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Abstract: Localization algorithm is one of the key technologies of WSN (wireless sensor networks), and there 
are two kinds of WSN localization algorithm, distance-based and distance-free algorithms. APIT (approximate 
point in time) is a distance-free algorithm which is not depends on hardware and has a relative low localization 
error rate. But there are two obviously shortages of APIT, firstly, the average cover rate is not 100 %, and it will 
decrease with the communication radius dramatically; secondly, the average cover rate will be lower and the 
localization error rate will be higher when there are obstacles in distribution environment. In order to solve the 
problem above, this paper proposed a new localization algorithm—CESILA (Communication Circle External 
Square Intersection-Based Localization Algorithm), this algorithm can decrease the localization error by 
experience parameters, and can guarantee cover rate by external square intersection. Experiment shows that the 
average localization error rate is 5 % lower than APIT algorithm in regular distribution environment, and 7 % 
lower than APIT in environment with obstacles; the cover rate is 100 % in any case. 
Copyright © 2013 IFSA. 
 
Keywords: WSN, Localization algorithm, APIT, CESILA, Localization error rate, Localization cover rate, 
Different distribution. 
 
 
 
1. Introduction 
 

WSN (Wireless sensor network) is organized by 
nodes with characters of small size, low price and 
low computing power, which can organized 
automatically through wireless communications. 
There are mainly four key technology of WSN, they 
are routing, security, energy consumption and 
localization. Localization can provide support to 
other aspect; therefore, more and more researchers 
pay their attention to localization algorithm [1]. 

There are two kinds of nodes in WSN, one kind 
called anchor nodes which can locate their location 
with hardware such as GPS and etc., the other kind 
called unknown nodes which cannot locate 

themselves with hardware. So, localization 
algorithm’s goal is to locate the unknown nodes. 
Currently, the localization algorithms have been 
separated into two kinds [2-4]: distance-based 
localization algorithm and distance-free localization 
algorithm, distance-based algorithm evaluate 
unknown node’s location with actual distances and 
angles of nodes which can be get by hardware, 
distance-free algorithm, the distance-free localization 
algorithm has been used widely since the 
distance-free algorithm is lower in price and simple 
to distribute. 

Classical distance-free localization algorithms 
including Centroid algorithm, DV-Hop algorithm [5], 
Amorphous algorithm [6] and APIT [7, 8] algorithm, 

http://www.sensorsportal.com/
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APIT algorithm has lowest average localization error 
rate among them which is appropriate to the 
applications require high location accuracy such as 
military target tracking, mine personnel positioning 
and etc.. But there is a common character of these 
kinds of environment, that is full of obstacles in 
distribution environment, is it affect to the 
localization error rate and cover rate? 

Actually, because of the point in test, the average 
localization cover rate is low especially when the 
communication radius is short, and APIT algorithm 
is an obstacle-aware algorithm which means the 
localization error rate is high and cover rate is very 
high in distribution environment with obstacles. So, 
focusing on those disadvantages of APIT, this paper 
proposed a new localization algorithm which can 
decrease the average localization error rate and 
increase the cover rate especially in environment 
with obstacles. 

This paper is organized as follows: Sec 2, related 
work, performance of localization and principle of 
APIT are introduced, the simulations of APIT has 
been done in Sec 3, and the advantage and 
disadvantage of APIT is analysis through the 
simulations, in Sec 4, the principles of CESILA 
(communication circle external square 
intersection-based localization algorithm) is 
introduced, and the comparison and experimental 
result has been given in Sec 4, and included in Sec 5. 

 
 

2. Related Work 
 

2.1. Performance of Localization Algorithm 
 

Performances are used to evaluate an algorithm, 
according to the usage and characters of localization 
algorithm, the mainly performance is localization 
error rate, localization accuracy localization cover 
rate, grid density and ratio of localization error and 
cover rate, their definition are as follows: 

1) Localization error rate. 
Localization error rate presents the degree of the 

difference between the estimated coordinates and 
actual coordinates, the localization error rate is 
calculate as formula 1. 

 

2 2
ie it ie iti N

( x x ) ( y y )
error _ rate

L( N ) R
   





 (1) 

 

In formula (1), N presents assemble of node that 
can be located by the localization algorithm, L 
presents the length of assemble of N, (xie) presents 
the estimated coordinates calculated by localization 
algorithm, (xit), is the actual coordinates when the 
node has been deployed. R presents the 
communication radius of the node. 

2) Localization accuracy. 
Localization accuracy is opposite to localization 

error rate, the method of calculating localization 
accuracy is shown as formula (2). 

localization _ accuracy 1 localization _ error   (2) 

 
3) Localization cover rate. 
Localization cover rate presents the ratio of 

located nodes to all unknown node, thus, if a 
localization algorithm has a higher means it has a 
better performance, the monitoring region will be 
larger simultaneously, the cover rate is calculated by 
formula (3): 

 

Resoved

Unknown

N
cov er _ rate

N
  (3) 

 
In formula (3), Re sovedN  presents the number of 

located nodes, UnknownN  presents the number of all 

unknown node, so cover rate is larger with Re sovedN . 

4) Grid density. 
Grid density presents the relationship of 

distribution side length and grid length; it will be 
calculate by formula 4: 

 
square _ L

grid _ density
grid _ length

  (4) 

 
5) Ratio of localization error rate and cover rate. 
Ratio of localization error rate and cover rate 

presents both the performance of localization error 
rate and cover rate, the Ratio will be calculated by 
formula (5). 

 
localization _ error

ratio _ error _ cov er
cov er _ rate

  (5) 

 
Form the formula (5), we can conclude that the 

performance of the localization algorithm is 
proportional to ratio _ error _ cov er . 

 
 

2.2. Principles of APIT Algorithm 
 
APIT (approximate point in test) algorithm is a 

distance-free WSN localization algorithm which is 
proposed by Tian He and etc., the principles of APIT 
is triangle approach, the principle is shown as Fig. 1, 
assume that there are n unknown node which can be 
communicate with the unknown node, the algorithm 
will traverse C_n^3 different triangles, and calculate 
the overlap of the triangles. 

As shown in Fig. 1, the centroid of the overlap 
polygon is the estimated coordinates of unknown 
nodes. The main phrase of APIT is as followings: 

1) Anchor node information collecting phrase. 
Anchor node will broadcast message to its 

neighbor nodes, the message composed of anchor 
node ID, anchor node coordinates and the anchor 
node’s signal strength and etc. The format of the 
message is shown as Fig. 2. 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 1-8 

  3

 
 

Fig. 1. Principles of APIT algorithm. 

 
 

 
 

Fig. 2. Format of the message broadcasted  
by anchor nodes. 

 
 

The node (includes other anchor nodes and all 
unknown nodes) who receive the broadcast message 
will work as the rules, first, it will analysis the head 
of the message, and get the ID of the anchor node 
who broadcasted the message; then, it will judge if 
the anchor node already in its forwarding table, if it 
is, broadcast the message, but do not update the 
forwarding table; if it is not, also broadcast the 
message, but update the forwarding table with the 
content of the message. 

2) Point in test (PIT) executing phase. 
After the first phase, every unknown node 

mastered much information of anchors nodes, so, the 
unknown node traverse every three of them and test 
if the unknown node in the triangle composed by the 
three anchor nodes. The principles of PIT is shown as 
Fig. 3(a) and Fig. 3(b), we can deduce form Fig. 3(a) 
that, if unknown node in the triangle, when the 
unknown node is close to one of the anchor nodes, it 
must be far away from the other two nodes; we also 
can deduce that if the unknown is out of the triangle 
shown as Fig. 3(b), when the unknown node is far 
away from one of the anchor nodes, it must be far 
away from the other two nodes simultaneously. 

However, the WSN node is static when it has 
been deployed in the most conditions, so we cannot 
locate the unknown node by moving the node, 
instead, we can judge if the unknown in the triangle 
by calculate its neighbors and their signal strength. 

3) Grid scanning phase. 
If the unknown node in the triangle composed by 

some three anchor nodes, then the grids’ count 
(initialized by 0) in the triangle will be crease by 1. 

4) Centroid calculate phase. 
After the above three steps, we can find the entire 

grid who has the max count, then calculate the 
centroid of the polygon that composed by the grids. 
The formulas are as shown in (6) and (7). 

 
 

Fig. 3(a). Principles of PIT (unknown node in the triangle). 
 
 

 
 

Fig. 3(b). Principles of PIT (unknown node out  
of the triangle). 

 
 

1 2 n
x

x x ... x
L

n

  
  (6) 

 

1 2 n
y

y y ... y
L

n

  
  (7) 

 
In the formula,  presents the horizontal 

coordinate of the unknown node,  presents the 
vertical coordinate of the unknown node, ( i ix , y ) and 

presents the coordinates of the grids with the max 
count. 

 
 

3. Performance Analysis of APIT 
Localization Algorithm 
 

The greatest advantage of APIT is the low 
localization error rate, but the inherent characters of 
APIT decide that there are some obvious 
disadvantages as follows. 

1) Low localization cover rate. There must be 
some unknown node not in any triangles, especially 
when the communication radius is short. 

2) Localization error rate change with the 
distribution and environment dramatically, especially 
when the distribution environment with obstacles, 
because some nodes cannot communicate even their 
physical distance is very short. For example, this 
paper has analyzed the affection of localization error 
rate and cover rate of C-shape distribution 
environment. 

3) localization error rate is related with grid 
density, in a certain region, localization error rate 
will be lower when the density is larger, but the 
localization error rate will go steady when the grid 
density is large enough, what’s the value of it? 
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In order to analyze the APIT algorithm, 
simulation and performance analysis has been done 
in this paper. The conditions of simulations are 
shown as Table 1. The analyzed performance of 
APIT include localization error rate, cover rate, 
relationship of grid density and localization error 
rate, C-shape affection of localization error rate and 
cover rate. 

 
 

Table 1. Initialized Condition of Apit Simulator. 
 

 Rectangle-shape C-shape 

Experimental area 1000 × 1000 m2 
1000, 
300, 300, 
700 

Total number of nodes 
(n) 

200 200 

Proportion of anchor 
nodes 

0.2 0.2 

GPS error rate (GPS-R) 0 0 

Communication radius 
(R) 

100, 200, …, 
1000 (m) 

100, 
200, …, 
1000 (m) 

 
 

Three groups of experiments have been done in 
the conditions show as Table 1. 

1) Test the localization error rate. First, fixing the 
communication radius short for R, let R=100 m, ten 
experiments in different random distribution has been 
done, and the localization error rate is shown as  
Fig. 4 (a). Secondly, changing the grid density, the 
grid density changed from L/10,L/20,…, L/20     
(L presents the side of the rectangle), the localization 
error rate is shown as Fig. 4 (b); Thirdly, changing 
the communication radius, let R equals 100, 200, 
300,…, 1000 separately, the localization error rate is 
shown as Fig. 4 (c). 

 
 

 
 

Fig. 4 (a). Average localization error rate in different 
distributions (R=100 m). 

 
 

As shown in Fig. 4 (a), the average localization 
error rate is around 40 % when the communication 
radius R=100 m; as shown in Fig. 4 (b), localization 
error rate is proportional to the grid density in a 

certain limitation, but it will be coming steady when 
the grid density is large enough; as shown in      
Fig. 4 (c), localization error rate is also proportional 
to communication radius, when the radius of the 
nodes equals with the side of the distribution areas, 
the localization error rate is approximated to 60 % 
which can be took as a limitation. The reason of this 
phenomenon is that more and more unknown nodes 
has been located as the communication radius is 
larger, but the localization error rate of these node are 
larger and larger, since the average localization error 
rate increased. 

 
 

 
 

Fig. 4 (b). Average localization error when grid density  
is change (R=100 m). 

 
 

 
 

Fig. 4 (c). Average localization error when communication 
radius changing. 

 
 
2) Test the localization cover rate. First, fixing 

the communication radius short for R, let R=100 m, 
ten experiments in different random distribution has 
been done, and the localization cover rate is shown as  
Fig. 5 (a); Secondly, changing the communication 
radius, let R equals 100, 200, 300, …, 1000 
separately, the localization cover rate is shown as 
Fig. 5 (b). 

As shown in Fig. 5 (a), the average localization 
cover rate is about 76 % - 90 %, the cover rate is 
increasing with communication radius, when the 
communications is about 400-500 m, the cover rate 
can be reach 100 %. 
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Fig. 5 (a). Average localization cover rate in different 
distributions (R=100 m). 

 
 

 
 

Fig. 5 (b). Average localization error when communication 
radius changing. 

 
 

3) Test the affection of the different distributions 
of APIT’s localization error rate and cover rate, the 
condition of the experiment are shown as table 1, the 
average localization error rate is shown as Fig. 6 (a), 
and the average rate is shown as Fig. 6 (b), the 
horizontal coordinate of both Fig. 6 (a) and Fig. 6 (b) 
presents the communication radius. 

 
 

 
 

Fig. 6 (a). Comparison of localization error rate in different 
distribution (rectangle-shape distribution  

and C-shape distribution). 

 
 

Fig. 6 (b). Comparison of localization cover rate  
in different distribution (rectangle-shape distribution  

and C-shape distribution). 
 
 

As shown in Fig. 6(a), the localization error rate 
in C-shape distribution is higher than the one in 
Rectangle-shape, and as shown in Fig. 6(b), 
localization cover rate of C-shape distribution is 
lower than the one of Rectangle-shape. 

Concluded from the above, the main 
disadvantages of APIT are: 

1) Average localization error rate is proportional 
to communication radius; the value of the error rate 
is range from 40 % to 60 %. 

2) The cover rate of APIT cannot reach 100 % 
when the communication radius is less than half of 
the side of distribution area. 

3) Not adaptive when there are obstacles in 
distributions environment, such as C-shape 
distribution, the localization error rate is higher and 
the cover rate is lower compared with the rectangle 
distributions. 

 
 

4. Communication Circle External 
Square Intersection-Based 
Localization Algorithm 

 
Focusing on the three disadvantage of APIT 

algorithm, this paper proposed another 
geometry-intersection localization algorithm - 
CESILA (Communication Circle External Square 
Intersection-Based Localization Algorithm), the 
principles of CESILA is shown as Fig. 7 (a) and  
Fig. 7 (b). 

As shown in Fig. 7 (a), the red circle presents 
unknown nodes, and the blue circle presents the 
anchor nodes, the black circle presents the 
forwarding nodes, R is short for communication 
radius, n presents the hops from unknown node to 
anchor node. As shown in the figure, the unknown 
node j must be in a circle of which the anchor node i 
as the center of the circle and with 2nR for the radius 
of the circle if unknown node j can communicate 
with anchor node i through n hops, so it must be in 
the external square of the circle. Thus we estimated 
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the coordinates of the unknown node by the 
intersection of the rectangles, shown as Fig. 7 (b), 
which is easy to calculate and convenient to unified 
computing because the intersections is also rectangle. 

 
 

R

2nR

 
 

Fig. 7(a). Principles of CESILA. 
 
 

 
 

Fig. 7(b). Schematic diagram of rectangular intersecting. 
 
 

According to the principles of CESILA, the 
procedures of it are as follows: 

1) Anchor node information collecting phrase, 
anchor nodes broadcast message with NodeID which 
is used to identify nodes from each other, Hop, and 
coordinates of itself. The format of the message is 
shown as Fig. 8. 

 
 

NodeID Hop Localization(Px, Py) 
 

Fig. 8. Message formats broadcasting by anchor node. 
 
 

When the forwarding nodes receive the message, 
it will update forwarding table as formula (8) 

 

ix iy

ix iy

ix iy

( i,hop 1,( P ,P ))

if ( i FT(NodeID))

(i,hop 1,( P ,P ))
FT FT

if ( i FT(NodeID)and(hop 1) FT(I,Hop))

(i,hop 1,( P ,P ))

if ( i FT(NodeID)and(hop 1) FT(I,Hop))





  

  
 

   

(8) 

In the formula, FT presents the forwarding table; 
the format of FT is the same as message format 
which is compose of ID of anchor node, hop from 
one anchor node to this node, and the coordinates of 
anchor node. The triple ix iy(i,hop 1,( P ,P ))  

presents information of anchor node i in forwarding 
tables. The value of FT(NodeID)  returns the ID of 

anchor node, FT(I,Hop)  returns hops from anchor 

node i to this node, nodes update their forwarding 
table according to rules defined by formula (8). 

2) Grid partition and scanning phase. 
Assume that the distribution area is rectangle, 

thus the coordinates of each grid is calculated by 
formula (9). 

 

x

y

L L
f ( i, j ) i

Ln 2 n ( i 0,1,... )
L L n

f ( i, j ) j
n 2 n

     
   
 

 (9) 

 
As shown in formula (9), L presents the side of 

distribution; n presents the grid density, 

x y( f ( i, j ), f ( i, j )) presents the coordinates of the 

grid, and  present the location of the grid (row and 
column), the count of each is initialized by 0, that is 

kg ( i, j ) , k presents the ID of this unknown node, so, 

for each unknown node ’s count kg ( i, j )  is 

calculated by formula (10). 
 

m
h
k

k h 1

g ( i, j ) ( location( k ) ( 1, 1))
g ( i, j )

0 ( location( k ) ( 1, 1))



   

   

  (10) 

 

As shown in formula (10), h
kg ( i, j )  presents 

anchor node h who can communicate with unknown 
node , m is the number of anchor node that can 
communicate with , if L(k)=(-1, -1) means the node 

is not located yet, the calculate method of h
kg ( i, j )  

is shown as formula (11). 
 

h
k

h h h h
min x max min y maxh

k
h
k

g (i, j ) 1

(x f (i, j ) x , y f (i, j ) y
g (i, j )

g (i, j )

(others )

 

    






(11) 

 
3) Calculate the centroid of the intersection 

rectangle which has the max count of the grids, the 
calculate formula is shown as formula (12). 

 

k max min
x

k max min
y

( x x )
L

2
( y y )

L
2

 
  


 (12) 
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In the formula, maxx , minx , maxy , miny  

present the max horizontal coordinate, the min 
horizontal coordinate, the max vertical coordinate, 
and the min vertical coordinate among the grids with 
the max count separately. 

 
 

5. Simulation Result 
 

In order to prove the correctness and effective of 
CESI localization algorithm, simulations have been 
done in this paper. CESILA is simulated in 
MATLAB 2012, and the comparison of CESILA and 
APIT algorithm is given, the result analysis mainly 
about localization error rate, localization cover rate, 
grid density’s affection to localization error rate and 
cover rate, different distribution’s affection to 
localization error rate and cover rate, the condition of 
the simulation is also shown as Table 1. 

In order to prove the performance of CESILA, 
five experiments have been done in this paper, and 
the comparison has been done between APIT and 
CESILA.  

1) Fixing the communication radius short for R, 
let R=200 m, the results of localization error rate of 
the two algorithms in ten different Rectangle 
distributions are shown as Fig. 9. 

 
 

 
 

Fig. 9. Localization error rate comparisons between 
APIT and CESILA. 

 
 

2) Changing the communication radius, let R 
equals 100 meters, 200 meters, … 1000 meters 
separately, the results of localization cover rate of the 
two algorithm in ten is shown as Fig. 10, the 
horizontal coordinate of the figure presents the 
communication radius of the node, and vertical 
coordinate presents the localization cove rate of the 
algorithm. 

Form the Fig. 9, we can get that the average 
localization error rate of CESILA is lower than APIT 
by about 5.9 %; and we can get form Fig. 10 that the 
cover rate of CESILA is 100 % whatever the 
experimental conditions are, while the cover rate of 
APIT is changing with the communication radius. 

 
 

Fig. 10. Localization covers rate comparisons between 
APIT and CESILA. 

 
 

3) Changing the grid density, let the grid length 
form 100 meters, 90 meters, … 0.5 meters, the values 
of the gird length is shown as the horizontal axis, 
grid density is in inverse proportion to grid length. 
The localization error rate in different grid density is 
shown as Fig. 11, we can get that the localization 
error rate is in inverse proportion to grid density in a 
certain range, and the localization error rate will tend 
to a constant when the gird density is large enough. 

 
 

 
 

Fig. 11. Localization error rates in different grid 
density of CESILA. 

 
 

4) Fixing the communication radius let    
R=200 meters, the localization error rate has been 
concluded in Rectangle distribution and C-Shape 
distribution, the result is shown as Fig. 12. 

Form Fig. 12, APIT is a distribution aware 
localization algorithm, and its localization error rate 
is higher when the node is distributed in C-shape 
distributions, while CESILA is not a distribution 
aware localization algorithm, and its localization 
error rate in C-shape distributions is the same as the 
one in Rectangle distributions. 

5) Changing the communication radius R, let R 
equals 100 meters, 200 meters, 300 meters,…,  
1000 meters separately, the cover rate of the two 
algorithms are shown as Fig. 13. 
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Fig. 12. Localization error rate in different 
distributions of CESILA and APIT. 

 
 

 
 

Fig. 13. Localization cover rate in different 
distributions of CESILA and APIT. 

 
 

Form Fig. 13, we can get that APIT is a 
distribution aware localization algorithm, and its 
localization cover rate is lower when the node is 
distributed in C-shape distributions, while CESILA is 
not a distribution aware localization algorithm, and 
its localization cover rate in C-shape distributions is 
the same as the one in Rectangle distributions. 

 
 

6. Conclusion 
 
The research of the this paper is about one of the 

key technology of WSN, that is localization 
algorithm, this paper analyzed and summarized the 
disadvantages of APIT according to the problem of 
low cover rate of APIT. In order to solve the 
problem, a new localization algorithm—CESILA has 
been proposed in this paper, the principles of 

CESILA is the communication external square 
intersection method. In addition, the simulations and 
performance analysis has been done in this paper, the 
simulation results show that the localization error 
rate of CESILA is lower than APIT by about 5.9 %, 
and the cover rate of the CESILA is 100 % in any 
conditions. However, CESILA is limited by 
parameters, for example, the cover rate of CESILA 
might reach 100 % and has a lower localization error 
rate when the one each side of the square is less than 
2nR, so what is the optimized value of the one each 
side of the square will be further research in future 
work. 
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Abstract: A new method is put forward to realize pedestrian’s localization by inertial sensor in indoor 
environment, the positioning method is through pedestrian’s motion information which is collected by an IMU 
system to achieve pedestrian’s positioning. The pedestrian’s gait is getting by fusion of acceleration data and 
gyro data, it is improved the traditional method which discriminate pedestrian’s gait by single axis acceleration. 
A new method is proposed for estimating the pedestrian’s walking step length by acceleration data, it is 
improved the estimation of the dynamic step length precision. By linear fitting algorithm to correct the yaw 
angle information, it would calculate more accurate yaw angle information. Using the step number, step length 
and yaw angle by fusion algorithm reproduce a pedestrian’s route. The experimental results show that the 
positioning method of current positioning precision for each 1200 m error is in 10 m. Positioning error is about 
8.33 %, it has high value of engineering application. Copyright © 2013 IFSA. 
 
Keywords: Indoor positioning, Inertial measurement unit system, Trajectory reconstruction,  
Positioning precision. 
 
 
 
1. Introduction 
 

In recent years, data services and multimedia 
services are rapid increased, demand of positioning 
and navigation are increasing, especially in complex 
indoor environment, such as airport hall, exhibition 
hall, warehouse, supermarket, library, underground 
parking, mine environment and so on, it is often need 
to determine the mobile terminal or the holder of the 
indoor position information. The GPS positioning 
technology is relatively mature, but in the indoor 
conditions, due to the received GPS signal is very 
weak or no receives, the GPS will be out of action. 
According to statistics there are 80 % to 90 % of 
people's time is indoors, so indoor positioning 

technology become a very hot topic. In recent years, 
including Google, Microsoft, Apple, Broadcom and 
some of the world famous university are in the study 
of indoor positioning technology, many indoor 
positioning technology solutions were proposed, but 
by the positioning time, positioning accuracy and 
complex indoor environment conditions, perfect 
positioning technology solutions is still not well used 
in the actual application. 

Due to the MEMS inertial sensor has the 
advantages of miniaturization, multi-function, low 
cost [1], it is widely used in the inertial navigation 
technology and it becomes the focus of research of 
the indoor positioning technology [2]. The collecting 
device used in this paper has a very high level of 
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integration, it is not only has the advantages of small 
volume and convenient carrying, and high precision 
data acquisition, at the same time the sampling 
frequency also can be set by friendly interface, 
through the pedestrian’s walking posture information 
which collected by the collecting device, we can 
make data processing to achieve walking trajectory 
and then realize the reappearance of pedestrian’s 
walking trajectory for pedestrian localization. 

We present a new kind of indoor positioning 
method of multiple MEMS inertial sensor based on 
data fusion. The article is organized as follows: the 
second section describes the IMU system and the 
collection method, the third section presents the gait 
identification method of the pedestrian, the fourth 
section is step length estimation method and solving 
of pedestrian’s yaw angle, the fifth section gives the 
trajectory reconstruction method and test result, the 
sixth section is the conclusion. 
 
 
2. IMU System Introduction 
 

IMU is short for Inertial Measurement Unit, the 
IMU used in this research is a unique inertial 
measurement unit, as shown in Fig. 1. 
 
 

 
 

Fig. 1. IMU system components. 
 
 

It is the intelligent combination of multiple 
MEMS sensors which consist of 3 axis 
accelerometer, 3 axis gyroscope, 3 axis 
magnetometer, thermometer and pressure sensors. 
The data processing chip is 32 bit STM32 
microcontroller, the sensing function of the system is 
acceleration, angular velocity, magnetic, temperature 
and pressure, it is 11 degrees of freedom. At the same 
time, the corresponding input parameters in the IMU 
interface of the system also can obtain the yaw angle, 
roll angle, pitch angle and the four element data, it 
provides a convenient for us to achieve positioning. 

The fixation method of IMU system has great 
effects on the measured data, some researchers bind 
the IMU system on their toes [3]. The method is 
feasible, but noise of the measured data is a little big, 
so that data processing is more difficult. In this 
design, the IMU system is fixed on the tester's right 

leg, let the tester’s direction coincide with the Z axis 
of the IMU, the X axis direction is perpendicular to 
the ground as far as possible, the Y axis direction is 
parallel to the ground and perpendicular to the 
surface of the testing process, as shown in Fig. 2. In 
this test, the pedestrian advancing direction is Z axis 
negative direction, the Y axis of the gyroscope is 
pedestrian’s horizontal axis, that it is perpendicular to 
the direction of the plane which is consist of the 
direction of forward and vertical to the ground plane. 
 
 

 
 

Fig. 2. The tester’s positive picture. 
 
 
3. Identification of Gait 

 
The walk distance of pedestrian are usually 

integral the acceleration of every step, so it need to 
get the  accurate number of steps of the pedestrian, 
there are many method to get the number of  
steps [4-7], to judgment the tester whether static or 
dynamic is by accelerated speed such as Koichi [4], 
he believes that the tester is dynamic if the value 
exceed the range he has set; Ojeda [5] judge it by the 
threshold of the angle speed; Cho [6] judge it by the 
rate of change of the acceleration, if the rate of 
change is greater than a certain threshold, that means 
the sensor is in motion. 

These methods are belongs to threshold method, 
it set the variable threshold in advance to get the 
number of steps, but there are many factors 
influence variables, such as the rate of change of 
acceleration, angular velocity and so on, in a mass 
of test, we found that just use a single threshold 
method often occur omission or error, such as 
Fig. 3, the abscissa represents the sampling points, 
the blue line is the direction of the acceleration, 
usually use it to judge the pedestrian whether static 
or dynamic, the threshold method can achieve the 
right number of steps if it is able to determine the A 
point, B point, C point and some of these special 
points. But it is clearly that the threshold method is 
unable to achieve the ideal effect, C point will be 
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miss detection, D point and E point is very easy to 
false detected, it will lead to errors of getting 
number of steps so that the location accuracy  
will be descend. 
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Fig. 3. The stacking chart of acceleration data  
and gyro data. 

 
 

In order to make the process method is more 
reasonable, we propose a new method that added to 
the gyro data as an auxiliary judgment, gyro axis Y 
data can be a very good response of walking state. 
When the Y axis is perpendicular to the surface of 
pedestrians, you can see the leg of pedestrian is a 
regular swing from the Y axis direction. The data 
obtained from gyro of Y axis shows at MATLAB 
software is the red line in Fig. 3. Experiments show 
that the data has a high reliability and good stability. 

In Fig. 3, there are two kinds of different wave of 
the red line, such as F and G, in order to find the 
maximum value of F, we can set a reasonable 
threshold, the threshold value is greater than G value 
and is less than F value, we set it to 1/2 of F value 
and G value that can reduce the sentence range and 
reduce the amount of calculation. Then find the value 
which is greater than or equal to the previous and less 
than or equal to the behind. Then it is the point of 
maximum point at F. 

Gyro value is the value of the instantaneous 
angular speed, the maximum angular rate value at F 
is the biggest moment of every step, it is not the right 
leg landing time but the time before. Because the 
difference of the time and the landing time is 
relatively stable, we can use this time as a reference 
time, then find the maximum acceleration point after 
a period of time. If find the maximum acceleration 
point, the time of the point is the right leg landing 
time, if not, replace it with the experience value. To 
find out the right leg landing time, we can accurately 
calculate the total number of steps, the program flow 
chart is shown in Fig. 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. The flow chart of the algorithmic programs. 
 
 
4. Step Length Estimation and Yaw 

Angle Calibration 
 
4.1. Step Length Estimation 
 

There are many estimation methods of step 
length, Koichi [4] uses a three axis accelerometer and 
a single axis gyroscope fixed on the shoes to estimate 
walking distance, in the total distance of 30 m, the 
maximum error is 5.3 %. Ojeda [4] uses six degrees 
of freedom inertial measurement unit estimates the 
walking distance, walking distance error within the 
600 m is less than 2 %. But the drift error of 
gyroscope will accumulate and then it will affect 
travel distance results in the process of testing, so the 
error will increase with the increase of travel 
distance. Pointed out in document [5] that walking 
distance in 600–620m the maximum error is 12.8 % 
and in order to reduce the test error needed the tester 
every 30 s to stop a time, so that calibrate the 
gyroscope. The gyro error accumulate easily [8], the 
peripheral effect of metal material and the price is not 
for most people to accept, so people consider using 

i=1

Input AZ\,GY

i=i+1

GY(i)>y1& 
GY(i)≥GY(i-1) 
GY(i)≥GY(i+1) 

j=i, j≤i+n, k=1 

AZ(j)>y2&
AZ (j)≥AZ(j-1)& 
AZ(j)≥AZ(j+1) 

j=j+1

D(k)=j,K++

j==i+n

D(k)=i+n/2,K++ 

 i==lenGX? 

Output D

End 

Y 

N 

Y 

Y 

N 

N 

N 

Y 

AZ means Z axis 
data of 

acceleration, GY  

means Y axis data 
of gyroscope.

n means limit 
search scope.

y1 is the threshold 
for find the 

maximum GY 
value

lenGX means the 
total number of 

gyro Y axis data.

y2 is the 
threshold for find 
the maximum GY 

value. 

D is right leg
landing point of the 

pedestrian. 

Begin 
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acceleration sensor with the advantages of small size 
and low price to estimate the distance. The 
parameters of getting the number of steps are fixed so 
that the measurement results relate to the speed and 
the lean of road. It need neural net to estimate the 
distance of every step, but the parameters need a 
large number of test data to determine and there are 
some difference between learning data and actual 
data lead to the system error increases [9]. 

Aiming at the problem, a new step length 
estimation algorithm was proposed. The walking 
process can be decomposed into three parts, the leg 
lifting, walking and hitting the ground. The walking 
process can be simplified, we can approximate it as a 
uniformly accelerated rectilinear motion, the leg stop 
quickly when it hits the ground and the time is very 
short that can be ignored. The step length of this 
pedestrian can be calculated by the formula of 
displacement and acceleration. As shown in  
formula (1), where ‘S’ represents step length, ‘a’ 
represents acceleration.  

 
 21= at

2
S

 
(1) 

 
In Fig. 3, A point and B point can be seen as the 

leg lifting time and hitting the ground time 
respectively. The front half part can be regarded as 
static of the right leg. The latter part can be regarded 
as right leg produced displacement. Set a threshold a0 
of the acceleration, when the data above it means 
pedestrian moving, otherwise stationary. The section 
of the acceleration value is larger than a0 were 
a1, a2, a3, ..., an, (a0, a1, a2, ..., an only represents the 
acceleration value) and then calculate the average 
value of am of the acceleration, its mean value 
formula shown as formula (2),  

 
 

1 2 1
m

+ + +
a = =

n

i
n i

a
a a a

n n
=
∑

 

(2) 

 
We can see that am is decided by walking speed of 

the pedestrian. By formula (1) we can see that step 
length can be calculated by acceleration and time. 
Suppose acceleration is ar, time is t. Because the 
average acceleration value am can be only get in the 
actual situation, and can’t get the value of ar, we need 
a method to get the value of ar. Through the analysis 
we can find that ar and am have a common 
characteristic that if pedestrian is stationary, the two 
values are approximate to 0 and if walking faster, the 
two value is greater, if moving slower the two value 
is smaller, assumes the ar and am is a linear relation, it 
can be written as shown in formula (3):  

 
 

ra =A*am , (3) 

 
where A is the proportional coefficient, it can be 
obtained through the measurement. In the experiment 

by limiting step, repeated testing, we calculated that 
the A value is about 0.5 and remain relatively stable. 
Through A value and the sampling points, sampling 
frequency in each step, we can get the value of ar, and 
the walking time t in this step, substitute ar and t in 
formula (1), then we can calculate step length  
of this step.  

The tester walked on the football field about  
15 minutes, the total number of steps is about 800. 
The step length is about 1.5 meter after the 
measurement. Substitute the measured data in 
designed algorithm, we calculate the step length as 
shown in Fig. 5, where abscissa represents the 
walking number of steps, ordinate represents step 
length, sign represents the direction, the test result 
shows that the calculated step length is with high 
accuracy and good stability.  
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Fig. 5. The step length of the tester. 
 
 
4.2. Yaw Angle Calibration 
 

The yaw angle is one of the important elements in 
positioning system, the definition is that the right, 
front, top direction of the carrier constitute the right-
handed coordinate system, around the forward axis 
rotating is roll angle, around the axis towards the 
right rotating is pitch angle, around the upward axis 
rotating is yaw angle [10]. So for pedestrians, yaw 
angle is the walking direction information. The front 
of the pedestrian is 0°, around the clockwise rotating 
angle value is positive, the range is 0°–-180°, so the 
yaw angle range is -180°–180°. 

Through the friendly interface of IMU system, we 
can get the yaw angle information after we input the 
correct parameters, due to the influence of vertical 
gyro drift and axial gyro drift [11] and so on, it will 
cause the major angle error. After the tests we also 
found that there are big errors between the measured 
yaw information and actual yaw angle, so we need to 
calibrate attitude angle, fixed the test device on the 
two-axis turntable and collected the attitude  
angle data.  
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Table 1. Result of test experiment (°). 
 

Order 
number 

Standard 
values 

Measured
values 

 Order 
number 

Standard 
values 

Measured
values 

1 0 0 20 -180 165.27 
2 10 9.19 21 -170 174.31
3 20 18.59 22 -160 -176.26 
4 30 27.48 23 -150 -166.11 
5 40 36.57 24 -140 -155.82 
6 50 45.66 25 -130 -145.41 
7 60 54.92 26 -120 -133.92 
8 70 63.96 27 -110 -122.91 
9 80 72.71 28 -100 -111.90 

10 90 81.84 29 -90 -99.53 
11 100 91.07 30 -80 -87.45 
12 110 99.67 31 -70 -75.42 
13 120 108.71 32 -60 -63.85 
14 130 118.22 33 -50 -52.65 
15 140 127.11 34 -40 -41.14 
16 150 138.35 35 -30 -30.52 
17 160 145.52 36 -20 -20.27 
18 170 155.26 37 -10 -10.12 
19 180 165.27 38 0 0 

 
 

The model of two-axis turntable we used in the 
test is 902-E which is made by Beijing Aviation 
Precision Machinery Research Institute. The test 
results are in Table 1. As can be seen from the 
Table 1, there is a certain bias value between the 
reference value and system output, it is accord with 
linear rule, therefore make the system output value 
and reference value for the linear fitting and then we 
can get more accurate yaw angle value.  
 
 
5. Trajectory Reconstruction 

 
Through the above discussion we have introduced 

how to calculate the three factors [12] – number of 
steps, step length and yaw angle, the principle of 
trajectory reconstruction is that regard the pedestrians 
walking in plane trajectory as composed of many 
points, as shown in Fig. 6. 
 
 

 
 

Fig. 6. The reconstruction principle of the pedestrian path. 

Where aK means the K step yaw angle, SX means 
the X axis coordinate of pedestrians at that time, SY 
means the Y axis coordinate of pedestrian at that 
time. You can write a coordinate of pedestrian on the 
coordinates of any point of the plane, the calculation 
formula (4) is as follows. 
 

 
-1

Y -1

+ sin (a )
+ cos (a )

X X K k

Y K k

S S SL
S S SL

= ×⎧
⎨ = ×⎩ , 

(4) 

 
According to the theory above, this paper 

conducted a number of experiments, the experimental 
one is in a hall and the walking tracks is layout good 
as shown in Fig. 7. 
 
 

 
 

Fig. 7. Trajectory reconstruction of walking in hall 
 
 

The left two pictures are field test photos and 
the two on the right picture are trajectory which 
gets from the test data, the top one is walking track 
1 lap, following is continuous walking track 5 laps, 
the blue 'x' represents the point of fall right, as can 
be seen from the chart, trajectory and actual 
trajectory reconstruction basic consistent, 
continuous test results can still accurate response 
to walking trajectory with good repeatability  
and stability. 

In order to further test the positioning accuracy, 
the test site of experiment two is a standard football 
field, the tester along the soccer field periphery of the 
400 m runway walks and collects test data. Fig. 8 is a 
map of walking trajectory reconstruction after three 
laps, the abscissa and ordinate units are meters, 
pedestrian walked a distance of about 1200 m, the 
positioning accuracy is within 10 m, and have  
good stability. 

track
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Fig. 8. Trajectory reconstruction of walking on the standard 
football field three circles. 

 
 
6. Conclusion 
 

In this paper, a new indoor data fusion positioning 
method based on multiple inertial sensors was 
proposed, it has made overall and deep analysis of 
the three elements of dead-reckoning method 
involved, especially on getting the number of steps 
and step length, we make a bold improvement and 
innovation. The experimental result shows that, 
within walking distance of about 1200 m, the 
positioning accuracy is within 10 m, the positioning 
error is 8.33 %, greatly improves the positioning 
accuracy of the pedestrian. 
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Abstract: The E-type membrane which is used for measuring forces in other five directions will generate 
coupling outputs and influence accuracy of the sensor, when six-axis force sensor based on double layer E-type 
membrane is under dynamic loads in MZ direction. In terms of the fundamental theory of mechanical vibration, 
vibration mechanics and elastic mechanics, this paper simplifies the E-type membrane into a straight circular 
shaft with constant section and works out the coupling outputs under the condition of dynamic loads. It provides 
theoretical basis for dynamic decoupling of six-axis force sensor. Copyright © 2013 IFSA. 
 
Keywords: Six-axis force sensor, E-type membrane, Shaft, Coupling, Dynamic decoupling. 
 
 
 
1. Introduction 
 

With the development of robot technology in the 
direction of high speed, high accuracy and 
intelligent, research on the dynamics of robot has 
been paid more and more attention [1]. Sensor 
technology is the kernel which influences the 
development of robot in these areas. Therein, six-axis 
force sensor (6-AFS) which can measure all forces 
and torque in three-dimensional space is one of the 
most important robot sensors [2]. 6-AFS based on 
double layer E-type membrane which the Institute of 
Intelligent Machines, Chinese Academy of Sciences 
(CAS) owns the proprietary intellectual property 
rights, takes a monolithic structure [3]. It exists 
coupling effect among dimensions in the process of 
measurement. Therefore, dynamic coupling problem 
of 6-AFS must be solved. 

Over the years, the solution of dynamic coupling 
problem can be divided into two types. One is 

achieving a more accurate result by means of 
mathematics algorithm which is used for 
compensating the coupling outputs [4]. The other one 
is building the mechanical models on the basis of the 
elastomer structures, extracting the characteristics of 
dynamic coupling and finishing the dynamic 
decoupling [5]. It is obviously that the latter one is 
more accurate. Circular thin plate is one of the most 
important elastomers of 6-AFS based on double layer 
E-type membrane. There is a lot of dynamic analysis 
of it. P. A. A. Laura et al. consider the case of 
transverse vibration of an annular plate with an 
intermediate circular support and a free inner edge. 
Z. H. Zhou et al. deal with the natural vibration of 
thin circular and annular plates using Hamiltonian 
approach. S. Stoykov et al. investigate the 
geometrically nonlinear free vibrations of thin 
isotropic circular plates using a multi-degree-of-
freedom model, which is based on thin plate theory 
and on Von Karman’s nonlinear strain-displacement 
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relations. Vinayak Ranjan et al. involve the 
determination of the fundamental frequency of 
vibration of solid and annular circular plate with 
different boundary conditions and with point mass 
attached at an arbitrary position [6, 9]. From these 
references, we can see that researchers often analyze 
the so called transverse vibration which was 
perpendicular to the middle surface of the plate and 
calculate the fundamental frequencies while they 
investigate circular thin plates. There is little data for 
the solution of the torsional vibration problem that a 
couple of centrosymmetric dynamic loads acting on 
the circular thin plate, when the so called lengthways 
dynamic loads in zM  direction acting on the sensor. 

This paper will simplify the circular thin plate of 
elastomers of 6-AFS into straight circular shaft with 
constant section on the basis of the fundamental 
theory of mechanical vibration, vibration mechanics 
and elastic mechanics. A novel solution of the 
torsional vibration problem of lamella is proposed. 
The dynamic coupling outputs of circular thin plate 
under dynamic loads in zM  direction is worked out 
and figures of dynamic three-dimensional strain is 
simulated with the help of the software MATLAB. 
The results have very important significance to 
dynamic performances recognition, dynamic 
decoupling and the improvement of the measurement 
of the sensor [10]. 
 
 
2. Structure of Six-Axis Force Sensor  

and Establishment  
of Mechanical Model 

 
2.1. Structure of Six-Axis Force Sensor 
 

This paper takes 6-AFS based on ultrathin double 
layer E-type membrane on as the object of the 
research, as shown in Fig. 1.  
 
 

 

 
Fig. 1. Solid of the 6-AFS. 

In order to facilitate analysis and calculation, this 
paper focuses on the simplified structure as shown in 
Fig. 2. Rectangular lamella 1, upper E-type 
membrane 4 and lower E-type membrane 6 are 
elastic structures. They will deform under the 
condition of dynamic loads. Upper force-transmitting 
loop 2, middle force-transmitting loop 3, central solid 
cylinder 5 and base frame 7 can be regarded as rigid 
bodies. They don’t generate the deformation under 
the condition of dynamic loads. They are used for 
transferring the external loads. 
 
 

 

 
Fig. 2. Structure of the 6-AFS. 

 
 

The structure as shown in Fig. 3 is the resistance 
strain gauge which is stuck on the elastomers of  
6-AFS. It consists of insulation covering layer 1, 
metal resistance wires 2, basis material 3 and 
outgoing line 4. Its fundamental is that the elastomers 
will generate mechanical deformation under the 
condition of external loads, the strain gauges which 
are stuck on the elastomers will cause the resistance 
value change and the resistance value change will 
convert into electric current or voltage by the bridge. 

 
 

 

 
Fig. 3. Structure of the resistance strain gauge. 

