (14) can be written as [5]. 
 

 )()( ts DOPP =  (15) 
 
 
3. Nonlinear Problem of Wave Equations 
 

Ultrasonic tomography belongs to inverse 
scattering problems. Though Eq. (14) gives the 
relation between the scattering field and unknown 
function, but because the field equation is also the 
unknown function’s equation which leads to Eq. (12) 
and Eq. (14) are the nonlinear equations. Usually the 
iterative method is adopted to solve the nonlinear to 
achieve the purpose of approximation object interior 
acoustic parameter distribution [6]. At present, the 
method to solve nonlinear problems can be roughly 
divided into two kinds. One kind is transforming the 
nonlinear equation into two linear problems and then 
does iteration between the two linear equations. Born 
iterative belongs to this kind of method. The other 

kind is that people can use the nonlinear optimization 
method to solve the problem, such as L-M method. 

The fundamental idea of Born iterative algorithm 
is that the solution of unknown function be more 
close to the actual solution gradually based on the 
scattering field equation and the total field equation. 
In this algorithm, the coefficient matrix is constant in 
each iteration process. Along with the iteration, the 
change of unknown function means the scattering 
body changing and the GREE function represents the 
function about scattering characteristics of a point 
source. Therefore, with the iteration, we can accord 
to the unknown function’s change to correct the 
green's function. This means that the coefficient 
matrix of inverse scattering equation can recount in 
every iteration process. This method makes the 
solution of unknown function be more close to the 
actual solution [7]. 
 
 
4. Stability Problem of Wave Equations 
 

The inverse scattering problem which is 
established on the basis of wave theory can be 
attributed to the ill-posed equation [8]. The core 
equation in the actual solving process of Born 
iterative method is )()( t

kk
s

k PODP ∆=∆ . In order to 
avoid the multifarious mark in the process, we need 
to simplify the equation. Firstly, the symbol position 
of the equation is transformed, it can be written as 

k
t

k
s

k OPDP ∆=∆ ]][[ )()( , ]][[ )(t
kP  is the diagonal 

matrix of )(t
kP , kO∆  is the increment of the 

unknown function. 
Supposing  

 
 

kOx ∆≅  
]][[ )(t

kPDA ≅  
)(s

kPb ∆=  

 

 
The equation is transformed into a common form:  

 
 bAx =  (16) 

 
When the data item b  has a small perturbation, 

the smaller singular value has the amplification effect 
on the disturbance which can account for results in 
the solution deviating from the real solutions. The 
method to solve this kind of ill-posed problem is the 
regularization which is looking for a well-posed 
equation to approach the problem and make the well-
posed equation solution approach the original true 
solution. 

In this paper the truncated singular value 
decomposition regularization method is applied to 
solve the inverse scattering problem. It can better the 
noise of filter and improve the quality of 
reconstruction images. It also can reduce the iteration 
calculation. The method of truncated singular value 
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decomposition is directly transforming the morbid 
matrix A . Its main idea is looking for a well-
conditioned matrix A , so it can well approach the 
matrix A  under the 2 - norm. 

On the basis of singular value decomposition 
theory, for any )(Arankk < , if we take  
 

 
∑
=

=
k

i

T
iiik vuA

1

σ  (17) 

 
then 
 

 
22)(

min kkBrank
AABA −=−

=  
(18) 

 

kA is the matrix which is the closest to the 
original matrix among the rank k matrices. Therefore, 
we can transform the solution of original 
problem bAx =  into the well-posed equation 

bxAk = .The solution of bxAk = is 
 

 

i

k

i i

i
tsvd v

bu
x ∑

=

=
1

,
σ  (19) 

 
The above formula is equivalent to directly cut 

the smaller singular value of least squares solution of 
the equation. So the method is called the truncated 
singular value decomposition method (the 
abbreviation is TSVD) [9]. 
 