 
 

The relationship between resistance variation R∆  
and strain ε  is given by Equation (1): 
 

 /RS
R

ε∆
=

 
(1) 
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where the original resistance which is measured in 
the room temperature R and the sensitiveness 
coefficient of the strain gauge S can be seen as 
constant. Resistance variation is linearly related to 
strain in Equation (1). Therefore, strain of elastomers 

under the dynamic loads can be regarded as outputs, 
while the dynamic coupling problem of the sensor is 
analyzed. For the parameters of E-type membrane, 
please refer to Table 1. 

 
 

Table 1. Parameters of the sensor. 
 

Material ri/[m] ro/[m] l/[m] ρ/[kg·m-3] G/[Pa] Jρ/[m4] a/[m] b/[m] 
LY12 37.5 10−×  25 10−×  32 10−×  32.78 10×  102.7 10×  69.8125 10−×  37.3 10−×  34.4 10−×  

 
 
2.2. Establishment of Mechanical Model  

of the Elastomers 
 

This paper analyzes the coupling strain output 
problem of 6-AFS under the dynamic loads in zM  
direction. In the structure of 6-AFS, as shown in 
Fig. 1, rectangular lamella 1 is the elastomer which is 
used for measuring the dynamic loads in the main 
direction zM . Upper and lower E-type membranes 4 
and 6 are the elastomers which generate coupling 
outputs in the other five directions, when the 
dynamic load in zM  direction acts on the sensor. 

According to the foregoing mechanical analysis, 
this paper simplifies upper E-type membrane into the 
model as shown in Fig. 4. The model is a straight 
circular shaft with constant section whose bottom is 
fixed and top is free under distributive  
torque ( , )f z t .  
 
 

dz
z
θθ ∂

+
∂

θ( , )f z t

ir
or

 

 
Fig. 4. Simplified mechanical model of upper  

E-type membrane. 
 
 

It also simplifies lower E-type membrane into the 
model as shown in Fig. 5. The model is another 
straight circular shaft with constant section whose 
top is fixed and bottom is free under distributive 
torque ( , )f z t . Due to the same size and stress, the 
coupling outputs are the same. So this paper analyzes 
torsional vibration problem of circular shaft in terms 
of the mechanical model as shown in Fig. 4. 

( , )f z t

or
ir

 

 
Fig. 5. Simplified mechanical model of lower  

E-type membrane. 
 
 
3. Free Vibration Analysis of Torsion  

for Shaft 
 

A micro section dz  in the mechanical model as 
shown in Fig. 4 is taken and analyzed. ( , )z tθ  is the 
angular displacement in section z. The shaft twists 
under distributive torque ( , )f z t . According to 
D'alembert's principle, it is possible to obtain the 
partial differential equation (PDE) of torsional 
vibration for shaft: 
 

 2

2( ) [ ( ) ] ( , )I z GJ z f z t
x zt ρ

θ θ∂ ∂ ∂
− =
∂ ∂∂  

(2) 

 
where ( )I z  is the moment of inertia per unit length. 
G is the shearing modulus of elasticity. ( )J zρ  is the 
polar moment of inertia of the section. 

( ) constantI z I= = , ( ) constantJ z Jρ ρ= = , density 
( ) constantzρ ρ= =  and I Jρρ= , if the density of 

the circular shaft is uniform. PDE (2) is reduced to: 
 

 2 2

2 2 ( , )J GJ f z t
t zρ ρ
θ θρ ∂ ∂
− =

∂ ∂  
(3) 

 
Consider that the torsional vibration is free and 

( , ) 0f z t = . Equation (2) can be expressed as the 
following form: 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 15-22 

 18 

 2 2
2

2 2a
t z
θ θ∂ ∂
=

∂ ∂ , 
(4) 

 
where /a G ρ= , it indicates the propagation 
velocity along z of shear elastic wave. 

The characteristic of synchronous movement is 
able to be found by observing the free torsional 
vibration of shaft. It means that the general shape of 
the torsion angle for the shaft which is moving isn’t 
changing when time is going, but the range of the 
general shape is changing when time is going. In the 
other words, each point which are moving reach the 
maximum range and pass the equilibrium position at 
the same time. In mathematical language, the angle 
function of describing torsion vibration ( , )z tθ  is 
separated in time and space. So the solution of 
boundary value problem can be expressed  
as followings: 
 

 ( , ) ( ) ( )z t z F tθ = Θ , (5) 
 
where ( )zΘ  indicates the modal shape function of 
torsional vibration for shaft. It is only connected with 
z. ( )F t  indicates the vibration rule of the shaft. It is 
only connected with t. Insert Equation (5) into 
Equation (4), the equation becomes: 
 

 2 2
2

2 2

1 ( ) 1 ( )
( ) ( )

d F t d za
F t zdt dz

Θ
=

Θ  
(6) 

 
The foregoing equation relies on t on the left 

while it relies on z on the right. So it must be a 
constant equals to both sides while the forgoing 
equation is satisfied with any t and z. Assume this 
constant is 2ω− , Equation (6) becomes the following 
two equations: 
 

 2
2

2

( ) ( ) 0d F t F t
dt

ω+ =
 

(7) 

 
 2

2
2

( ) ( ) 0

, (0 )

d z z
dz

z l
a

β

ωβ

Θ
+ Θ =

= < <
 

(8) 

 
It means that ( )F t  must be simple harmonic, if 

synchronized motion is possible. So the solution of 
Equation (7) is: 

 
 ( ) sin cos sin( )F t A t B t C tω ω ω ϕ= + = + , (9) 

 
where A and B (or C and ϕ ) are integration 
constant. They are decided by the initial conditions. 

Assume the solution of Equation (8) is: 
 

 ( ) sin cosz D z E zβ βΘ = + , (10) 

where D and E are also the integration constants. 
They are decided by the boundary conditions. 

By means of Equation (5), the solution of 
torsional free vibration while one section is fixed and 
the other one is free can be given by: 
 

( , ) ( sin cos ) sin( )z t D z E z C tθ β β ω ϕ= + +  (11) 
 

According to all kinds of analysis, the solution of 
torsional free vibration for shaft can be described by: 
 

 ( , ) ( ) sin( )z t z C tθ ω ϕ= Θ +  (12) 
 
 
4. The Orthogonality of Mode  

Shape Functions 
 

Equation (4) is rewritten into: 
 

 2 2

2 2J GJ
t xρ ρ
θ θρ ∂ ∂
=

∂ ∂  
(13) 

 
Taking the main vibration which Equation (12) 

indicates in Equation (13) results in the expression: 
 

 2( ) ( )GJ z J zρ ρω ρ′′Θ = − Θ  (14) 
 

( )i zΘ  and ( )j zΘ  can be assumed to be two 
different modal shape functions which are 
corresponding to the natural frequencies iω  and jω . 
They have to satisfy Equation (14): 
 

 2( ) ( )i iGJ z J zρ ρω ρ′′Θ = − Θ  (15) 
 

 2( ) ( )j jGJ z J zρ ρω ρ′′Θ = − Θ  (16) 
 

Both sides of Equation (15) are multiplied by 
( )j zΘ . Calculating the integration of z along axial 

length, it is possible to obtain: 
 

 
0

2

0

( ) ( )

( ) ( )

l

j i

l

i j i

GJ z z dz

J z z dz

ρ

ρω ρ

′′Θ Θ =

− Θ Θ

∫
∫  

(17) 

 
In terms of integration by parts, the left side of 

Equation (17) can be written as: 
 

 
0

0 0

( ) ( )

[ ( ) ( ) ( ) ( ) ]

l

j i

ll

j i j i

GJ z z dz GJ

z z z z dz

ρ ρ′′Θ Θ =

′ ′ ′Θ Θ − Θ Θ

∫
∫  

(18) 

 
According to assumption of simple boundary 

condition, the endpoint is whether free or fixed. So 
( ) 0j zΘ =  or ( ) 0i z′Θ =  (z=0 or 1). Consequently, 

from Equation (17) and (18), we obtain: 
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2

0 0
( ) ( ) ( ) ( )

l l

j i i j iGJ z z dz J z z dzρ ρω ρ′ ′Θ Θ = Θ Θ∫ ∫  
(19) 

 
Due to the same way, we obtain: 

 
2

0 0
( ) ( ) ( ) ( )

l l

j i j j iGJ z z dz J z z dzρ ρω ρ′ ′Θ Θ = Θ Θ∫ ∫  
(20) 

 
The modal shape function about the orthogonality 

of mass is deduced by Equation (19) subtracting 
Equation (20): 
 

 
0

( ) ( ) 0
l

i jJ z z dzρρ Θ Θ =∫    i j≠  
(21) 

 
The foregoing equation is a positive value when 

i j= . In terms of it, regularization of modal shape 
functions can be done. As ( )i zΘ and ( )j zΘ  are 
taken as holomorphic modal shape functions, it can 
be expressed: 
 

 
0

( ) ( )
l

i j ijJ z z dzρρ δΘ Θ =∫  
(22) 

 
The modal shape function about the orthogonality 

of stiffness is deduced by Equation (17) and (21): 
 

 
0

( ) ( ) 0
l

j iGJ z z dzρ
′′Θ Θ =∫  

(23) 

 
The regularization of modal shape function is 

done by means of the foregoing equation, we obtain, 
 

 2

0
( ) ( )

l

j i j ijGJ z z dzρ ω δ′′Θ Θ = −∫ , (24) 

 
where ijδ  is Kronig δ  symbol. When i j= , ijδ  is 1. 
When i j≠ , ijδ  is 0. 
 
 
5. Forced Vibration Analysis of Torsion 

for Shaft 
 

Shaft is a continuous system of infinite degree of 
freedom (DOF). The solution of torsional forced 
vibration can depend on the superposition method of 
modal shapes, indicate the response of continuous 
system into series of modal shape functions and 
dispose the PDE of physical coordinates of the 
system as differential equations of motion (DEOM) 
of undamped single degree of freedom (SDOF) 
system. This paper imports the canonical coordinate 

( )i tη . ( , )z tθ  which is the solution of Equation (3) 
with the given boundary conditions can be given by: 
 

 

1
( , ) ( ) ( )i i

i
z t z tθ η

∞

=

= Θ∑
 

(25) 

 
Since insert Equation (25) into PDE of torsional 

forced vibration for shaft (3), one has: 

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

i i
t J z t GJ z f z tρ ρη ρ η

∞ ∞

= =

′′Θ − Θ =∑ ∑
 

(26) 

 
Multiply both sides of Equation (26) by ( )j zΘ  

and calculate the integration of z along axial length, 
we obtain: 
 

 
0

1 1

0 0

( ) ( ) ( ) ( )

( ) ( ) ( ) ( , )

l

i j i i
i i

l l

j i j

t J z z dz t

GJ z z dz z f z t dz

ρ

ρ

η ρ η
∞ ∞

= =

Θ Θ −

′′Θ Θ = Θ

∑ ∑∫

∫ ∫  

(27) 

 
In terms of Equation (22) and (24), the foregoing 

equation is simplified into independent ordinary 
differential equations (ODE): 
 

 2( ) ( ) ( )j j j jt t q tη ω η+ =
 

(28) 

 
which is called the jth equation of canonical 

coordinate. Where 
0

( ) ( ) ( , )
l

j jq t z f z t dz= Θ∫  is the jth 

generalized force of canonical coordinate. Due to 
Equation (28) is the same as the DEOM of undamped 
SDOF system under the external drive. So the 
response of it can be expressed as the following 
form: 
 

 
0

1( ) ( )sin ( )

(0)
(0)cos sin

t

j j j
j

j
j j j

j

t q t d

t t

η τ ω τ τ
ω

η
η ω ω

ω

= − +

+

∫

 

(29) 

 
Taking the response of canonical coordinate as 

shown in Equation (29) in Equation (25) results in 
the response of shaft under the given initial condition 
and random excitation. If the initial conditions of 
tordional vibration for shaft is: (0) 0jη = , (0) 0jη =  
and the additional dynamic load is not the 
distributive torque ( , )f z t , but the concentrated 
torque ( )M t  which is located at ξ  along axial 
length, the torsional forced vibration of shaft under 
zero initial condition can be expressed as: 

 

1 1

0

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

( )sin ( )

j j j j
j j j

t

j

z t z t z

M t d

θ η ξ
ω

τ ω τ τ

∞ ∞

= =

= Θ = Θ Θ

−

∑ ∑

∫  

(30) 

 
 
6. Example 
 

Because the simplified mechanical model of 
upper E-type membrane, with the help of the 
physical coordinate as shown in Fig. 3, the boundary 
condition can be given by: 
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(0, ) 0tθ =  

    ( , ) 0
x l

x t
x

θ

=

∂
=

∂
 

 
Taking the foregoing boundary conditions in 

Equation (10) results in the expression of natural 
frequency and modal shape function of free vibration 
of upper E-type membrane: 

 
(2 1)

2i
i a

l
πω −

=   1, 2,......i =  

(2 1)( ) sin
2i

iz D z
l
π−

Θ =   1,2,......i =  

 

In terms of the normalizing conditions of 
orthogonality in Equation (22) when i j=  and the 
modal shape functions of the foregoing equation, 
coefficient D is able to be calculated. The 
electromagnetic exciter is connected with 6-AFS 
which is studied in this paper by load cap that is seen 
as rigid body and apply loads on the elastomers in an 
indirect way, when it is under the condition of 
dynamic loads in zM  direction. A concentrated 
torque 0( ) 2 sinM t r K tω=  acts on the top edge of 
shaft. With the help of software MATLAB, the 
solution is shown as Table 2. (Considering the 
calculated amount and the accuracy of decoupling, 
this paper only chooses the first six order  
modal shapes.) 

 
 

Table 2. Solution of free torsional vibration for the shaft. 
 

j ωj D Θj(z) Θj(ξ) 
1 70.24477 10×  191.42 191.42sin(785.40z) 191.42 
2 70.73430 10×  191.42 191.42sin(2356.2z) -191.42 
3 80.12238 10×  191.42 191.42sin(3927.0z) 191.42 
4 80.17134 10×  191.42 191.42sin(5497.8z) -191.42 
5 80.22029 10×  191.42 191.42sin(7068.6z) 191.42 
6 80.26924 10×  191.42 191.42sin(8639.4z) -191.42 

 
 

Due to the sensor is satisfied with zero initial 
condition based on the real working condition, the 

response of forced torsional vibration for shaft can be 
obtain as follows: 

 
( )( )

( )( )
( )( )

( )( )
( )

( )( )

6 6 6 6
3 4

6 6 6 6

7 7
3

7 7

2.0 10 sin t sin 2.0 10 t 7.0 10 sin t sin 7.0 10 t
( , ) ( 1.0 10 sin785.4z 5.0 10 sin2356.2z

2.0 10 2.0 10 7.0 10 7.0 10

(1.0 10 sin t sin 1.0 10 t )
0.3 10 sin3927z 2.0 1

1.0 10 1.0 10

z t K
ω ω ω ω

θ
ω ω ω ω

ω ω

ω ω

− −

−

× − × × − ×
= − × + ×

− × + × − × + ×

× − ×
− × + ×

− × + ×

( )
( )( )

( )
( )( ) ( )

7 7
4 4

7 7

7 7 7 7
4

7 7 7 7

(2.0 10 sin t sin 2.0 10 t )
0 sin5497.8z 2.0 10 s

2.0 10 2.0 10

(2.0 10 sin t sin 2.0 10 t ) (3.0 10 sin t sin(3.0 10 t) )in7068.6z 1.0 10 sin8639.4z )
2.0 10 2.0 10 ( 3.0 10 ) 3.0 10

ω ω

ω ω

ω ω ω ω
ω ω ω ω

− −

−

× − ×
− ×

− × + ×

× − × × − ×
+ ×

− × + × − × + ×

 

 
According to the basic assumption of elastic 

mechanics, only linear strain in radial direction rε , 
linear strain in circumferential direction ϕε  and 
angular strain rϕγ  are considered about circular thin 
plate. By analysis 0rε =  and 0ϕε =  under dynamic 
loads in zM  direction. According to the geometrical 

relationship of deformation when the shaft twists, 
one has tan /r r r d dzϕ ϕγ γ θ≈ = ⋅ . 

In terms of the foregoing equation, the dynamic 
output when dynamic load in zM  direction acting on 
upper and lower E-type membranes is calculated as: 

 
( )( )

( )( )
( )( )

( )( )
( )

( )( )

6 6 6 6

6 6 6 6

7 7 7

7 7

2.0 10 sin t sin 2.0 10 t 7.3 10 sin t sin 7.3 10 t
( 1.2cos785.4z 1.2cos2356.2z

2.0 10 2.0 10 7.3 10 7.3 10

(1.2 10 sin t sin 1.2 10 t ) (1.7 10 si1.2cos3927z 1.2cos5497.8z
1.2 10 1.2 10

r Kϕ

ω ω ω ω
γ

ω ω ω ω

ω ω

ω ω

× − × × − ×
= − +

− × + × − × + ×

× − × ×
− +

− × + × ( )
7

7 7

7 7 7 7

7 7 7 7

n t sin(1.7 10 t) ) 1.2cos7
( 1.7 10 ) 1.7 10

(2.2 10 sin t sin(2.2 10 t) ) (2.7 10 sin t sin(2.7 10 t) )068.6z 1.2cos8639.4z )
( 2.2 10 )( 2.2 10 ) ( 2.7 10 )( 2.7 10 )

r

ω ω
ω ω

ω ω ω ω
ω ω ω ω

− ×
−

− × + ×

× − × × − ×
+

− × + × − × + ×
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Due to Fig. 4 and 5, the resistance strain gauges 
are stuck on the circular thin plates. Assume that 
z l=  and the amplitude of dynamic loads K is 1, 

figures of dynamic strain under different excitation 
frequencies are simulated with the help of software 
MATLAB (Fig. 6): 

 
 

  
 

(a)                                                                (b)                                                             (c) 
 

  
 

(d)                                                                (e)                                                                 (f) 
 

   
 

(g)                                                                  (h)                                                              (i) 
 

Fig. 6. Dynamic outputs of: (a) 5 Hz, (b) 10 Hz, (c) 15 Hz, (d) 20 Hz, (e) 25 Hz, (f) 30 Hz, (g) 100 Hz, (h) 200 Hz,  

(i) 300 Hz. (xlabel: the radial variation, ylabel: time t, zlabel: strain rϕγ ) 
 
 

7. Conclusions 
 

This paper takes six-axis force sensor based on 
double layer E-type membrane for example. Upper 
and lower E-type membranes are simplified into a 
straight circular shaft with constant section. The 
dynamic strain is calculated and the figures of 
dynamic strain are plotted on the basis of the 
fundamental theory of mechanical vibration, 
vibration mechanics and elastic mechanics.  

The dynamic output provides data for data 
processing. Dynamic characteristics can also be 
extracted from the data. The course of solving this 

problem provides a theoretical foundation for 
dynamic decoupling of six-axis force sensor and 
dynamic compensation. It also has a significance to 
improve the dynamic response speed of the sensor. 
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Abstract: For the determination of dissolved oxygen, working principle of the fiber optic oxygen sensor is 
studied. The sensor system calibration method and temperature compensation measures and their maintenance 
methods are analyzed. The dissolved oxygen sensors current widely using oxygen electrode and optical fiber 
oxygen sensor are compared. Optical fiber probe sensor is used in the current system, the multiple points and 
multiple samples can achieve the simultaneous detection. Copyright © 2013 IFSA. 
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1. Introduction 
 

Dissolved oxygen (DO) refers to the molecular 
state oxygen dissolved in the water. It is vulnerable to 
physical factors (including water temperature, 
barometric pressure, salinity and so on) and 
biochemical factors (water body organic content, 
inorganic substance oxidation and so on) influence. 
The dissolved oxygen (DO) detection has extremely 
vital significance in aquaculture, medicine, 
environmental and industrial process and other fields. 
At present, the commonly used measurement 
methods mainly include iodometric titration, the 
oxygen electrode law and the luminescence analytic 
method and so on. Ramamoorthy [1] has made the 
exhaustive introduction to the above each method's 
principle and their application in the different 
environment. Compared with the current method, 
optical oxygen sensor is more attractive. In the 
sensing process, it does not consume the oxygen, 
does not need the reference electrode, does not 
disturb by the outside electromagnetic field. It has 

nothing to do with the sample's flow rate and the 
stirring rate. The response is fast, and it does not use 
the connection electric current. Therefore, in recent 
decades, the optical sensor's research is very active. 

Optical sensors take the fluorescence 
(phosphorescence) as a means. It uses special union 
between the acceptor and the external species. It 
realizes to object’s qualitative and quantitative 
determination. To most fluorescence 
(phosphorescence) species, oxygen is universal and 
efficient quenchers. It achieves oxygen detection by 
detecting the sensing element’s optical signal 
changes (luminous intensity or luminous life, etc.). In 
general, by fixing the sensing element on the oxygen 
permeable polymer film, optical thin-film oxygen 
sensor was obtained [2]. The fixing method of 
fluorescence (phosphorescence) species is one of 
keys which optical thin-film oxygen sensor was 
successfully made. The fixing methods were divided 
into the following three: (1) physical embedding 
method; (2) covalent cross-linking method; (3) sol-
gel method. In this paper, fiber-optic oxygen sensors, 
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which used ruthenium compounds as a sensing 
element and using sol-gel method, is a coupling 
phase fluorescent sensor. 
 
 
2. The Working Principle of Fiber  

Optic Oxygen 
 

Oxygen molecule that is a kind of triplet molecule 
can effectively quench fluorescence and 
phosphorescence some other luminous body. This 
phenomenon is known as "dynamic fluorescence 
quenching" [3-4]. The so-called fluorescence 
quenching refers to the physical or chemical 
processes of leading to the fluorescence intensity 
decline between fluorescent substance and solute 
molecules or solvent molecules. The substance which 
fluorescent material molecules interaction causes the 
strength decline is known as fluorescence quenchers. 
Fluorescence quenching process is actually that the 
light competes with each other and thus emitting 
excited state shortens the lifetime process. In the 
excitation state, the oxygen molecules colliding with 
the fluorescent group lead to the non-radiation energy 
conversion. The degree of fluorescence quenching 
relates to collision frequency, and also relates to the 
media concentration of oxygen, pressure and 
temperature. Quenching generally divided into static 
quenching and dynamic quenching. 

Static quenching: assuming the dissolved oxygen 
and luminescent molecules forms ground state 
complex, quenching equation can be expressed as: 

 
 

2
10

okP
I
I

+=
 

(1) 

 
In this equation, k  is the complex formation 

constant, 0I  and I  are the luminous intensity when 
dissolved oxygen was not present and present. 

The characteristic of Static quenching is that a 
light absorption spectrum may change. Temperature 
rise can lead to luminescence enhancement, and 
luminescence lifetime does not change. 

The dynamic quenching mechanism is more 
complex, including the collisional quenching, energy 
transfer quenching, electron or charge transfer 
quenching, clustered systems quenching and so on.  

In solution, the fluorescence quenching of oxygen 
molecules is more complex. Now fluorescence 
quenching mechanism that has confirmed through 
laser flash spectroscopy is: the excited singlet state 
fluorescent reagents molecules ∗M1  encountering 
with the oxygen molecules form compounds, and 
greatly enhances 11 TS →  intersystem crossing 

process in ∗M1 . The excited triplet state ∗M3  may 
not only be quenched by the collision with dissolved 
oxygen and other impurities, and can also occur to 
the following reaction leading to the triplet 
quenching: 

 MMMM +→+ ∗∗∗ 133
 (2) 

 
 TMMMMMM ++→→+ ∗∗ )(33

 (3) 

 
During the luminescence lifetime, the entire 

quenching process completed, and it shortened the 
light-emitting life. According to steady-state 
hypothesis, Stem-Volmer equation can be got: 
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(4) 

 
where 0τqSV kK =  is the Quenching constant of 
Stem-Volmer. Its characteristics are: temperature 
increasing led to quenching increase; luminescence 
lifetime reduced along with quencher  
concentration increasing. 

Measured dissolved oxygen concentration can 
change the intensity of fluorescence radiation, and 
also change the life of fluorescent radiation. 
Therefore, the detection method was accordingly 
divided into two kinds. One is to measure the 
fluorescence radiant intensity, and the other is to 
measure the fluorescence radiant lifetime. From the 
Stem-Volmer equation can be seen that whether 
measured fluorescence intensity or measured 
fluorescence lifetime, the concentration information 
of the measurand can be got. The material’s 
fluorescence intensity is vulnerable to external 
factors. Although the measurement of fluorescence 
lifetime measurement is more complex than the 
fluorescence intensity, the fluorescence lifetimes 
value of fluorescent substances is its own intrinsic 
parameters. Therefore, the fluorescence lifetime 
measurement was not affected by external factors 
change (such as light intensity, etc.), having good 
anti-jamming capability. 

Ideally, assuming t = 0, the incentive disappears. 
General fluorescence lifetime is defined as follows: 

 
 

∫

∫
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∞

⋅
=

0

0

dtI

dtIt
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(5) 

 

fI is the fluorescence intensity signal which it is 
changed with time. In fact it is similar to a single 
exponential decay function, and it can be described in 
the following formula: 

 
 ( )cf tII τ−⋅= exp0 , (6) 
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where cτ  is the exponential decay time constant. 
In this paper, optical fiber oxygen sensor uses sol-

gel fixation method, and it uses the fluorescence of 
ruthenium compound to measure the oxygen partial 
pressure: The emission wavelength of pulsed blue 
LED is about 475 nm, and fiber-optical transmits 
light to the dissolved oxygen probe. The probe tip is 
composed of thin layer which is made in waterproof-
sol-gel material. The sol-gel matrix can fix and 
protect the internal ruthenium compound. On the tip 
of the detector, LED light excited the ruthenium 
compound fluorescing. The emission energy 
wavelength is about 600 nm. If the excited ruthenium 
compound encounters an oxygen molecule, through 
non-radioactive conversion, the excessive energy of 
ruthenium compound transfer to molecular oxygen, 
reducing or quenching the fluorescence signal. The 
degree of quenching is related to oxygen 
concentration levels or thin-film the partial pressure 
of oxygen, and in the sample achieves oxygen 
dynamic balance. Detectors collect energy that was 
transmitted to the spectrometer through the optical 
fiber. A/D converter converts the analog data into the 
digital data, displaying on the spectrum analyzer. 

 
 

3. Fiber Optic Oxygen Sensor  
System Components 

 
In theory, optical fiber oxygen sensor detects 

oxygen partial pressure. When the temperature is 
kept constant, the weight of the liquid dissolved 
oxygen is proportional to the pressure of the gas on 
liquid surface. Therefore, the gas pressure on liquid 
surface is proportional to the concentration of the gas 
in the liquid. If the absolute pressure is known, the 
concentration (mol %) can be calculated: the mole 
fraction = oxygen partial pressure/absolute pressure. 
Optical fiber oxygen sensor can detect the partial 
pressure of oxygen, which in gas environment the 
reaction is similar to the reaction of gas balance in 
liquid environment. Therefore, in the gas 
environment this system can be adjusted, and then 
applying to liquid samples is feasible. 

The fluorescent emitting from the ruthenium 
compound spreads in all directions. In the pure 
medium, only the fluorescence towards optical 
receiver angle of the detector can be detected. If the 
probe tip close to a reflective surface or immersed in a 
highly scattering medium, the fluorescence signal will 
be strengthened. This strengthening is proportional to 
the fluorescence intensity which it is in a certain 
oxygen pressure and under the zero-pressure. But it 
does not affect the Stern-Volmer coefficient. For this 
reason, the intensity of fluorescence must be measured 
under zero-pressure of oxygen. 

The excitation light source in the dissolved oxygen 
measurement system used the modulated emitting 
diode LED. Bifurcation Optical fiber was transduction 
carrier of light signal. The sensor is fiber sensing probe 
having the fixed-sensitive membrane. The 

fluorescence signal by the photoelectric conversion 
was detected, processed and output. Fiber optic 
oxygen sensor system structure is shown in Fig. 1. 
 
 

 
 

(1) Excitation optical fiber, (2) Receiving optical fiber, (3) Sensing 
material probe, (4) Sample cell. 

 
Fig. 1. Fiber optic oxygen sensor system structure. 

 
 
4. Optical Fiber Oxygen  

Sensor’s Calibration  
and Temperature Compensation 

 
For the sample's accurate measurements of 

dissolved oxygen, optical fiber oxygen sensor system 
firstly perform a calibration procedure. Here, the 
main consideration is whether the temperature 
changes of the sample compensate or not. If the 
sample is no temperature fluctuations or temperature 
fluctuations less, it does not require temperature 
compensation. In the following, taking the Linear 
(Stern-Volmer) rule as an example, how fiber optic 
oxygen sensor system calibrates is introduced. 

Stern-Volmer algorithm requires at least two 
standards of known oxygen concentration. The first 
standard must be absolutely no oxygen concentration, 
the second standard must be the highest oxygen 
concentration in working range. Fluorescence 
intensity can be expressed by Stern-Volmer equation, 
and in the number fluorescence is associated with the 
partial pressure of oxygen. 

On a specific medium, at constant total pressure 
and temperature, the partial pressure is proportional 
to the oxygen mole fraction. Stern-Volmer constant 
( k ) firstly depends on the chemical composition of 
ruthenium compound. In the detector, Stern-Volmer 
constant ( k ) is related to the temperature. All 
measurements should be carried out under the same 
temperature, using same calibration tests and 
temperature monitoring equipment. 

If the temperature wants to compensate, the 
relationship of Stern-Volmer value and temperature 
is defined as follows: 

 
 2

0000 TcTbaI ×+×+=  (7) 
 

 2TcTbak ×+×+=  (8) 
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Under oxygen zero pressure, fluorescence 
intensity ( 0I ) depends on the system’s optical 
configuration: power source, fiber, fiber-coupled 
detector and the light loss generating by fiber 
coupling, the sample's backscattering. When the 
configuration changes, fluorescence intensity (

0I ) 
should be re-measured under oxygen zero pressure. 
Sensor is more sensitive to low oxygen 
concentration. The photometer’s signal-to-noise ratio 
is approximately proportional to square root of the 
signal intensity. At low oxygen concentration, 
oxygen concentration changes will cause the signal 
strength’s significant change. 

Temperature affects the fluorescence intensity 
and the collisional frequency of the oxygen 
molecules with the fluorophore. Temperature also 
affects the solubility of oxygen in samples. The net 
effect can be seen as a change of the calibration 
slope. To ensure accurate measurement results, the 
sample detection must be carried out at a constant 
temperature. If the temperature cannot be guaranteed, 
when dissolved oxygen concentration measurement 
was carried out, the temperature measurement should 
be synchronously carried out to access to temperature 
data. Through the sensor system software, the 
readings of oxygen are automatically corrected 
according to the temperature data. 
 
 
5. Maintenance of Fiber Optic Oxygen 

Sensor System 
 

Ambient light will affect the detector. So the 
detectors should be installed in a sealed container to 
block ambient light, or in a dark room shielded 
detectors. And the detector uses a silicon rubber 
protective coating to eliminate the impact of 
ambient light. Protective coating slows down the 
whole system response time, the data shows that: 
slower 30-50 s in the liquid, and slower 20-30 s in 
the gases. 

Glass is sensitive to high alkaline environment, 
and encountered HF (hydrogen fluoride) it will have 
a serious physical wear and tear. Glass has immunity 
to the common organic solvents. If the coating is 
damaged or destroyed, the detector can be re-sprayed. 
In the test with HF (hydrogen fluoride) solvent, the 
coating should be pay attention to protective. 
Measurement accuracy was also affected by the 
competing compound fluorescence quenching, for 
example: F2, Cl2 and Br2, However, their quenching 
efficiency has yet to be assessed. 

6. Conclusion 
 

Oxygen sensing probe is very easy to maintain. 
When it is not in use, it can place in the air for long-
term, but it should not expose to the excitation light 
source. The dropping of probe will damage Optical 
fiber. Do not over tighten connectors. Cleaning the 
probe can use 10 % hypochlorite detergent, and use 
gamma rays or sodium hypochlorite to disinfect. 

Comparing to dissolved oxygen measurement 
with the current large-scale use of oxygen electrode 
sensors, optical fiber oxygen sensor has the following 
characteristics: measures both oxygen gas and 
dissolved oxygen in gases and liquids; immune to 
environmental changes in pH, salinity and ionic 
strength; immune to interference from moisture, 
carbon dioxide, methane and other substances; fast 
response time; does not consume oxygen, allowing 
for continuous contact with the sample; frequent 
calibration is unnecessary; probe temperature range 
wide. Optical fiber probe sensor is used in the current 
system, the multiple points and multiple samples can 
achieve the simultaneous detection. 

While fiber optic oxygen sensor has not been a 
large number of commercial applications, but based 
on its large number of advantages, we have reason to 
believe that the dissolved oxygen measurements in 
the near future obtained in the leading position. The 
current research focus include: first, looking to and 
developing more excellent sensing reagents and 
immobilized materials; secondly, developing portable 
phosphorescent oxygen sensor; third, the sensors 
immobilized; fourth, the sensor temperature 
compensation and maintenance. 
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Abstract: In this paper, we use the coplanar multi-electrode for designing a rod-shaped sensor for measuring the 
ice thickness. In order to analyze and study mechanism and feasibility of ice thickness measurements using this 
technique, we use modes of mathematical model derivation and software simulation to study coplanar multi-
electrode capacitance sensors. It uses MAXWELL software to simulate the coplanar multi-electrode capacitance 
sensor under the models which are being approached by three different media, namely ice, air and water. Both 
mathematical model derivation and simulation results show that the sensor designed with coplanar multi-
electrode capacitance can be used to level the automated measurement of sea ice or river ice thickness. The 
accuracy is ± 1 cm. Copyright © 2013 IFSA. 
 
Keywords: Coplanar multi-electrode capacitive, Simulation, Ice thickness, Simulation, Sensor. 
 
 
 
1. Introduction 
 

Ice thickness and its change process is one of the 
basic factors for the study of ice generation and 
disappearance, ice jam and ice jam flood. Sea ice 
thickness is the most basic and important parameter 
to simulate the state of the sea ice [1]. Monitoring the 
thickness of sea ice is an important tool in assessing 
the impact of global warming on Earth’s Polar 
Regions [2]. It is also a difficult problem to realize 
real-time automatic monitor of fixed-point ice 
thickness continuously. At present, the application of 
ice thickness and ice detection technology under the 
water level can be summarized into three types. The 
first type is to measure directly by drilling holes 
artificial. The second one is satellite remote sensing 
[3], radar [4], a combination of electromagnetic 
induction and laser ranging techniques [5, 6], 

shipboard sonar and other equipment [7, 8], which 
can measure the medium and large scale sea ice 
thickness. The third one is the electromagnetic 
physical detection, such as ultrasonic [9] detection 
method whose fatal flaw is big error, etc. 

According to actual demand of the sea ice 
measurement [10, 11], the designed ice thickness 
sensor is consist of many electrodes (more than 100, 
each electrode shows 1 cm), and many electrode was 
arranged in the same plane evenly. This sensor is also 
a uniplanar diffused capacitive sensor, a kind of 
electric field-leaked sensor [12, 13]. When detects, 
one of the electrode was excited and all other 
electrodes were grounded [14]. Fig. 1 is a part of 
uniplanar polyelectrode sensor, No. 3 of the  
5 electrodes was excited by the excitation power and 
all other electrodes were grounded. Fig. 3 is the 
sketch map of the power line when the No. 3 
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electrode was approached by the medium. From the 
figure, except for the virtual earth capacitance C3 
consist of the excitation electrode 3 and the ground, 
the excitation electrode also combined the uniplanar 
grounded capacitance to form a capacitance, so the 
equivalent capacitance electric circuit was showed in 
Fig. 2, which consist of 3 paralleling capacitances. 
C1 and C2 are equivalent capacitance of the 
uniplanar electrodes. Because when detects, all 
electrodes are exciting electrodes and each electrode 
has different position in the uniplanar polyelectrode, 
which means all electrode has different number of 
grounding electrode on the left and right when serves 
as exciting electrode, so C1 is not equivalent to C2 
generally. When different dielectricity material 
approached the exciting electrode, C1, C2, C3 all 
changes and all three capacitive parallel connected 
[15]. If we consider the changed electric capacity as 
Cx, thus Cx=C1+C2+C3, the electric voltage of point 
A changed in directly proportional with 1/Cx. We 
change the detected electric voltage of point A 
through internal amplitude detector and low-pass 
filter to DC sign, and deal the sign through micro- 
controller with A/D controller as Single-Chip 
computer to execute function of any numbers to 
achieve the measurement. 

In this paper, we first derive mathematical models 
of coplanar multi-electrode and capacitive sensors, 
and then propose the principle of ice thickness 
measurement using coplanar multi-electrode 
capacitive sensors. Finally, we use  
MAXWELL software for simulation of the 
measurement mechanism. 
 
 

 
 

Fig. 1. Model of the uniplanar capacitance sensor  
with multi-electrode. 

 
 

 
 

Fig. 2. The equivalent circuit of a plane  
with multi-electrode capacitance. 

2. Principle of Coplanar Multi-Electrode 
Capacitive Ice Thickness Detect Sensor 

 
2.1. Calculation of Coplanar Multi-Electrode 

Equivalent Capacitance 
 

In the individual electrode plate, set the length to 
A and the width to B. The spacing of the adjacent 
electrode plates is L. When the intermediate electrode 
connects the sine-wave excitation source, two pieces 
of electrodes around are grounded. At this time, the 
idealized power line is shown as in Fig. 3, with the 
approximate arc replacing the actual power line. The 
positive axis of Y-axis is the working interval, while 
the capacitance formed in the left and right working 
area is equivalent. For easy calculation, select the 
capacitance formed by the electric field in the right 
half to create coordinate calculations [16]. 
 
 

 
 

Fig. 3. Distribution map of ideal distribution power lines 
when the excitation is applied to the coplanar multi-

electrode sensor. 
 
 

From the minor area increment xAS ∆×=∆  of 
the capacitance sensing element, take the capacitance 
value xC∆  generated, x∆  is the small increment unit in 
the X direction [17]. As shown in Figs. 1-3, set the 
length of the semicircular arc power line to d. 
According to the formula in the literature searched, 
we have:  
 

 

⎟
⎠
⎞

⎜
⎝
⎛ +

∆⋅⋅
=

∆⋅
≈∆

2
LX

xA
d

SC xx
x

π

εε

 

(1) 

 
When X  is taken as integral from 

2
~0 B , we can 

get Cw, namely:  
 

 
dx

LX

AC
B

x
w ⋅

⎟
⎠
⎞

⎜
⎝
⎛ +

⋅
≈ ∫ 2

0

2
π

ε

 

( ) dx
LX

A B
x ⋅

+
⋅⋅

= ∫ 2
0 2

12
π
ε

 

L
BLAx +

⋅
⋅

= ln
π

ε

 

(2) 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 27-32 

 29

The equivalent capacitance total between the 
resulting two electrodes is:  

 
 

L
BLAC x +

⋅
⋅

= ln2
π

ε

 
(3) 

 
By equation (3), when the length of electrode is 

fixed, the electrode width and the distance between 
adjacent electrodes are main parameters influencing 
the size of capacitance. However, Equation (3) is 
only idealized derivation. The actual power line is not 
necessarily circular and may be oval or diverging. 
For example, when the electrode spacing is infinitely 
small, the electric capacity calculated this way is 
infinitely large. This is apparently not true.  When the 
spacing is infinitely small, the distribution of power 
lines will be in straight-line distribution, and the 
formula for calculating capacitance will no longer be 
true. Therefore, the calculation of the equivalent 
capacitance above has a specific scope of application.  
 
 
2.2. Principle 
 

Fig. 4 is a mechanism block diagram of the 
capacitive sensing-type ice layer thickness 
instrument, which is mainly made up of measurement 
sensor and SCM.  
 
 

 
 

Fig. 4. Structure diagram of measurement system model. 
 
 

The sensor is constituted by the external electric 
field sensing measuring electrode, multi-way analog 
switch circuits, sine signals generating circuit and the 
detecting and filtering circuit as well as the 
controlling circuit. Every set of sine signal generating 
circuits and multi-way analog switch circuits are 
designed in the same circuit board connecting 7 
electrodes. In line with the different ice layer 
thicknesses, the system can design 1 m sensor, i.e. 
100 external measuring electrodes; or 3 m sensor, i.e. 

300 measuring electrodes. The multi-way analog 
switches capitalize on MC33993, whose major 
function is to conduct channel selection for every 
electrode in a move to measure the signal voltage 
values of different electrodes under the control of the 
SCM. Through channel selection, the voltage signal 
component measured by each electrode is sent to 
MSP430 SCM for processing and storage after A/D 
conversion with the signal acquisition circuit. 
Because every electrode is in different position of the 
sensor, the medium sensed by every electrode can 
only be ice, water or air. According to the measured 
data in every electrode, the ice layer thickness  
can be determined. 
 
 
3. Digital Simulation 
 

Using the Maxwell software, perform the 
simulation study on the scattered electric field 
distribution and the intensity variation rule when ice, 
water and air respectively approach the coplanar 
multi-electrode sensor. The simulation model is: 
Sequentially place 8 metal foil electrodes, with a 
length of 10 cm, a width of 6mm and a thickness of 
0.2 mm, in parallel on the same plane, with each one 
spaced at a distance of 4 mm. The resin materials are 
adopted to cover both up and down the electrodes, 
wherein the thickness of epoxy resins over electrodes 
is 2 mm, and the thickness of epoxy resin under 
electrodes is 40 mm. The model uses 2D solver of 
Maxwell this time, so the following figure is a two-
dimensional model. Select a section of the electrode 
section on the plane, with the coplanar multi-
electrode sensor simulation model shown in Fig. 5. 
 
 

 
 

Fig. 5. Coplanar 8-electrode sensor simulation model. 
 
 

In the coplanar 8-electrode sensor model, the 
measured substance is set over the electrodes, i.e., the 
measured substance is closely attached to the epoxy 
resin-sealed electrodes. The measured substances 
over the coplanar multi-electrode sensor model 
(rectangular area) are respectively set to ice (with a 
relative dielectric constant of 6), water (with a 
relative dielectric constant of 80) and air (with a 
relative dielectric constant of 1). The rectangular area 
under the electrodes is made of 40 mm-thick epoxy 
resin materials, and outside the model is a potential 
distribution around excitation electrodes when the 
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vacuum boundary exists. The potential distribution 
around the excitation electrode obtained by 
simulation is shown in Fig. 6.  
 
 

 
 

Fig. 6 (a). Voltage intensity distribution of water. 
 
 

 
 

Fig. 6 (b). Voltage intensity distribution of air. 
 
 

 
 

Fig. 6 (c). Voltage intensity distribution of ice. 
 
 

From three electric field cloud diagrams, it can be 
seen that when the dielectric constant of measured 
substance is large (water), the electric field cloud 
graph over the excitation electrode is widely 
distributed and dispersed, which can basically fill a 
rectangular area above the electrode, but the yellow-
green energy over the excitation electrode has a small 
area and a small electric field intensity; when the 
measured substance has a small dielectric constant, 
the electric field distribution right above the (air) 
excitation electrode is relatively concentrated and can 
not fill the rectangular area above the electrode. 
However, the yellow-green energy over the excitation 
electrode has a large area and a large electric field 
intensity; when the dielectric constant between the 

measured substance is between water and air (ice), 
the electric field distribution just above the excitation 
electrodes is just somewhere in between. The 
distribution is not as broad as when the medium is 
water, but stronger than air, able to fill most of the 
rectangular area above the electrodes. The yellow-
green area above its excitation electrodes is also in 
between, with the electric field intensity being larger 
than in water but smaller than in air. It can also be 
seen that the size, shape and color of potential cloud 
graph under the excitation electrode (epoxy) always 
has no changes.  

Fig. 6 only shows that the electric field intensity 
distributions of three kinds of different measured 
substances are significantly different. In order to 
further observe the information on electric field 
intensity above the excitation electrodes when the 
measured substance set above the electrodes are ice, 
water and air, the author uses the post-processing 
software of the Maxwell, to draw out the electric 
field intensity curve over the electrodes when the 
measured substances are separately ice, water and air, 
as shown in Fig. 7.  

The horizontal coordinate of the graph is the 
overall length distance for the coplanar multi-
electrode sensor model, in millimeters; the vertical 
coordinate gives the electric field intensity, in 
Newton/libraries. 
 
 

  
 

Fig. 7 (a). Electric field intensity distribution curve of ice. 
 
 

 
 

Fig. 7 (b). Electric field intensity distribution curve  
of water. 
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Fig. 7(c). Electric field intensity distribution curve of air. 
 
 

As can be seen from Fig. 7, regardless of what the 
measured object above the electrode is set to, the 
electric field intensity above the excitation electrode 
is always the strongest, and the shape of the curve is 
basically consistent, with the overall curve taking on 
normal distribution, and the electric field intensity 
gradually waning from right above the excitation 
electrodes to both sides. When the measured 
substance is water, the electric field intensity right 
above the excitation electrode is the minimum, with 
its values at only around 54 1/ −CN , while the speed at 
which the electric field intensity gradually decreases 
to two sides is slow, with gentle curve; when the 
measured substance is air, the electric field intensity 
right above the excitation electrode is the maximum, 
with its values at only around 380 1/ −CN , while the 
speed at which the electric field intensity gradually 
decreases to two sides is quick, with steep curve; 
when the measured substance is ice, the electric field 
intensity right above the excitation electrode is 
between that for water and that for air, i.e., higher 
than that for water, and lower than that for air, its 
value being about 230 1/ −CN , and speed at which the 
electric field intensity decreases to two sides is also 
in between, with the curve being relatively flat. As 
can be seen, the electric field energy is mainly 
concentrated just above the excitation electrode, 
while the size of the energy concentration area 
generally has no connection with the measured 
substance above the electrodes. Fig. 8 respectively 
depicts the electric field intensity cloud graph around 
the electrode 5 when medium is water, air and ice 
respectively.  

As can be seen from the figure, when the 
measured substance is water, the electric fields 
around the excitation electrode are mainly distributed 
between the excitation electrodes and the measured 
substance; when the measured substance is air, the 
electric fields around the excitation electrode are 
mainly distributed between the excitation electrodes 
and two adjacent electrodes; when the measured 
material is ice, most of the electric field of the 
excitation electrode are distributed between the 
excitation electrode and the measured substance, with 

a small portion of the electric field is still located 
between the excitation electrode and the adjacent 
electrodes. As can be seen from several figures 
above, when dielectrics with different dielectric 
constants approach or contact the excitation 
electrodes, the electric field distribution around the 
electrodes are different, and its electric field intensity 
is also different.  
 
 

 
 

Fig. 8 (a). Electric field intensity cloud graph around the 
electrode 5 (the measured substance is water). 

 
 

 
 

Fig. 8 (b). Electric field intensity cloud graph around the 
electrode 5 (the measured substance is air). 

 
 

 
 

Fig. 8(c). Electric field intensity cloud graph around the 
electrode 5 (the measured substance is ice)  

 
 
4. Conclusions 
 

Through principle analysis and simulation of the 
coplanar multi-electrode capacitive ice measurement 
sensor, we can see that when the measured substance 
on the coplanar multi-electrode sensors are 
respectively air, ice and water, their electric field 
intensity variations are different to a very large 
extent. By indirectly measuring the electric field 
intensity, we can distinguish between measured 
substances, i.e., the sensor measuring ice thickness, 
which is designed and fabricated using such method, 
can be used for thickness measurement of leveled sea 
ice or river ice, providing basic data to the 
thermodynamic study of ice. 

 
 

Acknowledgements 
 

This study was supported by the National Natural 
Science Foundation of China (No. 41176080). And 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 27-32 

 32 

supported by Shanxi Science and Technology 
research project (No. 20110321026-02). I would like 
to thank the Office of Science and Technology in 
Shanxi Province in this paper to give  
financial support. 
 
 
References 
 
[1]. W. Meier, J. Stroeve, F. Fetterer, K. Knowles, 

Reductions in arctic sea ice cover no longer limited to 
summer, Eos Transactions of the American 
Geophysical Society, Vol. 86, No. 36, 2005, pp. 3-26. 

[2]. J. Zhu, K. M. Golden, A. Gully, C. Sampson, A 
network model for electrical transport in sea ice, 
Physica B, Vol. 405, 2010, pp. 3033-3036. 

[3]. T. Tamura, K. I. Ohshima, T. Markus, et al., 
Estimation of thin ice thickness and detection of fast 
ice from SSM/I data in the Antarctic Ocean, Journal 
of Atmospheric and Oceanic Technology, Issue 24, 
2007, pp. 1757-1772. 

[4]. B. Sun, J. H. Wen, M. B. He, et al., Sea ice thickness 
measurement and its underside morphology analysis 
using radar penetration in the Arctic Ocean, Science 
in China-D, Vol. 46, Issue 11, 2003, pp.1151-1160. 

[5]. C. Haas, Evaluation of ship-based electromagnetic-
inductive thickness measurements of summer sea-ice 
in the Bellingshausen and Amundsen Seas, 
Antarctica, Cold Regions Science and Technology, 
Issue 27, 1998, pp. 1-16. 

[6]. Christian Haas, John Lobach, Stefan Hendricks, 
Lasse Rabenstein, Andreas Pfaffling, Helicopter-
borne measurements of sea ice thickness, using a 
small and lightweight, digital EM system, Journal of 
Applied Geophysics, Vol. 67, 2009, pp. 234-241. 

[7]. D. A. Rothrock, Y. Yu, G. A. Maykut, Thinning of 
the Arctic sea-ice cover, Geophysical Research 
Letters, Vol. 26, Issue 23, 1999, pp. 3469-3472. 

[8]. V. H. Strass, Measuring sea ice draft and coverage 
with moored upward looking sonars, Deep-Sea 
Research I, Vol. 45, 1998, pp. 795-818. 

[9]. Marcel Nicolaus, Stephen R. Hudson, Sebastian 
Gerland, Karin Munderloh, A modern concept for 
autonomous and continuous measurements of 
spectral albedoand transmittance of sea ice, Cold 
Regions Science and Technology, Vol. 62, 2010, 
pp. 14-28. 

[10]. J. L. Novak, J. J. Wiczer, A high-resolution 
capacitative imaging sensor for manufacturing 
applications, in Proceedings of the IEEE 
International Conference on Robotics and 
Automation, Vol. 3, 9–11 April 1991, pp. 2071-2078. 

[11]. J. Novak, J. Feddema, A capacitance-based proximity 
sensor for whole arm obstacle avoidance, in 
Proceedings of the International Conference on 
Robotics and Automation, Vol. 2, Albuquerque, 
USA, May, 1992, pp. 1307-1314. 

[12]. T. Perme, Introduction to Capacitive Sensing, 
Microchip Technology, Inc., 2007, pp. 231-243. 

[13]. T. Perme, Layout and physical design guidelines for 
capacitive sensing, Microchip Technology, Inc., 
2007. 

[14]. Xiang Li, Dong Yonggui, Electrode structure and 
characteristics of uniplanar scattering-field capacitive 
sensors, Journal of Tsinghua University (Science and 
Technology), Vol. 11, Issue 44, 2004, pp. 1471-1474. 

[15]. Nathan Kirchner, Daniel Hordern, Dikai Liu, Gamini 
Dissanayake, Capacitive sensor for object ranging 
and material type identification, Sensors and 
Actuators A, Vol. 148, 2008, pp. 96-104. 

[16]. Amr A. Nassr, Wael H. Ahmed, Wael W. EI-
Dakhakhni, Coplanar capacitance sensor for detecting 
water intrusion in composite structures, Measurement 
Science Technology, Vol. 19, 2008, pp. 675-702. 

[17] W. EI-Dakhahni, W. H. Ahmed, Capacitance sensors 
for detecting damage in composites, US Provisional 
Patent Application, No. 60/614055, 2004. 

 
 

___________________ 
 

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

 

http://www.sensorsportal.com/HTML/E-SHOP/PRODUCTS_4/UFDC_1.htm
http://www.sensorsportal.com/HTML/E-SHOP/PRODUCTS_4/UFDC_1.htm


Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 33-40 

 33

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

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

 
 
 
 
 

The Manufacture and Mechanical Analysis  
of the PVDF Flexible Sensors 

 
1 Hongbin ZHU, 1,2 Yanjun LU, 3 Xu LIU, 2 Yingtian YU 

1 Xi’an University of Technology,  
5 South Jinhua Road, Xi'an Shaanxi, 710048, China 

2 Michigan State University,  
428 South Shaw Lane, East Lansing, MI, 48824, USA 

3 Xi’an Aeronautical University,  
259 West 2nd Ring, Xi'an Shaanxi, 710077, China 

E-mail: yanjunlu@xaut.edu.cn 
 
 

Received: 19 August 2013   /Accepted: 25 October 2013   /Published: 30 November 2013 
 
 
Abstract: Polyvinylidene fluoride (PVDF) is a widely used sensing material with piezoelectricity property. 
Applying microelectronic technology to this material could result in multifunctional sensing unit. Based on the 
previous researches, a manufacturing process and flexible structure are proposed to manufacture the PVDF film 
and the PVDF flexible sensor using stretchable electronic technology. The sensor is designed to be paved on the 
surface of airfoil to monitor the structural behaviors. Two systems are compared, one with a 
polydimethylsiloxane (PDMS) layer and the other without. The finite element results show that the Au 
electrodes films are harder to be destructed for the system with PDMS, because the PVDF flexible sensor can 
realize the strain-isolation, therefore the resistance to destruction of the sensors could be improved. However, 
the deformation of duralumin is increased, so the substrate that the flexible sensor paves on will undertake a 
majority portion of stresses and strains, and a substrate with reasonable stiffness will contribute to the structure 
integrity. Copyright © 2013 IFSA. 
 
Keywords: Manufacture, Flexible sensor, Flexible electronics, Finite element method, Polyvinylidene fluoride. 
 
 
 
1. Introduction 
 

The previous researches have demonstrated that 
the PVDF film possesses many advantages, such as 
the suppleness, light weight, high mechanical 
strength, wide frequency range (0.1-100 MHz), quick 
responsiveness and strong corrosion resistance [1-3]. 
Due to the performance of PVDF thin film, applying 
it to the flexible sensors could track the fold status of 
airfoils. The flexible sensor, which possesses a 
stretchable substrate is a special application of 
flexible electronics. It could adapt to rugged surfaces 

and different external environments, as a result the 
application of flexible sensor is extended. Recently, 
there are various applications of flexible sensors, 
such as force, pressure, temperature, strain, stress, 
contact sensors [4-10], etc. The flexible sensor can be 
used to measure the mechanical parameters, monitor 
the health state of a system, react to the joint 
behavior of robotics, or be implanted into human 
body to detect the abnormal cells [1, 11-18], etc. 

According to the previous manufacturing process 
of PVDF film and flexible sensor [19-22], a PVDF 
flexible sensor is designed and manufacturing 
process is presented in this paper. This newly 
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designed flexible sensor will be paved on the surface 
or be embedded into the inner structure of aircraft to 
monitor the health state of airfoil structure. In order 
to understand the characteristics of the designed 
PVDF flexible sensor, it is assumed that the sensor is 
subject to the conditions of bending, stretching and 
twisting, and two structures have been compared, one 
with PDMS layer and the other without. The FEM 
results show that the Au electrodes are fragile in the 
structure without PDMS layer, because the structure 
with PDMS layer reduces the stress and strain of the 
Au electrodes. The result suggests that the soft 
PDMS layer can reduce the strain and stress that are 
transferred from the duralumin to the Au electrodes. 
This design can prevent the proposed flexible sensor 
from being destructed in various conditions. 
 
 
2. The Structural Design  

and Manufacture of the PVDF  
Flexible Sensor 

 
There are two methods to manufacture the PVDF 

flexible sensor, one is peeling the sensors that have 
been accomplished from a hard substrate to a 
stretchable substrate, the other way is making an 
induction device by micro-electro mechanical 
systems technology and finishing the sensor on a 
stretchable substrate directly.  

The first approach is adopted in the experiment to 
create a high quality PVDF film. From past 
experiments, we have found that a 15 % mass 
fraction PVDF powder and 85 % dimethylformamide 
solution have a high film-forming capability. Fig. 1 
shows the cross section structure of the PVDF 
flexible sensor.  
 
 

 
 

Fig. 1. The schematic diagram of designed flexible PVDF 
sensor structure. 

 
 

During the manufacturing of the flexible sensor, 
the PVDF film is made on silicon wafer, and Au is 
deposited on the surface of PVDF film, thus the 
electrode layer is achieved. And then the Ag wire is 
connected with the electrode through conductive 
adhesive. Finally the epoxy glue is used to reinforce 
the surface of connection point, and the sensor is 
encapsulated with epoxy resin. 

2.1. The Manufacturing Process  
of PVDF Film 

 
a). A certain amount of PVDF powder was weighed 

and dissolved into dimethylformamide solvent 
slowly. One must ensure the mass fraction of 
PVDF is 15 %. 

b). The solution in step (a) should be stirred more 
than 2 hours by magnetic stirrer rapidly at room 
temperature, then let it remain undisturbed for 
over 12 hours, the PVDF would be dissolved 
completely. 

c). The silicon wafer is adsorbed to the turnplate of 
spin coater, and a reasonable revolving speed is 
chosen so that the silicon wafer will not  
slip out. 

d). The PVDF solution is smeared on the silicon 
wafer and rotated for 1 minute with the rotating 
speed of 900 r/min, after that, the film is heated 
for 10 minutes at 90°C. 

e). Step (d) is repeated on the same silicon wafer and 
the PVDF film is heated for 12 hours at 120°C. 
The PVDF film on the silicon wafer with a few 
micrometers thickness is obtained by  
this method. 

 
 
2.2. The Manufacturing Process  

of the PVDF Flexible Sensor 
 
a). The silicon chip is cut into dimension of 2 cm 

wide and 3 cm long, and a silica layer with 
600 nm thickness is deposited on silicon wafer 
chemically. The silica layer is a sacrificial layer, 
which means this layer will be etched when all 
the devices are finished, so the device could be 
separated from the silicon substrate and a sensor 
with a stretchable base can be formed. 

b). A PDMS layer is applied on the silica that is 
considered as a flexible substrate. 

c). A 300 nm thick Au layer as the substratum 
electrode is deposited on the top surface of 
PDMS by electron beam deposition. Fig. 2 shows 
the Au spray layer on PVDF film. 

 
 

 
 

Fig. 2. The substratum Au electrode on PDMS film. 
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d). About 2 µm thick PVDF film is obtained on the 
substratum electrode (the manufacturing process 
can be referred to section 2.1.). 

e). A 300 nm thick Au layer is electron sedimentated 
as the superstratum electrode on PVDF top 
surface, in order to avoid a capacitance structure 
to be formed between superstratum and 
substratum electrodes, the size of electrodes 
should not equal each other. 

f). The specimen is immersed into hydrofluoric acid 
(HF) with the concentration of 12.5 % about 5 
minutes, and then most of silica is etched. 

g). The etched specimen is peeled from the silicon by 
PDMS, and is transfer printed onto another 
PDMS layer, which has been radiated for 3 
minutes with a UV light before. 

h). The wires are bonded to electrodes by conducting 
resin, then epoxy glue is used to strengthen the 
surface, and the sensor is encapsulated with 
epoxy resin finally. 
Fig. 3 shows the manufacturing process of the 

flexible PVDF sensor. In order to obtain a better 
voltage signal, the thickness of the PVDF film should 
be increased. However, the film cannot be too thick, 
and the number of smearing should not exceed three 
times, otherwise the smeared solution will dissolve 
the already dried film. The PVDF film is very soft 
and the melting point is 160 °C, so the high 
temperature depositing Au particle will cause a 
deformation in the surface, and the Au electrode 
layer tends to be broken because of a rough Au 
surface. 

 
 

 
 

Fig. 3. Manufacturing process of the flexible PVDF sensor. 
 
 
3. Simulation and Results 
 

In this section, three conditions have been 
discussed, bending, twisting and stretching. The 
structure designed is shown in Fig. 4. The unit is 
micrometer in Fig. 4, and the physical parameters are 
shown in Table 1. E is the elastic modulus, v is 
Poisson ratio, C is the elastic stiffness tensor, e is 
piezoelectric constant, κ is the permittivity tensor, 
and the subscript means tensor direction [23-28]. In 

Fig. 4, the coordinate axis X, Y and Z represent the 
direction of length, thickness and width; M and D are 
applied moment and displacement on the right 
surface of duralumin; the left surface of duralumin is 
fixed. In order to demonstrate the superior strain-
isolation effect of the structure with a flexible layer, 
two structures have been compared. Fig. 4 shows the 
structure with a PDMS layer, and the other structure 
without PDMS layer is not shown in Fig. 4. 

 
 
 

(a)                                        (b)  
 

Fig. 4. The simulation structure and geometry size. (a): The view of Y-Z plane; (b): The view of X-Y plane. 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 33-40 

 36 

3.1. Bending 
 

A negative moment is applied to the system 
without PDMS layer. When the moment reaches  
-5×10-4 N·m, the stress in substratum Au electrode is 
approaching its yield strength, at the same time, the 
duralumin is still within elastic limit. While 
increasing the moment to -8.5×10-4 N·m, the stress in 
duralumin is close to its yield strength, but the Au 
electrode fails. As result the Au will be destructed 
before the stress in duralumin reaches its allowable 
stress. On the other hand, if the system has a PDMS 
layer, the stress in Au electrode is much lower than 
without PDMS layer. When the applied moment is  
-5×10-4 N·m, the maximum stress in substratum Au is 
reduced to one third of the value without PDMS 
layer. When increase the moment to -7.2×10-4 N·m, 
the stress in duralumin reaches the yield strength, but 
the Au electrodes do not fail, which means the 
adaptive capability of flexible system is much higher 
than the system without a PDMS layer. Table 2 
shows the maximum stress of the Au electrodes and 
duralumin for the applied moments, because the 
PVDF, PDMS and encapsulation layer are far away 
from destruction, so they are not discussed here. 
Fig. 5 and Fig. 6 show the correlation curves for the 
two structures, the curves with ‘*’ are for the 
structure without PDMS layer, and the curves with 
‘○’ are for the structure with PDMS layer, the chosen 
nodes are along the central axis of the geometry from 
left end to right end, which is parallel to X axis. The 
stress and deflection of superstratum and substratum 
Au film are presented. Fig. 5 shows the results when 
negative moments are applied to the two structures; 
Fig. 6 shows the results when positive moments are 
applied to the two structures; (a)-(d) are with the 
same moment magnitudes; (e)-(h) are under the 
condition that the duralumin stress reaches its  
yield strength. 

3.2. Stretching and Compression 
 

A displacement is applied on the right surface of 
duralumin, the results are obtained by FEM. Table 3 
shows the maximum stress of Au electrodes and 
duralumin before the destruction of duralumin. The 
results show that the structure with PDMS flexible 
layer could reduce the stress significantly. Fig. 7 
shows the displacement of Au electrodes in Y 
direction. The PDMS flexible layer undertakes most 
of the deformation, so the displacement of Au 
electrodes approaches zero. The maximum 
displacement of Au films is 0.611 nm for D=-31 nm; 
the maximum displacement of Au films is -0.609 nm 
for D=+31 nm. The results show that the flexible 
layer attenuates the deformation of Au films. 

 
 

3.3. Twisting 
 

Due to the similarity of displacements and stress 
for both positive and negative torque, as well as the 
distribution of stress in the same layer being uniform, 
therefore only negative torque is investigated. By 
applying a negative torque to the right side of the 
duralumin, the maximum stress and displacement are 
obtained for different layers, which are shown in 
Table 4 and Table 5.  

The torque loading capacity of the structure with 
PDMS layer is lower than the structure without the 
PDMS layer. The reason is that the deformation of 
duralumin increases while it decreases in Au 
electrodes. As a result, the duralumin will be 
destructed before the Au electrodes do in the system 
with PDMS layer, because the substratum Au 
electrode becomes harder to be broken in this system. 
Therefore the performance of the system with PDMS 
layer will be promoted by lowering the stiffness of 
the substrate material. 

 
 

Table 1. Physical parameters of the materials. 
 

Material Physical parameters 
Duralumin E=70 GPa, v=0.3, yield strength=450 MPa 
PDMS E=2 MPa, v=0.48 
Au E=79 GPa, v=0.42, yield strength=220 MPa 

PVDF C11=3.8 GPa, C12=1.9 GPa, C13=1.0 GPa, C33=1.2 GPa, C44=0.7 GPa, C66=0.9 GPa, e15=0, 
e31=0.024 C/m2, e33=-0.027 C/m2, κ1=7.4κ0, κ3=7.6κ0, κ0=8.85×10-12 C/m2 

Epoxy resin E=1 GPa, v=0.38 
 
 

Table 2. The maximum stress in Au electrodes and duralumin. 
 

Structure Without PDMS layer With PDMS layer 
Applied moment, (N·m) -5×10-4 -8.5×10-4 -5×10-4 -7.2×10-4 
Maximum stress, (MPa)  
(Superstratum Au film) 58.0 98.6 60.0 86.4 

Maximum stress, (MPa)  
(Substratum Au film) 210.2 357.4 66.9 96.4 

Maximum stress, (MPa)  
(Duralumin layer) 258.2 438.9 307.5 442.8 

 The yield strength of duralumin is 450 MPa, the yield strength of Au is 220 MPa. 
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 (e)                      (f)                       (g)                      (h)  
Fig. 5. The results of comparison between the structures with and without PDMS layer for negative moment,  
‘*’– without PDMS layer, ‘○’–with PDMS layer. (a) Stress curves of substratum Au electrode for M=-0.5×10-3 N·m;  
(b) Deflection curves of substratum Au electrode for M=-0.5×10-3 N·m; (c) Stress curves of superstratum Au electrode 
for M=-0.5×10-3 N·m; (d) Deflection curves of superstratum Au electrode for M=-0.5×10-3 N·m; (e) Stress curves of 
substratum Au electrode when the stress of duralumin reaches its yield strength; (f) Deflection curves of substratum Au 
electrode when the stress of duralumin reaches its yield strength; (g) Stress curves of superstratum Au electrode when the 
stress of duralumin reaches its yield strength; (h) Deflection curves of superstratum Au electrode when the stress of 
duralumin reaches its yield strength. 
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Fig. 6. The results of comparison between the structures with and without PDMS layer for positive moment, ‘*’– without 
PDMS layer, ‘○’–with PDMS layer. (a) Stress curves of substratum Au electrode for M=+0.5×10-3 N·m; (b) Deflection curves 
of substratum Au electrode for M=+0.5×10-3 N·m; (c) Stress curves of superstratum Au electrode for  
M=+0.5×10-3 N·m; (d) Deflection curves of superstratum Au electrode for M=+0.5×10-3 N·m; (e) Stress curves of substratum 
Au electrode when the stress of duralumin reaches its yield strength; (f) Deflection curves of substratum Au electrode when 
the stress of duralumin reaches its yield strength; (g) Stress curves of superstratum Au electrode when the stress of 
duralumin reaches its yield strength; (h) Deflection curves of superstratum Au electrode when the stress of duralumin 
reaches its yield strength. 
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Table 3. The maximum stress of Au electrodes and duralumin. 
 

Structure Without PDMS layer With PDMS layer 
Applied displacement (nm) -45 -31 45 31 -45 -31 45 31 
Maximum stress (MPa) 
(Superstratum Au film) 21.6 14.9 215.9 14.9 0.1458 0.0998 0.1504 0.1043 

Maximum stress (MPa) 
(Substratum Au film) 313.4 215.9 313.5 215.9 0.5264 0.3631 0.5235 0.3062 

Maximum stress (MPa) 
(Duralumin layer) 443.1 305.2 443.1 305.2 208.5 143.6 208.5 143.6 

 The yield strength of duralumin is 450 MPa, the yield strength of Au is 220 MPa. 
 
 

10 20 30 40-10

0

10

20

Node number

D
ef

le
ct

io
n 

/n
m

10 20 30 40-10

0

10

20

Node number

D
ef

le
ct

io
n 

/n
m

10 20 30 40-20

-15

-10

-5

0

5

Node number

D
is

pl
ac

em
en

t /
nm

10 20 30 40-20

-15

-10

-5

0

5

Node number

D
is

pl
ac

em
en

t /
nm

 (a)                       (b)                       (c)                       (d) 
 

Fig. 7. The comparison of the displacements of the structure with and without PDMS layer, ‘*’– without PDMS layer, 
‘○’–with PDMS layer. (a) Displacement curves of substratum Au electrode for D=-3.1×10-8 m; (b) Displacement curves 
of superstratum Au electrode for D=-3.1×10-8 m; (c) Displacement curves of substratum Au electrode for  
D=+3.1×10-8 m; (d) Displacement curves of superstratum Au electrode for D=+3.1×10-8 m. 
 
 

Table 4. The maximum stress of Au electrodes and duralumin. 
 

Structure Without PDMS layer With PDMS layer 
Applied torque (N·m) -1.2×10-3 -1.55×10-3 -0.82×10-3 
Maximum stress (MPa) 
(Superstratum Au film) 166.9 219.5 0.9898 

Maximum stress (MPa) 
(Substratum Au film) 218.5 282.3 101.9 

Maximum stress (MPa) 
(Duralumin layer) 344.9 445.5 444.2 

 The yield strength of duralumin is 450 MPa, the yield strength of Au is 220 
MPa. 

 
 

Table 5. The maximum displacement of Au electrodes and duralumin. 
 

Structure Without PDMS layer With PDMS layer 
Applied torque (N·m) -1.2×10-3 -1.55×10-3 -0.82×10-3 
Maximum displacement (nm) 
(Superstratum Au film) 151.7 195.9 258.1 

Maximum displacement (nm) 
(Substratum Au film) 190.3 245.8 290.6 

Maximum displacement (nm) 
(Duralumin layer) 193.7 250.2 473.8 

 
 
4. Conclusion 
 

The PVDF flexible design contributes to the 
sensor’s adaptability, which prevents the components 
from being destructed. The comparison results of the 
two structures with and without PDMS layer show 
that stresses in Au electrodes decrease while the 
corresponding stresses in duralumin increase. This 
phenomenon that is caused by the flexible layer 

prevents strain and stress from being transferred from 
duralumin to the sensor, so the duralumin undertakes 
a significant portion of the external load. It is shown 
in section 3.3 that duralumin will be broken with a 
lower torque in flexible structure. Thus a suitable 
PDMS thickness and substrate stiffness are important 
to the system. Overall, the strain isolation of the 
flexible sensor exceeds the system without a PDMS 
layer, the circuit of the sensor can be protected. The 
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results shown in this paper will provide guidance to 
the design and manufacture of the flexible sensors. 
The thickness of PDMS layer and substrate stiffness 
may be altered under different working conditions, 
and the reasonability and feasibility of the flexible 
structure should be further researched. 
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Abstract: Wireless sensor networks (WSN) are wireless networks composed of spatially distributed 
autonomous devices using sensors to cooperatively monitor physical or environmental conditions, such as 
temperature, sound, vibration, pressure, motion or pollutants, at different locations. This paper deals with the 
influence to data fusion of part of the relevant data on clustering network in the wireless sensor networks 
(WSN). According to the results of the study, the nodes’ energy consumption largely depends on their location: 
although some of the nodes are comparatively far from sink node, they may consume more energy. The study 
results further show that there is a trade-off between the total energy consumption of the networks and the 
network lifetime, i.e. even if the total energy consumption of the networks reaches its minimum, the network 
lifetime is not necessarily the longest. Copyright © 2013 IFSA. 
 
Keywords: WSN, Data fusion, Energy consumption, Network lifetime. 
 
 
 
1. Introduction 
 

WSN has broad application prospects, with 
significant scientific research value and immense 
practical value in such fields as military affairs & 
national defense, industry & agriculture, urban 
administration, biomedicine, environmental 
monitoring, emergency & disaster rescue and remote 
control of dangerous zones, etc. Therefore, it has 
drawn high attention from the military, academic and 
industrial fields of many countries, and, as one of the 
publicly recognized new hot frontier research fields 
in the 21st century, has been considered one of the 
technologies that will exert a great effect on the 21st 
century [3, 4]. 

Compared with the traditional Ad Hoc networks, 
the routing in WSN is largely designed to reduce the 

node energy consumption and raise the network 
lifecycle, whereas, the traditional wireless Ad Hoc 
networks’ routing protocol is primarily designed to 
provide high-quality service in motional conditions. 
Therefore, the various mature technologies widely 
applied in the traditional Ad Hoc networks cannot be 
applied in WSN [1, 2]. In recent years, due to its 
great advantage of effective extending network 
lifecycle, layered WSN has become one of the hot 
research issues. 

In the WSN, clustering algorithm can improve the 
network expandability. After dividing the networks 
into several clusters, a cluster-head node will be 
chosen from each cluster. The other nodes in each 
cluster are to transmit data to the cluster-head, which 
will be fused at the cluster-head node and then 
transmitted to sink node, thus saving the energy.  

Article number P_1456

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 41-48 

 42 

There have been lots of literature dealing with the 
clustering algorithm in Ad Hoc networks [5-8] and 
that in WSN [9, 10]. These protocols either ignore the 
correlation among the nodes’ data transmission in the 
networks, or put data fusion in an ideal condition, i.e. 
absolute data correlation, so that the data packets in 
one cluster can be compressed into one. However, in 
factual WSN, there is a close relationship between 
degree of data fusion and data correlation. Therefore, 
it is quite necessary to explore the cluster features 
related to part of the data. 
 
 
2. Node Characteristics  

and Network Clusters 
 

WSN is usually composed of sensor nodes, sink 
node and task management node. And its network 
structure is shown by Fig. 1. The data monitored by 
sensor nodes are transmitted along the Hop models of 
other sensor nodes, during which the monitored data 
may be processed by several nodes, routed to sink 
node after several times of skipping and finally reach 
the task management node via the Internet and or 
satellite. The users carry out sensor network 
configuration and management through the task 
management node, assign monitoring tasks and 
gather the monitored data. 
 
 

 
 

Fig. 1. Sensor Network Architecture. 
 
 

Suppose the network consists of N nodes 
altogether, including one sink node, which randomly 
scatter within the domain with an area of A with the 
density. If there are adequate area of A and node 
number of N, the nodes to process data can be treated 
as a Poisson's point with an intensity. Suppose the 
sink node is located at the center of the network and 
all the nodes including sink node are fixed. It is 
certain that the study also applies to the sensor 
network composed of a number of clusters, with each 
sink node governing certain fixed nodes. If so, every 
cluster should be analyzed independently.  

Before the clustering of the whole network, the 
following hypotheses of the sensor nodes and 

network under investigation will be made: (1) All of 
the nodes have the same emission power, and thus 
have the same wireless transmission radius R. (2) The 
data accepting by the nodes in the network can all be 
treated as Poisson process with an intensit. (3) When 
there is a need for data transmission between the two 
nodes without the wireless transmission radius of the 
other, other nodes can be utilized as relays to fulfill 
the data transmission. (4) Within any of the clusters, 
when there is a distance of d between the non-cluster-
head nodes and the cluster-head node, the data 
transmission between them involves the Hop of 
k=[d/R]. (5) Each relay consumes one-unit energy 
when transmitting one-bit data. (6) The transmission 
is free from error, therefore no retransmission of the 
nodes is needed. 

The clustering algorithm is as follows: Suppose 
every node in the network is selected as cluster-head 
node with a probability of p. When any of the nodes 
is selected as cluster-head node (referred to as “active 
cluster-head”), it will transmit a “Cluster-head 
Statement” to other nodes within its wireless 
transmission radius to confirm its status of cluster-
head node, which can be received by all of the nodes 
within the Hop k radius of the cluster-head node. 
Then, if a node has not been selected as cluster-head 
node within its Hop k radius, it will join the cluster of 
the closest cluster-head node to it. “Cluster-head 
Statement” is designed to be transmitted for k Hop at 
most, therefore, if a node cannot receive the “Cluster-
head Statement” from the cluster-head node within a 
period of t (here, “t” refers to the time needed for the 
data transmission from any of the nodes within Hop k 
radius to cluster-head node), it can be determined that 
the node is not within the Hop k radius of the “Active 
Cluster-head” and is then referred to as a “Passive 
Cluster-head”. Moreover, there will be no more than 
k Hops from any of the nodes within a cluster to 
cluster-head node, therefore, cluster-head node can 
transmit a group of fused data to sink node for every 
unit time of t. 
 
 
3. Routing Agreement Used in Models 
 

When data are transmitted from a non-cluster-
head node to cluster-head node or from cluster-head 
node to sink node, the Minimum Hop Routing 
(MHR) Agreement will be adopted. Suppose every 
node in the network can detect data and transmits 
them to cluster-head node. After receiving the data 
packets from all of the cluster nodes, cluster-head 
node will carry out data fusion with a distortion rate 
of D, and then transmit the fused data packet to sink 
node through MHR Agreement. Suppose one of the 
worst cases: every node transmits the data packet 
with the same size with a distortion rate of D0, which 
will be only fused at the cluster-head node. Thus, the 
distortion rate of D0 of every data packet becomes 
the average distortion rate, which can be figured out 
after the data fusion at the cluster-head node. 
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4. Energy Consumption in Data 
Transmission 

 
For the convenience of making analysis, the 

following hypotheses will be made: (1) The sensing 
area is a circle with a radius of kR, with R being the 
transmission radius of sensor node and k being a 
positive integral; (2) Node distribution is a Poisson 
distribution with an intensity of λ ; (3) If the distance 
from sensor node to Sink Node is r, the expected 
value of the energy consumed for one-bit data 
transmission from the node to sink node is Ec(r); 
(4) If the distance from sensor node to sink node is r, 
the volume of the data packet (including self-
produced packets) to be transmitted by the node is Nc 
(r).  

Fig. 2 shows the topological diagram for analysis. 
If there is an adequate node distribution density and 
consequent adequate routing, it can be inferred that 
the data transmission from node r to sink node 
through MHR Agreement will cost a hop count of 

⎥⎥
⎤

⎢⎢
⎡

R
r ||

 (here, |r| is the distance between node r and 

sink node). Just as is shown in Fig. 2, we can 
maintain that the sensing area consists of different 
layers, which form concentric circles of R centering 
on sink node.  
 
 

 
 

Fig. 2. The layered network. 
 
 

Suppose node r lies in the layer of k and within 
the wireless transmission radius of node x in the layer 
of k-1, and domain A (x, r) is the interface between 
node r’s wireless transmission sphere and the layer of 
k-1. Then, all the nodes in domain A (x, r) (i.e. the 
shaded portion in Fig. 2) can be the next hop target of 
node r. If the number of the nodes distributed in 
domain A (x, r) is counted as NA (x, r), NA (x, r) 
equals toλ A (x, r). If the probability of the n nodes 

distributed in domain A (x, r) is expressed in  
p {NA (x, r)=n}, the following equation can be 
reached:  

 
 

p{N A (x,r)=n} = 
!

1
n

(λ A(x,r)) n e ),( rxAλ−  (1) 

 
If p(x, r) is the probability of choosing node x as 

the next hop of node r for data packet transmission, 
the following equation can be reached: 

 
 

p(x,r) = ∑
∞

=1n n
1
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∑
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rxAe λ−−
 

(2)

 
Angle β  and angle α  in Fig. 2 must be first 

figured out through the triangle cosine theorem 
before working out the area of domain A (x, r): 
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Here, |x| refers to the distance from node x to sink 

node. Then, the area of shaded domain A (x, r) can be 
figured out through the following formula: 
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(5)

 
The number of the data packets to be transmitted 

from node x can be worked out by the following 
integration formula, in which the interface (A(x, s)) 
of node x’s wireless transmission domain and Layer k 
is the integration domain. 
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N C (x) = 1+ ∫∫
),(

C ),((r)r)Np(x,
sxA

sxdAλ  = 

1+ ∫
+

⎥⎥
⎤

⎢⎢
⎡

||

||

xR

R
x

rdrdθλ
γ

γ
∫
−

(r)r)Np(x, C
= 

1+ ∫
+

⎥⎥
⎤

⎢⎢
⎡

||

||

xR

R
x

rdrd
nne rxA θλλγ

γ
λ

λ

∫ ∑
−

∞

=
−−

(r)N)
)!(
r))A(x,((

1
e

C
1n

n

),(

r)A(x,-
 

(6) 
 
In the above formula, 

γ =arccos(
rx

Rrx
||2

|| 222 −+ ); N C (x) is the number of 

the data packets transmitted from node x, and 1 is 
added because there are also a data packet detected 
by node x to be transmitted. 
 
 
5. Total Energy Consumption  

Data Dependency 
 

In WSN, there is a certain dependency among the 
data detected by neighboring nodes, which will be 
somewhat distorted in the data fusion at cluster-head 
node or sink node, which is discussed below. 

In the detection region of one of the sub-clusters 
in the sensor network, the definition of X = {Xi , 
i=1,2,3…, n} means the actual data detected in n 
regions by n sensor nodes, with X̂  representing the 
fused data value of X, d ( X̂ , x) representing the 
distortion function between the two values, mean 
square error (MSE) describing the distortion function 
d ( x̂ , x), i.e. d( X̂ ,X)=|| X̂ -X|| 2 . Now, the upper 
limit of the total distortion after the data fusion is 
expressed as D, i.e. the average distortion degree is 
limited by E(d( X̂ ,X))≤D, and the rate distortion 
function can be expressed by the following  
equation (7): 

 
 R(D) = 

DXXdE ≤)),ˆ((
min I( X̂ ,X) (7) 

 

In the above equation, I( X̂ ,X) refers to the 
mutual information between x and X̂ . When the 
information source is defined (i.e. the content to be 
detected by sensor node is defined), concrete 
distortion degree is also defined, and a certain 
distortion is permitted, the less the needed rate of 
information source transmission, the better.  

If the distortion function is expressed with MSE, 
Gauss source is the worst compared to other sources, 
because it demands the most self-information in the 
description of source vector [11]. For the 
convenience of description, X is taken as the random 
vector of multivariable Gauss.  

Suppose, in the network, the dependency between 
the data packets detected by two nodes is the descent 
function of Euclidean distance, i.e. the closer two 
nodes are, the stronger the dependency of the data 
they detect is. If distortion function d( X̂ ,X) is 
described by MSE, it can be inferred based on 
information theory and limited by the total distortion 
degree E(d( X̂ ,X))≤D, rate distortion function R(D) 
in Gauss source with a square error of 2σ  can be 
expressed by the following equation (8): 

 
 

R(D)= ∑
=

N

n n

n

D1

2

2log
2
1 σ

 (8) 

 
In the above equation, N refers to the node 

number of the whole network. 2
nσ  refers to the 

square error of each Gauss source, which are related 
as follows: ≥≥ 2

2
2

1 σσ … 2
Nσ≥ ;. Dn and D 

respectively refer to each Gauss source’s distortion 
degree and the total distortion degree after data 

fusion, which are related as follows: ∑
=

N

n
nD

1
=D. 

Through equation (8), the rate distortion function, 
i.e. the bit number of data packets) can be worked 
out. Consider the following condition: the data 
dependency decrease as Gauss function, i.e. the 
farther two nodes are, the less their detected data 
packets’ dependency is, which can be changed into 

f( ji pp , )= 2σ W
2

ji pp −
, with pi and pj referring to 

two nodes in two dimensional space, || ji pp − || 
referring to Euclidean distance and W referring to the 
dependency between the two sample data packets in 
the space, which is less than 1. Here, 2σ  is a 
constant ( 2σ =1 is adopted here), referring to each 
sample data packet’s square error within the 
measurement region.  

In order to study the total network energy 
consumption, the following should first be made 
clear. 1) The average value of the total energy needed 
for the communication between non cluster-head 
nodes and cluster-head node; 2) The average value of 
the total energy needed for the communication 
between cluster-head node and sink node. As stated 

above, the average of ⎥⎦
⎤

⎢⎣
⎡

R
r

 is taken as the average 

hop of the data transmission from non-cluster-head 
node to cluster-head node, or from cluster-head node 
to sink node, in a cluster. 

Now, let C0 represent a cluster-head node, 0Π  
the assembly of all the non-cluster-head nodes that 
transmit data to C0, xi one member of 0Π , function f 
(xi) one property of node xi, such as the distance from 
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it to cluster-head node C0, Sf the sum of a certain 
property of all the non-cluster-head nodes f (xi) in the 
cluster, which is as follows: 

 
 S f = ∑

∏
∈

∈
0

}{1)( 0
ix

ii Cxxf  (9) 

 
In the above equation, 1 {.} is indicator function. 

If take A (C0) as the sensing region of a cluster, the 
expected value of Sf can be figured out through 
document [11], which is as follows: 

 
 E(S f )= 0λ ∫∫ − )()( 0

)( 01 CdAexf CAλ  (10) 

 
In the above equation, the distance f (x) is the hop 

count ⎥⎦
⎤

⎢⎣
⎡

R
r

 in the data packet transmission in the 

network. Suppose the radius of the network sensing 
region is R net, equation (10) can be changed into: 
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Definition C1 refers to the total energy consumed 

in the data transmission from non cluster-head nodes 
to cluster-head node in the network. It is supposed 
above that there are altogether N nodes in the 
network, each of which is selected as cluster-head 
with a probability of p, and that the network is 
divided into n0 sub-clusters and E (n0) = Np. Then, 
the expected value of C1 can be figured out  
as follows: 

 
 E(C1 ) = E(n 0 E(S
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Definition C2 refers to the total energy consumed 

in the data transmission from cluster-head node to 
sink node in the network, with ri referring to the 
distance from the No. I cluster-head node to sink 
node, ci referring to No. I cluster and R D (ci) 
referring to the minimum information amount needed 
to represent the data detected by all the nodes in the 
No. I cluster when the distortion degree is D. Then, 
the expected value of C2 can be worked out as 
follows: 

 
 

E(C 2 ) = NpE( ⎥⎥
⎤

⎢⎢
⎡

R
ri )E(R D (c i )) (13) 

 
Suppose Ni is the number of nodes in cluster ci, Di 

is the total distortion degree in cluster ci, and D0 is 

the distortion degree of each of the nodes in cluster 

ci, then there is Di = Ni D0. E( ⎥⎦
⎤

⎢⎣
⎡

R
ri ) can be worked 

out according to the specific distribution of the 
network, and rate distortion function E (RD (ci)) 
depends on the specific dependency function and 
probability density function (pdf) in cluster ci. 

To sum up, the average of the total consumed 
energy in the whole network Ct is as follows: 
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6. Analysis of Network Lifetime 
 

In WSN, network lifetime and node energy 
consumption is closely related to each other. Network 
lifetime can be defined as the time of the network 
operation till the energy of the first node is used up. 
Suppose the communication (i.e. data packet 
transmission) among the nodes in the network is 
evenly distributed. Then, the energy of all the  
nodes in the radius of the central sink node will be 
used up nearly at the same time. As can be inferred 
from the above, the energy of the nodes in the first 
layer will be first used up. Moreover, they take a 

comparatively smaller percentage (about 
netR
1 ). 