 
5. Experimental Results and Analysis 
 

The original image is shown in Fig. 1. Its internal 
structure is complicated. 
 
 

 
 

Fig. 1. Original image. 
 
 

The sensors are evenly arranged on a circle 
which is around the object. In order to avoid the 
influence of instant disappeared waves, the circle 
radius is usually taken for λ20 . The frequency for 
200 KHZ ultrasonic is used as the incident wave. We 
make uniform sampling of the square area, the 

sampling interval is /10 0.75 mmλ = , the number of 
sampling points is for 35×35. In order to collect 
enough scattering information, we evenly arrange 
fifty sensors in the ring which is around the object. 
Then we can get inverse scattering equations which 
have 1225 unknown numbers. 

In the case of contrast 20 %, a sensor as the 
emission sensor launches ultrasonic signal, the rest of 
sensors are as receiving sensors. Under the control of 
pulse control circuit, each sensor acts in turn as the 
emission sensor, the rest of sensors acts as receiving 
sensors. After the receiving sensors receive ultrasonic 
signals, the reconstruction program is adopted to 
complete the computed tomography according to data. 
 
 

 
 

(a) Iterations for 1       (b) Iterations for 2 
 

 
 

(c) Iterations for 3       (d) Iterations for 4 
 

 
 

(e) Iterations for 5       (f) Iterations for 6 
 

Fig. 2. Reconstruction results with non-regularization. 
 
 

According to the received data, we can 
reconstruct fifty images about the unknown function. 
The plenty of information about the unknown 
function can be acquired through the sensors which 
are evenly arranged around the object. Though doing 
average processing to the fifty images, we get rich 
information of the unknown function images. Fig. 2 
is about the images after several iterations. We can 
see from Fig. 2 that the effect is very poor after the 
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first iterative. Along with the increase of iteration 
times, the reconstruction effect is becoming better 
and better.  
 
 

 
 

(a) Iterations for 1        (b) Iterations for 2 
 

 
 

(c) Iterations for 3            (d) Iterations for 4 
 

 
 

(e) Iterations for 5     (f) Iterations for 6 
 

Fig. 3. Reconstruction results based on TSVD. 
 
 

Fig. 3 is about the reconstruction results based on 
TSVD. From the figure we can clearly see the 
material internal section status and the reconstruction 
image is much closer to the original image. 

The relative error can be used to evaluate 
reconstruction images. It indicates the accurate 
degree of solution:  
 

 

2

2

ext

extreg

x

xx
RE

−
=  (20) 

 
In Eq. (20), regx  stands for the solution of the 

equation, extx  is the accurate solution about the 
original image. 

Table 1. Relative error. 
 

 Results based 
on average 
processing 

Results based on 
TSVD 

 Iterations for 1 0.8002 0.3355 
 Iterations for 2 0.6866 0.2835   
 Iterations for 3 0.6073 0.2526 
 Iterations for 4 0.5473 0.2455 
 Iterations for 5 0.5003 0.2425 
 Iterations for 6 0.4627 0.2396 

 
 

 
 

(a) Curve with non-regularization 
 

 
 

(b) Curve based on TSVD 
 

Fig. 4. Relation curve of relative error and iterations. 
 
 

Through the comparison about relative error, we 
can see from Fig. 4: with the increase of iteration 
times, the relative error given by the two methods 
tends to be stable. The relative error based on TSVD 
method is far less than the relative error which does 
not use the regularization method. The experiment 
shows that the reconstruction results based on the 
TSVD method are better than the non- regularization 
method in the same iterations. 
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6. Conclusions 
 

On the basis of wave theory, we have researched 
the discrete problem of equations about the whole 
and scattering field. These are the foundation of 
scattering CT imaging. The iterative algorithm is 
adopted to reconstruct images. The experimental 
model adopts the around type array structure. The ill-
posed problem is solved by using the truncated 
singular value decomposition regularization method. 
This method can accelerate the convergence  
speed of equations. 
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