Obviously, if the energy of the nodes in the first layer 
is used up, the communication between other nodes 
in the network and the central sink node will be made 
impossible, thus bringing the network life to an end. 
Therefore, the whole network’s life is the most 
closely related to the life of the nodes in the first 
layer.  

Based on the above analysis, the peak value of 
energy consumption in the network can be predicted. 
Even the total energy consumption of each node et 
can be divided into two parts: one is that consumed 
within the cluster of which a node is cluster-head or 
one member, which is referred to as ein. In the whole 
network, this part of energy consumption is the same 
with each node, because there is a same probability 
of being selected as the cluster-head for each node 
(the marginal effect is ignored). The other part is that 
averagely consumed in the data transmission to the 
central sink node, which is represented as eout (r). As 
is stated above, this part of energy consumption 
depends on the distance r to the central sink node. 
Suppose there are nin nodes in each sub-cluster. Then 
ein refers to the equal division of the total consumed 
energy of a cluster to each node in it, which is  
as follows: 
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And the following can be worked out based on 

equation (11): 
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In the above analysis, it has been supposed that 

each node detects data packets in each time unit with 
a probability of 1. Certainly, in actual detection, it is 
possible that a node will detect an event with a 
certain probability and then transmit data packets. 
Obviously, if every node detects data packets with a 
probability of p0, their consumed energy should be 
multiplied by p0.  

In the sub-cluster models, the second part of 
energy consumption comes from the transmission of 
compressed data packets from cluster-head node to 
the central sink node. According to the foregoing 
supposition, each node can be selected as the cluster-
head node with a probability of p, and each cluster-
head node has E (RD (ci)) bits of data packets to 
transmit, which means that the energy consumption 
curve is to be multiplied by the factor pE (RD (ci)). 
Moreover, in the foregoing, it has been supposed that 
Ec (r) refers to the expected energy consumed in 
transmission of one-bit data from the node that has a 
distance of r to sink node to the sink node. Thus, 
equation (18) can be established: 

 
 e out (r) = pE(R D (c i ))Ec(r) (18) 

 
Based on equation (17) and equation (18), 

equation (19) can be derived: 
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As is stated above, the nodes whose energy is first 

used up are located in the boundary of the first layer. 
Here, r=1. Based on the definition of network 
lifetime, network lifetime is proportional to the 
reciprocal value of maximum energy consumption: 

 
 

E(Lifetime) ∝  min(
te

1
) = 

)1(
1

te
 (20) 

Equation (20) is defined as network lifetime 
factor. Through the calculation of equations from 
equation (14) to equation (20), the relationship 
between the total energy consumption and network 
lifetime can be predicted. 
 
 
7. Simulation and Analysis 
 

The simulation environment is composed of the 
square region of 20R×20R, in which are evenly 
distributed 2,500 nodes, with the distortion degree D0 
being 0.01, the value range of the probability p of 
being selected cluster-head node of the nodes being 
[0.002, 0.5], and the value range of data dependency 
w being (0,1).  

Relationship between Network Lifetime and 
Nodes’ Probability p of Being Selected as Cluster-
head Node. 

Fig. 3 reflects relationship between network 
lifetime and nodes’ probability p of being selected as 
cluster-head node. According to it, the analysis 
carried out by this paper accurately predicts the 
network lifetime performance, which is compared 
with the sub-cluster simulation results under the 
MHR agreement. The consumed energy of the nodes 
in the first several layers is determined by the number 
of data packets they transmit. There is a good match 
between the network lifetime analysis and simulation 
results. Therefore, even errors in path length will not 
seriously effect the energy consumption of the nodes 
in the first two layers. 

As is analyzed above, when the data dependency 
w increase, the network lifetime will increase 
accordingly, which is shown in Fig. 3. Moreover, 
Fig. 3 also shows that when the scale of each sub-
cluster is increased (i.e. the probability p of nodes’ 
being selected as cluster-head decreases), the network 
lifetime will be lengthened accordingly but will slow 
down after passing a critical value, which is due to 
that the network used for the simulation is limited in 
scale, and there are limited data packets for the 
experiment when there are only a few clusters.  

In accordance to the probability p of different 
nodes’ being selected as cluster-head and data 
dependency, the relationship between network 
lifetime and total energy consumption can be 
illustrated by Fig. 4, in which the p values of all of 
the 19 nodes are respectively [0.002, 0.005, 0.007, 
0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 
0.1, 0.12, 0.15, 0.2, 0.25, 0.3, 0.5], with p increasing 
in accordance with the arrow direction in the figure. 

From Fig. 4, the simulation results dovetail nicely 
with the analysis of this paper, which suggests that a 
relative trade-off can be achieved between energy 
consumption and network lifetime. However, it’s 
certain that, in practical application, if the sensor 
node energy is not regenerative, network lifetime will 
be more stressed. 

From Fig. 4, we can also see that, for all w values, 
the curve of energy consumption and network 
lifetime is similar in shape, except that the optimal 
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cluster-head selection probability p is the function of 
data dependency w. For example, when w equals to 
0.99 and p reduces from 0.05 to 0.005, the network 
lifetime will be increased by about three times while 
the energy consumption is increased by less than two 
times. When w equals to 0.5 and cluster-head 
selection probability p reduces from 0.05 to 0.005, 
the network lifetime will be increased by less than 
80 % while the energy consumption is increased by 
about 70 %. 
 
 

 
 

Fig. 3. Relationship between Network Lifetime  
and Cluster-head Selection Probability p. 

 
 

 
 

Fig. 4. The Relationship between Total Network Energy 
Consumption and Network Lifetime. 

 
 
8. Conclusion and Prospects 
 

When data packets are transmitted through MHR, 
the energy consumption of the sensor nodes largely 
depends on the nodes’ locations. Although some 
nodes are relatively distant from sink node, they 
consume more energy than those nodes close to sink 
node. As for the energy consumption of the network, 
within a sub-cluster, the minimum bit amount of the 
data packets to be transmitted will be described 
through rate distortion function while limited by 

certain distortion rate. According to the research, 
there is a trade-off between the whole network 
energy consumption and the network lifetime, i.e. the 
minimum total network energy consumption does not 
necessarily mean the longest network lifetime.  

Currently, energy-saving mechanism research has 
become one of the key directions of WSN research. 
The following aspects are worth deeper exploration. 

1) Trans-layer design: For example, there can be a 
combined consideration of both MAC layer and 
Routing layer, and the nodes working conditions can 
be determined according to the network topology 
information. Since more information can be achieved 
through trans-layers than MAC layer, there will 
invariably be better global performance and great 
progress will be made in energy saving.  

2) Adoption of different nodes: in the clustering 
algorithm, cluster-head node is supposed to fulfill 
data fusion and data packet transmission. Therefore, 
it will consume more energy. Moreover, energy 
consumption depends on the node location in the 
network. Taken in this sense, the high-energy nodes 
should be put on the nodes that will consume 
relatively more energy in the network, whereby the 
network lifetime can be effectively prolonged. 

3) Optimization of handshake signals: The 
handshake signals, such as RTS/CTS, are very widely 
applied in sensor network. However, there will be 
extra expenses for them on one hand and conflicts 
among them on the other. Therefore, it can both save 
energy and better improve the network performance 
to reduce and optimize the handshake signals.  
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Abstract: Wireless sensor networks (WSNs) play a very important role in the Internet of Things. But, how to 
save the energy of the wireless sensor nodes and prolong the lifetime of such networks is an emergent task for 
the wide adoption of the networks. Considering the characteristics of wireless sensor nodes where energy 
consumption for transmitting data is much more than that for computation, this paper presents method for pre-
calculating a secure and efficient path before data transmission begins. The basic idea of the proposed method is 
that the path length based Floyd algorithm and trust degree between neighboring nodes are used as the reference 
for the selection of the routes. Data is then transmitted along the secure and efficient path in the WSNs. 
Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor networks (WSNs), Data transmission, Path length, Truth degree, Security. 
 
 
 
1. Introduction  
 

A wireless sensor network is comprised of many 
wireless sensor nodes that can self-organize to form a 
network. These wireless sensors may be deployed in 
an unattended harsh environment while the energy in 
each wireless sensor node is limited. How to balance 
the transmission speed and the security and how to 
save the energy in the sensor nodes to prolong the life 
of the network are challenging questions for 
improving the performance of wireless sensor 
networks [1-3]. Moreover, harsh environments may 

make sensor replacement very difficult. How to 
transmit the data to the destination or sink node under 
the condition that the energy in each sensor node is 
limited is an urgent task to solve. 
 
 
2. Related Work 
 

Many researchers have studied the route selection 
method in WSNs. Existing route selection schemes 
may be classified into two types: trust degree based 
schemes and shortest path based schemes. In trust 
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degree based schemes, a random disperse route 
method based node behavior trust model and node 
replication attack is proposed in which three types of 
attacks, i.e., node replication attack, node failure 
attack and node denial of service attack, can be 
avoided effectively. Zhang et al. proposed a trust 
aware routing framework for wireless sensor network 
(TARF) [4] in which route strategy is based on trust 
degree and energy cost. This strategy can prevent 
malicious nodes from resetting the route information 
to mislead the network traffic. Hsieh et al. proposed 
the scheme of adaptive secure design with malicious 
node detection in cluster based sensor network  
(Sec-CBSN) [5]. The idea of this scheme is that 
different kinds of trust degree calculation method can 
be performed on the basis of different roles and 
centralized trust management is adopted and the 
black/white name list is broadcasted to the entire 
network in order to prevent a node with low trust 
degree from participating in the route forwarding. 
Song et al. put the trust degree into the lower energy 
adaptive clustering hierarchy (LEACH) algorithm. 
Based on the distributed evaluation mechanism [6], 
this scheme chooses the candidate cluster head with 
the highest trust degree as the next router in order to 
prevent a malicious node from serving as the cluster 
head. Wang et al. proposed the LEACH TM scheme 
which is an improvement of LEACH based on trust 
value [7]. In this scheme, the election of cluster head 
and the formation of the cluster structure are 
optimized based on the trust degree to recognize the 
malicious packets to reduce packet loss rate. Based 
on node trust value, Wu et al. proposed a hierarchical 
routing algorithm to enhance routing security during 
data transmission in wireless sensor networks [8]. In 
this scheme, various trust factors are defined in 
accordance with node behaviors and the systemized 
trust value is obtained through calculating the 
weighted average of all kinds of direct and indirect 
trust values. At the same time, the trust value is 
combined with the density and the distance between 
nodes to select the backbone nodes of the network. 

According to the design of these schemes, the 
energy can be utilized efficiently and the network life 
can thus be prolonged. But the transmitted data is 
divided into several parts, which will be recombined 
when they reaches the destination. Due to energy 
limitation of wireless sensor nodes, the fact that a 
node needs to maintain the route table continuously 
consumes too much energy, which results in reduced 
network life, on the other hand, all of data is 
collected in the destination node, thus making the 
security of the destination node the focus. The third 
disadvantage of these schemes is that the path length 
is not the factor for consideration so that transmitted 
data may be discarded for exceeding the life cycle 
during the transmission. 

Another type of scheme is based on the shortest 
path, that is, the rule for selecting route is the path 
length based on, for example, the Dijkstra and the 
Floyd scheme. In such schemes, all the data are 
transmitted on a single path instead of being divided 

into multiple parts. But the security of the path is not 
considered. Once any part of the data is attacked 
along the path, the destination node will receive the 
fake data resulting in all of data be retransmitted. As 
everyone knows that the energy of transmitting data 
consumes much more energy than that of computing 
in wireless sensor nodes, retransmission may lead to 
the reduction of network life. 

Due to the lack of global consideration on data 
transmission path, all the above schemes focus on the 
single network risk factor and ignore the fault and 
security of the route path itself. This paper presents a 
secure data transmission scheme (SDTS) in which 
path length and path trust degree are based upon as 
the references for route selection through 
comprehensive consideration.  

The proposed SDTS scheme has the  
following advantages: 

1) In the scheme, one secure and efficient path is 
calculated before data transmission begins. Data is 
then transmitted in whole in stead of being divided 
into multiple parts. So, the life of the network can be 
prolonged through saving the energy for data 
retransmission. 

2) In this scheme, the trust degree is based on the 
whole path rather than on single node in the path. The 
advantage of this method is to improve the security 
performance of the path. 

3) In this scheme, relay nodes successively join 
the data transmission path between the source node 
and the destination node. The relay nodes are selected 
based on the trust degree of the path and the path 
length is the distance between the source node and 
the relay node. 
 
 
3. The Proposed Scheme 
 
3.1. Directional Correlation Neighbor Graph 

(DRNG) 
 
The Directional Correlation Neighbor Graph 

(DRNG) algorithm [9-12] finds neighboring nodes by 
the means of three phases: information gathering 
phase, topology construction phase and bi-directional 
link topology construction phase. 

1) Information gathering phase (finding the set of 
reachable neighboring nodes). The wireless node 
expressed as u gets its location information through 
the global positioning system (GPS) module. The 
node then periodically broadcasts a hello message to 
its neighbors based on its maximum transmission 
power through a wireless transmission module, which 
includes its ID, maximum transmission energy and 
position information. Every wireless node that 
receives the hello information will determine the 
scope of neighbor which is R

uN . 
2) Topology construction stage (defining the set 

of neighboring nodes). The topology construction is 
illustrated in Fig. 1.  
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Fig. 1. Topology construction. 
 
 

There are three nodes in the Fig. 1, which are 
expressed as u, v and p. If there exists R

uv N∈ , there 
doesn’t exist another node p which satisfies not only 

R
up N∈  but also ( , ) ( , )w u p w u v< , ( , ) ( , )w p v w u v<  

and ( , ) pd p v r≤ , then the node v is picked as the 
neighbor of the node u, where ( , )w u p  is the weight 
function between node u and node p, ( , )w u v  is the 
weight function between node u and node v, ( , )w p v  
is the weight function between node p and node v, 

( , )d p v  is the Euclidean distance between node p and 
node v and pr  is the maximum transmission range. 
All the nodes that satisfy the above conditions of 
node v form the neighbor set of node u. 

(3) Bi-directional link topology construction 
phase. In this phase, the main work is to ensure the 
bi-directional links among nodes in the wireless 
sensor network and all links among sensor nodes 
need to be added or deleted. 
 
 
3.2. Time of Arrival (TOA) 
 

The method of Time of Arrival (TOA) is one type 
of wireless location techniques to measure the 
distance between the neighbor nodes [13-15]. That is, 
the distance calculation method of TOA is based on 
the transmission time of wireless radio wave from the 
sender to the receiver and the transmission speed of 
wireless Radio Frequency (RF). The distance 
measurement process of TOA includes two 
symmetrical measurements and once distance 
correction, the distance measurement principle of 
TOA is illustrated in Fig. 2.  

During the process of the first distance 
measurement, node 1 sends the packet to node 2 and 
receives the reply from node 2. The transmission 
delay time T1 of node 1 is the time from sending the 
packet to receiving the reply. The disposal delay time 
T2 of node 2 is the time from receiving the packet of 
node 1 to returning the reply to node 1. During the 
process of the second measurement, node 2 sends the 
packet which includes T2 information to node 1 and 
receives the reply from node 1. Similarly, the 
transmission delay time T3 is calculated by node 2 

and the disposal delay time T4 is calculated by 
node 1. At last, node 2 sends the packet which 
includes T3 information to node 1. 
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Fig. 2. Distance measurement in TOA. 
 
 

The signal transmission distance is the distance 
between nodes, which is expressed by d , so 4d  are 
produced during the whole measurement process. In 
this paper, the distance mean value is adopted as the 
last distance correction of the adjacent nodes.  
 
 
3.3. Determining the Time for Starting  

Data Collection  
 

At first, the GPS [16-18] module in a sensor node 
starts and the receiver in the module receives the 
satellite signal and extracts the time signal as the 
synchronization time to start the time synchronization 
unit. Sensor nodes begin to collect data after finishing 
time synchronization.  

The time synchronization unit of the GPS module 
in sensor terminal collector is switched to sleep state 
after finishing the synchronization. There is one time 
interval from the previous time synchronization to the 
next time synchronization, which is between ten 
seconds to two hours. The time range of the time 
synchronization unit in the GPS module is about five 
minutes, that is, the process of the GPS 
synchronization lasts one minute if the GPS unit 
executes a cold start and lasts five minutes if the GPS 
unit executes a hot start. The data collector time is 
postponed five minutes from time synchronization. 
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3.4. Measuring the Distance Between 
Neighboring Nodes 

 
In this scheme, every node gets its location 

information through the GPS module, then, begins to 
search its neighboring nodes by using the Directional 
Correlation Neighbor Graph (DRNG) algorithm, 
which includes three phases: information gathering 
phase, topology construction phase and bi-directional 
link topology construction phase. The distance 
between adjacent nodes is calculated through the 
means of time of arrival (TOA) measurement method 
located in the GPS time synchronization unit. 
Without loss of generality, the path length between 
adjacent nodes is calculated using the  
following formula:  

 
 1 1 2 2(t t t t )

4
i j j i

ij

v
d

× − + −
=  (1) 

 
The formula is based on the principle of TOA 

where the adjacent nodes are expressed as nodes i 
and j, ijd  is the distance between nodes i and j, v  is 
the wireless RF signal transmission rate among 
nodes, 1it  is the data transmission time of node i 
during the first measurement process, which is from 
sending the data of node i to receiving the reply from 
node j, 1jt  is the processing time of node j during the 
first measurement process, which is from receiving 
data from node i to sending the reply of node j, 2jt  is 
the data transmission time during the second 
measurement process, which is from sending the data 
of node j to receiving the reply of node I and 2it  is 
the processing time of node i during the second 
measurement process, which is from receiving the 
data of node j to sending the reply of node i. 
 
 
3.5. Calculating the Degree of Trust 
 

Trust Model based on Probability adopts 
probability method to express trust degree, typical 
representatives are the Beth trust model [19] and 
Jøsang trust model [20]. Beth trust model divides the 
trust into direct trust and indirect trust. Based on the 
expectation of the entity accomplishing the task, the 
Probability of the entity accomplishing the task is 
calculated according the positive experience and the 
negative experience, and the probability is the 
measurement of the entity’s trust degree. Jøsang et al. 
presents a kind of subjective logic trust model based 
on binomial posterior probability Beta distribution 
function, the evidence space and the opinion space 
are introduced to describe and measure the trust 
relation in this model, one set of subjective logic 
operators are presented to derive and calculate the 
trust degree. Evidence space is made up of a series of 
observable events produced by entities, entity event 
is simply divided into positive event and negative 

event during the process of the two-dimensional 
subjective logic, the trust degree of the probability on 
certain events produced by entities is calculated by 
binomial posterior probability Beta distribution 
function. Opinion space is made up of subjective trust 
evaluations on a series of declaratives and 
propositions, the subjective trust degree is expressed 
as quaternion(b, d, u, a), where b is the trust degree 
for the proposition, d is the distrust degree for the 
proposition, u is the uncertainty degree for the 
proposition, a is the base rate. 

The method for calculating the degree of trust 
between neighbor nodes adopts the Trust Model 
based on Probability. 

Based on the initial trust value of every relay 
station node, the trust degree of each relay node is 
calculated according to the communication state of 
two adjacent relay nodes based on the  
following formula: 

 
 1

2
im

im
im im

g
T

g b
+

=
+ +

 (2) 

 
In the formula, imT  is the trust degree of node i 

from the point of view of node m, img  is the number 
of successful communications between nodes i and m 
and imb is the number of failed communications 
between nodes i and m. 
 
 
3.6. Selecting Data Transmission Paths 
 

1) First, every sensor node stores its ID and the 
location information in the microprocessor. After 
receiving the synchronous signal, the sensor node 
starts to collect data. 

2) Every sensor node searches all of its neighbor 
nodes. According to Formula (2), we can calculate 
the degree of trust imT  for the relay node and 
calculate the path length between two adjacent relay 
nodes based on Formula (1).  

3) The sensor responsible for transmitting the 
collected data stores imT  and ijd  in its data 
processing unit. For instance, after searching for all 
the neighbor nodes, the first sensor node stores the 
calculated value imT  and ijd  in the data processing 
unit of the first node. 

4) According to the following formula: 
 

 
im

im

d
imim t

im

w
P w T

d
= +  (3) 

 
The comprehensive evaluation index of P  can be 

calculated by the sensor. At first, the first sensor node 
calculates the path length 1 jd  which is distance from 
the first sensor node to its neighbor nodes. Then, it 
calculates the degree of trust mean value 1mT  based 
on the following formula: 
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in the third step. After setting the path length weight 

imdw  and the degree of trust path mean weight 
imtw , 

the first sensor node calculates the comprehensive 
evaluation index imP  on each path respectively. 

5) Denote the corresponding path length as 2md  
whose imP  value is the biggest. Then, the next node 
in the path is the second relay node. 

6) The previous node passes the data to the next 
node in order to transmit it to the next relay node. 

7) The relay node who receives the collected data 
decides whether the selected neighbor node is the 
base station. If the answer is false, the process returns 
to Step (2). If the answer is true, the process will 
continue to the next step. 

8) The neighbor node sends the stored data to the 
base station along with the chosen path. 
 
 
4. An Example Using the Scheme 
 

1) The whole topology includes wireless sensor 
terminal S, wireless sensor relay station A, B and C, 
and the base station as shown in Fig. 3. 
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Fig. 3. Topology graph of the routing  
selection scheme. 

 
 

2) All of the sensors find their location through 
GPS. The base station’s ID is stored in the Micro 
Processor Unit (MPU) of these sensors. The direct 
degree of trust of each sensor is calculated through 
the means of the Truth Model based Probability. The 
degree of trust of every wireless sensor and the 
distance among these sensors are displayed in Fig. 3. 

3) After searching its neighbor node A and C, 
node S uses two indices, i.e., the degree of trust and 
the distance, as the criteria to decide which node is 
the destination sensor node and uses Formula (3) to 
determine the selected path, where dw  and tw  are 
the weight factors in the formula. In Fig. 3, the 
lengths of two path are 11d =5 and 12d =8, the 
corresponding mean degrees of trust of two paths are 

11T =(1.0+0.6)/2=0.8 and 12T =(1.0+0.9)/2=0.95 
assuming dw  = tw =0.5. The results of evaluating 
indicator P  are 11P  = 0.5 and 12P =0.538. We then 
choose the path with the larger P  as the data 
transmission path. Thus the next relay station for 
node S is node C. 

4) Based on the path selected in Step (3), the relay 
station C continues to find its neighbor node B and 
the base station using the same method. As the result, 
two paths are found, i.e., S-C-base station and S-C-B, 
with the corresponding path lengths 21d =21 and 

22d =10 and the corresponding mean degree of trust 

values 21T =0.967 and 22T =0.933. The 
corresponding evaluating indicators are thus 

21P =0.507 and 22P =0.517. Therefore, the path to be 
selected is S-C-B due to the larger 22P . The collected 
data in the relay station C is then transmitted to the 
relay station B. 

5) Based on the selected path in Step (4), the relay 
station B continues to search for the base station as 
its next neighbor node and the relay station B then 
transmits its data to the base station. 

Thus, the best path is S-C-B-base station. 
 
 

5. Conclusion 
 

In this paper, we present a secure and efficient 
route selection scheme from the point of application 
of wireless sensor networks. In this scheme, the 
function design of sensor node hardware and the 
routing selection method are designed and two 
factors, the degree of trust and the path length, are 
considered. Then, the route selection method finds 
the appropriate transmission node between the source 
node and the destination node until the collected data 
is transmitted from the collection terminal to the base 
station along the selected path. We also use an 
example at the end of the paper. In the future, we will 
extend the degree of trust to include indirect degree 
of trust. 
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Abstract: This study analyzed the use of LDPC codes as error control coding in energy-efficiency of wireless 
sensor network nodes. Meanwhile, it provided the application scheme of LDPC codes in wireless sensor 
networks, which adopts regular LDPC codes with various code length and code rate of 0.5. The result shows 
that LDPC codes, as the error control coding, is quite suitable for energy-constrained wireless sensor networks 
after simulating by MATLAB. Copyright © 2013 IFSA. 
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1. Introduction 
 

Wireless sensor networks (WSN) was developed 
in the late 1990s. Its emergence has stirred up a new 
technical revolution. Wireless sensor networks are 
composed of vast inexpensive sensor nodes. These 
nodes build in sensors with various functions to 
measure temperature, humidity, pressure and other 
signals. In combination with sensor technology, 
embedded computing technology, wireless 
communication technology, distributed information 
processing technology, etc, wireless sensor networks 
send the obtained information, after being processed, 
to the client by way of self-organized multi-hop relay. 
Wireless sensor networks have very important 
scientific values in numerous areas including space 
surveillance, environmental protection, disaster 
prevention, industrial control, agriculture warning, 
medical monitoring and smart home. Furthermore, 
the developments of micro electromechanical system-
based micro-sensor technology and wireless 

networking technology have given them broad 
application prospects. 
 
 

2. Error Control Coding in Wireless 
Sensor Networks-LDPC Codes 

 
It is known that any channel will be interfered by 

interference sources, along with certain path loss. 
This is especially true for wireless channel. Dates in 
wireless channel have low reliability, high 
transmission error rate and vulnerability to 
interference. In order to solve this outstanding 
problem, one way is to increase nodes transmit power 
or adopt the technology of Error Control Coding 
(ECC), also known as Channel Coding and 
Decoding. Since the wireless sensor network node is 
energy constrained, the increase in transmit power 
will accelerate the energy consumption of nodes, 
resulting in their premature death. If error control 
technology is applied to wireless sensor networks, the 
process of error control coding is bound to consume 
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certain energy. However, the adoption of efficient 
coding and decoding algorithm will reduce the nodes’ 
energy consumption and finally the effective usage of 
energy as well as stability of wireless sensor 
networks. LDPC codes in the study are just a kind of 
efficient error control coding.  

LDPC (Low Density Parity Check Code) codes 
belong to linear block code. They can be expressed 
by sparse matrix, with only a few codes “1” and the 
rest as “0” in their parity check matrix. Since their 
parity check matrix is sparse matrix, LDPC codes 
have a low computation complexity, but near-
Shannon performance [1]. It is likely that LDPC 
codes become the key technology for error control of 
the new generation communication systems (4G). 
Therefore, the application of LDPC codes, in the 
wireless sensor networks for error control, will 
definitely become a hot spot for researchers. 
 
 
3. Energy Consumption of LDPC Codes 
 

Information sending is the most energy 
consuming process in wireless sensor network nodes. 
To secure the reliability of the information, the 
approach of increasing output power is generally 
applied to low efficiency nodes. This will certainly 
speed up the nodes’ energy consumption. Another 
approach is to add error control coding. There are 
various kinds of error control coding including the 
simple automatic repeat request and forward error 
correction [2]. As a new error control technology 
applied to wireless sensor networks, whether LDPC 
codes could improve system’s reliability and prolong 
the life-cycle in the meantime? It has been discussed 
below. 

Error control technology can greatly improve the 
system’s reliability, and its algorithm process can also 
consume part of energy. For the nodes applying error 
control technology, the energy consumption of 
information transmission is the sum of energy 
consumption from information transmission and error 
control.  

Firstly, an energy model is established to 
stimulate the energy consumption of wireless sensor 
networks nodes. Based on the energy consumption 
model put forward by Burrell J., the energy needed 
for sending and receiving 1 bit information is defined 
as E. Then its energy value is expressed as: 
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where Et represents the node’s energy consumption 
while sending information; 

Er is the node’s energy consumption while 
receiving information; 

K is the length of information bits in LDPC codes 
(N, K); 

Ey represents the energy consumption of decode 
during error control arithmetic. 

Since the energy consumption of LDPC coding is 
too little to be counted in the model, Ey represents 
only the node’s consumption during decoding.  

 
 dY EnE ×=  (2) 

 
In Equation (2), n represents the number of 

iterations during decoding, Ed is the energy 
consumption for every iteration. It shows that there is 
a linear relationship between the calculation of LDPC 
codes during decoding algorithm in error control and 
the number of iterations, that is, the more the number 
of iterations is, the more energy consumption of the 
decoding algorithm. 
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In Equation (3) and (4), Pte is the power for 

sending data;  
P0 is the average transmit power;  
V is the transmission rate;  
Pre is the power of the nodes before sending data 

and after startup;  
Tts means the time between startup and sending 

data for the nodes;  
Pre is the power for receiving data;  
Prs is the starting power of the notes before 

receiving data;  
Tn is the starting time for receiving data.  
Based on Equation (3) and (4), the values of Pts 

Tts and Prs Trs are certain. It is sending power Pte, 
receiving power Pte, and code rate of LDPC codes R 
that really affect Et and Er,  
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For the convenient calculation of energy 

efficiency η, q1 is defined as the energy consumption 
of the nodes for valid data transmission and q1 as the 
rest energy consumption. Then the energy needed for 
sending and receiving 1 bit can be expressed as 
Equation (6): 
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By the definition of energy efficiency, 
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Equation (9) denotes the ratio of energy 

consumption for effective information transmission 
to the total energy consumption of the nodes. 

q1k is the energy consumption of transmitting K 
effective sequences, 

q1N+q2+ nEd is the total energy consumption 
including transmitting N code words and node 
decodes. Substituting Equation (7) and (8) into 
Equation (9), it can be obtained: 
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Considering the influence of the rate of the 

correct responsive information sequences via 
decoding algorithm to information transmit, namely 
BER(Bit Error Rate), the received effective energy 
efficiency can be finally defined as:  
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BER performance reflects error correction 

capability of coder-decoder. In a given 
communication frequency, signal-to-noise ratio of 
non-frequency-selective Rayleigh fading is: 
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In the above equation, ω is the path loss factor;  

d is the distance between the two nodes.  
At the same BER, the reduction of sending power 

P0 requires the increase of system’s signal-to-noise 
ratio. With the hardware parameters of Mica2 
produced by Crossbow company as a reference, q1 is 
1.32 ηJ/bit, q2 is 37ηJ, and the value of q2 can be 
negligible when transmitting large amount of 
information. Then Equation (11) can be expressed as: 
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Substituting the average power p0 into formula 

(13), we can obtain the relationship between energy 
consumption ratio for effective information 
transmission ηe and signal-to-noise ratio Eb/No.  
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The red curve in Fig. 1 represents BER simulation 
curve that haven’t applied error control coding 
system. The black curve represents BER curve with 
LDPC codes length of 1024, minimum-sum decoding 
algorithm and 25 iterations. Fig. 1 shows SNR of 
LDPC codes is 2 dB at the CER of 10-4. While the 
SNR that haven’t applied error control technology is 
8 dB, so there is a margin of 6 dB. It is estimated 
that, using error control technology of LDPC codes, 
the sending power of wireless sensor has reduced by 
50 %–70 % than the system not applying it [3]. 
 
 

 
 

Fig. 1. BER curve of wireless sensor nodes  
between those have applied error control and those  

haven’t applied ones. 
 
 
4. Performance Analysis LDPC Codes  

in Wireless Sensor Networks 
 
4.1. Structure of LDPC Codes 
 

Generally, construction rules and irregular 
construction rules, adopted by LDPC codes, have 
their advantages and disadvantages. The former has 
simple, short code structure, good performance, 
whose algorithm is easy to be implemented. The 
latter has a better short code performance with more 
difficult structure. As the error control coding, LDPC 
codes should be designed based on the function of 
nodes, configuration of hardware and software as 
well as distribution environment. That is especially 
true for the design of code length, bit rate, encoding 
and decoding methods, and the number of iterations, 
etc. In addition, energy-efficiency of the nodes 
should be taken into fully consideration [4]. 

For the convenient analysis of LDPC codes’ 
performance, we use (n, 3, 6) to express a regular 
code with the code rate of 0.5, the column weight 
of 3 and the row weight of 6. 

Due to the characteristic of wireless sensor 
networks, the general node is low in operation speed. 
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So the low complexity and high-efficiency should 
both be considered when choosing encoding and 
decoding algorithm. This study adopts RU encoding 
algorithm and the efficient minimum-sum decoding 
algorithm [5].  
 
 
4.2. Performance Analysis of LDPC Codes 
 

Simulated by MATLAB, the code lengths of 
LDPC codes are 64, 256 and 1024, which belong to 
short code, medium-short code and medium-long 
code, respectively. The relative numbers of iterations 
are 10, 25 and 50. Using pseudo-random binary 
sequence as system’s input signal and BER curve as 
simulation results, the final results are shown in 
Fig. 2, Fig. 3 and Fig. 4. 
 
 

 
 

Fig. 2. BER curve for 10 iterations. 
 
 

 
 

Fig. 3. BER curve for 25 iterations. 
 
 
It can be concluded from the above simulation 

diagram that the performance of medium-long code is 
always the best no matter how many iterations. But 
its advantage is very limited in case of low number of 

iterations [6]. With the increase in the number of 
iterations, BER of the medium-long code decline 
rapidly at the same SNR, its performance also lifts 
several orders of magnitude; the performance of the 
medium-short code also lifts, despite only one order 
of magnitude; there is very limited performance 
improvement for short code. To some extent, 
iterations determine BER performance, which does 
not mean the more iterations, the better the 
performance of the whole system is. The number of 
iterations in Fig. 4 is two times that in Fig. 3, but the 
performance improvement is very limited regardless 
of the code length. The increase in the number of 
iterations shows the increase in computing time of 
wireless sensor networks as well as more energy cost, 
and then the lifetime of the sensor will be reduced. 
Therefore, it is necessary to select the appropriate 
code length and number of iterations in order to apply 
LDPC codes to wireless sensor networks. 

 
 

 
 

Fig. 4. BER curve for 50 iterations. 
 
 

5. Conclusion 
 

This study has established energy model for 
research of node energy consumption in wireless 
sensor networks. Simulation results show that the 
application of LDPC codes, as the error control 
coding in wireless sensor networks, can improve 
system’s reliability, reduce energy consumption of 
the node, thus prolong the lifetime of wireless sensor 
networks. With the selection of LDPC codes, various 
construction methods can be adopted, and it is better 
to choose the medium-long code with better 
performance. The iterative time of decoding is a 
critical parameter. Less number of iterations will 
affect the system’s reliability. Yet, more number of 
iterations will speed up energy consumption and 
reduce the energy efficiency of the entire wireless 
sensor networks. It can be concluded the application 
of LDPC codes in wireless sensor networks can 
greatly enhance the reliability and energy efficiency 
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of the system which has certain requirements for the 
date accuracy. The advantage of LDPC codes is more 
obvious in poor communication conditions.  
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Abstract: Wireless sensor network (WSN), as an integrated network which can perform information gathering, 
processing and delivering, can connect the real world and logistic information world. It is greatly changing the 
interaction between people and nature. There are wide potential applications for wireless sensor network, such 
as industry, agriculture, military affairs, environment monitoring, biomedicine, city managing and disaster 
succoring. The problem of evaluating security of Wireless Sensor Network (WSN) with uncertain linguistic 
information is the multiple attribute group decision making (MAGDM). In this paper, we investigate the 
multiple attribute group decision making (MAGDM) problems for evaluating the wireless sensor network 
(WSN) security with uncertain linguistic information. We utilize the uncertain linguistic weighted averaging 
(ULWA) operator to aggregate the uncertain linguistic information corresponding to each alternative and get the 
overall value of the alternatives, then rank the alternatives and select the most desirable one(s) by using the 
formula of the degree of possibility for the comparison between two uncertain linguistic variables. Finally, an 
illustrative example is given. Copyright © 2013 IFSA. 
 
Keywords: Multiple attribute group decision-making (MAGDM), Uncertain linguistic information, Uncertain 
linguistic weighted averaging (ULWA) operator, Network security evaluation. 
 
 
 
1. Introduction 
 

As the next generation network, wireless sensor 
networks (WSN) is developing rapidly for the widely 
potential applications in military and civilian areas. It 
is a kind of network which integrates different 
technologies (including the technology of wireless 
communications, computer networks and data 
transmission and sensor signal processing etc.) into 
one, to provide context-aware web services and 
information. It is a hot spot in the current research. 
Since context-aware service and information 
provided in WSN are always related to users' 

personal privacy and security, the security evaluation 
and corresponding defense issues become particularly 
important. For the increasingly complex and severe 
security environment of WSN, the traditional 
assessment techniques of computer network security 
have been insufficient to meet this requirement. The 
traditional intrusion detection tools can only deliver 
alerts on limited knowledge of attacks, while the alert 
stream is always poor in quality and can easily be 
over-whelming, which makes it very hard to know 
how much threat the detected attacks pose to the 
network and which security states the hosts are in. 
Meanwhile, the traditional security assessment 
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approaches can’t assess the real time security 
situation. These problems make the security operators 
very difficult to know the current security threat and 
situation by the traditional security tools. Network 
security threat and situation assessment aims to 
extract knowledge of current security threat and 
situation from raw security data reported by 
traditional security tools, through the techniques of 
data fusion, and predict the future security situation 
based on historical security information and the 
present attacks.  

And the problems for evaluating the wireless 
sensor network (WSN) security with uncertain 
information is the multiple attribute group decision 
making (MAGDM) problems [1-7]. The aim of this 
paper is to develop the appraisal model of wireless 
sensor network (WSN) security with uncertain 
information. The remainder of this paper is set out as 
follows. In the next section, we introduce some basic 
concepts related to uncertain variables. In Section 3 
we introduce the MAGDM problem deal with 
appraisal model of wireless sensor network (WSN) 
security with uncertain information, in which the 
information about attribute weights is completely 
known, and the attribute values take the form of 
uncertain information. Then, we utilize the uncertain 
linguistic weighted averaging (ULWA) operator to 
aggregate the uncertain information corresponding to 
each alternative and get the overall value of the 
alternatives, then rank the alternatives and select the 
most desirable one(s) by using the formula of the 
degree of possibility for the comparison between two 
uncertain variables. In Section 4, an illustrative 
example is pointed out. In Section 5 we conclude the 
paper and give some remarks. 
 
 
2. Preliminaries 
 

Let { }1,2, ,iS s i t= =  be a linguistic term set 

with odd cardinality. Any label, is  represents a 
possible value for a linguistic variable, and it should 
satisfy the following characteristics [8-12]: 1) The set 
is ordered: i js s> , if i j> ; 2) There is the negation 

operator: ( )i jneg s s=  such that 1j t i= + − . For 
example, S can be defined as 

 

1 2

3 4 5

6 7

{ , ,
, , ,

, }

S s extremely poor s very poor
s poor s medium s good
s very good s extremely good

= = =
= = =
= =

 

 
Let [ , ]s s sα β= , where ,s s Sα β ∈ , sα  and 

sβ  are the lower and the upper limits, respectively. 

We call s  the uncertain linguistic variable. Let S  be 
the set of all the uncertain linguistic variables. 

Definition 1. Let ULWA : nS S→ , if  
 

 ( )1 2

1 1 2 2

ULWA , , , n

n n

s s s
s s s
ω

ω ω ω= × ⊕ × ⊕ × ,
 (1) 

 
where ( )1 2, , , nω ω ω ω= is the weighting vector 
of uncertain linguistic variables 

( ), 1, 2, ,i is s S i n∈ =  with [ ]0,1iω ∈ , 

1

1
n

i
i

ω
=

=∑ , then the function ULWA is called the 

uncertain linguistic weighted averaging (ULWA) 
operator of dimension n [8]. 

Definition 2. Let
1 11 ,s s sα β⎡ ⎤= ⎣ ⎦  and 

2 22 ,s s sα β⎡ ⎤= ⎣ ⎦  be two uncertain linguistic 

variables, and let ( )1 1 1len s β α= − , 

( )2 2 2len s β α= − , then the degree of possibility of 

1 2s s≥  is defined as [8-12] 
 
( )

( ) ( ) ( )( )
( ) ( )

1 2

1 2 2 1

1 2

max 0, max , 0

p s s

len s len s
len s len s

β α

≥

+ − −
=

+

 (2) 

 
 
3. An Approach to Evaluating Wireless 

Sensor Network Security with 
Uncertain Linguistic Information 

 
Advances in Micro Electro-Mechanical System 

(MEMS) technologies, embedded computing 
technologies and wireless communication 
technologies have enabled the development of 
relatively inexpensive and low-power-consumption 
micro sensors with the capability of sensing, 
computing and communicating. Composed of a large 
number of these sensor nodes, a Wireless Sensor 
Network (WSN) can be used for detecting, collecting 
and analyzing the information of complex 
environments in real time. It has a wide range of 
applications in military communication, environment 
monitoring, traffic control, personal health 
monitoring, home networking, etc. The following 
assumptions or notations are used to represent the 
multiple attribute group decision making problems 
for evaluating the network (WSN) security with 
uncertain linguistic information. Let 

{ }1 2, , , mA A A A=  be a discrete set of 

alternatives, and { }1 2, , , nG G G G=  be the set of 

attributes, ( )1 2, , , nω ω ω ω=  is the exponential 
weighting vector of the attributes 
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( )1,2, ,jG j n= , where [ ]0,1jω ∈ , 

1
1

n

j
j
ω

=

=∑ . Let { }1 2, , , tD D D D=
 
be the set of 

decision makers, and ( )1 2, , , tν ν ν ν=  be the 

weight vector of decision makers, where [ ]0,1kν ∈ , 

1

1
t

k
k

ν
=

=∑ . Suppose that ( )( )k
k ij m n

R r
×

=  is the 

decision matrix, where ( )k
ijr S∈  is a preference 

value, which takes the form of uncertain linguistic 
variables, given by the decision maker kD D∈ , for 

the alternative iA A∈  with respect to the attribute 

jG G∈ . 
In the following, we apply the ULWA operator to 

MAGDM for evaluating the wireless sensor network 
(WSN) security with uncertain linguistic information. 

Step 1. Utilize the decision information given in 
matrix kR , and the ULWA operator which has 

associated weighting vector { }1 2, , , tν ν ν ν=  

 
 ( ) ( ) ( )( )1 2ULWA , , , t

ij ij ij ijr r r rν= , 

1, 2, , , 1, 2, ,i m j n= = . 
(3) 

 to aggregate all the decision matrices 
( )1,2, ,kR k t=  into a collective decision matrix 

( )ij m n
R r

×
= , where { }1 2, , , tν ν ν ν=

 
be the 

weighting vector of decision makers. 
Step 2. Utilize the decision information given in 

matrix R , and the ULWA operator 
 

 ( )1 2=ULWA , , ,i i i inr r r rω , 

1, 2, ,i m= . 
(4) 

 
to derive the collective overall preference values 
( )1,2, ,ir i m=

 
of the alternative iA , where 

( )1 2, , , T
nω ω ω ω=

 
I s the weighting vector of 

the attributes. 
Step 3. To rank these collective overall 

preference values ( )1,2, ,ir i m= , we first 

compare each ir  with all the ( )1,2, ,jr j m=  by 

using (2). For simplicity, we let ( )ij i jp p r r= ≥ , 

then we develop a complementary matrix 

as ( )ij m m
P p

×
= , where  

0ijp ≥ , 1ij jip p+ = , 0.5iip = , 

, 1, 2, ,i j m=  
 

Summing all the elements in each line of 
matrix P , we have 

 

1
, 1, 2, ,

m

i ij
j

p p i m
=

= =∑ . 

 
Step 4. Rank all the alternatives 
( )1,2, ,iA i m=  and select the best one(s) in 

accordance with ( )1,2, ,ip i m= . 
Step 5. End. 

 
 
4. Illustrative Example 
 

Wireless sensor network (WSN), as an integrated 
network which can perform information gathering, 
processing and delivering, can connect the real world 
and logistic information world. It is greatly changing 
the interaction between people and nature. There are 
wide potential applications for wireless sensor 
network, such as industry, agriculture, military 
affairs, environment monitoring, biomedicine, city 
managing and disaster succoring. In this section, we 
present an empirical case study of implementing 
network security system selection. The desirability 
levels of five possible alternatives of information 
systems ( )1,2,3,4,5iA i =

 
are evaluated. The 

team of experts must take a decision according to the 
following four attributes: 1) G1 is physical and 
environmental security; 2) G2 is the administrative 
security; 3) G3 is the network communication 
security; 4) G4 is the system security. The five 
possible projects ( )1,2,3,4,5iA i =  are to be 

evaluated using the linguistic term set S  by the three 
decision makers ( )1,2,3kD k =  (whose weighting 

vector ( )0.25,0.40,0.35ν = ) under the above 
four attributes (whose weighting vector 

( )0.20,0.10,0.40,0.30 Tω = ), and construct, 
respectively, the decision matrices as follows 

( )( ) ( )
5 4

1, 2,3k
k ijR r k

×
= = : 

 

1 2 3 4

1 1 2 3 4 3 5 3 6

2 3 4 2 4 4 5 2 3

1 3 4 5 3 7 1 2 5 6

4 2 3 2 4 3 5 4 5

5 2 4 3 4 2 3 4 5

[ , ] [ , ] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]

G G G G
A s s s s s s s s
A s s s s s s s s

R A s s s s s s s s
A s s s s s s s s
A s s s s s s s s

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟=
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠  
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1 2 3 4

1 1 2 2 4 3 4 4 5

2 1 3 2 3 1 2 2 4

2 3 2 4 5 7 5 6 3 5

4 2 3 3 4 2 4 2 3

5 6 7 4 5 3 5 3 4

[ , ] [ , ] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]

G G G G
A s s s s s s s s
A s s s s s s s s

R A s s s s s s s s
A s s s s s s s s
A s s s s s s s s

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟=
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠  

 

1 2 3 4

1 2 3 3 5 4 5 3 4

2 1 2 2 4 2 3 4 5

3 3 1 4 4 6 2 4 2 3

4 4 7 2 4 4 5 1 2

5 2 5 5 6 3 4 4 6

[ , ] [ , ] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]

G G G G
A s s s s s s s s
A s s s s s s s s

R A s s s s s s s s
A s s s s s s s s
A s s s s s s s s

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟=
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠  

 
In the following, we apply the ULWA operator to 

MAGDM for evaluating the wireless sensor network 
(WSN) security with uncertain linguistic information. 
To get the most desirable information systems, the 
following steps are involved: 

Step 1. Utilize the decision information given in 
matrix kR , and the ULWA operator which has 

associated weight vector ( )0.2,0.45,0.35 Tν = , 

we get a collective decision matrix ( )ij m n
R r

×
=  as 

follows: 
 

1 2 3 4

1 1.35 2.35 2.60 4.35 3.35 4.60 3.40 4.90

2 1.50 2.90 2.00 3.60 2.10 3.10 2.70 4.10

3 2.15 4.25 4.15 6.65 2.95 4.30 3.15 4.55

4 2.70 4.40 2.40 4.

5

[ , ] [ , ] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]
[ , ] [ ,

G G G G
A s s s s s s s s
A s s s s s s s s

R A s s s s s s s s
A s s s s
A

=

00 2.95 4.60 2.15 3.15

3.60 5.55 4.10 5.10 2.75 4.15 3.60 4.95

] [ , ] [ , ]
[ , ] [ , ] [ , ] [ , ]

s s s s
s s s s s s s s

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠ 

 
Step 2. Utilizing the ULWA operator, we obtain 

the collective overall preference values ir  of the 

information systems ( )1,2,3,4iA i = . 
 

[ ] [ ] [ ]
[ ] [ ]

1 3.69 4.25 2 2.99 3.51 3 3.73 4.63

4 3.20 3.92 5 3.97 4.85

, , , ,

, , ,

r s s r s s r s s

r s s r s s

= = =

= =
 

 
Step 3.  Rank these collective overall preference 

values ( )1,2,3,4,5ir i = , we first compare each ir  

with all the ( )1,2,3,4,5jr j =  by using (2), and 
then develop a complementary matrix: 

0.500 1.000 0.356 0.817 0.194
0.000 0.500 0.000 0.248 0.000
0.644 1.000 0.500 0.880 0.370
0.183 0.752 0.120 0.500 0.000
0.806 1.000 0.630 1.000 0.500

P

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥=
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦  

 
Summing all the elements in each line of 

matrix P , we have 
 

1 2 3

4 5

2.867, 0.748, 3.393
1.556, 3.936.

p p p
p p
= = =
= =  

 
Step 4. Rank all the information systems

 ( )1,2,3,4,5iA i =  in accordance with the overall 

preference values ( )1,2,3,4,5ip i = : 

5 3 1 4 2A A A A A . Thus the most desirable 

information system is 3A  
 
 
5. Results and Discussion 
 

In this paper, we investigate the multiple attribute 
group decision making (MAGDM) problems for 
evaluating the E-commerce risk with uncertain 
linguistic information. We utilize the uncertain 
linguistic weighted averaging (ULWA) operator to 
aggregate the uncertain linguistic information 
corresponding to each alternative and get the overall 
value of the alternatives, then rank the alternatives 
and select the most desirable one(s) by using the 
formula of the degree of possibility for the 
comparison between two uncertain linguistic 
variables. Finally an illustrative example for e-
commerce risk assessment has been given to show 
the developed approach and to demonstrate its 
feasibility and practicality. 
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Abstract: Wireless sensor networks data cleaning and scheduling is one of the important research issues in 
Internet of things theory. The existing data cleaning and scheduling algorithms assume all the data can be loaded 
into the main memory at one-time, which are infeasible for data center. To this end, based on the Internet of 
things data center, a data cleaning and scheduling algorithm is proposed in wireless sensor networks. It proposes 
a scheduling model based on replica firstly, and then by introducing wireless sensor networks mechanisms, it 
presents a data-driven adaptive replica strategy by considering geographic features, network status, and 
application characteristics. This dissertation focuses on Internet of things data center, policy of replica, and 
scheduling mechanism. The experimental results show that the wireless sensor networks environment data 
replica and scheduling algorithm is effective and feasible, and has better expansibility. Copyright © 2013 IFSA. 
 
Keywords: Data center, Scheduling algorithms, Wireless sensor networks, Data cleaning, Internet of things. 
 
 
 
1. Introduction 
 

Internet of Things (IoT) is defined as: The radio 
frequency identification (RFID), infrared sensors [1], 
global positioning systems, laser scanners and other 
information sensing device, according to the 
agreement agreed to anything connected to the 
Internet, the information exchange and 
communication, in order to achieve intelligent 
identify, locate, track, monitor and manage a network. 

IoT information including complex management 
object information, complex sensing device 

information and real-time information of three kinds 
of things [2]. Belong to the basic information of two 
types, the traditional exchange manner can be solved; 
and complex real-time information not only has the 
traditional characteristics of real-time information 
data – a large amount of data, real-time high, but also 
embodies the associated complex, fast growth – data 
exchange and query, high frequency characteristic of 
network information, in the technology on the 
exchange of information put forward higher 
requirements. 

For complex real-time information exchange in 
the management process of the problems encountered, 
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one can replace the server processing ability is 
stronger [3], larger storage capacity, on the other 
hand, can consider to use improved technology and 
appropriate strategies. The following, according to 
the different way of complex information exchange, 
respectively from the database real-time processing 
performance (temporary table), large data files to 
read and analyze performance (memory mapped file 
method), log management (file buffer strategy) were 
analyzed in three aspects, then simple statement on 
the exchange of query optimization strategy. 

With the development of data center, especially 
the emergence of wireless sensor networks 
technology, data center has not only a simple server 
hosting [4], maintenance of the site, focus on high 
performance computers it has evolved into a large 
amount of data storage and computing [5]. Each IT 
manufacturer will be prior to the single unit for the 
server through a variety of ways to become more than 
one group mode, function based on the development 
of such as virtualization, IoT [6], cloud storage and a 
series of efficiency in the use, in order to improve the 
number of units within the server. 

Next-generation data center is not a single 
discipline; it should be an integrated, standardized, 
optimized, virtualized, automated and adaptive 
infrastructure and high-availability computing 
environments [7]. 

Wireless sensor networks is to achieve the 
purpose of collaboration and resource sharing, and 
IoT diversity environment in every kind of machine 
resources reflect the heterogeneous and dynamic and 
user demand, make wireless sensor networks 
resource management environment is extremely 
complex. Scheduling problem has been a hot 
research resource management problem. Because of 
the own characteristics of IoT, data scheduling 
problems in the emergence of new challenges: 
massive heterogeneous resource utilization. IoT 
services depends largely on the success of the level of 
utilization of data center resources, and massive 
heterogeneous data center resource utilization and the 
level of user task scheduling mechanism have great 
relevance. Adopt efficient scheduling mechanism 
which can effectively improve the resource 
utilization is a IoT service providers need  
to be resolved. 

This paper analyzes and summarizes the new 
characteristics of IoT data center, from the expansion 
of wireless sensor networks structure of data center 
and green energy-saving strategy, copy, starting and 
scheduling mechanisms, focusing on these  
three issues. 
 
 
2. Data Scheduling Algorithm 
 

This section using IoT market model, according 
to some user task budget less or users of task 
completion time of all tasks require a higher, resource 
provider cannot complete the user's situation, put 
forward a task scheduling algorithm for quality of 

service driven. This algorithm combines the Min-min 
algorithm for high throughput and linear planning the 
advantages of global optimization, not only takes into 
account all the task of the user, but also considering 
the higher priority task. 

 
 

2.1. IoT Scheduling Model 
 

IoT scheduling model primarily by the Client, 
Broker, resources, wireless sensor networks resource 
providers and the information server, whose 
architecture shown in Fig. 1. 
 
 

 
 

Fig. 1. IoT scheduling model. 
 
 

Users need to perform tasks usually can be 
divided into serial applications, parallel applications 
[8], parameter scanning applications, collaborative 
applications. The system allows the user to set the 
resource requirements and parameters of preferences; 
users through paid use of resources. The agent is the 
intermediate interface between users and resources, 
resource discovery, resource selection, for receiving 
task, returns the scheduling results, exchange of user 
and resource information. Proxy support different 
scheduling policies, according to the needs of users to 
discover resources and scheduling tasks. Agents 
mainly by job control agent, schedule advisor, 
explorer, and trade manager and deployment agent 
components. 

In the wireless sensor networks environment has a 
variety of computing resources, resources of 
computing performance and calculate the price 
attribute. Calculated using MIPS (Million 
Instructions Per Second) performance, property 
prices per unit time G$. In general, the better the 
performance of computing resources is calculated, 
then the higher the price. 
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2.2. Scheduling Problem Description 
 

In the wireless sensor networks environment, the 
service provider can get by leasing out the benefits of 
computing resources [9], and users can buy resources 
to complete some of their own resources on quality of 
service requirements cannot afford to complete the 
task. We assume that the task budget and deadline 
time is limited; users want the total cost of services 
within budget, and task completion time prior to the 
deadline under the premise computing resources to 
complete the task as much as possible. Suppose a 
user-defined enough budget and deadline long 
enough, then the user tasks and deadlines will be in 
the budget completed within the time limit. 

Because the user's budget less or more urgent task 
in itself, may be caused by cloud computing 
resources in the budget and deadline constraints 
cannot be completed tasks [10]. So, we mainly 
discuss how to maximize the number of tasks 
completed in this case. At the same time in all the 
tasks, we also considered in special cases, some more 
important and urgent task [11-12], users hope that 
resources can ensure that the shorter deadline to 
complete these tasks, while the remaining tasks are 
important, the user can accept this kind of task 
completion delay. 

Now, users from all tasks in the separation of a 
class of tasks, such higher-priority task, be sure to be 
completed in a relatively short deadline, we use to 
represent the class HS task; remaining lower priority 
user tasks can be delayed a period of time until the 
last completed before the deadline, with the LS 
represents such tasks. 
 
 
2.3. Task Scheduling Algorithm 
 

Suppose in a wireless sensor networks 
environment, there are m machines { }1 2, ,..., nr r r  and 
some variables shown in Table 1. According to the 
user's requirements, HS task should be completed as 
possible before the HS; LS tasks are completed 
before LST as possible. To ensure high-priority tasks 
can demand complete HS, in the scheduling of such 
tasks, it should be a good allocation of resources to 
the task of calculating the length of the small, so you 
can get more in a period of time to complete the task 
number. 
 
 

Table 1. Parameter Definition. 
 

Variable Definition 
Li The length of the i-th task 

k Number of tasks 

m Number of computing resources 

B Budget data 

Rej J-th performance data is calculated 

So in the task scheduling algorithm, according to 
HS and LS two kinds of different priority tasks, to 
allocate resources to priority Min-min algorithm by 
HS. After performing HS task, because each different 
machine performance, while the size and number of 
assigned tasks are not the same, so the completion 
time of each machine and calculate the cost will be 
different. If using jt  and jy  to represent the j-th 
machine HS task completion time and cost, with b to 
represent all HS tasks executed by the computational 
cost, then 

1

k
jj

b b
=

= ∑ . 

However, if a limited budget or HS task deadline 
urgency, unable to complete the tasks of type HS all, 
it should be the type of task is added to the LS task 
set. In the implementation of LS task, we have driven 
through a linear programming to get an DM 
calculation module LS mapping between tasks and 
resources. We define the structure of each task has an 
attribute sort, when sort = 0, indicates that the task 
HS task; when sort = 1, indicates that the  
task LS tasks. 

In the scheduling process, we assume that: in the 
course of the task cannot be preempted, once the 
machine is started, you can not interrupt the task 
instead perform other tasks, you must complete it 
before proceeding with the remaining tasks. For the 
same type of tasks without precedence, the user is 
concerned whether the deadline of resources to 
complete all tasks. 

We can write: 
 

1
0ij

i
b

i
∈⎧

= ⎨ ∉⎩
 (1) 

 
Because each task performed on a maximum of a 

resource, so we can write  
 

 

1
1, 1,..., ,

k

ij i LS
j

b i k b S
=

≤ = ∈∑  (2) 

 
When will execute LS task, due to the 

implementation of HS types of tasks, each resource 
has already been carried out for a period of time jt , 
while all resources has also obtained the service cost 
b, according to the cut-off time lsT  and the rest of the 
available budget B-b, so we can write 

 
 

1

* *R , 1,..., ,
k

ij j ej ls j j ls
j

b L T t j m b S
=

≤ − = ∈∑  (3) 

 
In the LS task, the scheduling objective is to 

maximize the number of tasks, so have the formula 
(3), so we can write 

 
 

1 1
max ,

k m

ij i LS
i j

b e S
= =

= ∈∑∑  (4) 
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As summary, we can get the maximum task for 
budget and deadline constraints over a number of 
scheduling algorithm, as shown in algorithm 1. 

Algorithm 1. Maximum number of task 
completion scheduling algorithm: 
1)   S←the set of all tasks; 
2)   HSS ←sort = 0 as the set of tasks;  

LSS  ←sort = 1 as set of tasks; 

3)   Initialize HSS , LSS , jt , jb ; 

4)   If ( HSS  =∅ ) then go to step 6; else 
5) Using Min-min algorithm, HS task completion is 

expected to return to b, jt ;  

6) 
LS

S  =
LS

S  � { ie  | ie  not implemented� i HSe S∈  }; 
7)    for (i=1; i<=k; i++) 

for (j=1; j<=n;j ++) 
{ 

8)       if ( ijb ==1 && i LSe S∈ ), Mapping of the i-th 
to the j-task on machine; 

9)        else continue; 
}  

10)  According to the previous generation of 
computing tasks and resources mapping, the 
task scheduler to the appropriate resources to 
perform calculations; 

11)   To accept cloud resource scheduling service 
side results; 

12)     end; 
 
 
3. Simulation Testing and Analysis 
 

To validate our proposed algorithm, this section 
with two classical algorithms Min-min and BGD 
algorithm for comparison: 1) When the total task 
without HS task set when the budget for different 
tasks and deadlines combined application conditions, 
the total number of tasks to complete algorithm 
conditions; (2) When the total number of tasks HS 
tasks vary from 10 % to 80 %, the algorithm in the 
HS task completion rate and task completion rate of 
two aspects. Where HS task completion rate refers to 
the number of tasks completed HS accounted 
percentage of total number of tasks, task completion 
rate refers to the total number of tasks to complete 
(including the completion of the HS task) 
representing the percentage of the total number of 
user tasks. Simulation platform is Cloudsim, 
Cloudsim is a Java-based event-driven simulation 
toolkit for wireless sensor networks, and its main 
goal is to simulate wireless sensor networks 
environment to study the economic model based on 
the calculated effective resource allocation method. 
With 20 compute nodes, each node has 60 computing 
resources, a total of 600 computing resources. Each 
node in the calculation of rates and computing 
resources the same price per unit of time. All nodes 

in the computing resource performance are shown  
in Table 2. 
 
 

Table 2. The time and space overhead for different  
task algorithm. 

 
Task number 60 200 600 2000 

Time 
overhead(ms) 12 10 23 56 

Space overhead(K) 122 202 1024 2134 

 
 

Fig. 2 respectively is the network performance 
test results of three kinds of network mode. We 
designed a simulation experiment; simulation 
experiments are set as follows: 2000 tasks, the size of 
the randomly distributed in 600MI (Million 
Instruction) to 15300MI between. User Tasks budget 
and deadline combinations of parameters are as 
follows: the first group (550000, 6000), the second 
group (900000, 8000), the third group (900000, 
8000), the fourth group (1200000, 11000), fifth group 
(1350000, 14000), the sixth group (1300000, 17000), 
seventh group (1550000, 22000). Type of task the 
user does not define HS, HS task set is empty, so 
there are 2000 LS task set task. 
 
 

 
 

Fig. 2. Each group of budget and deadline corresponding 
task number. 

 
 
6. Conclusions 
 

In this paper, first introduces the concept of 
wireless sensor networks and data center, then aiming 
at the deficiency of traditional data center, 
emphatically introduces the features of IoT data 
center; a detailed analysis of the in wireless sensor 
networks resources in large scale, three important 
problems of heterogeneity and produced: scalability 
and green energy saving, data center network 
structure copy strategy, and scheduling mechanism 
research, research content of this thesis, the 
organizational structure and the contribution  
of this paper. 

For the scheduling problem of this study is the 
meta task scheduling, did not consider the complex 
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task of further decomposition or directed acyclic 
graph tasks. The scheduling of these tasks to 
complete the need to consider the constraints 
sequentially, and the network communication 
overhead and the process waiting problem, meta task 
scheduling is more complicated than. Further 
research is needed to solve these complex  
task scheduling. 
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Abstract: In order to improve the agriculture intelligent control efficiency for wireless sensor networks and 
solve the problem of data transmission, analyzed existing PID algorithm, ensure that one of the core technology 
for wireless sensor network performance. In this paper, Proposed the agriculture IoT and automatic control 
system architecture, put forward a pump frequency regulator PID control algorithm. The system provides the 
details about agriculture intelligent control information for the consumers and a good operation platform for 
agriculture intelligent control and primary products quality safety monitoring. Application results show that the 
combined with agricultural automatic control devices which had already been successfully used in the 
agricultural production. Copyright © 2013 IFSA. 
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1. Introduction 
 

In recent years, the Internet of Things (IoT) as an 
international research hotspot, have obtained broad 
attention [1]. It's represents the future trend of 
development of the network, and requires sharing 
interoperability and information, so as to realize 
human society, the information space, the physical 
world ternary comprehensive connectivity and 
integration as the goal. Therefore, the Internet of 
things is regarded as the third technological 
revolution in information field [2]. 

It integrates sensor technology, embedded 
computing technology, modern network and wireless 
communication technology, distributed information 

processing technology, the micro sensor 
collaboration of the integrated real-time monitoring, 
sensing and collecting a variety of environmental or 
monitoring information, this information is sent by 
wireless mode, and form a multi hop network 
transmitted to user terminals, connected to the 
physical world, the computing world and the world 
communicates three Yuan human society [3]. 

IoT as a new communication mode, it is pushing 
the technological development and social progress, 
has become a focus of research in information and 
communication advanced high technology and the 
commanding point, but also for modernization of 
agriculture and rural information brings new 
opportunities [4]. China is a large agricultural 
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country, agricultural applications of wireless sensor 
networks and demonstration practice [5], for wide-
area spatial distribution of agricultural resources, 
environment and real-time production management 
information gathering, monitoring, processing, 
analysis and forecast, optimize resource allocation 
and production management [6], improve agricultural 
production science, initiative, reduce wastage of 
resources invested blindly and pollution on the 
ecological environment and promote sustainable 
development of agriculture, has the vital significance. 

Agricultural IoT technology as the growth of 
crops, peasant life, agricultural production and 
circulation of information access technology [7], 
through intelligent agricultural information 
technology to achieve intelligent management of 
agricultural production in order to enhance 
agricultural production, management, trade and 
logistics and other aspects of intelligence for the 
establishment of modern agriculture, develop the 
rural economy and increasing farmers' income, 
improve the grass-roots promotion of agricultural 
technology and service system, improve the 
comprehensive agricultural production capacity, 
promote comprehensive rural reform [8], improve 
performance, and administrative services in rural 
areas to promote a new socialist  
countryside construction. 

To sum up, agriculture IoT technology includes 
not only the digital agriculture sensing technology, 
including agricultural technology wireless 
information network transmission, it is to reverse the 
traditional farming practices, important scientific 
means to save resources, protect environment, is the 
main direction of the future development of 
agriculture. This paper chose to study network 
system of plant information perception and self 
organization of agriculture is of great significance, 
and has great application value. 
 
 
2. IoT Data Collection  

System Architecture 
 
2.1. Data Collection System Architecture 
 

IoT to achieve information collection system used 
for farmland environmental information, information 
on crop ecology, soil dynamic information 
acquisition and archiving, analysis function [9]. Its 
basic features include information perception, 
sampling and data processing, data storage and other 
functions. Each sensor nodes deployed in the 
farmland production site are responsible for 
collecting environmental information, agricultural 
meteorological soil water content, soil temperature 

and crop nutrition information, physiological 
information around itself [10], between nodes are 
self-organized networking through active induced 
networking mode. Get through the network 
transmission to the rear of the computer,  
data processing and data storage. And share the data 
in the network and expert. Experts can through online 
or offline methods for data mining and analysis. The 
IoT data collection system architecture is shown  
in Fig. 1. 

In the collection of information system 
architecture, we can see network information 
collection consists of three main parts, namely, three 
levels of information perception, wireless network 
transmission and data analysis, data storage and data 
network access. 
 
 

 
 

Fig. 1. Data collection system architecture. 
 
 
2.2. IoT Data Storage and Remote Access 

Mode Analysis 
 

IoT field data collected on-site and remote access 
to the monitoring data access area can be divided into 
on-site and remote in two ways. In performing the 
initialization configuration and maintenance tasks, 
need carries on the scene debugging on the system, 
researchers can live through the PDA query network 
data content, direct sensor nodes running parameters 
in the system as well as other debugging. During 
system operation, remote control site can access via 
Internet/Intranet and control of sensor nodes, in 
addition to install and mobile nodes do not need to 
manage and maintain The IoT information collection 
interface and network interface as shown in Fig. 2. 
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Fig. 2. IoT data storage and remote access mode. 
 
 
3. Agriculture IoT Backend Control 

Architectures and Control Model 
 
3.1. IoT Control Structure of Agriculture 
 

The function of agricultural IoT back-end control 
system mainly include environmental regulation, 
agricultural production of fertilizer and water 
management and pest control.  

According to the different conditions of farmland 
facilities can be divided into agricultural production 

environment field, greenhouse, and greenhouse 
environment. Overall, the agricultural production 
mainly includes automatic irrigation control, 
automatic control, automatic spraying fertilizer 
control and intelligent control of greenhouse 
environment control.  

Different control modes of several are from the 
information to the data processing, and then to the 
decision system sends commands to control. Network 
information and control system with the combination 
of system architecture as shown in Fig. 3. 

 
 

 
 

Fig. 3. IoT control structure of agriculture. 
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Network control system in the back by the PLC 
programmable controller as the core, control model is 
mainly based on analog signal output, output 
frequency signal, PWM signal output and the output 
switch to realize agricultural electrification 
equipment control. Inverter controlled by PLC 
program, the control terminal of PLC has two, 
namely the control cabinet of the industrial touch 
operation state can control the whole system, the 
computer can also control the running state of the 
system. In addition, the communication of computer 
and control cabinet can be wired communication, can 
also be wireless communication. 

The main function of the control system includes: 
water pump frequency control, constant pressure 
water supply control, intelligent control, automatic 
control, automatic irrigation fertilization control and 
automatic spray control. Real time information based 
on the Internet of things collected by the control 
system to judge the comprehensive analysis, control 
strategy enable different model, also can be 
introduced into the knowledge base of the expert 
system as the control strategy of reference. The 
system architecture is shown in Fig. 4. 

From the control characteristic of the control 
system, automatic irrigation control, automatic 
control, automatic spraying fertilizer control for 
pipeline fluid flow control, fluid control will involve 
two issues, namely, the pipeline pressure control, 
flow control. Therefore, the main research field of 
automatic irrigation, fertilizer, and automatic spray 
flow and pressure control and greenhouse 
environmental control. 
 
 

 
 

Fig. 4. Agriculture IoT backend control architectures  
and control model. 

 
 
3.2. Agricultural Production and Water 

Pressure Control Method 
 

Agricultural use of water, fertilizer or medication 
commonly used motor pumps the water, fertilizer, 
medicine and other agricultural supplies transported 
to farmland. When the pump is turned on, the 
pipeline valve in the automatic or manual control 

mode there may be fully closed the case, the 
traditional water pump switch control line pressure 
often prone to leaving the motor overloading and 
excessive damage or burst pipe to happen farmland, 
seriously affecting agricultural safety as. Therefore, 
the application of frequency conversion control 
technology, first-line fluid pressure control at a set 
pressure constant voltage control or voltage control, 
adjustable pressure does not exceed the upper limit of 
the ceiling pipes and pump pressure, this paper uses 
PID control algorithm pump for frequency control. 
Frequency applications in the fields of water supply 
environment, to improve the pump motor speed 
control sensitivity, accuracy and stability in the 
conventional position paper on the basis of type PID 
formula has been improved. The PID control 
hydraulic schematics as shown in Fig. 5. 

The conventional position type PID formula 
expressed as follows: 

 

0

( ) ( ) ( ) , [ ( ) ( 1)]
k

p i j
j

u k k e k k e j k e k e k
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= + + − −∑  (1) 

 
 

 
 

Fig. 5. PID control hydraulic schematics. 
 
 

In the formula (1), k is the sampling number, k=O, 
1,2,..,n, ( )u k  is the calculate the output value of the k 
sampling time computer; ( )e k  is the deviation of the 
k sampling input values; ( 1)e k − is the k deviation 

of  sampling time input the value ; ik  is the integral 

coefficient, p
i

j

K T
k

T
= ; pk  is the differential 

coefficient p D
d

j

K T
k

T
= . 

According to the control characteristic of variable 
load frequency constant pressure water supply system, 
the PID algorithm is improved as follows: 

By introducing integral, integral region in PID 
algorithm. Set a threshold of e , 0e > , When 

( )e k ε> , Both the deviation ( )e k  is relatively 
large. Using PID control algorithm, can avoid 
overshoot overshoot, but also allows the system to 
have a faster response. 

PID algorithm is improved (EPID) for the: 
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Improved pid process algorithm shown in Fig. 6. 

 
 

 
 

Fig. 6. Improved PID process algorithm. 
 
 
3.3. Automatic Control Mode  

of Agricultural Irrigation 
 

Automatic management of agricultural fertilizer, 
spraying management and automatic irrigation 
principle is similar. Automatic irrigation system is a 
complex control system, which is not the only input 
variable soil moisture, but also time, temperature, 
humidity, crop varieties, crop seasons. Traditional 
automatic irrigation program usually lasts for or 
timing manipulation, when to start irrigation, 
irrigation is often based on how long people's 
experience. Used as a soil moisture sensor control 
device of automatic irrigation systems can be done 
after the crops need water, they can automatically 
open water, began to irrigation, water-saving 
irrigation to achieve timely. This article focuses on 
networking information under automatic irrigation 
control methods. To achieve automatic control of 
irrigation, have to get real-time dynamic information 
field soil water content, water content in the 
information obtained can be implemented according 
to a variety of automatic control mode automatic 
irrigation. Implementation of automatic irrigation 
block diagram shown in Fig. 7. 

Farmland automatic irrigation control has three 
control modes that are namely timed irrigation, 
automatic control, manual control modes. Timing 
irrigation practical application is very extensive, 
especially for soilless culture more meaningful. 

 
 

Fig. 7. The agriculture of IoT  
and transmission construction. 

 
 
4. Simulation and Performance Analysis 
 

To verify the particle swarm optimization 
algorithm PID controller performance, simulation 
studies on the following objects: 

Simulation parameters are as follows: the number 
of particles is 20; the inertia weight W from the 
beginning of 1.2 with the iterative algebraic gradually 
decreasing to 0.1; maxv  is set the range of parameters 
for the width; Learning factor C1 and C2 equal to 2; 
the iteration number is 100; A= 0.9.The Fig. 8 is an 
iteration of the optimization process. As can be seen 
by the above simulation, particle swarm optimization 
algorithm can within a limited evolution algebra two 
objects are be satisfied with the PID parameters, the 
system overshoot, rise time and settling time 
compared with the ZN method were obtained varying 
degrees of improvement from evolutionary 
algorithms solvable algebra with evolutionary 
changes can be seen that EPID fast convergence. 
 
 

 
 

Fig. 8. The diagram of differences controlled by improved 
PID and original PID. 
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5. Conclusions 
 

This paper analyzes the IoT intelligent 
networking system technical architecture, the 
network structure of the variation of the potential 
failure types. Put forward agriculture IoT and 
automatic control system of combined application of 
the principle and implementation method. Proposed 
pump frequency regulator PID control algorithm, 
analyzes information systems and networking basic 
framework of automatic control system and on this 
basis to achieve agricultural Things agricultural park 
system integrated application and demonstration. 
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Abstract: In this paper, a new law is found in DV-Hop which is a classic algorithm based on range-free 
localization algorithm in WSN (Wireless Sensor Networks).There are stable distribution rules in both the 
locations of the unknown nodes with similar localization error and the locations of the beacon nodes with 
similar hop-size. Based on this law, the analytical reason is given and an improved localization algorithm is 
proposed to enhance the localization accuracy. The main idea is revising the hop-size according to the law and 
applying appropriate algorithm according to the location of the monitor area. The simulation experiments show 
that the new algorithm can improve the localization accuracy efficiently. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor networks, DV-Hop, Localization accuracy, Hop-size, Nodes distribution law. 
 
 
 
1. Introduction 
 

DV-HOP [1] is a classic localization algorithm 
based on range-free method in WSN, and its main 
idea is that unknown node works out the estimated 
distance between selected beacon nodes and itself by 
the hops between them and the hope-size calculated 
by the reference beacon node, and then the unknown 
node calculates its estimated coordinates  
using Trilateration or Maximum Likelihood  
Estimation method. 

In this paper, an improved DV-Hop is proposed 
based on nodes distribution law and revised hop-size. 
A simulation experiment about DV-Hop is made by 
the author. According to the results of the 
experiment, there are stable laws that the unknown 
nodes with biggish error mostly distribute in the edge 
of the WSN area and those with smaller error mostly 

distribute in the middle of the WSN area. The 
analytical reason of the law is given and an improved 
method of DV-Hop is proposed. The improved DV-
Hop can enhance the localization accuracy of  
WSN efficiently.  

The rest of this paper is organized as follows. 
Section 2 gives a survey of the related works in DV-
Hop research. Section 3 gives the analysis of DV-
Hop error and improvement method. In Section 4, 
simulation results are shown and the analysis of the 
results is given. Finally, the conclusion of this paper 
is presented in Section 5. 
 
 
2. Related Work 
 

In this section, the author reviews the related 
researches of DV-Hop. The following literatures 
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improved DV-Hop at different aspects and enhanced 
the localization accuracy of WSN. 

The algorithm of literature [2] proposes that the 
unknown nodes use more than one beacon node’s 
hop-size and take weighted value of them to calculate 
the estimated coordinates to improve the accuracy of 
localization in DV-Hop. 

The algorithm of literature [3] proposes that it 
modifies the estimated distance between the 
unknown nodes and beacon nodes, and the modified 
value is composed of the modified value of multi-
hops and the error of hop-size, meanwhile, TLS is 
used in localization to enhance the accuracy  
of localization. 

The algorithm of literature [4] analyzes the 
parameters of the DV-Hop, which affect the accuracy 
of localization, and finds out that 12 beacon nodes 
with proper communication radius in 100×100 m2 
area can reduce the error of localization  
most efficiently. 

The algorithm of literature [5] calculates the error 
of beacon nodes’ hop-size, and modifies the hop-size 
of the whole network and figures out the estimated 
unknown nodes’ coordinates which are outside the 
monitored area. 

The algorithm of literature [6] uses a new 2-D 
hyperbolic curve instead of trilateration to calculate 
the estimated coordinates, and gets the finally 
coordinates by the modified value. 

The algorithm of literature [7] introduces 
collinearity threshold and hop threshold to the 
progress of localization, and selects the beacon nodes 
with proper topology and nearby the unknown nodes 
to calculate the estimated coordinates. Finally, the 
coordinates of unknown nodes are worked out  
by Centroid. 

The algorithm of literature [8] uses approximate 
three collinear laws to get the weighted hop-size, and 
judges the validity of beacon nodes by threshold to 
enhance the accuracy of localization. 

The algorithm of literature [9] calculates the 
estimated coordinates of beacon nodes by DV-Hop, 
and then calculates the error of beacon nodes’ 
coordinates as the modifying value and finds out the 
set of proper beacon nodes, by which the unknown 
nodes figure out and modify their coordinates to 
enhance the accuracy of localization. 

The algorithm of literature [10] uses the 
comparison of signal strength to figure out many 
candidate areas and find out the intersection of those 
areas, and then it uses a method to scan the 
intersection area to calculate the coordinates of 
unknown nodes. 

The algorithm of literature [11] introduces GA to 
localization algorithm, and adopts the Adrenaline 
Parameter in the calculation to control the operation 
of GA. Furthermore, it integrates Centroid and DV-
Hop to enhance the accuracy of localization. 

In this paper, the distribution rule of the error of 
unknown nodes and hop-size of beacon nodes in  
DV-Hop is given, and the reason is described. 
Moreover, a new localization algorithm is proposed 

using the law mentioned above to enhance the 
accuracy of localization. The simulation experiments 
show that the new localization algorithm can promote 
the accuracy of localization efficiently. 
 
 
3. Analysis of DV_Hop Error  

and Improvement Method 
 
3.1. Analysis of DV_HOP Error 
 

In this paper, the authors perform large amounts 
of simulation experiments of DV-Hop and analyze 
the distribution rule. The experiment parameters are 
as follows: 100×100 m2 square area, communication 
radius is 30 m, the amount of nodes is 200, the 
percentage of beacon nodes is 30 %. 

In Fig. 1, the red star stands for beacon node, and 
the blue circle stands for unknown node, and both 
horizontal ordinate and vertical ordinate are the 
length of the area, the unit is meter. In Fig. 2, the 
localization result is shown that the blue circle stands 
for the estimated coordinate of unknown node and 
the blue line stands for the error of localization. 
 
 

 
 

Fig. 1. Distribution of nodes. 
 
 

It can be seen from Fig. 1 and Fig. 2 that the 
unknown nodes with biggish error mostly distribute 
in the edge of the WSN area, and those with smaller 
error mostly distribute in the middle of the WSN 
area. After a lot of experiments, the distribution law 
is stable. 

According to the experiments, the comparison is 
made in the real coordinates of unknown nodes with 
the estimated coordinates of unknown nodes 
calculated by DV-HOP. The calculation method of 
the estimated coordinates is shown in expression 1, 
and the average error of the localization is shown in 
expression 2. The unknown nodes are classified into 
two classes according to the average error of the 
localization. One class holds the errors that are larger 
than the average error while the other corresponds to 
those errors that are smaller than the average error. 
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Fig. 2. Distribution of the error of localization. 
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In expression 1, (Xr, Yr) is the real coordinate of 

unknown node, (Xe, Ye) is the estimated coordinate 
of unknown node, CommR is the communication 
radius. 

In expression 2, n is the amount of unknown 
nodes, (Xrn, Yrn) is the real coordinate of number n 
unknown node, (Yrn, Yen) is the estimated 
coordinate of number n unknown node, CommR is 
the communication radius. 

The distribution of the location of the unknown 
nodes with the error value larger than the average 
error is shown in Fig. 3, and the distribution of the 
location those with the error value smaller than the 
average error is shown in Fig. 4. It can be seen from 
Fig. 3 and Fig. 4 that the unknown nodes with large 
error are mostly distributed in the edge of the 
monitored area, and those with small error are mostly 
distributed in the middle of the monitored error, on 
the contrary. 

Reason 1: 
According to DV-Hop, the calculation method of 

estimated coordinates can accumulate error in two 
steps, one of them is the calculation and selection of 
hop-size and the other is the simulation of hops, 
furthermore, the error of hop-size is most effective. 
In DV-HOP, unknown nodes obtain hop-size from 
the beacon nodes nearby themselves, and then it can 
be concluded from Fig. 3 and Fig. 4 that the 
distribution of the error coincides with the location of 
the unknown nodes, so that the reason that arouses 
the error accompany with location is the 
accumulation error of the hop-size of the beacon 
node in particular area. 

Reason 2: 
The Maximum Likelihood Estimation (MLE) is 

used in calculation of estimated coordinates, and 

unknown nodes calculate the distance with all of the 
beacon nodes. The unknown nodes in the edge of the 
area lead to large error by the expression of hop-size 
multiplied by hops because of the accumulation of 
large hops with the beacon nodes in the other edge of 
the area which causes the distribution rule of the 
unknown nodes with large localization error. 

 
 

 
 

Fig. 3. Distribution of the unknown nodes with the error 
value more than average error. 

 
 

 
 

Fig.4. Distribution of the unknown nodes with the error 
value less than average error. 

 
 

According to above analysis, the authors calculate 
the hop-size of each beacon node by expression 3 and 
the hop-size of the average hop-size of the whole 
network by expression 4. Moreover, the distribution 
of the beacon nodes according to the classification by 
hop-size is shown in Fig. 5. 
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Fig. 5. Distribution of beacon nodes. 
 

In expression 3, EJDanchors is the hop-size of 
beacon node, (X, Y) is the coordinate of current 
beacon node, anchors_n is the amount of beacon 
nodes, (Xanchors_n ,Y anchorss_n) is the coordinate 
of number “anchors_n” beacon node, 
Path(anchors_n) is the hops between current beacon 
node and number “anchors_n” beacon node. 

In expression 4, EJDnodes is the hop-size of 
node, (X, Y) is the coordinate of current node, 
anchors_n is the amount of beacon nodes, which is 
real coordinate, nodes_n is the amount of the nodes 
of the whole network, (Xnodes_n , Y nodes_n) is the 
coordinate of number “nodes_n” node, Path(nodes_n) 
is the hops between current node and number 
“nodes_n” node. 

The average hop-size is calculated by  
expression 5. 

 
 nodes _ n

i 1 EJD( nodes _ n )
EJDaverage

nodes _ n
== ∑   (5) 

 
In expression 5, EJDaverage is the average hop-

size of all the nodes in network, nodes_n is the 
amount of the nodes in network, EJD(nodes_n) is 
number nodes_n node’s hop-size. 

According to the average hop-size, the authors 
classify the location of beacon nodes in DV-HOP, 
and select those with the hop-size whose distance 
between average hop-size and itself is smaller than 
1m as one class, and others as the other class. The 
distribution of the location of beacon nodes is shown 
in Fig. 5 and Fig. 6. 

The distribution of all the beacon nodes is shown 
in Fig. 5. The distribution of the beacon nodes with 
the error between average hop-size and its own hop-
size less than 1 m is shown in Fig. 6. It can be 
perceived from Fig. 6 that the location of the beacon 
nodes with hop-size which is similar to average hop-
size distributes mostly in an annulus area. 
 
 
3.2. Improved Algorithm 
 

According to Fig. 6, the authors figure out the 
distribution scope of the annulus of the beacon 
nodes’ positions by calculating the coordinates. The 

beacon nodes out of the annulus area ask for the hop-
size from those in the annulus area in order to modify 
the hop-size and reduce the accumulation of the error 
aroused by hop-size. A new algorithm is proposed 
according to above theory to enhance the accuracy of 
localization. The algorithm steps are as follows. 

 
 

 
 

Fig. 6. Distribution of the beacon nodes with the error 
between average hop-size and its own hop-size less  

than 1 m. 
 
 

Step 1: 
Calculate the minimum hops between unknown 

nodes and each beacon node. Beacon nodes broadcast 
their position information to the whole network and 
record the hop-timer which is 0 as its default value. 
The receiving node records the position information 
and minimum hops from one beacon node and ignore 
the information with more hops from the same 
beacon node. And then the receiving node adds 1 to 
the hop-timer and transmits the information to next 
node. After this step, each node gains the position 
information and minimum hops of each beacon node 
in the network. 

Step 2: 
Calculate hop-size between unknown node and 

beacon node. Each beacon node calculates its hop-
size according to the position information and hop 
information recorded from step 1 using expression 6: 
 

 2 22
i j i jj i

i
jj i

( x x ) ( y y )
HopSizex

h
≠

≠

− + −
=
∑

∑
 (6) 

 
In expression 6, (xi, yi), (xj, yj) is the coordinates 

of beacon node i and beacon node j, hj is the hops 
between beacon node i and beacon node j (i≠j). 

According to the distribution of beacon nodes, the 
distribution scope can be worked out. The beacon 
nodes out of the annulus area ask for the hop-size of 
those in the annulus area to modify the accumulation 
error so as to find out more accurate hop-size, and 
then the hop-size is more similar to the average  
hop-size. 

Beacon nodes broadcast the new hop-size with 
life-cycle field to nearby network. Unknown nodes 
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receive and record the first information which arrives 
at the earliest. After that, unknown nodes calculate 
the distance between selected beacon nodes and 
themselves by the new hop-size and hops. 

Step 3: 
Calculate estimated coordinate of unknown node 

using MLE: (x1,y1), (x2,y2), (x3,y3), … , (xn,yn) are the 
coordinates of n beacon nodes. d1, d2, d3, … , dn are 
the distance between them and an unknown nodes D. 
(x, y) is the coordinate of D. 

Distance is calculated by expression 7: 
 

 2 2 2
1 1 1

2 2 2
n n n

( x x ) ( y y ) d

( x x ) ( y y ) d

⎧ − + − =
⎪
⎨
⎪ − + − =⎩

  (7) 

 
In expression 7, each formula subtracts the last 

formula from formula 1 to formula n-1, and 
expression 8 can be gained: 

 
2 2 2 2 2 2
1 n 1 n 1 n 1 n 1 n

2 2 2 2 2 2
n 1 n n 1 n n 1 n n 1 n n 1 n

x x 2( x x )x y y 2( y y )y d d

x x 2( x x )x y y 2( y y )y d d− − − − −

⎧ − − − + − − − = −
⎪
⎨
⎪ − − − + − − − = −⎩

(8) 
 
The linear equation of expression 8 is AX=b, 

what A, X, and b are stands for is as expression 9: 
 

 1 n 1 n

n 1 n n 1 n

2( x x ) 2( y y )
A

2( x x ) 2( y y )− −

− −⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥− −⎣ ⎦

 ,  

2 2 2 2 2 2
1 n 1 n n 1

2 2 2 2 2 2
n 1 n n 1 n n n 1

x x y y d d
b

x x y y d d− − −

⎡ ⎤− + − + −
⎢ ⎥

= ⎢ ⎥
⎢ ⎥− + − + −⎣ ⎦

,  

x
X

y
⎡ ⎤

= ⎢ ⎥
⎣ ⎦

  

(9) 

 
Calculate the coordinate of D using standard least 

mean square error criterion: T 1 TX̂ ( A A ) A b−= . 
Step 4: 
Calculate the coordinates of the unknown nodes 

in the edge of the area using trilateration. (xa, ya),  
(xb, yb), and (xc, yc) is the coordinates of node A, B, 
C, da, db, and dc are the distance between them and 
node D, (x, y) is the coordinate of D, the calculation 
method is as expression 10: 
 

 2 22
a a a

2 22
b b b

2 22
c c c

( x x ) ( y y ) d

( x x ) ( y y ) d

( x x ) ( y y ) d

⎧ − + − =⎪
⎪ − + − =⎨
⎪

− + − =⎪⎩

  (10) 

 
The coordinate of node D can be gained by 

expression 10, and it is as expression 11. 

1 2 2 2 2 2 2
a c a c a c a c c a

2 2 2 2 2 2
b c b c a c b c c b

2( x x ) 2(y y ) x x y y d dx
2( x x ) 2( y y )y x x y y d d

− ⎡ ⎤− − − + − + −⎡ ⎤⎡ ⎤
= ⎢ ⎥⎢ ⎥⎢ ⎥ − − − + − + −⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦

 

(11) 
 
 
4. Simulation Experiments and Analysis 
 

The parameters include 100×100 m2 square area, 
30 m communication radius, 200 nodes, 30 %  
beacon nodes. 

Based on DV-Hop, revise hop-size to improve the 
algorithm. 

Calculate the distance between each beacon node 
and the center of the area as D by expression 12. 
Create the annulus area according to the Dmin and 
Dmax which are the radius of outside circle of the 
annulus and the radius of the inside circle of the 
annulus respectively. If D is between Dmin and Dmax, 
calculate the hop-size by expression 6, else, ask for 
the hop-size from the beacon node which is most 
nearby the annulus area and take this as its own hop-
size. 

Through a large amount of experiments, the priori 
knowledge can be gained, and in this condition of 
experiment, Dmin is 44 m, and Dmax is 50 m. 
 

2 22Dist ( X Xcenter ) (Y Ycenter )= − + −  (12) 
 

In expression 12, Dist is the distance between the 
current beacon node and the center of the 
100×100 m2, (X, Y) is the coordinate of the current 
beacon node, (Xcenter, Ycenter) is the center coordinate 
of the square area. 

Pseudo-code is as follows: 
 
Begin 
Calculate the distance between each beacon node 

and the center of the area 
For i<-to the amount of beacon nodes 
Begin 
If distance>Dmin&&distance<Dmax then 
Hopsize(i)=calculated hop-size 
End 
End 
For i<-to the amount of beacon nodes 
Begin 
If !(distance>Dmin&&distance<Dmax) then 
J=minimum hops of Dmin—Dmax 
Hopsize(i)=Hopsize(j) 
End 
End 
End 
 
According to the annulus scope determined 

above, select the unknown nodes with large 
localization error in the edge of the area and calculate 
the estimated coordinates by trilateration. It can be 
seen in Fig. 7. 

It can be perceived from the comparison in Fig. 7 
with Fig. 2 that the error of localization is decreased 
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and the accuracy of localization is increased. In this 
article, the authors perform 100 times experiments, 
and the localization accuracy is consistently 
improved with an average 3 % improvement. The 
effect size is relevant to the degree of even-
distributed and distribution density, and the result is 
that the more evenly the unknown nodes distribute 
the more accurately they can be located. It can be 
draw a conclusion that the localization of WSN can 
be improved through the new algorithm proposed in 
this paper.

  
 

 
 

Fig. 7. The localization error of improved algorithm. 
 
 
5. Conclusions 
 

In this paper, the research is performed on the 
distribution of the unknown nodes with the different 
localization error of DV-Hop in WSN; meanwhile, 
the distribution of the beacon nodes is also arranged. 
The experiments are operated on those rule 
mentioned above in order to prove and analyze 
reasons. It is also found out that the localization error 
is accumulated by the hop-size error and the multi-
hops from MLE, so that an improved algorithm is 
proposed according to the hop-size of the beacon 
nodes with smaller hop-size error selected by the law 
of distribution in the monitored area. The 
experiments show that the new algorithm can 
improve and enhance the localization accuracy of 
WSN efficiently. 
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Abstract: The precise location of sensor node is the premise of guaranteeing the effectiveness and validity of 
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1. Introduction  
 

Wireless sensor networks, by its unique merits, 
has wide application potential in industry, 
agriculture and military domain. The precise 
location of sensor node is the premise of 
guaranteeing the effectiveness and validity of 
WSNS in its application and nodes positioning 
technology is a key technology of wireless sensor 
networks. For its inherent characteristics, such as 
limitation of the resources, insecurity and openness 
of the deployment environment, mechanism of 
location for wireless sensor networks has security 
problems [1-7]. 

This paper based on distance validation against 
deception attack localization algorithm FaltBdv (Forge 
Attack-resistant Localization Technology Based on 
distance verification). The secure localization 
algorithm respectively with the signal power loss and 
propagation time calculating the distance between 
nodes, using the distance of the consistency of 
eliminating positioning reference concentration of 
abnormal nodes, then the use of LS (Least Squares 
Estimate) – Newton positioning algorithm for 
estimating the unknown node coordinate. Because 
power measurement and the measurement of the 
propagation time can be done at the same time, so the 
FaltBdv algorithm can at no additional time cost at the 
same time, effectively detect the attack nodes. 

Article number P_1463
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2. Detection Principle 
 

Analysis of node location process and principle of 
available node distance consistency principle, which 
assumes that the nodes in the wireless sensor network 
is stationary, then the node between the objective 
distance is constant, is also in the absence of attacks, 
through the signal transmission time by calculating 
the distance between the nodes should be equal to the 
received power calculation the distance (in 
considering error exists, the difference between the 
two distance should be less than a smaller value). 

If want to achieve the purpose of malicious node 
attacks, must change with time to transmit signals 
and power loss of two parameters. Therefore, you can 
design a special positioning mechanism, the 
malicious nodes can change two parameters, and then 
through the surveillance by the time of calculating 
distance and power loss are consistency of the 
distance to judge whether the presence of ARP 
spoofing attack. Undertake surveillance detection 
tasks and nodes is called the detecting node, may be 
unknown nodes can also be the beacon node. 

a) Distance between two nodes and signal 
propagation time relationship. 

Signal propagation time and the distance between 
the nodes is proportional, meet 
 

 
1 0( ) *td T T V= −  (1) 

 
type, based on the signal propagation time between 
the nodes is calculated distance, is the signal 
propagation speed, the unknown node transmits a 
request for location signal moments, this signals 
arrive at the beacon nodes when the. Beacon node 
will be written reply unknown node location request 
packet. If the beacon node capture, an attacker can 
change the value to change the node between the 
measured distance value can be increased, which can 
also be reduced. In order to reduce the possibility of 
malicious node attacks, this paper uses signal 
feedback time calculating the distance between the 
nodes, as shown in formula (2): 
 

 [ ]3 0 2 1( ) ( ) *
2t

T T T T V
d

− − −
=  (2) 

 
Unknown nodes in sending position request 

packet, the packet in time to reach beacon node, 
beacon node in a reply to the request for reply packet, 
in time to reach the unknown node. As the beacon 
node processing packet time, processor speed, value 
is approximately equal to the constant. As can be 
seen, the return time calculating the distance between 
nodes can reduce the possibility of malicious attack, 
where the attacker can extend the propagation time of 
a signal, is only to increase the distance between  
the nodes. 

b) Distance between two nodes and the power 
loss of the relationship. 

In the same transmission power, node receiving 
power and inversely proportional to the distance 
between nodes, content type (3): 
 

 
tx tx

rcv p
p rcv

P cPP c d
d P

αα= ⇔ =  (3) 

 
Wherein, said by the power loss calculated 

distance, and constant. As the unknown node receives 
beacon node power, to write the packet transmit 
power, when the beacon node is the attacker capture, 
malicious nodes can be changed through the write 
data packet to the objective of the attack. 

c) td  and pd  relationship. 
From the propagation time and the received 

power of the calculated distances between nodes in 
the ideal condition should be equal, i.e. 

 
 

t pd d=
 (4) 

 
By the formula (2) and (3) to 

 
 [ ]3 0 2 1( ) ( ) *

2
tx

rcv

T T T T V cP
P

α
− − −

=
 

(5) 

 
d) Detection basis. 
The attacker in order to achieve the purpose of 

success, must also change the spread time of the 
signal and power loss, to make the change of the 
power of the distance change the volume of the cause 

pd∆ and the change of the time of the distance 

change the volume of the cause td∆  meet 
 

 
p td d∆ = ∆  (6) 

 
To RTOF ranging method, attacker only change 

the distance between nodes measurement by 
increasing spread time. 

If malicious node intentionally delay t∆  reply 
the positioning of the unknown nodes request, 
malicious node can change power consumption by 
the two ways. 

Malicious node will make the reply to request 
packets txP  increase, the actual launch power 

constant. Power change the volume pd∆ should meet  
 

 
( )( ) 0tx

t
rcv

c P pd p
P

α
+ ∆

∆ = ∆ ≥  (7) 

 
Malicious node don't change written reply 

packet's txP , reduce the actual transmission power, 

then, pd∆  should meet 
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( )0tx

t
rcv

cPd p
P p

α∆ = ∆ ≥
−∆

 (8) 

 
We can know from (7) and (8), to malicious node, 

rcvP  and p∆  are unknown, can't accurately get's 
solution. So, we can use the power loss and signal 
transmission time testing whether there are attacks. 
 
 
3. FaltBdv Algorithm 
 

FaltBdv algorithm's basic idea is based on such a 
fact, at WSN node location's process, spread by time 
and power loss the calculated the distance between 
the nodes in ideal condition should be equal, cheating 
on attack happened, malicious node can't change 
power and time caused the distance change the  
same amount. 

Because wireless transmission of scattering 
characteristics, there is always some node in a 
malicious node of the communication area. As shown 
in Fig. 1, when unknown nodes S neighbor node to 
send positioning request information, malicious A to 
its launch deceive attack node. In a node A 
communication within the scope of the beacon nodes 

1B  and 3B  and unknown nodes S and iS  will be 
listening to the wrong position parameter from A, the 
nodes can be as the test node to other nodes the 
authenticity of the test. So, can use these test nodes, 
through the test of the consistency of the distance to 
judge whether there are malicious attacks, 
recognition malicious node. 

 
 

 
 

Fig. 1. An Illustration of Detection Nodes. 
 
 

FaltBdv algorithm provisions of the beacon nodes 
reply positioning parameters packet format as shown 
in Fig. 2. Among them, (x, y) is the beacon node of 

the coordinates Bid , rcvt and rcvP  are the beacon 
nodes to receive unknown nodes ids request 
information moment and receive power, txt and txP  
are the beacon nodes reply the time and send request 
power. Based on (2) and (3) can be calculated td  

and pd  respectively. 
 
 

 
 

Fig. 2. Packet format of a Beacon message for FaltBdv. 
 
 

As shown in Fig. 1 shows, unknown nodes to its 
neighbors sent S node location information request, 
node A, 1B , S and iS  are neighbors, the four nodes 
can write to each other. If A malicious node to S 
launch deceive attack, beacon nodes 1B  right, 

unknown nodes S and iS  can afford the testing tasks, 
called test node. 

a) Unknown nodes S as a test node  
• Node S received from node of A reply 

information and record receiving moment, 
measurement and receive power from A combination 
of positioning parameters are calculated td , pd ; 

• If ( )0t pd d ε ε− ≤ ≤ , no attack, accept A 

by the positioning parameter, if 

( )0t pd d ε ε− > ≤ , then A for fraud against 

node; 
• If in the iB  S communication within the range, 

the property 3-5, it is known that the node A and 
node distance between iB ABd  must be less or equal 
to 2 R, R for beacon nodes communication radius. 
Node S validation i 2ABd R≤  is formed, if not set 
up, then A for fraud against node  

b) The unknown node iS  as the detecting node 

• Node iS receives from node A reply information, 
recording the received data packet time and 
measuring the received power and calculating td and 

pd ; 

• Validation of ( )0t pd d ε ε− ≤ ≤  is 

established, if not established, then the A spoofing 
attack node. 

c) Beacon node 1B  as the detecting node. 

Beacon node coordinate position 1B  is known, its 

coordinates is ( ),i ix y , and the distance "d" between 

1B  and the node A can be calculated by formula (9) 
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 2 2( ) ( )i id x x y y= − + − , (9) 
 

where ( ),x y  is the node A location coordinates. 

• Beacon node 1B  receives from node A 
information, recording the received data packet time 
and measuring the received power and calculating 

td and pd ; 
• The data packets in a location parameter 

calculation of distance "d"; 
• Validation of ( )0t pd d ε ε− ≤ ≤ , 

( )0pd d ε ε− ≤ ≤  and ( )0td d ε ε− ≤ ≤  

is established, if not established, then the A spoofing 
attack node. 

The detecting node once found cheating attack 
node, node id will store the attack, at the same time to 
its neighbor nodes releases exist attack warning. 
 
 
4. Simulation Experiments and Results 

Analysis 
 

a) Experimental parameters 
The simulation experiment, in 100 unknown 

nodes in 10 randomly set of nodes as the detecting 
node, set the beacon nodes for sensor node. 
Maximum credible reference sets the number of 
elements is set to 4, between the nodes location using 
RSSI and RTOF combination method. The 
experiment mainly node average localization error, 

the success probability of detection as a performance 
index to evaluate the performance of algorithm. Each 
test scene runs 100 times and the statistical results of 
operation. 

b) The effect of positioning algorithm. 
The first application of FaltBdv security 

positioning algorithm to node layout scene simulation, 
the simulation results as shown in Fig. 3. Map (a) for 
node localization effect diagram, diagram (b) to the 
nodes of the original layout diagram, diagram (c) for 
positioning the effect chart and the original layout of 
the superimposed comparison chart. The 
experimental setting attack node number is 5. As can 
be seen from the graph, in the introduction of 
FaltBdv secure localization algorithm, positioning 
effect is improved obviously. 

In the simulation scene randomly placed 5 
spoofing attack nodes, nodes in the communication 
range and unknown nodes and beacon node is the 
same as, for 15 m. Fig. 4 shows no attack network 
node average localization error (curve 1), presence of 
attack in the case of network node location error 
(curve 2) and the use of FaltBdv algorithm node 
positioning error (curve 3). The results showed that: 
in the use of FaltBdv algorithm, node average 
position error of approximation in the attack position 
error, and the beacon node numbers, better 
approximation degree. This is because of the 
increasing number of beacon, involved in the 
detection of the number of nodes increases, thereby 
detecting the success rate increases, the unknown 
node by node pollution smaller attack. 

 

 
 

 
 

Fig. 3. Estimation Results of the Whole Network. 
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c) Number of nodes to attack algorithm. 
Fig. 5 shows the attack number of nodes on node 

positioning accuracy, the experimental set-up, beacon 
node into 23 nodes, detection for 33. Curve 1, 2 and 3 
respectively represent attack exists, network node 
average localization error, using FaltBra algorithm of 
node location error and using the FaltBdv algorithm 
node positioning errors with the number of nodes in 
the changing trend of attack. 
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Fig. 4. Average Estimation Location Error varying  
the Number of Beacon Nodes. 

 
 

Obviously, the use of FaltBdv algorithm of node 
localization error almost tends to be stable, i.e. to 
attack the number of nodes does not significantly 
affect the node location. And FaltBdv algorithm to 
attack a number of nodes is small FaltBra, the reason 
is that FaltBdv algorithm will not accord with 
standard nodes from the reference collection all 
removed, and FaltBra algorithm is the reference 
collection of residuals is different from the other 
node beacon out, if the reference set against the 
number of nodes is greater than or equal to good 
beacon node number, FaltBra algorithm will lose the 
ability to judge. 
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Fig. 5. Average Estimation Location Error varying  
the Number of Malicious Nodes. 

 

d) The detection rate. 
In the FaltBdv algorithm, in attack node 

communication within the scope of any benign nodes 
are able to act as the detecting node, and only need a 
sensor node can complete the detection task. If the 
beacon nodes and the unknown node deployment 
density respectively and, node communication radius, 
node receives beacon node probability obeys the 
Poisson distribution, all beacon nodes and unknown 
node can bear the detection task, so the detecting 
node density, the sensing region of the malicious 
nodes can receive a detection of the probability of the 
node type (available 10) says. 
 

 

( )
( )( ) ( ) 2

2

!
B S

k

B S R
S

R
P L k e

k
ρ ρ πρ ρ π − ++

= =
 

(10) 

 
Type, says the malicious node receives the 

detection of node number. 
By type (10) can be detected nodes to detect 

malicious node probability value 
 

 ( ) ( )
( ) 2

1 1 0

1 B S R

P k P k

e ρ ρ π− +

≥ = − =

= −  
(11) 

 
Obviously, the malicious node communication 

radius and the detecting node deployment density 
affect the FaltBdv security positioning algorithm of 
detection probability of important factors. As a result 
of malicious nodes in the communication radius can 
not be changed, so can increase the detection of the 
density of nodes to improve the detection probability. 
 
 
5. Conclusions 
 

WSN secure node positioning algorithm to make 
the sensor node accurately, effectively to obtain the 
position information. FaltBdv algorithm for the 
analysis of malicious nodes to achieve spoofing 
attack way, using deceit attack nature, the signal 
propagation time and the power loss of consistency 
as attack detecting standard. Establish the process 
safety location algorithm based on the testing 
standards. The simulation results show that, the 
detection method can detect malicious nodes, thereby 
reducing the malicious attack effect, the unknown 
node from spoofing attack threat. 
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Abstract: It is known to us all that embedded systems designed on the 51 chip microcomputer are mature. This 
research finished to plant the system from 51 chip microcomputer to the CC2530 chip of TI. After analyzing and 
mastering the ZigBee 2007 PRO protocol stack, a new set of wireless sensor network (WSN) products has been 
developed. In the system, the coordinator can establish the Mesh network on its own initiative and the child 
nodes can join the network. The coordinator can be connected to the personal computer or the embedded 
gateway. The gateway had the Ethernet port and can send the data from the sensors to the cable or wireless 
network. The operator can issue instructions automatically and manually. The information of the sensor nodes 
can be returned and displayed on the serial debugging assistant. The equipment has passed the test with different 
environments in which there are obstacles among the communicating sensors and can be applied in the traffic, 
environmental monitoring and other fields widely. Copyright © 2013 IFSA. 
 
Keywords: CC2530, ZigBee Protocol Stack, Special Function Register (SFR), 51 chip microcomputer. 
 
 
 
1. Introduction 
 

CC2530 is a real system-on-chip (SoC) solution, 
the version upgrading of the CC2430 [1]. It provides 
a robust and complete ZigBee solution and ZigBee 
RF4CE remote control solution. Its system can 
program in the flash memory because of 8-KB RAM 
and many other powerful features. CC2530 has four 
different flash versions: CC2530F32/64/128/256. It 
has 32 / 64 / 128 / 256 KB flash respectively. It 
especially adapts to ultra-low power requirements of 

the system [2]. The short time for the transitions 
between operating modes ensures that low  
energy consumption. 

The ioCC2530.h header file also applies to the 
IAR, Keil and SDCC compiler. The Keil 
development are commonly used for the 51 single-
chip software which can solve the intelligent home 
gated security and defense system by sensors and GSM 
module [3]. The papers [4-6] implemented the 
wireless monitor system, distributed temperature 
detection system and soil temperature measurement 
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based on the Zigbee wireless communication 
respectively. The paper [7] reported the development 
of a novel device, integrated into an insole, to 
monitor plantar pressure during stand and natural 
walking. To make the Meteosat Second Generation 
(MSG) infrared images to control the activation of 
the gauge sensors, the research [8] developed routing 
strategies for the Zigbee WSN. The designs [9, 10] 
used RFID, GPS, WiFi and ZigBee technique to do 
positioning detections. The ZigBee protocol is used 
to enhance the communication reliability in [11]. 
 
 
2. The Overall Hardware Design 
 

The wireless ZigBee communication network 
mainly includes the coordinator, the gateway, routers 
and terminal equipment. The each network has one 
and only one coordinator node and mainly 
responsible for starting the network, initializing 
parameters, managing information and maintenance 
and also helping establish security and application 
layers binding network. The coordinator node 
includes the processor modules, the RF module, 
power management module and the external 
interfaces. In this system, GPS / GPRS modules have 
been integrated into the gateway.  
 
 
2.1. Description of the Functional Modules 
 

The wireless communication module includes the 
CC2530 Chip, 2.4GHz and the ceramic antenna. The 
design of CC2530EM is shown as the Fig. 1. The 
system has defined the data transmission based on the 
ZigBee 2007 protocol stack or ZigBee PRO stack. 
The system package achieves a dynamic network 
formed by the wireless communication nodes. And it 
also acquisis and transmits the data from the sensor. 
The CC2530 chip can connect the external 5 V power 

supply or two AA batteries. The hardware resources 
include 4 different colors of LED lights, UART serial 
port, DS18B20 temperature sensor, 10K adjustable 
resistor, buzzer, flash chips M25PE20, directional 
buttons, the debugging interface for the Zigbee 
module, the interface for the sensor module as same 
as the gateway board, pluggable GPS made by 
Switzerland ublox NEO chips module. The AM2302 
temperature and humidity sensor module, TM121 
single temperature module, ADXL345 three-axis 
accelerometer module, infrared modules and the 
matrix keyboard are connected with the SPI bus. The 
external key, the reset key and the external interrupt 
are fully utilized. All in all, the system is versatile, 
scalable and supports pluggable universal sensor 
interface up to eight different sensors. When the 
external power of each node is invalid, batteries can 
ensure the normal operation of the system. The 
interface for the coordinator node includes a serial 
port, power, the JTAG interface and maybe USB 
interface. When the computer has no serial port, for 
example, the laptop, the USB interface applies more 
conveniently and flexibly. 

The coordinator can start the network. The child 
wireless sensor nodes try to join in the network. In 
order to test whether the network has been connected 
or not, the led lights indicate the status of the 
network. The hardware circuits are as shown in the 
Fig. 2. The motherboard of the node includes the 
memory chip m25pe20, DS18B20 temperature 
sensor, the extended interfaces for other sensors and 
multipoint configurations. 

The circuit schematic designs provide users with 
a universal sensor interfaces for the SPI Bus. Users 
design their own pluggable modules to make the 
system versatile. 

The gateway includes the GPRS, GPS, LCD 
screen and so on. Their types are SIM300, 
Ublox_NEO-5, TFT-40 and so on. Its main control 
chip is STC12C5A60S2 shown in the Fig. 3. 

 
 

 
 

Fig. 1. The circuit of the CC2530EM circuit diagram. 
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Fig. 2. The circuit diagram of the connection. 
 
 

 
 

Fig. 3. The schematic wiring diagram of the STC12C5A60S2. 
 
 
3. The Software Design  

for the Nodes and Research  
on how to Build Networks 

 
The program downloaded to the CC2530 nodes is 

finished on the IAR platform. The compiler 
abstraction determined the compiler to choose C 
program, C++ or extended C. In addition, assembly 
language compiler selects the compiling method in 
the IAR systems. 

In the system, the definition of SFR is often using 
the macro to develop the function of the hardware. So 

the SFRBIT, XREG, PXREG and VECT are 
important concepts. The SFRBIT is the special 
function register bit. XREG is a null pointer to 
unsigned char volatile __ xdata type. The PXREG is 
a pointer to the unsigned char volatile __ xdata type. 
The VECT is the interrupt vector table, which 
contains the interrupt number and interrupts address. 
The SFR defined the port P0-P2, interrupt flag bit, 
timer, program status control word, but no P3 port.  

To form the networks, the coordinator finishes the 
initialization of the network and nodes’ joining the 
network. In the Fig. 4, its execution flow is on the left 
in the direction of the arrow. It scans a beacon 
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request actively to determine whether there is the 
coordinator in the network or not. If there are no 
beacons detected in the scanning period, then the 
coordinator is itself. And it broadcasts beacons 
constantly. Then it scans the channel and detects the 
energy of the designated channel or the default 
channel to avoid the potential interference. And those 
channels exceeding the permissible level are 
discarded. The remaining channels are scanned 
actively to check whether there are other ZigBee 
networks existing. If not, the existing ZigBee 
network identifier (PANID) can be got. In this 
system, the running order of functions is as follows. 

The child sensor node joins the network through 
two methods. One is initiating the association with 
the network by itself. Because its parent is the 
coordinator or the router, the other is joining its 
parents’ network. The communication between layers 
is implemented by primitives. The general sensor 
nodes and the coordinator of the network 
communicate by associated primitives as shown in 
the Fig. 4. Some of the main codes are as follows: 

 
PCNodeAddrPacket_t PCNodeAddrPacket; 
PCGeneralMSGPacket_t PCGeneralMSGPacket; 
uint8 i, num = 0; 
osal_memcpy ((void *) & PCNodeAddrPacket, pBuf, 
10);    
//save the information of the relationship 

//between the parent and the child //nodes. 
if (FandSCheckcount) 
{if 
(FandSCheckpaddr==PCNodeAddrPacket.NodeAddr
) FandSCheckcount=0;  
else  FandSCheckcount + +;  
if (FandSCheckcount == 12)  
{ FandSCheckcount = 0;  
PCGeneralMSGPacket.Hdr = '@';  
PCGeneralMSGPacket.Len = 8; 
PCGeneralMSGPacket.TransportID 
=PCNodeAddrPacket.TransportID; 
PCGeneralMSGPacket.MSGCode = 
NODE_SYSTEMRESET; 
PCGeneralMSGPacket.NodeAddr=FandSCheckaddr; 
for (i = 0; i < 7; i + +)  
num += ((uint8 *) (& PCGeneralMSGPacket)) [i]; 
PCGeneralMSGPacket.Checksum = num; 
sendDummyReport (uint8 *) (& 
PCGeneralMSGPacket), 
PCGeneralMSGPacket.NodeAddr, 8); } }  
else  
{if(PCNodeAddrPacket.NodePAddr)  
{FandSCheckpaddr 
=PCNodeAddrPacket.NodePAddr;  
FandSCheckaddr = PCNodeAddrPacket.NodeAddr; 
FandSCheckcount + +; } 
else FandSCheckcount=0; } } 

 
 

 
 

Fig. 4. The initialization of the network. 
 
 
4. The Test of the Product 
 

The whole system must be tested. One of the 
products is shown in the Fig. 5. The coordinator and 
the child nodes have been put different places to test 
whether the data has been sent or received. Using the 

serial debugging assistant software can send the data 
or display the received data. The serial debugging 
assistant is set as the following request. The baud rate 
is 38400 b/s. And there is no parity, 8 data bits, 1 stop 
bit. Experimental results show that the system can 
send and receive data correctly. The performance 
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parameters of the nodes can be tested by the TI's 
SmartRF Studio7 software. In the test, the 
communication channel should be set constant. The 
test nodes can use the external power supplies. The 
test results are listed in the Table 1. 
 
 

 
 

Fig. 5. The styling of the product. 
 
 

The system designed the built-in antenna, 
Antenna_IIFA_cc2530, in the circuit. The test results 
are verified without the outer antenna. If the signal 
chip is designed in the board, the communication 
range is up to 1.6 kilometers. 
 

Table 1. The test results of the system 
 

The test environment 
The distance  

of the 
communication 

The 
packet 

loss rate 
Indoor 10 0 
Indoor   20 0 
Indoor 30 0 
Indoor and there is a wall 30 0 
Indoor and there are two 
walls 

30 1.5 % 

Indoor, but there are three 
walls 

30 31 % 

outdoor 20 0 
outdoor 40 0 
outdoor 65 0 

 
 
5. Conclusion 
 

This paper introduces the methods of designing 
the ZigBee coordinator node and the ZigBee router or 
the end device based on TI's CC2530 chips. It shows 
the procedures of forming the network. It displays the 
schematic of the hardware. And the whole system is 
complete. It included the gateway and the CC2530 
nodes. Through the actual test, the coordinator node 
and the other nodes of the system can work and 
communicate efficiently. The equipment based on 

wireless sensor network system can send the 
information from the sensors to the upper personal 
computer by serial port or to the gateway. So the 
system can be applied in the traffic, smart home  
and so on. 
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Abstract: There are more and more cars. The traffic jam cost people a lot of time on the road. This system got 
the number of the cars in waiting on every crossroad by the infrared sensors in the CC2530. Based on the Zigbee 
protocol, the routers embedded in the infrared sensors sent the information of cars in waiting to the coordinator 
wirelessly. Then the coordinator sent the information to the website which is developed on the Eclipse platform 
through the serial port. People can check the designated crossroad whether there is the traffic jam by smart 
telephone or the web browser. This system can release the newest information. It can be widely applied in the 
transportation system. Copyright © 2013 IFSA. 
 
Keywords: Intelligent transportation system, Eclipse, ZigBee protocol, Infrared. 
 
 
 
1. Introduction 
 

The CC2530 provides solutions for a true system-
on-chip (SoC). It combines the excellent performance 
of RF transceiver for ZigBee network. It is possible 
to build a strong network at a very low cost. It 
included the industry-standard enhanced 8051 CPU 
and programmable flash, 8-KB RAM and many other 
powerful features. CC2530 has many different 
operating modes to make it adapt to ultra-low power 
requirements. That short time for transitions between 
operating modes ensure low energy consumption. 

This system mainly applied the CC2530 interrupt 
function. And it also used the Zigbee protocol to 
form the wireless network. It finished the intelligent 

transportation software platform which provided the 
interfaces for the wireless sensor network. 

Based on the ZigBee stack application support 
sub-layer (APS), paper [1] presents additional 
mechanisms which include the ZigBee data 
segmentation (ZDS) function, the modified 
acknowledgment transmission (MAT) function, and 
the ZigBee congestion control (ZCC) function. The 
method provides solutions for a situation where the 
data congestion problems are expected to happen due 
to a large amount of data transmission. 

The paper [2] presents the design method of 
hardware and the software process for the Electronic 
ordering dish system. The CC2430 is used as its core 
processor. The paper [3] developed the ZigBee-based 
electronic aid for daily living for quadriplegics 
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system consisting of the assistive computer input 
device, application software, communication control 
board, and the appliance control nodes. The paper [4] 
is to improve the performance of the control network 
in smart home system, and to design the controller 
module which is used ARM server as our home 
controller processor. ZigBee Wireless module 
communicates with the wireless gateway normally, at 
the same time, connects with the mobile terminals to 
remotely monitor the 3G mobile phones. Combined 
with ZigBee wireless transmission technology, paper 
[5] realized remote real-time temperature monitoring 
for construction site. The system hardware consists of 
main controller, gateway, wireless sensor nodes and 
thermocouple temperature sensors. Through wireless 
sensor network nodes, the data is sent to main 
controller terminal via gateway. The paper [6] 
presents the use of a novel Real-Time Locating 
Systems (RTLS) based on ZigBee technology that 
provides users' positions in order to enhance context 
information in learning applications.  

The paper [7] used Wireless MEMS Inclination 
Sensor Systems (WMISS). Its system used various 
bridge deflection measuring methods, ZigBee/IEEE 
802.15.4 MAC protocol. The papers [8-10] 
developed a public transportation system using GPS, 
GSM, RFID, Zigbee or the TDOA positioning 
algorithm which acts as friendly to the user. The 
paper [11] designs and implements an Intelligent 
Control Box to convert different wireless signals of 
Cyber Physical Systems (CPSs).  

Paper [12] presents a novel connectivity 
architecture using the radio frequency for consumer 
electronics based on the wireless zero-configuration 
and enhanced key agreement approach. 
 
 
2. The Hardware Design of the System  
 

The system used the CC2530 as the core chip. 
The routers were embedded with the infrared sensors. 
They communicated with the coordinator wirelessly 
with 3 db antenna. The coordinator was linking with 
the upper computer through the serial port. The 
system designed N meters marked in the four 
branches of the Fig. 1. It fixed sixteen small infrared 
sensors in eight lines. The number of vehicles in 
waiting for every direction was collected because the 
two infrared sensors count the number of vehicles 
which passed the two sensors respectively. The 
number of the vehicles is uploaded to the personal 
computer by the coordinator. In the website, it is 
received through the serial port and used to calculate 
the number of the cars stopping at the crossroads with 
the help of the algorithms. Then the traffic conditions 
are identified on the Google map of the website. 

The value N in the Fig. 1 depending on the 
specific crossroads. And it can be altered. The system 
assumes that N is 200 meters from the first infrared 
sensor to the second infrared sensor. The position of 
the infrared sensor is on the stop line shown in the 
Fig. 1. The traffic conditions are divided very 

congested, congestion, unimpeded, very smooth. 
Every traffic condition has its corresponding value 
range In the Fig. 1, the position of the two short lines 
in each direction is the place of the two infrared 
sensors. In the Fig. 2, it simulated for the actual 
intelligent traffic in the laboratory. 
 
 

 
 

Fig. 1. The diagram of laying up the infrared sensors at the 
crossroad. 

 
 

 
 

Fig. 2. The figure of the simulation  
for the intelligent traffic. 

 
 
2.1. CC2530 Module and Infrared Sensors 
 

Nine CC2530 modules consisted of the entire 
hardware architecture. One is the coordinator. And 
the other eight modules are routers. The sensing 
range of the infrared sensors is from 3 cm to 80 cm. 
The infrared sensors are fixed on the CC2530 
through three wires. They need DC 5 V supply 
voltage. There is a small yellow potentiometer knob 
in the infrared sensors. The distance measured by the 
infrared can be adjusted by rotating the knob. As long 
as the measured object is in sight of the infrared 
sensors, a low level will be output. 

To make the infrared sensors and the CC2530 
work normally, P0IEN, PICTL and P0IFG have to be 
programmed. P0IEN is the Interrupt mask register. 
PICTL is the Interrupt control register. P0IFG is the 
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interrupt flag bit. The IEN1 includes the bit of the 
enabling the interrupt. 

In the system, the application set the registers to 
control the external interrupt in CC2530 as follows. 

P0IEN | = 0x10; 
/ / P0_4 is set to be the interrupt mode; 
PICTL & = ~ 0x10;" 
/ / the falling edge trigger the interrupt 
IEN1 | = 0x20; 
/ / P0 port interrupt was allowed 
So the P0_4 port of the microcontroller is set to 

trigger interrupts at the falling edge. The system will 
process the data from the infrared sensor through 
P0_4. Whenever the infrared sensed the running car, 
it resulted in a falling edge to trigger the interrupt. In 
the interrupt service program, the value of the 
variable was added by 1. After the gradual 
accumulation, the total number of vehicles sensed by 
the infrared will be counted. 
 
 
3. The Software Design 
 

This suite of device uses the IAR integrated 
development environment in the Windows platform 
to collect the information of the infrared module. The 
website has been finished in the eclipse development 
platform which is a famous integrated cross platform. 
It uses the Structs technique and hibernate to load the 
Google map. It makes the received information from 
wireless sensor network  store in Mysql database. 
And it displays them dynamically and browsed by 
intelligent phones and computers in the internet. 
 
 
3.1. The Design for the Data  

Acquisition Module 
 

The data acquisition module has finished the 
designs both for the application protocol of the 
routing nodes and for the protocol of the coordinator 
node. The protocol is consistent with the message 
struct which is received by the website. 

Their application layers of the routing nodes 
complete the following tasks. First, they start infrared 
acquisition module. Second, they set the specific 
information and the data collected from the infrared 
sensor together into encapsulated packets. Third, they 
send the data packets from the APP layer to the HAL 
layer according to the Zigbee protocol to the 
coordinator. The number of each routing node 
corresponds to the defined module number according 
to the following Table 1. 

The application layer of the coordinator node is 
mainly to complete the following tasks. First, it 
accepts and processes data from the routing nodes. 
Second, it analyzes and filters the data packets. And 
it encapsulates the data into packets and sent to the 
upper computer through the serial port.  

Table 1. The coding of the routers. 
 

The number of the routing node 
MEBEE_GROUP_CLUSTERID 

The 
sequence 

number of 
modules 

MEBEE_GROUP_CLUSTERIDA 1 
MEBEE_GROUP_CLUSTERIDB 2 
MEBEE_GROUP_CLUSTERIDC 3 
MEBEE_GROUP_CLUSTERIDD 4 
MEBEE_GROUP_CLUSTERIDE 5 
MEBEE_GROUP_CLUSTERIDF 6 
MEBEE_GROUP_CLUSTERIDG 7 
MEBEE_GROUP_CLUSTERIDH 8 

 
 
3.2. The Design and Implementation of Web 
 

The website used the AJAX technique and java 
program language on the Eclipse platform. The 
several modules consist of the whole architecture. 
They refresh the screen respectively or are refreshed 
manually. The website received the fixed stuct data 
according to the protocol from the coordinator. It 
resolved the data struct and released to the interface 
realtimely. It can receive data from more than one 
USB port at different crossroads simultaneously. And 
it included the servelst technique and the concurrency 
control scheme. Also it is able to receive a large 
number of data from many infrared sensors by one or 
more coordinators. It can display the Google map 
according to the requirements of users. And on the 
map, users can browse the traffic conditions of their 
target crossroads online. The condition is determined 
by the number of the vehicles at the crossroad then. 
 
 
4. The Results of the System Testing 
 

The smart traffic system is applied at the 
crossroads. So the distance between the coordinator 
and the router is tested. Because of various uncertain 
factors in the wireless transmission, some routing 
nodes transmit data can not reach the coordinator. 
Also this research does the statistical analysis for the 
packet loss rate as follows. There is a variable in the 
router’s program which indicates the times of the sent 
packets. Of course, the variable is part of the 
package. The coordinator finally sends the received 
data to the upper computer through the serial port. 
The serial port assistant can display the received 
packets and save them in a local text document for 
the analysis. 

The test is finished on the outdoor venues. The 
routing nodes numbered by 1, 2 are 50 meters from 
the coordinator. The nodes numbered by 7, 8 are 
placed 70 meters away from the coordinator. The 
nodes numbered by 3 and 4 are 20 meters away from 
the coordinator. And the nodes numbered by  
5, 6 nodes are 10 meters away from the coordinator. 
In the testing, eight routing nodes send the 
information got by the infrared sensors on the routing 
nodes respectively at the same time. And the only 
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one coordinator receives the information from eight 
routers and sends all information to the website in the 
upper computer. The obtained test results of the 
system are in the local text document. The statistical 
result is shown in the following Table 2.  
 
 

Table 2. The test result. 
 

The node 
number 

The 
distance 

Transmis-
sion times 

Receipt 
times 

The 
packet 

loss rate
1 50 m 52 31 40 % 
2 50 m 54 28 48 % 
3 20 m 65 23 64 % 
4 20 m 66 21 68 % 
5 10 m 51 24 52 % 
6 10 m 55 24 56 % 
7 70 m 52 9 82 % 
8 70 m 57 14 75 % 

In the Table 2, the nodes numbered by 1 and 2 
which are 50 m away from the coordinator have the 
lowest packet loss rate. The nodes numbered by 7 
and 8 have the highest packet loss rate. But such high 
packet loss rate does not affect the system. First, the 
nodes numbered by 7 and 8 sent packets at regular 
intervals. In other words, their time interval is longer 
than the time interval of the other nodes numbered by 
1, 2, 3, 4, 5 and 6.  

Their last packet represents the newest 
information. Second, the website is refreshed every 
5 s. So it does not need that every packet is able to be 
received. It only needs the newest packet of every 
routing node. It analyses the data and does the 
statistics for the received data. It accords to the 
latitude and the longitude to display whether the 
traffic of the crossroad is heavy on the online Google 
map. The website interface is shown in the following 
Fig. 3.  

 
 

 
 

Fig. 3. The website of the intelligent traffic. 
 
 

The blank space on the left corner of the Google 
map can input the name of the space. Then the user 
can click the ‘search’ button. Then the target place 
will be marked in the red color on the map. The 
address of the place will display on the top right of 
the Fig. 3. The specific information of the target 
place sensed by the infrared sensors at the crossroad 
will be uploaded to the website and will be shown in 
the bottom right of the Fig. 3. If there is no search 
condition, the right will be as shown in the  
Fig. 3 now.  
 
 
5. Conclusion 
 

This research has the difference from the paper 
[8]. It does not require that microcontrollers, GSM 

Modem, GPS, Zigbee, RFID, LCD and infrared 
sensors are put in cars. It only put the wireless Zigbee 
nodes at the crossroads. Then the traffic information 
can be got through the internet. If the quantity of the 
Zigbee nodes is larger, the routers can be father 
nodes for the end nodes. And all the nodes based on 
the Zigbee protocol form the tree network. The public 
transport service can be effectively implemented by 
deploying the concept of this paper. And the service 
quality can be improved. 
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Abstract: Based on Zigbee Wireless Sensor Network technology and fuzzy control technology, a design 
scheme of the testing system of thermal performance of heating radiators is put forward, which is no wiring, 
low-cost and high precision. The project adopts Zigbee wireless communication technology to transmit 
temperature data, and is no wiring, temperature measuring points can be laid out flexibly. By adopting piecewise 
polynomial fitting nonlinear soft correction technology, Zigbee wireless network and RS-485 bus to transmit 
digital temperature signals, transmission error is reduced and temperature measuring accuracy is improved. By 
adopting Fuzzy-PID control, the control precision of temperature and flow rate are improved, the control 
precision of temperature is ±0.1 %, the control precision of flow rate is ±1 %. Experiments prove that the system 
has a fast response, a stable control process, the high measuring and control precision to meet the requirements 
of national standard. Copyright © 2013 IFSA. 
 
Keywords: Thermal performance of heating radiators, ZigBee Wireless Sensor Network, Soft correction, 
Fuzzy-PID control, RS-485 communication, CC2530. 
 
 
 
1. Introduction 
 

Thermal performance of heating radiators has a 
direct impact on the level of energy consumption of 
the heating system, adopting better heating radiator is 
one of major technical measures to heating energy 
saving. According to the GB/T13754-2008 “test 
methods of thermal output of heating radiator”, the 
test bench for thermal performance of heating 
radiators is used for testing thermal performance of 
heating radiator. The testing needs to collect the 
temperature of more than 20 measurement points, 

and requires high measuring and control accuracy of 
temperature and flow rate. The existing systems often 
use a cable to transmit analog signals, the control 
scheme is “thermocouple – transmitter – cold end 
compensation – linear processing – a long distance 
transmission – multiple conversion – A/D conversion 
– PLC – IPC”, more conversion link, complex circuit, 
field wiring clutter, low accuracy, high failure rate, 
the large amount of maintenance, long time of 
testing. Networking technology is on the rise and has 
been widely used in various fields, by adopting the 
ZigBee wireless sensor network and fuzzy PID 
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control, a scheme of test system of thermal 
performance of heating radiators is put forward in 
this paper, which is no wiring, low-cost,  
high-precision. 
 
 
2. Test Principle 
 

The test of thermal output of heating radiator 
must be on the basis of stable heat transfer, steady 
state conditions mainly include temperature steady-
state and flow steady-state. By controlling the heating 
medium and cooling systems, when the flow rate and 
temperature of the heating medium system, the 
supply air temperature of air-conditioning system and 
test chamber temperature field (space temperature 
and wall temperature) to reach steady state constant, 
keep the heating radiator water flow stable, then 
measure the inlet and outlet water temperature and 
the reference air temperature in the three conditions 
of high middle and low temperature respectively, 
then calculate excess temperature, thermal output and 
thermal transmittance to create a standard 
characteristic equation of the radiator [1]:  
 

 n
MQ K T= i , (1) 

 
where Q is the thermal output of heating radiator, 
unit W; ∆T is the excess temperature, unit K; KM, n is 
the constant for radiator models. Taking the 
logarithm on both sides of the equation we get: 
 

 ln ln lnMQ K n T= +  (2) 
 
set:  ln T=Xln ;Q y= , then we get a linear 
equation: 
 

 ln My K nX= +  (3) 
 

A linear regression on the regression equation, 
using the method of least squares solving lnKM and n, 
so we get the characteristic equation of this kind of 
heating radiator thermal output. 
 
 
3. System Overall Design 
 

The test device mainly consists of a heat medium 
system, cold air system, the test chamber, automatic 
control detection system. The heat medium system 
mainly consists of high water tank, low water tank, 
the secondary heating tank, radiator, water re-cooler, 
rotameter, electronic scales, pumps, filters, etc. The 
cold air system mainly consists of air conditioning 
units and compensation heater. The automatic 
detection system is composed by ZigBee wireless 
sensor network, the gateway node, RS-485 bus, IPC 
four parts, and is divided into two major sections of 
PC monitoring and wireless sensor networks 
detecting on the whole, as shown in Fig. 1. IPC-810B 

is used as the host computer, Kingview is taken as the 
platform to design and development monitoring 
interface. IPC communicates with gateway node, 
interlayer sensor nodes and electronic scales through 
RS-485 interface to complete system monitoring, 
data display, alarm and management work [2]. The 
gateway node which takes the CC2530 as the core 
collects the temperature data that collected by the 
sensor nodes, then back to the IPC via RS-485 
communication. IPC controls electric heaters, air 
conditioning units, flow control valve and other 
equipment to stabilize the flow rate and temperature 
of the heat medium system, and the temperature of 
the test chamber can be made maintain at the  
required value. 
 
 

Radiator

H
eat 

M
edium

C
irculation

Interlayer C
olling 

C
irculation

Two 
Stage 

Heating

Heater

RS—485BUS

IPC—810B

Electronic Scale  Weighing
Air Conditioner Units

Test 
Chamber

Sensor N
ode

Outlet 
Temperature

Inlet 
Temperature

Reference 
Temperature

Gateway 
Node

   
 

Fig. 1. System overall block diagram. 
 
 

The system adopts two level two network 
networking model, the underlying is the Zigbee-WSN 
two level subnet, composed of sensor nodes and 
gateway nodes, adopting the star network topology to 
complete the acquisition of the temperature data, the 
gateway node is a wireless sensor network 
coordination controller. The upper is RS-485 
backbone network which includes the IPC, interlayer 
sensor nodes and electronic scale, using a bus 
network topology, complete the features that control 
and display the temperature and flow and input 
interactive [3]. 
 
 
4. Sensor Node Design  
 

The sensor node is mainly responsible for the 
acquisition of the temperature data, and sent it to the 
collection node by CC2530 RF transceiver, and 
mainly consists of the platinum resistance, current 
transducer XTR105, I/V converting circuit and 
CC2530, hardware block diagram shown in 
Fig. 2 [4]. PT1000 platinum resistance detect the 
temperature of measuring points, current transducer 
XTRl05 transform the temperature changes to 
4~20 mA current signal, the current signal is 
converted into the voltage signal of 0.6 V to 3 V by 
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the I/V converting circuit which is composed by 
precision resistance, The voltage signal is converted 
by the A/D converter integrated in CC2530, then the 
actual temperature value obtained by the MCU after 
non-linear compensation. 
 
 

 
 

 
 
 

 
Fig. 2. Hardware block diagram of sensor node. 

 
 

Non-linear relationship exists between the 
thermal resistance of the platinum resistance and the 
temperature, it is more serious especially in the high-
temperature side, to achieve high-precision 
temperature measuring, it is necessary to do the non-
linear calibration for the test data [5]. The correction 
method combining software with hardware is 
adopted, hardware adopts a three-wire connection to 
eliminates measurement error caused by wire 
resistance of platinum resistance, adopts the current 
transducer XTRl05 with the precision current source 
which converts resistance changes to current, after 
I/V conversion the voltage signal is converted into 
digital signal by 12-bit ADC integrated in CC2530; 
software adopts the piecewise polynomial fitting 
nonlinear correction, fitting formula is: 
 

 2
0 1 2

0

m
m j

m j
j

t a a x a x a x a x
=

= + + + + =∑  (4) 

 
where a0, a1, a2, ..., am are the unknown coefficients. 

The higher degree of the polynomial, the higher 
accuracy of the fitting, but the greater amount of 
calculation. Considering the characteristics of 
platinum resistance and the system temperature 
measuring range of 0° C to 100 ° C, a quadratic 
polynomial is adopted, mean m =2, the least square 
method for each coefficient is used, so that minimize 
the sum of errors square Q. 
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( )
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There are equations: 
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Set: 
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Have equations 
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 (9) 

 
Set the matrix θ, A, Y respectively is: 
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(10) 

 
Use Matlab software to solve matrix equation: 

 
 A Yθ =  (11) 

 
After solving vector A the fitting curve polynomial 
coefficients a0, a1, a2 can be determine. 

The variable x can be the resistor R or voltage U, 
dividing the temperature measuring range of 0°C to 
100°C into five sections, the polynomial fitting takes 
once every 20°C. Each section takes 20 measuring 
temperature points to measure (temperature interval 
is 1°C), and each point continuous takes sample 12 
times, and remove the maximum value and the 
minimum value in the resulting sampled data, then 
take average of the remaining 10 sampled data to 
obtain the best polynomial fit equation of temperature 
and the resistance or temperature and voltage. By 
using double correction of hardware and software, it 
achieves a higher temperature measuring accuracy, 
temperature resolution is 0.01°C and measurement 
error is less than ±0.1°C between the temperature 
measuring range 0°C to 100°C. 
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5. Communication Protocol 
 

The gateway node communicates with sensor 
node using ZigBee protocol, ZigBee protocol stack 
consists of four parts: the physical layer (PHY) and 
medium access control sublayer (MAC), network 
layer (NWK) and application layer (APL) [6]. The 
format of ZigBee protocol frame is shown in Table 1. 
Among them: the frame sequence number field is for 
the order number of the sender, sequence number 
field value pluses 1 when each send a data; Address 
field includes the network ID of the destination node, 
destination address and the network ID of the source 
node, source address, which is 64 IEEE long address 
or 16-bit short address; Data payload field is valid 
data, which length is variable, measurement and 
control command and the temperature data contained 
in the data payload. 
 
 

Table 1. Format of ZigBee protocol frame. 
 

Description Code Length 
Leading code  Preamble 4 bytes 
Start flag of frame  SFD 1 byte 
Frame length field Length 1 byte 
Frame control field FCF 2 bytes 
Frame sequence 
number DSN 1 byte 

Address field  ADDR 0~20 bytes 
Data payload Payload  variable 
Frame check code FCS 2 bytes 

 
 
Table 2. Format of ASCII communication protocol frame. 

 
Description Code Length 
Prefix 40H 1 byte 
Device address Addr 1 byte 
Flag Flag 1 byte 
Data address DataAddr 2 bytes 
Data length DataNum 1 byte 
Data Data ≤100 bytes 
Exclusive or CRC 1 byte 
CR 0x0d 1 byte 

 
 

KingView communicates with the gateway node 
through the serial interface using communication 
protocol of ASCII code type. In order to achieve the 
communication between the gateway node and 
KingView, the communication parameters set by 
KingView must be consistent with MCU 
communication parameters, such as baud rate: 
9600 bps, 8 data bits, 1 stop bit, no parity check. The 
device address format set by KingView is: # #. #. The 
first two characters is a device address (0 ~ 255), this 
address is the address of the MCU; the last character 
is the packaged flag:"0" for not packaging, "1" for 
packaging. The master device transmits information 

with the slave device using the frame as the basic 
unit, and the data frame format of the communication 
protocol is shown in Table 2 above. In the data which 
PC send to the MCU, all bytes are ASCII codes 
except the prefix and suffix and one byte is 
represented by two ASCII codes. Among them, the 
signs: a byte is two ASCII codes (bit 0 to bit 7), when 
bit0 = 0 means to read; when bit0 = 1 means to write; 
when bit1 = 0 means not to package, when 
bit1 = 1means to package; when bit3bit2 = 00 means 
data type is bytes; when bit3bit2 = 01means data type 
is words; when the bit3bit2 = 1x means data type is 
floating point data [7]. Data is ASCII codes which 
are converted into by the actual data and its number 
is 2 times the number of bytes. CRC code is the XOR 
value from the device address to the XOR byte front, 
and XOR value is converted into two ASCII codes. 
 
 
6. Control Strategy 
 

The measurement and control system mainly 
consists of three parts: the reference point 
temperature control (test chamber temperature 
control), inlet temperature control and heat medium 
flow control. Reference point temperature control is 
achieved through controlling the supplying air 
temperature of the wall cooling system, it is 
completed by air conditioning refrigeration units and 
compensation heater, supplying air temperature and 
air flow can be adjusted, there is a compensation 
heater in front of the entrance of the small room of 
the cold air duct, the amount of heating of heater is 
automatically adjusted by the fuzzy PID controller 
[8]; Radiator supplying water temperature is adjusted 
by two stages of heating, the high level water tank 
has a rough heater, the reheating water tank has a fine 
heater, they constitute a cascade control structure 
adopting adaptive fuzzy PID control strategy; 
Heating medium flow is detected by the weighing 
method, 31002 electronic scale has the RS-232 serial 
communication interface and the maximum relative 
error is 0.01 %, the computer can directly read the 
weighing data, then calculate the flow of the heating 
medium in accordance with the measurement time, 
heat medium flow control is achieved by controlling 
the flow of circuit adjusting the variable frequency 
pump.  

Thermal performance test bed is such a controlled 
object with a large time delay, nonlinear, time-
varying, and requires a high control precision. 
Requirements of national standard: Inlet water 
temperature control accuracy: ± 0.1°C, water flow 
control accuracy: ±1 %, reference point temperature 
control accuracy: ±0.1°C and only using the 
conventional PID control or fuzzy control will not 
achieve good control effect [9], therefore, this paper 
uses fuzzy PID controller, combining the high control 
accuracy advantage of conventional PID control with 
the strong adaptability advantages of fuzzy control, 
real-time online to adjust the PID parameters to 
obtain the desired control performance. 
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6.1. Fuzzy PID Controller Structure 
 

Fuzzy PID controller mainly consists of two 
parts: the conventional PID control section and the 
fuzzy inference section. The conventional PID 
controller completes the direct control of the system 
and the fuzzy inference achieves online automatic 
correction on three PID control parameters [10]. The 
fuzzy inference section is essentially a two inputs and 
three outputs fuzzy controller, with temperature 
deviation E and error change rate EC as input 
variables and ∆Kp, ∆KI, ∆KD as output variables. 
Fuzzy PID control is to find out the fuzzy relations 
between the three PID parameters and the deviation E 
and error change rate EC, detecting E and EC 
continuously in running, the three parameters of PID 
controller are online modified based on fuzzy control 
rules to meet the different requirements of the control 
parameters when E and EC are different, and 
conditions are different [11], its structure is shown in 
Fig. 3. 
 
 

 
 
 
 

 
Fig. 3. Structure diagram of Fuzzy PID Controller. 

 
 
6.2. Fuzzy Linguistic Variables and its 

Membership Function 
 

Fuzzy controller input linguistic variables are the 
deviation E (The difference between the actual 
temperature and set temperature) and the deviation 
change rate EC, output linguistic variables are the 
amount of correction ∆Kp, ∆KI, ∆KD of three PID 
parameters KP, KI, KD. The basic domain of the 
deviation E is [-5°C, +5°C] and the basic domain of 
the deviation change rate EC is [-1,1]. Define the 
fuzzy subset of the input E and the EC and output 
amount ∆KP, ∆KI, ∆KD: {NB, NM, NS, ZO, PS, PM, 
PB} ,the fuzzy domain: {-6, -5, -4, -3, -2, -
1,0,1,2,3,4,5,6}, the elements NB, NM, NS, ZO, PS, 
PM, PB in the set respectively mean: negative big, 
negative medium, negative small, zero, positive 
small, positive median, positive big [12]. The 
trigonometric function is chosen as membership 
function of the fuzzy subsets, as shown in Fig. 4. 

 
 
 
 
 
 
 
 
 

Fig. 4. Membership function of the fuzzy variables. 

6.3. The Establishment of Fuzzy  
Control Rules 

 
Based on PID algorithm, for different e and ec , 

KP, KI and KD setting principle is as follows[13, 14]: 
(1) When e is larger, to make the system has a 

good fast-track performance, KP and should be larger 
and KI should be smaller, at the same time in order to 
avoid the greater overshoot of system response, 
integral action should be limited, usually KI = 0. 

(2) When e is in a medium-sized, to make the 
system response has small overshoot, the KP should 
be smaller, the value of KD has a greater impact on 
the system, the value of KI should be appropriate. 

(3) When e is smaller, to make the system has 
good steady-state performance, KP and KI should be 
larger, in order to avoid system oscillations around 
the set value, taking into account the anti-jamming 
performance of the system, the choice of the KD 
value should be based on EC , when ec is smaller, 
the KD value should be greater, it is usually taken as a 
medium-sized; when ec is larger, KD value  
should be smaller. 

Combining with the control law above, in the 
summary of the experience of the experts and the 
engineering and technical personnel ,the fuzzy 
control rule table of the three parameters ∆KP, ∆KI, 
∆KD is established, as shown in Table 3, Table 4  
and Table 5. 
 
 

Table 3. Fuzzy control rule table of ∆KP. 
 

E 
EC 

NB NM NS ZO PS PM PB 
NB PB PB PM PM PS PS ZO 
NM PB PB PM PM PS ZO ZO 
NS PM PM PS PS ZO NS NS 
ZO PM PS PS ZO NS NS NM 
PS PS PS ZO NS NS NM NM 
PM ZO ZO NS NM NM NM NB 
PB ZO NS NS NM NM NB NB 

 
 

Table 4. Fuzzy control rule table of ∆KI. 
 

E 
EC 

NB NM NS ZO PS PM PB 
NB NB NB NB NM NS ZO ZO 
NM NB NB NM NM NS ZO ZO 
NS NM NM NS NS ZO PS PS 
ZO NM NS NS ZO PS PS PM 
PS NS NS ZO PS PS PM PM 
PM ZO ZO PS PM PM PB PB 
PB ZO ZO PS PM PB PB PB 

PID控制器 被控对象

ZigBee传感网络

模糊推理de/dt
ec

e y(t)r(t)
- u(t)

△ Kp △ KD△ KI

0 1 2 3 4 5 6-1-2-3-4-5-6

1

0.5

PBPMPSZONSNMNB

x

u(x)
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Table 5. Fuzzy control rule table of ∆KD. 
 

E 
EC 

NB NM NS ZO PS PM PB 

NB PS PS ZO ZO ZO PB PB 

NM NM NS NS NS ZO PS PM 

NS NB NM NM NS NS PS PM 

ZO NB NM NM NS NS PS PM 

PS NB NM NS NS NS PS PS 

PM NM NS NS NS ZO PS PS 

PB PS ZO ZO ZO ZO PB PB 
 
 
6.4. Fuzzy Reasoning and Decision-Making 
 

According to the fuzzy control rule table of the 
∆KP, ∆KI, ∆KD, with reasoning of Mamdani 
inference method and clear computing of the 
weighted average method, we can offline calculate 
the fuzzy control query table of ∆KP, ∆KI, ∆KD, and it 
is stored in the memory of the controller [15]. 
According to error E and error change rate EC, we 
will find out in real time the ∆KP, ∆KI, ∆KD from the 
control query table, then add them to the initial 
setting value of PID parameter K’

P, K’
I, K’

D, we will 
be able to get the PID regulator control parameters 
KP, KI, KD, these parameters are taken into the 
recursive formula of PID control positional control 
algorithm (12), the amount of actual control 
calculated can be used for real-time control the 
temperature and flow. 
 

 ( ) ( 1) ( )
( 1) [ ( ) ( 1)] ( )

[ ( ) 2 ( 1) ( 2)]
P I

D

u k u k u k
u k K e k e k K e k
K e k e k e k

= − +∆

= − + − − +

+ − − + −

 (12) 

 
ActiveX control method increases fuzzy PID 

algorithm for the KingView. We first make ActiveX 
control of the fuzzy PID algorithm by VC, then 
embed the control in the configuration software, then 
make data connection and set the corresponding 
parameters between variables in the control and 
configuration software, so that we can use it [16]. 
The flow chart of fuzzy PID algorithm is shown  
in Fig. 5. 
 
 
7. Experimental Results 

 
In a laboratory environment, we test the 

performance of the system by detecting the thermal 
output and the thermal transmittance of some an 
aluminum radiator. Heating medium is hot water, 
water supply temperature of 3 kinds of conditions 
selected are 95 °C, 75 °C, 60 °C, and the reference air 
temperature of the test chamber is set to 18 °C. 
KingView runs conventional PID control algorithm 
and fuzzy PID algorithm respectively, the 

temperature control experimental curve of reference 
point can be obtained as shown in Fig. 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Flow chart of Fuzzy PID algorithm. 
 
 

As can be seen from the two groups of curves in 
Fig. 6, PID control has a fast response, but has a 
larger overshoot, the poor system suitability of 
different mathematical models; fuzzy PID control has 
a smaller overshoot, a smoother response process, a 
shorter adjustment time and a better robust 
performance than the conventional PID control, its 
static and dynamic performance specifications can 
meet the control requirements and superior to PID 
control, fuzzy PID control steady-state error is less 
than ± 0.1°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Reference point temperature control curve. 
 
 

The fuzzy PID algorithm program is run by the 
KingView. When the system reaches steady state 
conditions, the experimental data of three kinds of 
conditions and the calculated results of thermal 
output Q and thermal transmittance K of the radiator 
each condition are shown in Table 6. Seen from the 
table, the temperature measuring and control 
precision of the system can reach ±0.1°C, and all the 
indicators meet the requirements of national standard. 
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8.Conclusions  
 

Based on Zigbee wireless sensor network 
technology, taking computer as control means, fuzzy 
PID control as control strategy, a set of high-
precision testing system with adaptive of thermal 
performance of heating radiators is designed in this 
paper. Compared with the traditional control scheme, 
the system adopts Zigbee wireless network and RS-
485 bus to transmit digital temperature signals, 
intermediate links are lessened, to avoid the errors 
caused by wire resistance and field interference in the 

transmitting analog signal with long wire and long-
distance.  

By adopting piecewise polynomial fitting 
nonlinear correction, the temperature measuring 
accuracy is improved. By adopting Fuzzy-PID 
control, the control precisions of temperature and 
flow rate are improved. Experimental results show 
that the control system has a fast response, a stable 
control process, a high control precision to meet the 
requirements of national standard fully, the test 
efficiency and self-control level is increased 
dramatically, and has a higher practical value. 

 
 

Table 6. Experimental data of three kinds of conditions. 
 

 
t1/°C t2/°C tr/°C △T/K Q/ 

W 
K/ 

(W·m-2·K-1) 
1 94.96 69.98 18.04 64.42 874.3 4.99 

2 75.04 55.68 18.05 47.31 677.6 5.27 

3 59.95 45.53 18.02 34.72 504.7 5.34 
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Abstract: Aiming to the problems of slow convergence speed and being easily early-maturing etc. in existing 
network based on standard particle swarm algorithm, this paper proposes a wireless sensor network coverage 
optimization algorithm based on the genetic particle swarm optimization (PSO). The wireless sensor maximum 
coverage is regarded as the objective function, the genetic algorithm with adaptive crossover and mutation 
factors is used to search the solution space, and the powerful global search ability of PSO is used to increase 
search scope to make particle covering more efficient, which both strengthen algorithm optimization ability, 
improve the nodes coverage, and solve early-mature problem. Comparing with the standard traditional genetic 
algorithm and new quantum genetic algorithm, simulation results present that the rate of coverage in this 
algorithm increases by 2.28 % and 0.65 % respectively; and convergence speed is also improved, therefore this 
method can effectively realize the wireless sensor network coverage optimization. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor network, Coverage optimization, POS, Genetic algorithm. 
 
 
 
1. Introduction 
 

Wireless sensor network is composed of lots of 
sensor nodes placed in the detection areas, which 
adopts wireless communication mode to do data 
communication. In the network all kinds of sensor 
nodes can collaboratively sensing, collect and 
analyze the information of related objects in the 
network coverage area. Covering problem is the key 
problem of wireless sensor network, the distribution 
area of sensor nodes determines the effectiveness of 
network detection. High effective network coverage 
can ensure the space source of wireless sensor 
network to get the reasonable distribution [1-2]. 

At present, scholars have developed a variety of 
algorithms to optimize sensor network coverage, 
including distributed algorithm, approximate 
minimum node set algorithm, set covering algorithm, 

genetic algorithm, and standard particle swarm 
algorithm etc. [3-4]. These algorithms all have 
corresponding defects, for example, the distributed 
algorithm has a longer network cycle, but it can only 
solve the problem of unit circle, it can not solve the 
problem of irregular geometric area, there is certain 
limitation. Approximate minimum node set algorithm 
fails to fully consider node distribution, which can 
not ensure to realize the optimal sensor network 
coverage. Set covering algorithm operates the 
coverage through the relationship around central 
node and surrounding node, there is the unbalanced 
problem of node load distribution. Genetic algorithm 
finds the optimal solution through the parallel search 
method, but its convergence speed is slow, which 
cannot collect the extract dynamic node on time. 
Standard particle swarm algorithm searches optimal 
solution in advance in the detection area, which 
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results the particle search area reduced and node 
network coverage dropped [5-6]. 

In order to solve the problems existing in the 
traditional algorithms, this paper presents a wireless 
sensor network coverage optimization algorithm 
based on genetic PSO. The wireless sensor maximum 
coverage is regarded as the objective function, the 
genetic algorithm with adaptive crossover and 
mutation factors is used to search the solution space, 
and the powerful global search ability of PSO is used 
to increase search scope to make particle coverage 
more efficient, which both strengthen algorithm 
optimization ability, improve the nodes coverage 
rate, and solve early-mature problem. 
 
 
2. The Principle of Wireless Sensor 

Network Coverage 
 
2.1. Construction of Wireless Sensor Network 
 

To get a higher sensor nodes coverage rate in 
WSN, to reduce the number of blind spot of the 
perception, the density of sensor nodes deployment 
needs to increase. However, if sensor nodes deployed 
density is too large, which will produce a large 
number of redundant nodes to lead to data 
transmission conflict, the energy will be work out too 
early, so as to the WSN lifecycle becomes too short. 
For a sensor node, if its sensing area can be 
completely covered by the other sensor nodes, and 
then the node is called redundant nodes, under the 
status of other nodes is working, the sensor node can 
enter a dormant state. The redundant nodes are 
judged through the corresponding algorithm to make 
the work nodes minimum as far as possible, in order 
to improve the network coverage. Therefore, in 
wireless sensor network initialization phase, the 
choice of work nodes number and node energy 
consumption need to be considered at the same time, 
it is a contradiction between WSN coverage and the 
number of working nodes [7] 

Wireless sensor nodes have their own specific 
sensing radius, the detection area within the sensing 
radius is known as coverage area, the node area 
outside sensor radius is called blind area. The goal of 
constructing wireless sensor network is: reasonable 
allocation of network resources, maximizing the 
network coverage [8-9]. The physical model of 
wireless sensor network node coverage is described 
in Fig. 1. 

As shown in Fig. 1, node coverage area in 
wireless sensor network is all the information 
collection within sensor area that takes node Z  as 
the center of circle and zR  as the radius. The 

distance between any two nodes ER  and FR  in 
communication coverage area should be kept in the 
diffuse area of HR , to ensure the sensing information 
from two nodes can effectively communicate. 

Connected coverage refers to the neighbor nodes of 
node Z  arrange according to the special method to 
ensure being inducted by sensor nodes [10]. 
 
 

 
 

Fig. 1. Wireless sensor network node coverage model. 
 
 
2.2. The Selection of Coverage  

Optimization Goal 
 

The ultimate goal of wireless sensor network 
(WSN) is to maximize network coverage. In case to 
ensure the successful completion of network 
communication, how to place sensor nodes and using 
the minimum network nodes to realize maximizing 
network coverage are the main purposes. Two 
indicators of sensor node coverage and area coverage 
are used to judge the coverage of wireless  
sensor network. 
 
 
2.2.1. Node Coverage 
 

The waiting test area is represented in W , after it 
is processed by digital discretization, it includes 

*p q  pixels. In W  there are q  sensor nodes with 
the same parameters, and the coordinates of each 
sensor node are known as { , }i ix y , induction radius 

is r , the communication radius 2R r= . 
{ , , }i i iW x y r=  represents the circle with a center 

of circle of sensor node coordinate { , }i ix y  and the 

radius r . The pixel points are set as ( , )x y , the 
distance between target pixels and sensor node is 

expressed with 2 2( , ) ( ) ( )i i ih w k x x y y= − + − , 

{ }iK r  represents the coverage probability of pixels 

( , )x y  covered by sensor node iW . Sensor node 
detection model can present a certain probability 
distribution under the influence of the environment, 
which is as follows: 
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(1) 

 
In the expression, (0 )u ur r r< <  represents the 

effectiveness parameter tested by sensor nodes, 

1 2 1 2, , ,α α β β  respectively represent the testing 
parameters related with sensor node characteristics, 
and 1 2,θ θ  represents the input parameters,  
and there are: 
 

 
1 ( , )u ir r d kθ ω= − +  (2) 

 
 

2 ( , )u ir r d kθ ω= − +  (3) 
 

Multiple sensor nodes synergistically measure 
target, which can improve the probability of target 
measurement, the probability of synergistical 
measurement is as follows: 

 
 

 ( ) 1 (1 ( , , ))
i pg

pg pg wpg iK W K x yω
ω ω

ω
∈

= − −∏  (4) 

 
 
2.2.2. Area Coverage Rate 
 

Monitoring area W  contains *p q  pixels, a 
node set comprehensive detection probability 

( )wpg pgK W  can analyze if each pixel is overwritten, 

and the area coverage of node set W  is set  
as follows: 

 
 ( )

( ) wpg pg
zone

K W
Q w

p q
=

×
∑  (5) 

 
 
3. Genetic PSO Optimization Nodes 

Coverage Algorithm  
 
3.1. Improvement of Traditional  

Genetic Algorithm 
 

Genetic operation contains selection, cross-over, 
and mutation three kinds of operators, there into, 
crossover and mutation operators play an important 
role to genetic algorithm. Cross can extract the 
effective structure of two parents to construct a new 
individual; mutation can adjust some individual gene 
value in the set. Integration of the crossover and 
mutation operators can enhance the search ability of 
genetic algorithm, the crossover operator is taken as 

the main operator, and mutation operator is taken as a 
secondary operator. The traditional genetic algorithm 
mainly does the iteration calculation according to the 
fixed crossover and mutation probability, when the 
genetic operator is small, it will cause algorithm 
convergence speed too fast or too slow; when genetic 
operator is too big, it will lead to the algorithm can 
not converge. 

In order to solve the disadvantages of traditional 
algorithm, the genetic algorithm with an adaptive 
operator makes the individual can adaptively adjust 
crossover and mutation probability. Decreasing the 
crossover probability of parent individual with high 
similarity, and increasing the crossover probability of 
parent individuals with low similarity, can enhance 
cross processing accuracy to complete the global 
search; at the same time, the individuals with high 
fitness use low crossover probability, the individuals 
with low fitness use high crossover probability, 
which can ensure the diversity of set and increase the 
convergence speed. The operation method of 
adaptive crossover and mutation operator is: 

 
 

. , 1 , , ./ ln( )i j q i j q i jw w u z+ = +  (6) 
 

 
, 1 , ,(1 ln )*i q i q i qP g p+ = −  (7) 

 
Among them, the crossover probability of the i -

th and the j -th parent in the q -th generation is 

described as , ,i j qw , the degree of approximation of  

the i -th and the j -th parent is described with ,i jz , 

the mutation probability of the i -th individual in the 
q -th generation is described with ,i qp , the fitness of 

the i -th individual in the q -th generation is 

described with ,i qg . 
 
 
3.2. PSO Genetic Optimization Algorithm 
 

In the process of node coverage, genetic 
algorithm has certain disadvantages, in order to 
overcome these disadvantages, PSO genetic 
algorithm is introduced. This algorithm combines the 
PSO particle swarm global search capability and the 
local optimization function of genetic algorithm, has 
strong nonlinear mapping ability. PSO algorithm sets 
up a variety of particles in the space dimensions, the 
best particle coordinates is the optimal solution of 
objective function. Based on the current coordinate 
values, particles constantly adjust their speed and 
coordinate. In this paper, the spatial dimension is 
composed of node coverage and area coverage, 
including two groups of the weight coefficient and 
two dimensional adaptive values, the weight 
coefficient of each group is integrated into the model 
of genetic algorithm and does the readjustment and 
optimization. In this paper, the algorithm sets up  
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60 search particles, the solution of searching optimal 
objective function is the spatial dimension 
coordinates of each particle. 

If the position of i -th particle is 
 

 
1 2 60( , ,..., )i i i iX x x x=  (8) 

 
The speed of particles searching optimal in space 

is  
 

 
1 2 60( , ,..., )i i i iU u u u=  (9) 

 
The optimal position of particle swarm itself is 

1 2 60( , ,..., )i i i iK K K K= , the optimal position of 

whole particles swarm is 1 2 60( , ,..., )i i i iL L L L= . 
The particle swarm using expression (10) to adjust 
the position: 
 

 1
1 1

1 !

( )

2 2( )

j j j j
id id id id

j j
d id

j j j
id id id

U wU d r ke x

w r fb x j

X X U

+

+ +

= + −

−

= +

          +  (10) 

 
In the expressions, the first half is used to adjust 

the speed of particles; the second half represents the 
self learning process of particles. The expression can 
optimize the cognizing energy of particles to avoid 
algorithm appearing "early-mature" phenomenon. 
The particle swarm's self-learning ability can 
improve particle swarm global optimization ability. 
Through the above formulas the particles can 
improve the effectiveness and efficiency of stage 
coverage optimization. 
 
 
4. Simulation Experiments and Analysis 
 
4.1. Simulation Environment Settings 
 

Simulation experiment set 50 wireless sensor 
nodes in a circular measurement range with radius 
10 M, the sensing area is the circular area with 

4r m=  radius, and the communication coverage 
area of sensor node is the circular area with the radius 

2 8U r m= =  [9]. The parameters of sensor node 
detection model in the experiment are 1 2 2u u= = , 
model checking validity parameters are 

0.5 2ur u m= = , different nodes feature parameters 
respectively are 1 2 1 21, 0, 1, 0.5α α β β= = = = , 

max 50number = . The experiment uses the computer 
with main frequency 2.6 GHz under the condition of 
Matlab to simulation test about wireless sensor 
network coverage problem. 

4.2. Contrastive Analysis  
on the Performance of This Algorithm  
and Traditional Algorithm 

 
In order to verify the advantages of wireless 

sensor network coverage optimization algorithm 
based on genetic PSO proposed in this paper, through 
the simulation results to compare with the traditional 
standard particle swarm algorithm (POS) and the 
method in this paper, the covering performance test 
data of two algorithms can be described in Table 1. 
 
 

Table 1. The test data of the coverage performance 
between PSO and this algorithm. 

 
PSO This algorithm Radius 

/m Iteration 
times 

Coverage 
rate (100 %) 

Iteration 
times 

Coverage 
rate (%) 

1.5 1621 32.65 1576 34.35 
2 836 55.79 797 56.97 

2.5 473 75.97 394 88.77 
3 343 86.74 256 94.98 
4 295 95.24 227 99.95 
5 234 100 213 100 

 
 
According to the experimental test data in  

Table 1, the coverage rate of this algorithm and 
traditional algorithm, as well as the rectangular figure 
of iteration time variation trend along with the 
change of node sensing radius, are respectively 
described in Fig. 2 and Fig. 3. 
 
 

 
 

Fig. 2. The rectangle diagram of coverage changing  
with nodes sensing radius. 

 
 

From diagram 2, coverage and sensing radius 
have the positive correlation, the greater the radius is, 
the greater the coverage is, and the coverage rate in 
this algorithm is higher than the traditional genetic 
algorithm. When the sensing radius is lesser, the 
coverage rectangular figure shows notable rising 
trend; when the sensing radius increases, the 
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variation trend of coverage rate rectangle diagram is 
relatively stable, when the sensing radius reaches a 
certain value to achieve overall coverage, the 
coverage rate is 100 %. 
 
 

 
 

Fig. 3. The rectangle diagram of iteration times changing 
with nodes sensing radius. 

 
 

From the analysis of diagram 3, the iteration 
number and the sensing radius have the negative 
correlation, when the sensing radius is larger, the 
iteration time is smaller, and the iteration number in 
this algorithm is less than the traditional genetic 
algorithm. When the sensing radius is small, the 
variation trend of iteration time rectangle diagram is 
obvious, the convergence speed of two algorithms 
has great improvement; when sensing radius 
increases, the iteration time change is relatively 
smooth, and the algorithm convergence speed 
gradually decreases. 

Finally, through Fig. 2 and Fig. 3, the algorithm 
in this paper has high coverage than traditional 
standard particle swarm algorithm, the number of 
iteration is low, which illustrates the optimal 
performance of this algorithm is stronger, and the 
coverage performance is better. 
 
 
4.3. Performance Comparison with Other 

Wireless Sensors Coverage Algorithm 
 

In order to further verify the superiority of this 
algorithm, this paper respectively adopts this 
algorithm, traditional genetic algorithm (CGA), and a 
new quantum genetic algorithm (NQGA) to do 
coverage test for sensor network, the test results are 
shown in Table 2. 
 
 

Table 2. The coverage performance comparison  
of different algorithms. 

 
 This 

algorithm 
CGA NQGA 

Coverage rate % 92.26 89.19 91.13 
Iteration number 650 700 700 

From the analysis of Table 2, the coverage in this 
algorithm is 92.26 %, which is higher than other two 
kinds of algorithms 2.28 % and 0.65 %, and the 
iteration time of this algorithm is less than other two 
algorithms. Therefore this algorithm can implement 
the maximum network coverage through less 
operation time, which has high network coverage 
optimization performance. 
 
 
5. Conclusion 
 

Wireless sensor network coverage optimization is 
in favor of improving network performance and 
network efficient coverage. This paper presents a 
wireless sensor network coverage optimization 
algorithm based on genetic PSO. Wireless sensor 
maximum coverage is regarded as the objective 
function, genetic algorithm with adaptive crossover 
mutation factor is used to search the solution space, 
PSO powerful global search ability of particle swarm 
is used to increase search scope, all of these make 
particle covering more efficient, which strengthen the 
optimization ability of the algorithm, improve the 
node coverage, and solve the prematurity problem. 
Comparing with the traditional genetic algorithm and 
a new quantum genetic algorithm, there are 
significant improvements on the effective coverage 
rate and convergence speed, this algorithm has 
certain superiority. 
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Abstract: Due to the limitation of energy resources, energy efficiency is a key issue in wireless sensor networks 
(WSNs). Clustering or shortest routing are proved to be an important way to improve the scalability and prolong 
the lifetime of wireless sensor networks, but rarely consider the energy efficient and the shortest path at the 
same time. In this paper, we propose an energy efficient least spanning routing tree algorithm (EELSRT) based 
on clustering and virtual grid ideas to prolong network lifetime and shorten path while emphasizing energy 
conservation at the same time. Selecting cluster head includes initialization stage ,dynamic selecting active node 
and dynamic selecting head stage, namely, partitions the whole network to many cluster and divides each cluster 
into N×N grid which there is only one active node and others are sleeping, the active node is responsible for 
receiving, sending and updating table in its grid ,the cluster head is dynamic generates from all active nodes, 
head is responsible for receiving, sending and maintaining information in its cluster. Then all cluster heads 
dynamic constructs a least spanning routing tree to prolong network lifetime, save energy and shorten path. 
Simulation results show that the performance of EELSR on lifetime and energy consumption have further 
improved by using clustering and least spanning tree, It is a promising approach and deserves more future 
research. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor networks (WSN), Energy efficient, Least spanning tree, Routing algorithm,  
Virtual grid. 
 
 
 
1. Introduction 
 

Wireless sensor networks (WSNs) is a new 
network paradigm that involve the deployment of 
hundreds-even thousand-of low-cost, energy-limited, 
small, and application-specific sensor nodes to create 
applications for factory monitoring and control, 
disaster response, military sensing intelligent house 
control, and, etc. [1]. Since WSN is typically 
deployed in an uncontrolled or unreachable 
environment, each sensor node carries a limited, 
generally irreplaceable energy source, therefore, 

energy conservation is the most important 
performance objective [2] to extend network lifetime 
while designing WSN protocols. 

The fundamental notion of clustering scheme is 
to divide a network into several segments which are 
generally called by clusters, where a cluster head 
(CH) is located in the center of each cluster [3]. 
Consequently, all sensors in WSNs are organized 
into the clusters where each sensor has its own CH. 
The key advantage of clustering scheme is to reduce 
the distance of transmission by communicating with 
CHs over relatively short distances [4]. Also, it can 
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reduce the energy consumption by eliminating 
redundant transmissions. A CH fuses a collected 
data into a single data and transmits it to a sink [5]. 
As cluster heads are responsible for receiving and 
aggregating the data from their cluster members and 
transmitting the aggregated data along distance to 
base station (BS), the energy consumption of cluster 
heads is much larger than that of cluster members. 
In order to balance the energy among nodes, most 
clustering protocols adopt a cluster head rotation 
mechanism. Cluster head rotation methods used by 
the existing clustering algorithms can be divided 
into time-driven cluster head rotation and energy-
driven cluster head rotation. In time-driven 
clustering algorithms [6], the role of cluster head is 
rotated in the entire network periodically according 
to a predetermined time threshold. This method can 
effectively balance the network energy 
consumption. At the same time, since each round of 
cluster head rotation is carried out in the entire 
network, the large over head that occurs every time 
clusters are reformed causes a lot of unnecessary 
waste. In addition, none of the existing algorithms 
in this class gives the optimal value of the period 
[7]. In energy-driven clustering algorithms [8], the 
roles of cluster head are rotated when the residual 
energy of cluster head is less than a threshold. 
Cluster topology maintenance only happens during 
local cluster head rotation. Thus, the large cost of 
global topology reconstruction is avoided. 

A particular WSN, cluster-based WSN (CWSN), 
is characterized by adopting a cluster-based routing 
protocol (CRP). In CRP, a set of cluster-heads will 
be selected after the duration of time which is either 
periodic or non-periodic. The selected cluster-heads 
then serve as the cluster centers in a specific 
clustering algorithm which divides the remaining 
sensor nodes into several clusters [9]. In CWSN, a 
member node delivers sensed data to data sink 
through its cluster-head. Through use of CRP, 
energy can be conserved because sensed data from 
member nodes are aggregated to high-level 
information by a cluster-head in a cluster. Such data 
aggregation extends network lifetime by filtering 
redundant and information-less sensed data. In light 
of the obvious advantage of CRP, many protocol 
based on the CRP principle. In [10], present a 
theoretical model and a simple clustering algorithm 
called Location-based Unequal Clustering 
Algorithm (LUCA) were proposed, where each 
cluster has a different cluster size based on its 
location information which is the distance between 
a cluster head and a sink. In LUCA, in order to 
minimize the energy consumption of entire network, 
a cluster has a larger cluster size as increasing 
distance from the sink. LEACH [11] is a typical 
clustering protocol proposed for periodical data 
gathering applications in wireless sensor networks. 
In LEACH, each node independently elects itself as 
a cluster head with a probability. Cluster heads 
receive and aggregate data from cluster members 
and then send the aggregated data to the BS by 

single-hop communication. In order to balance 
energy dissipation, the role of cluster head is 
periodically rotated among the nodes. LEACH 
protocol is simple and does not require a large 
communication over head. However, the 
performance in heterogeneous networks is not very 
well, because it does not elect cluster heads based 
on residual energy of nodes. Energy efficient 
unequal clustering (EEUC) [12] is a distributed 
unequal clustering algorithm that elects cluster 
heads based on the residual energy of nodes. 
Tentative cluster heads use uneven competition 
ranges to construct clusters of uneven sizes. The 
clusters closer to the BS have smaller sizes than 
those farther away from the BS; thus, the cluster 
heads closer to the BS can preserve some energy for 
the inter cluster data forwarding. In this way, the 
energy consumption among cluster heads is 
balanced. Similar to LEACH, EEUC adopts time-
driven cluster head rotation that may cause a lot of 
unnecessary waste inevitably. An Unequal Cluster-
based Routing (UCR) protocol was proposed in 
[13]. It groups the nodes into clusters of unequal 
sizes. Cluster heads closer to the base station have 
smaller cluster sizes than those farther from the base 
station, thus they can preserve some energy for the 
inter-cluster data forwarding. A greedy geographic 
and energy-aware routing protocol is designed for 
the inter cluster communication, which considers 
the trade off between the energy cost of relay paths 
and the residual energy of relay nodes. However, 
these algorithms some consider clustering, but not 
consider re-clustering; some consider re-clustering, 
but not shorten path. 

In this paper, we propose an energy efficient least 
spanning routing tree algorithm based on virtual grid 
(EELSRT) for wireless sensor network to prolong 
network lifetime and shorten path while emphasizing 
energy conservation at the same time. We use virtual 
grid ideas to divide each cluster into N×N grids 
which there is only one active node. Clustering 
includes partitioning stage and choosing stage, 
namely, partitions the multi-hop network and then 
chooses cluster-heads, cluster head is responsible for 
receiving, sending and maintaining information in its 
cluster. Then all cluster-heads will construct a least 
spanning routing tree to prolong network lifetime, 
save energy and shorten path. Simulation results 
show that the EELSRT performance has further 
improved by using virtual grid to divide cluster, 
dynamic clustering and least spanning tree, it is a 
promising approach and deserves more  
future research. 
 
 
2. System Model 
 

Energy efficient clustering is a typical application 
in wireless sensor networks. Our motivation is to 
study the problem in this kind of application. In this 
section, we will make some assumptions about the 
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system model and give a statement about network 
model, energy model and state conversion model. 
 
 
2.1. Network Model 
 

We consider the wireless sensor networks where 
N nodes in field A are homogenous and energy 
constrained and the sensor network has the following 
properties [14]: 

1) This network is a static densely deployed 
network. It means a large number of sensor nodes are 
densely deployed in a two-dimensional geographic 
space, forming a network and these nodes do not 
move any more after deployment. 

2) There exists only one Sink node, which is 
deployed at stationary place outside the WSNS. 

3) The energy of sensor nodes cannot  
be recharged. 

4) Sensor nodes are location-aware, i.e. sensor 
node can get its location information through other 
mechanisms such as GPS or position algorithms. 
Each node is assigned a unique identifier [15]. 

5) The radio power can be controlled, i.e., a node 
can vary its transmission power depending on the 
distance to the receiver [16]. 

First, the whole area has been divided into many 
same squares, namely, there are many clusters, and 
each node can directly communicate with other nodes 
in a cluster. Then the cluster was divided into M×N 
small area (the value of M, N is determine by the 
cluster’s size, there are M×N grid in a cluster, each 
grid is named Gi,k(k=1.. M×N). The network model 
based on virtual grid is shown un Fig.1. 
 
 

 
 

Fig. 1. Network model based on virtual grid. 
 
 

We suppose M=3 and N=3, each small square call 
as a virtual grid, node distribute into this virtual grid, 
C1 has 9 virtual grid such as G1,1,G1,2, 
G1,3,G1,4,G1,5,G1,6,G1,7,G1,8 and G1,9, we 
suppose virtual grid G1,5 as a cluster head grid, and 

the pentagram as the cluster head, for arbitrary 
adjacent virtual grid G1,1 and G1,2, each node in 
G1,1 can communicate with all nodes in G1,2, and 
vice versa. In a cluster, the red dot as the working 
node in each grid and each node can communicate 
with cluster head, and we suppose the number of 
simultaneous working node is 1 (square dot), others 
are sleeping (circular dots). In order to guarantee the 
network normal working and prolong network 
lifetime, one sleeping node in a virtual grid will be 
awaken at the right time so as to instead of the 
energy-exhausted node or disabled node [17]. 
 
 
2.2. Energy Model 
 

We adopt a simplified power model of radio 
communication in document [18], namely, in order to 
send a k-bit packet information and the sending 
distance is d, the sending energy consumption is 
 

 ( , )Tx elec ampE k d E k k d dε= × + × × ×  (1) 
 

The distance of node I and node j is di,j: 
 

 2 2
, ( ) ( )i j i j i jd x x y y= − + −  (2) 

 
The receiving energy consumption is  

 
 ( )Rx elecE k E k= ×  (3) 

 
Where Eelec is the energy/bit consumed by the 

sender and receiver electronics, J/bit, Eelec=50 nJj/bit, 
ampε  is the J/(bit×m2), ampε =100pJ/bit/m2.we 

commonly assume that the sending distance and d2 is 
directly proportional for shorter distance, while the 
sending distance and d4 is directly proportional for 
longer distance, so we can see the directly sending to 
long distance is consumed more energy than multi-
hop sending. 

But the differentiation from the document [19], 
we consider the processing consumption in order to 
proximity real scene, the energy consumption of 
cluster head is Ep: 
 

 

1
( , )

m

p e le c i
i

E k m E k
=

= ×∑  (4) 

 
So the residual energy of cluster head is:  

 
1 2

1 1

( ) ( , ) ( ) ( , )
n n

r TX w w RX w p

w w

E i E k d E k E k m
= =

= − −∑ ∑  (5) 

 
Where n1,n2 are the cluster head respectively 

sending and receiving times before time Ti. 
The residual energy of ordinary node j is: 
 

 ( ) ( ) ( , ) ( )r r TX n n RX lE j E j E k d E k= − −  (6) 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 113-119 

 116

3. Energy Efficient Least Spanning 
Routing Tree Algorithm Based  
on Virtual Grid (EELSRT) 

 
In this work, we consider the wireless networks 

where all nodes in the network are homogenous and 
energy constrained, the whole network was departed 
many cluster and each cluster was divided into N×N 
virtual grid which there is only one active node and 
others are sleeping, the head is selected from all 
active nodes in cluster. In this environment, instead 
of using a flat configuration, adopting the dynamic 
clustering and least spanning routing tree approach 
can statistically multiplex many connections into a 
few paths so that the overall interferences can be 
reduced with well-controlled access. 
 
 
3.1. Dynamic Selecting Head 
 

The process of constructing cluster-head is 
comprised of two phases, as illustrated below: 

Step1. Initialization: the whole sensing area has 
been formed many cluster, each cluster has been 
divided into N×N grids, there is only one active node 
which the initial active node is randomly generated 
by all nodes in its grid and others are sleeping, the 
initial cluster head is randomly generated from active 
nodes in cluster. Sink broadcasts a information which 
includes ID, location etc, when a head receives this 
message then stores this information and response its 
ID, location etc to sink and its neighbor heads, so 
after some time, each head will know its neighbor 
information and the sink information and build its 
neighbor head’s table which as shown in Table 1, 
while each head builds its member table which as 
shown in Table 2 and each node builds its member 
table which as shown in Table 3. When a new head 
was generated, the active nodes and new head will 
update their tables. 
 
 

Table 1. Cluster head neighbor’s table. 
 

Name Property 
ID The node unique identification 
Er head residual energy 
Location 
(x(i),y(i)) 

Node geographical location 
information 

Flag 0-cluster head;1-sink; 
2-neighbor head 

 
 

Table 2. Head number’s table. 
 

Name  Property  
ID  The node unique identification 
Location 
(x(i),y(i)) 

Node geographical location 
information 

Er  node residual energy 
Flag 0-cluster head;1-member node  

Step2. Dynamic selecting active node: after an 
event happens, active node is responsible for sensing, 
sending data to head, while receiving message from 
head, then computes its residual energy (Er(a)) and 
compares with the active node energy threshold (Ev), 
if Er(a) is less than Ev, the active node will selects a 
new sleeping node as the new active node from all 
sleeping nodes in its grid and sends updating message 
to head, head will update its member table, and the 
new active node is responsible for this grid and the 
old active node is sleeping. 
 
 

Table 3. Active node information table. 
 

Name Property 
ID The node unique identification 
Location 
(x(i), y(i)) 

Node geographical location 
information 

Er node residual energy 

Flag 0-cluster head; 1 node self; 2-neighbor 
node 

State 0-active;1-sleeping 
 
 

Step3. Dynamic selecting head: head is 
responsible for collecting data from all active nodes 
in cluster and receiving data from neighbor heads, 
and transmits these to next hop, and computes its 
residual energy (Er(h)), if Er(h) is large than ET 
(head energy threshold), it will continue to work; 
else, first selects a new head from all active nodes 
which its residual energy is maximum and sends the 
new head information to all active nodes and its 
neighbor heads; second, after one neighbor head 
receives this message, it updates its neighbor table; 
three, after one active node receives this message, it 
updates its member table; last, head sends its member 
table and neighbor table to the new head and to 
sleeping, the new head will responsible for  
this cluster. 
 
 
3.2. Constructing Least Spanning  

Routing Tree 
 

According to Prim algorithm, suppose undirected 
graph G (V,E,D), where V is the set of cluster-heads 
and the number is N, namely, 
V={CH1,CH2…CHN,sink}, E is the set of 
connections of cluster-head, namely, 
E={<Chi,CHj>…<CHk,sink>} and D is the distance 
of cluster-heads, namely, D={di,j, di,k,….} the 
process of constructing least spanning tree as 
illustrated below:  

Step 1. Initialization:V1=sink, E1=null, and 
V2=V-V1. 

Step 2. Sect a edge: which has minimum distance 
from sink to one cluster-head (suppose is CHi), 
which CHi is directly connect with Sink, then 
set,V1={Sink, CHi}, E1={(sink, CHi)}, V2=V2-V1. 
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Step 3. For each cluster-head CHk in V1 do: 
select a minimum distance dk,j, which CHk∈V1, 
CHj∈V2 and (CHk, CHj) ∈E, but is not∈E1, then 
V1=V1∪CHj, E1={( CHk, CHj)} ∪E1, V2=V2-CHj. 

Step 4. If V2 is empty then end, else go to step 3.  
Step 5. End. 
As illustrated in Fig. 2 and Fig. 3, Fig. 2 shows 

the initial least spanning tree, after some time, if the 
power of CH1’s cluster-head is lower than threshold, 
nodes in CH1 will execute dynamic clustering head 
to choose a new cluster-head, this time system will 
execute constructing least spanning tree algorithm, 
and make a new least spanning tree as Fig. 3 we can 
know the total-path of new least spanning tree is 
shorter than old least spanning tree. 
 
 

 
 

Fig. 2. The least spanning tree before re-clustering. 
 
 

 
 

Fig. 3. The least spanning tree after re-clusterin. 
 
 
4. Simulation Results 
 

This section provides a detailed quantitative 
analysis comparing the performance of our scheme 
with no clustering algorithm and with clustering, but 
no least spanning tree algorithm. 

The experiment is carried out using the same 
initial power, the experiment consists of 500 nodes, 
randomly deployed in 450 m×450 m square area. The 
radio transmission range is dynamic changed 
according to the DTRAP method adopted in the 
initial phase for constructing a multi-cluster [20] and 
constructing a least spanning tree environment. 
However, after the construction of a multi-cluster and 
a least spanning tree sensor network, each node and 
cluster-head can estimate the distance each other, and 
thus send messages with the desired SNR using only 
minimum power. When cluster-head’s energy is 
lower than threshold, system will execute 
constructing cluster-head and constructing least 
spanning tree algorithm, so it can forma new cluster-
head and a least spanning tree. Besides, in the real 
word, the channel quality may cause interference in 
the packet. But, because we focus on traffic which is 
delay-sensitive rather than error-sensitive, the 
channel quality is assumed to be uniform in the 
experiment, and each node is equipped with the same 
initial power 5J. Summary of parameters and defined 
values are shown in Table 4. 
 
 

Table 4. Simulation parameters. 
 

Simulation parameters value 
N(total nodes) 500 nodes 
A(network size) 450×450 m 
Cluster size 90×90 m 
Virtual grid size 30×30 m 
Number of sink 1 
Eelec 50 nJ/bit 

ampε  0.0013 pJ/bit/m2 
Simulation times 50 seconds 
Threshold energy 0.2 w 
E(initial energy) 5 Joules 

 
 

As shown in Fig. 4, the conventional method 
which gives no clustering and no least spanning tree, 
drains its power most rapidly. With clustering added 
and no least spanning tree gives a longer life when 
compared with the conventional method. When 
added clustering and least spanning tree, we can 
know the lifetime is longer than only  
using clustering. 

Fig. 5 shows the energy consumed and its 
standard deviation from clustering and least spanning 
tree method are decreased as the value of density 
increases, but in general, the values obtained are 
higher than those conventional methods or only using 
clustering method. 
 
 
5. Conclusions 
 

In this paper, based on virtual grid and dynamic 
selecting cluster head ideas, we present an energy 
efficient least spanning routing tree (EELSRT) 
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algorithm for wireless sensor network. Simulation 
results show that, compared with no clustering and 
only clustering, but not using least spanning tree 
algorithm, the performance of EELSRT on lifetime 
and energy consumption have further improved by 
using clustering and least spanning tree. It is a 
promising approach and deserves more  
future research. 
 
 

 
 

Fig. 4. Lifetime. 
 
 

 
 

Fig. 5. Consumed power per node (std). 
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Abstract: The paper presents a new WLAN (wireless local area network) MAC protocol, probability detection 
CSMA with monitoring for WSNs MAC protocol. Analyzes and builds the corresponding mathematical model 
using average cycle method, and get the mathematical expressions of systemic throughput and the life cycle of 
terminal nodes of the probability detection CSMA with monitoring for WSNs MAC protocol through a rigorous 
mathematical derivation. Simulation results show that the probability detection CSMA with monitoring for 
WSNs MAC protocol due to join the monitoring signal, resulting in the decrease of systemic throughput, but 
reduces the collision probability. Meanwhile, under the control of the protocol, the systemic throughput and 
utilization rate has a higher value in the light loads, then avoid the waste of channel resources. Therefore, the 
probability detection CSMA with monitoring for WSNs MAC protocol has a better performance in the WLAN. 
Copyright © 2013 IFSA. 
 
Keywords: Wireless local area network, Average cycle method, Throughput, Life cycle, Monitoring signal. 
 
 
 
1. Introduction 
 

WSNs (Wireless Sensor Networks) [1-3] is a new 
sensor network, but also a cross of multidisciplinary 
fields, is composed of a plurality of micro sensor 
terminal nodes having sensing capability power, 
computing power and communication capability 
using IEEE 802.11 protocol standard, compose a 
network system with multi-hop and self-
configuration, with the aim of collecting information 
and send the collected information to processing 

center in the way of wireless communication through 
terminal sensor nodes within the network coverage 
area. It has a wide range of application in the 
military, medical, explosion, industrial, disaster 
relief, and many other fields. 

Wireless sensor network is a comprehensive 
intelligent information system [4, 5] which collected 
information collection, information processing and 
information transmission. The network performance 
(throughput, delay, etc.) depends on the access 
protocol of MAC (Media Access Control) sub-layer. 
Thus, the development of appropriate MAC sub-layer 
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rulers, allocating channel resources according to the 
characteristics of network traffic, improving the 
service efficiency of radio resources, improving 
system capacity and transmission quality has always 
been an important research topic. Therefore, in order 
to better improve the system throughput, increase the 
security of information transmission, but also to solve 
the hidden terminal problem, the paper presents a 
new wireless local area network MAC protocol [6-8], 
the probability detection CSMA (Carrier Sense 
Multiple Access) with monitoring  for wireless sensor 
networks MAC protocol, which add ACK after delay 
a to ensure the channel state, this will help to reduce 
the collision probability when channel is  
busy sending information packet and improve 
protocol performance. 

This paper analyzes the probability detection 
CSMA with monitoring for WSNs MAC protocol 
seriously, Analyzes and builds mathematical model 
using average cycle method [9], and get the 
mathematical analytic expression of systemic 
throughput [9-11] and the life cycle of terminal nodes 
[12, 13] and other performance indicators of the 
probability detection CSMA with monitoring for 
WSNs MAC protocol through a rigorous 

mathematical derivation. The simulation results 
verified the correctness of the theoretical derivation, 
improved throughput, and prolonged life cycle  
of nodes. 
 
 
2. The Probability Detection CSMA 

Protocol with Monitoring for WSNs 
MAC Protocol 

 
In this paper, the model of the probability 

detection CSMA with monitoring for WSNs MAC 
protocol is shown in Fig. 1. When a terminal user is 
sending information packets, if the packets arrived in 
a transmission period (TP) will listen to the channel 
is busy, then continue to listen to the channel with 
probability p until the channel is idle; if the packets 
will listen to the channel is idle, transmit the packet. 
Thus, the number of packets accumulated in the end 
of a TP equals to the number of packets listened 
continuously within (1+3a), if it is greater than or 
equal to 1, the next TP is still busy period, but if it is 
0, then the busy period end.  

 
 

Aτ Aτ Aτ Aτ

 
 

Fig. 1. The model of the probability detection CSMA protocol with monitoring. 
 
 
As can be seen from the figure, there are three 

random events [14] on the channel. The event that 
information packet sent successfully U, the event that 
information packet impacted on the channel B and 
the event that the channel is idle I. These three 
random events can be divided into two events, an idle 
event I and a compound event BU, and these two 
events alternating cycles occur on the timeline, the 
time period is nT . 

 
 
2.1. Analysis of System Throughput 
 

1. Before analyze the protocol, the system needs 
to be defined as follows: 

• The channel is an idle channel without noise 
and interference; 

• The maximum transmission delay of the 
channel is a, and the TS length is also a, the 
information packet length is unit length 1, an 
integer multiple of a; 

• The time axis of the channel is divided by a, 
packets arrived within any a will be sent in the 
begin of next slot; 

• The time generated an acknowledge signal 
(monitoring signal) ACK is a, then the length 
of a transmission period TP is 1+3a; 

• The channel access way is slotted p-detection 
CSMA protocol, information packets arrived 
on the channel follows Poisson Distribution 
with independent parameter G; 

• The information packets needed to be sent in 
the first slot (delay a) of a TP can always 
detected the channel state at the last time; 

• The impacted packets will be resend in the 
following slots, and the re-transmitted 
information packet does not affect the process 
of the packets arriving in the channel.  

2. According to the above describe of the control 
principle of the probability detection CSMA protocol 
with monitoring function, we know: 

The probability that has n information packets 
arrive at time t is 
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 ( )( )
!

n
GtGtp n e

n
−=  (1) 

 
The probability that has m information packets 

continue listening channel state with probability p in 
which has n information packets arrive at time t is  
 

 ( )( )
!

m
GptGptp m e

m
−=  (2) 

 
The probability that has no packet to transmit in 

an idle slot a is 
 

 0 ( 0) Ga
aq p n e−= = =  (3) 

 
The probability that has only one packet to 

transmit in an idle slot a is 
 

 1 ( 1) Ga
aq p n Gae−= = =  (4) 

 
The probability that has no packet to transmit in a 

transmission period 1+3a is  
 

 0 (1 3 )
1 3 ( 0) Gp a

aq p m e− +
+ = = =  (5) 

 
The probability that has only one packet to 

transmit in a transmission period 1+3a is  
 

 1 (1 3 )
1 3 ( 1) (1 3 ) Gp a

aq p m Gp a e− +
+ = = = +  (6) 

 
The probability that has i consecutive idle events 

is  
 

 1{ ] ( ) (1 )Ga i Ga
Ip N i e e− − −= = −  (7) 

 
The probability that has j consecutive BU is 

 
 (1 3 ) 1 (1 3 ){ } (1 )Gp a j Gp a

BUp N j e e− + − − += = −  (8) 
 

From (7), (8), we obtain the joint probability of 
the probability detection CSMA with monitoring for 
WSNs MAC protocol is  
 

 

1 (1 3 ) 1 (1 3 )

{ , ]

( ) (1 )(1 )
I BU
Ga i Ga Gp a j Gp a

p N i N j

e e e e− − − − + − − +

= =

= − −
 (9) 

 
The average number of timeslot that the channel 

is idle in a cycle time is 
 

 1( )
1I GaE N

e −=
−

 (10) 

 
The average number of timeslot that the channel 

is busy in a cycle time is 
 

 
(1 3 )

1( )BU Gp aE N
e− +=  (11) 

 
Defined 2U  as follows: 

1U : There is only one packet arrives and wants to 
transmit at the last one slot in idle time, the packet 
will be sent successfully in the next timeslot. 

2U : There is some information packets arrive in 
busy time, but only one packet detects the channel 
state with probability p, the packet will be sent 
successfully when the channel is idle. 
 

 
1( )

1

Ga

U Ga

GaeE N
e

−

−=
−

 (12) 

 
 

2( ) (1 3 )UE N Gp a= +  (13) 
 

Then the average number of timeslot that the 
packet transmitted successfully in a cycle time is  
 

 1 2)( 1 ) ( ) ( )

(1 3 )
1

U U U
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The average length that the packet transmitted 

successfully in a cycle time is 
 

 
( 1) (1 3 )

1

Ga

Ga

GaeE U Gp a
e

−

−= + +
−

 (15) 

 
The average length that the channel is busy in a 

cycle time is 
 

 
(1 3 )

1 3( ) Gp a

aE BU
e− +

+
=  (16) 

 
The average length that the channel is idle in a 

cycle time is 
 

 
( )

1 Ga

aE I
e−=

−
 (17) 

 
From the definition of system throughput [9]  

 
 [ ]

[ ] [ ]
E US

E BU E I
=

+
 (18) 

 
Combine the expressions (15), (16), and (17), we 

can get the throughput of the joint probability of the 
probability detection CSMA with monitoring for 
WSNs MAC protocol is 
 

 (1 3 )

(1 3 )

[ (1 3 )(1 )]1
(1 3 )(1 )

Gp a Ga Ga
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e Gae Gp a eS
ae a e

− + − −
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=
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 (19) 
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Defined 2U as follow another: 

2U : The information packets arrived at time t a 
in the TP using non-persistent method access to the 
channel give up detecting, but only one information 
packet arrived at transmission time 1 in TP listen to 
the channel continuous, then the packet will be 
transmitted successfully in the next transmission 
period TP. 
 

 
2)( )UE N Gp=  (20) 

 
 

1 2)( 2 ) ( ) ( )

1

U U U

Ga

Ga

E N E N E N

Gae Gp
e

−

−

= +

= +
−

 (21) 

 
The average length that the packet transmitted 

successfully in a cycle time is 
 

 
( 2)

1

Ga

Ga

GaeE U Gp
e

−

−= +
−

 (22 

 
From the definition of system throughput, 

combine the expressions (22), (16), and (17), we can 
get the throughput of the protocol is  

 (1 3 )

(1 3 )

[ (1 )]2
(1 3 )(1 )

Gp a Ga Ga

Gp a Ga

e Gae Gp eS
ae a e

− + − −

− + −

+ −
=

+ + −
 (23) 

 
 
2.2. The Efficiency Analysis of System Energy 
 

The probability detection CSMA with monitoring 
for WSNs MAC protocol this paper presents can 
effectively reduce energy consumption. The control 
principle is shown in Fig. 2. When a terminal user 
want to send information packets, if the packets 
arrived in a transmission period (TP) will detected 
the channel is busy, then listen to the channel with 
probability p until the channel is idle; if it detects the 
channel is idle, and then transmit the packet 
immediately. Thus, the number of packets 
accumulated in the end of a TP equals to the number 
of packets listened continuously within (1+3a), if it is 
greater than or equal to 1, the next TP is still busy 
period, but if it is 0, then the busy period end, and 
enters to the period of dormancy until the next 
transmission period TP start. The channel first listens 
to itself after it is idle, then holding time a, and it 
enters into dormancy state again if there is no any 
nodes want to send information packets, the  
sleep time is 1, so that we can effectively reduce 
energy consumption. 

 
 

 
Fig. 2. Working schematic diagram for node. 

 
 
In this paper, we use the battery model of 

literature [15] to analyze the system capacity, and 
also introduce the concept of channel detection 
power, then having the following definitions: 

1.8TP mW=  refers to the power of service nodes 

which are in transmission; 9RP mW=  refers to the 
power of service nodes which are in accepting state; 

0.5DP mW=  refers to the power of the channel 

which is in detecting state; 24B Kbps=  refers to 
the data transmission rate.  

From the above analysis, the different definitions 
of 2U have different average length of the  
impacted packet: 
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Assuming that the total energy of a system is E 

(unit: Wh ), the effective energy is 90 % of the total, 
then the loss energy of a system whose total energy 
equals E in a year is  
 

 0.1
24 365lk

EP =
×

 (26) 

 
Define the average power of service nodes is nP , 

then the average power of the probability detection 
CSMA with monitoring for WSNs MAC protocol is 
 

 3

1
[1.8 ( 1) 9 ( 1) 0.5 ( )] 10

( )(1 3 ) ( )n
E U E B E IP

E BU a aE I

−+ + ×
=

+ +
 (27) 
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2
[1.8 ( 2) 9 ( 2) 0.5 ( )] 10

(1 3 ) ( ) ( )n
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−+ + ×
=
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Thus the life cycle of the protocol is  

 
 

1

1
24 365 0.1n

ET
P E
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2
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P E

=
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3. Experiment Analysis 
 

According to the above analysis, we simulate the 
probability detection CSMA with monitoring for 
WSNs MAC protocol, but before simulate the 
protocol, the simulation environment is assumed as 
following: 

1. The channel is ideal without noise and 
interference. 

2. The channel arriving rate is G 
3. The length of each packet equals to unit length. 
4. We use the Matlab to simulate, and compare 

the simulation results with the theoretical results,  
Fig. 3-7. 

From the above simulation figures, we can get the 
following conclusions: 

1) From Fig. 3, we can see that the probability 
detection CSMA with monitoring for WSNs MAC 
protocol has a lower throughput than the traditional 
p-detection CSMA protocol. This is because when 
the system function increases, such as adding 
monitoring function, or using the ACK message, the 
system performance will be affected in a certain 
extent, to maintain system stability by reducing 
system throughput. 
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Fig. 3. The comparison of CSMA protocol with ACK  
and no ACK when 0.1, 0.1a p= = . 

 
2) From Fig. 4, we know that the theoretical value 

of the system throughput is highly coincide with the 

simulation value for the probability detection CSMA 
with monitoring for WSNs MAC protocol, proved 
the correctness of theoretical analysis, and under the 
control of the protocol, the system has a higher 
throughput and utilization rate in the light load, 
avoiding the waste of channel resources. 
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Fig. 4. The throughput of p-detection with ACK  
when 0.1, 0.1a p= = . 

 
 

3. From Fig. 5 and Fig. 6, we can see that under a 
same arrival rate, with the detection probability p 
decreases, the system throughput is increased, and the 
stable value also becomes large when the system 
delay remain unchanged ( 0.1a = ). But when p 
decreases to a certain value, the stable value of 
system throughput will not increases with the 
decrease of p. That is because when the detection 
probability p continue to decrease, that is to say, the 
probability that the channel give up detecting 
increase, the channel is wasted. 
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Fig. 5. The throughput of p-detection with ACK  
when 0.1a = . 
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Fig. 6. The throughput of p-detection with ACK  
when 0.1a = . 

 
 

4. From Fig. 7, we see that the system throughput 
will change with different maximum transmission 
delay on the whole when the detection probability 
remains unchanged ( 0.01p = ), and the system 
throughput increases with the decrease of the system 
maximum transmission delay because the system 
transmission period is an integer multiple of 
maximum transmission delay a, the small the system 
delay, the less number of information packets can 
listen to the channel is busy in TP, then the less 
number of information packets continue to detect the 
channel state, so that the less number of information 
packets will be sent in the idle time, which also 
reduce the collision probability and increase the 
throughput.  
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Fig. 7. The throughput of p-detection with ACK  
when 0.01p = . 

 

4. Conclusions 
 

The paper presents a new probability detection 
CSMA protocol with monitoring for WSNs MAC 
based on WLAN (wireless local area network), and 
gets the mathematical expressions of systemic 
throughput and the life cycle of terminal nodes of the 
probability detection CSMA with monitoring for 
WSNs MAC protocol through a rigorous 
mathematical derivation. The simulation results show 
that the probability detection CSMA with monitoring 
for WSNs MAC protocol due to join the monitoring 
signal, resulting in the decrease of systemic 
throughput, but reduces the collision probability. 
Meanwhile, under the control of the protocol, the 
systemic throughput and utilization rate has a higher 
value in the light loads, then avoid wasting the 
channel resources. However, to the channel which 
can be in higher loads long-term, the probability 
detection CSMA with monitoring for WSNs MAC 
protocol increase the loads to some extent, but it can 
reduce the collision probability and overhead 
required channel arbitrated effectively, and improve 
the channel utilization rate of WLAN. Therefore, the 
probability detection CSMA with monitoring  
for WSNs MAC protocol is a better  
WLAN MAC protocol. 
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Abstract: This paper focuses on the problem of distributed relay selection and power allocation problem in a 
multi-user multi-relay network, aims to maximize users’ achievable rate while consume less power of relays 
which are selected for helping users transmit information. At first, we use the auction game theory to choose the 
relays for each user preliminarily, then for each user and the selected relays, we model the interaction between 
them as a two-level Stackelberg game, the relays modeled as the service provider and the users modeled as 
customers who will buy power from the providers. Based on this game model, we get the relays at relatively 
better locations for each user and the optimal power need to buy from them. Otherwise, as the users will not 
exchange information between themselves, we recalculate the power allocated to each user for relays the power 
users buy from it exceeds the maximizing transmit power. Simulation results show the effectiveness of our 
proposed scheme. Copyright © 2013 IFSA. 
 
Keywords: Distributed relay selection, Power allocation, multi-user multi-relay network, Stackelberg game, 
Auction game. 
 
 
 
1. Introduction 
 

In recent years, cooperative communication [1-2] 
has been proposed as an emerging transmit strategy 
to spread the whole coverage and increase system 
reliability which has been widely used in wireless 
networks. Generally, in such a network, all nodes can 
act as the relay nodes to help each other’s 
transmission to their destinations. In this way, 
cooperative communication can efficiently takes 
advantages the broadcasting nature of wireless 
communication networks, as well as the inherent 

multiuser and spatial diversities. However, in a 
practical application, especially in commercial 
networks, the nodes usually represent different 
interest groups, e.g., service providers and clients. 
Thus, the practical problems appear such as when and 
whether to cooperative, which mainly depends on 
their own available radio resources and traffic loads. 
Extremely, the selfish user would occupy the 
available resources as much as possible to maximize 
its own benefit rather than to share them with others. 

According to the description mentioned above, 
how to analyze the behaviors of ration users in 
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wireless networks has become an urgent need to be 
addressed. Recently, it has been proved that game 
theory can be a promising tool in solving the resource 
allocation problem of cooperative communication 
network due to its natural and flexible represents of 
how the autonomous nodes interact and cooperate 
with each other and has been used in modeling the 
interactions in different network layers among users 
with various benefits [3]. There have been volumes 
of existing literatures based on game theory on the 
decision-making problems on when, whether and 
how to cooperate in wireless networks. In [4], the 
problem of cooperation among energy constrained 
nodes in wireless ad hoc networks was addressed and 
Generous TIT-FOR-TAT (GTFT) scheme was 
proposed to solve this problem based on the historical 
statistics. The author of [5] proposed a pricing 
algorithm that encourages forwarding among 
autonomous nodes through a reimbursing forwarding 
scheme for multi-hop wireless networks. Based on 
the results in [5], a pricing game that stimulates 
cooperative diversity among selfish nodes in 
commercial wireless ad hoc networks was studied  
in [6]. 

The research results abovementioned were based 
on an asymmetric structure model between the source 
and relay nodes. The source node has the opportunity 
to get the relay’s help while the relay node cannot get 
benefit from the source, that is, the roles of the two 
nodes are unequal, making it hard to fully reveal the 
rational behaviors between all nodes, particularly in 
cases when both nodes only have limited radio 
resources. In addition, the works in [4-6] are based on 
“non-cooperative game,” which is mainly focused on 
each node’s individual utility rather than the utility of 
the whole system. In contrast, the schemes based on 
“cooperative game” [7-10] can achieve general 
pareto-optimal performance and maximize the whole 
system payoff while satisfying the fairness 
requirements. 

There are also some works studying the relay 
selection, bandwidth and power allocation based on 
game theory in cooperative communication networks. 
In [11], the behaviors of selfish nodes in the case of 
random access and power control are examined. In 
[12] and [13], a two user network where each user 
can also work as a relay for the other is studied. By 
employing a two-user bargaining game, fair 
bandwidth allocation [12] and power allocation [13] 
are found from Nash bargaining solution. In [14] and 
[15], the relay power allocation and pricing problem 
in the downlink of multi-user single-relay and single-
user multi-relay wireless network is studied 
respectively. The interaction between the users and 
the relay is modeled as a two-level Stackelberg game, 
the optimal relay power price that maximizes the 
relay revenue is derived analytically. Motived by [15], 
we use Stackelberg and auction games model to solve 
the relay selection and power allocation problem in a 
multi-user multi-relay network which all the users 
can do the game process simultaneously. Simulation 

results show the advantage of our scheme compared 
with other existing algorithms. 

The rest of this paper is organized as follows. In 
Section II, the system model is given and in Section 
III, the interaction between each user and the selected 
relays which can be obtained by utilizing the auction 
game theory can be modeled as a two-level 
Stackelberg game where the relays and users are 
modeled as the service provider and customers, 
respectively. In section IV, simulation results are 
demonstrated and the conclusion of the whole paper 
is given in Section V. 

 
 

2. System Model 
 
Consider a wireless network where there are N  

users communicating with their destinations with the 
help of  M  relays as shown in Fig. 1. Denote that the 
channel power gain from user i  to its destination i  
(direct link) as ih , the channel power gain from user 

i  to relay j  as ijf and the channel power gain from 

relay j  to its destination i  as jig  respectively. 

Amplify-and-forward (AF) cooperation protocol is 
employed in this system.  

The cooperative transmission process consists of 
two phases: in phase 1, user i  broadcasts its 
information to both the relays and its corresponding 
destination i , and in phase 2, relays which receive the 
information of user i  will amplify this information 
and forward it to the corresponding destination i . All 
the users will adopt the two phase cooperative 
transmission way, the difference is that the relays 
which help to transmit information are different due 
to different users.  

In phase 1, the received signals at destination i  a
nd relay j can be denoted by ,i iy and ,i jy , respectivel

y, which can be expressed as  
 

, ,i i i i i iy Ph x    (1)

 
and 
 

, , ,i j i i j i jy P f x   , (2) 

 
where x denotes the broadcast information symbol 
with unit energy from user i to its corresponding 
destination i  and relay j , ,i i and ,i j  are the 

additive white Gaussian noises (AWGNs 
The rate of the direct transmission from user i  to 

its corresponding destination i without relay nodes’ 
help is  

 
,

, 2log 1 i i
i iR W

 
   

, (3) 
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Fig. 1. Multi-user multi-relay network. 
 
 

where W  is the bandwidth for transmission and   is 
a constant representing the capacity gap,   ,i i  is the 

SNR of the direct transmission from user i  to 
destination i   and can be expressed by 
 

, 2
i i

i i

Ph


  , (4) 

 
where iP denotes the transmit power at user i . 

In phase 2, relay j amplifies ,i jy and forwards it 

to corresponding destination i with transmitted 
power jP  and the received signal at destination i is 

 

, , , ,j i j j i j i j iy P g x   , (5) 

 
where 
 

,
,

,

i j
j i

i j

y
x

y
  (6) 

 
is the transmitted signal from user i to corresponding 
destination i that is normalized to have unit energy 
and ,j i is the received noise. Substituting (2) into (6), 

Eq. (5) can be rewritten as follows 
 

 , , ,

, ,2
,

j j i i i j i j

j i j i

i i j

P g P f X
Y

P f







 


,
 (7) 

 
where jP denotes the transmit power at relay j . 

Utilizing (7), the relayed SNR for user i , which is 
helped by relay j , can be expressed as 

 

 
, ,

, , 2 2
, ,

i j i j j i
i j i

i i j j j i

PP f g

P f P g 
 

 
 (8) 

By (4) and (8), the reception rate of destination 
from user i  by maximal-ratio combining (MRC) 
detector with relay j   is 

 

, , ,
, , 2log 1

2
i i i j i

i j i

W
R

   
   

 (9) 

 
For user i , the relay nodes help for transmitting 

constitute a set, which is denoted by iL , where 

 1, ,
ii LL r r   , then the rate of  destination i   is 

 

, , ,
, , 2log 1 ii i i j L i

i j i L

j
R W    

    


,
 (10) 

 
where L denotes a bandwidth factor. 

 
 

3. Problem Formulation and Energy-
efficient Power Allocation for SU 

 
In this section, in order for efficient utilization of 

the cooperative diversity in multiuser networks, two 
fundamental problems on resource allocation are 
studied. They are the relay selection and power 
allocation problems. Owing to the nodes in multiuser 
cooperative wireless networks belong to different 
authorities and act selfishly, the distributed resource 
allocation is adopted where the only local knowledge 
of channel information is needed. Initially, incentives 
need to be provided by the users to relays in order to 
relay the information of users. Consequently, the 
users need to choose the optimal relay for 
maximizing their own benefits. Thus, a distributed 
resource allocation scheme utilizing the Stackelberg-
game-based scheme in our scenario can be 
formulated as follows. 

 
 

3.1. Problem Formulation 
 
Consider there are many users transmit 

information simultaneously, the users will not 
exchange any information between each other and 
they can get every relay for help. The problem of 
interest is to select appropriate relays for each user to 
maximize its achievable rate and decrease the power 
of whole relays consumed as much as possible, 
auction game theory is used to find the relays for 
each user preliminarily. Suppose each relay is the 
object for sale and N  users are bidders. For each 
relay j , assume the power helping each user is equal 

at first, i.e., j unitP P , and for user i  , if power iP  is 

given, the  rate of  the direct transmission ,i iR  and 

with relay j ’help , ,i j iR  can be calculated,  , , ,i j i i iR R  

will be the price of user i  to compete for relay j  as 

the value shows the ability of relay j  for helping 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 127-134 

 130

user i  transmit information. Then the whole prices of 
N  bidders competing for relay j  is denote as 

 1, ,1 1,1 2, ,2 2,2 , , ,, , ,j
j j N j N N NR R R R R R   X  , and 

relay j  will choose the bidders with highest 

 ' 'N N N  prices to provide help. Then for each 

relay, we can find 'N  users for help at first, in other 

words, for each user, there are  ' 'M M M  relays 

can provide help. Given the 'M relays, the 
Stackelberg game model will be used to help user i  
to buy the optimal amount of power from relays and 
also helps the selected relays maximize their own 
utilities by asking the optimal prices.  

Stackelberg game is divided into two levels: the 
users play the buyer-level game and the relays play 
the sell-level game. The users aim to achieve the best 
performance with relay nodes’ help with the least 
reimbursements to them while the relays aim to earn 
as much as benefits from spending their own 
transmission power in helping the users forward its 
information. Both of the two sub-game perfect Nash 
equilibriums can be found using the backward 
induction method. 

From the above, we assume the number of relays 

which can provide help for user i  to be  ' '

ii L iM r M , 

denoted by  ',1 ,2 ,
, , ,

i
i i i i M

r r rr  , the power the relays 

spend to transmit information is denoted as 

 ',1 ,2 , ,
, , , , ,

i
i i i k i M

P P P PP   . The price per unit of 

power selling from relay node iL  is denoted 

as  ',1 ,2 , ,
, , , , ,

i
i i i i k i M

p p p pP   . Then the utility 

function of all the users denoted by SU  is  
 

'

, ,
1 1 1

iMN N

S i i i k i k
i i k

U a R p P
  

  
 

(11) 

 
In (11), the first part denotes all the users’ 

achievable rate with the relay nodes’ help, ia  denotes 

user 'i s  gain per unit of rate at the MRC output. The 
second part denotes the total payments paid by the 
whole users to relay nodes. 

The relay nodes’ utility function denoted by  

RU  is 
 

 
'

, , ,
1 1

iMN

R i k i k i k
i k

U p c P
 

  , (12) 

 

where ,i kc  denotes the cost of power for relaying data. 

Formula (11) is the sum of N  single user’s utility 
essentially, so we can find each user’s maximizing 
utility and get the optimal solution of (11). 

For user i , the utility function can be written as: 
 

'

, ,
1

iM

i i i i k i k
k

U a R p P


 
 

(13) 

and the utility function of relay nodes for helping 
user i  is 
 

 
'

, , ,
1

iM

i i k i k i k
k

Q p c P


   (14) 

 
By derivation of iU , we can get  

 

,
, ,

i i
i i k

i k i k

U R
a p

P P

 
 

 
 (15) 

 

If ,
,

i
i k i

i k

R
p a

P





, then 

,

0i

i k

U

P





, it means that user 

i  will obtain a larger utility by  increasing ,i kP . Now 

we will determine the final relay nodes for user i  
further, according the relay rejection criteria in [15], 
all the relay nodes in ir  set their initial prices  

, ,i k i kp c  , if ,
,

i
i k i

i k

R
p a

P





, then relay ,i kr  will be 

rejected by user i . With the relay rejection criteria, 
user i  excludes the least beneficial relay nodes at the 
very beginning and it is proved that the relays are 
fixed and will not change after the game is played. 
Then the final relay nodes for helping user i  are 

denoted by  '',1 ,2 ,
, , ,

i
i i i i M

r r rr  . 

After the relay selection, the optimal power that 
user i  need to buy from the selected relay nodes in 

ir  when achieves game equilibrium will be 

calculated. Suppose L  in (10) equal to 1 and let (15) 

equal to 0, according (7), (8) and 10), we can get  
 

2 '
, ,*

, ,
,

4

2
i k i k

i k i k
i k

A B Y Y XW
P B

p X

 
  , (16) 

 

where k  is the thk  relay of  ir , ,,

, 2
i ki i r

i k
i i

P f
A

Ph

 

 , 

,

,

2
,

,
,

i k

i k

i i r

i k
i r

P f
B

g


 , ,1

i

i j
j

X A


 
r

, , , ,

i

i j i j i j
j

Y p A B


 
r

. 

The optimal price that each relay in ir  sells to user i  

can be got by  
 

*
,

, , *
, ./

i k
i k i k

i k i k

P
p c

P p
 

 
 (17) 

 
 

3.2. Problem Solving 
 
Since there are N  users, if they transmit 

information at the same time, N  game processes 
happens simultaneously. For users will not exchange 
information among themselves, each user will only 
know how much power he buys from the relay, as 
one relay can help many relays, it can’t be guaranteed 
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that the sum of optimal power each user buys lower 
than the maximum transmit power of the relay, so in 
connection with the relay node which the users it 
helps buy the power larger than prescribed power, the 
power the relay node allocates to each user need to be 
re-calculated. 

 Suppose any relay, the set of the users it helped is 
denoted as  1 2, , ,m mu u uu  , according to (16), we 

can get the optimal power allocated to each user,  

denoted as  
1 2
, , ,

mm u u uP P PP  . Since the utility 

function (13) is concave in ,i kP [1, property 1],  iU  

will decrease as ,i kP  is decreasing, in order to reduce 

the power buying from relay m , but maximize SU  as 

much as possible, since SU  is the sum of 

 , 1iU i N   so we just need to find the relay node 

m  that iU  is not varying obviously with the decrease 

of ,i kP . According to (15), for users in mu  , we 

calculate ,i
m

i

U
i

P





u , then we sorted i

i

U

P




 in 

descending order of the value of i

i

U

P




, 

assume 1 2

1 2

m

m

U U U

P P P

  
  

  
  , we decrease the 

power of user  *
m mu P at first, if the sum of optimal 

power all users buy is still larger than the maximum 
transmit power of the relay m , then we will decrease 

the power of user  *
1 1m mu P   until the sum of the 

optimal power all users buy is lower than the 
maximum transmit power of the relay m , then we 
get the whole utility of all the users SU . 

The whole relay selection and power allocation 
process is summarized as follows 

1) Preliminarily Relay Selection: choose the first 

 ' 'N N N  users to use thi  relay for helping 

transmitting information using auction game theory.  
2) Determine which relays will be help for each 

user according 1). 

3) Using formula ,
,

i
i k i

i k

R
p a

P





 to determine the 

final relays to help for each user.  
4) Calculate the optimal power each user buys 

from the corresponding relays and the optimal price 
that each relay sells to the user using formula (16) 
and (17) respectively.  

5) Find the relays that the sum of the optimal 
power that users buy is larger than the maximum 
transmit power of it and decrease the power of user 

with the smallest i

i

U

P




 until the whole power is 

smaller than the maximum transmit power of  
the relay. 

6) Calculate the whole utility of all the users SU . 

 
 

4. Performance Analysis 
 
In this section, the simulation results are given 

which demonstrates the reliability and effectiveness 
of the proposed distributed relay selection and power 
allocation based on Stackelberg and auction games in 
our scenario.  

Fig. 2 illustrates utility of each user with relay’s 
different prices. Considering the interference between 
users, the system adopts TDMA for each user to 
transmit data, the channels are assumed to be 
Rayleigh fading.  Suppose N  =5, M  =20 and the 
capacity gap is set to be  1   . We suppose all the 
users undergo the same game process and take one of 
them for simulating. We can see from the figure that 
our proposed scheme the utility of each user will be 
increasing as the price of each relay is growing, but 
when the price of the relay is higher than a threshold, 
the utility of the user will be decreasing, it means that 
the proposed scheme converges to a better local 
optimum value and also there exists a optimal price 
for the relays. Moreover, user’s utility will increase 
as the value of 'M is growing, it’s because that as 
growing of the value of 'M , there will be more relays 
to help the user to transmit information, it will 
improve user’s utility. 
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Fig. 2 Average utility of each user with relay’s different prices. 
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5. Conclusions 
 

In this paper, we propose a novel distributed relay 
selection and power allocation scheme in a multi-user 
multi-relay network, aims to maximize users’ 
achievable rate while consume less power of relays 
which are selected for helping users transmit 
information. The auction game is adopted to solve the 
relay selection problem for each user, then we model 
the interaction between the users and relays as a two-
level Stackelberg game, and the relays modeled as 
the service provider and the users modeled as 
customers who will buy power from the providers. 
The simulation results validate the reliability and 
effectiveness of our proposed scheme. Further study 
may focus on the EE optimization with the imperfect 
channel sensing and energy harvesting for each SU. 
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Abstract: In the shipbuilding process, lighting system in hull workshop consumes a large amount of electricity 
and the temperature and humidity inside affect the safety and quality of production directly. In order to save 
energy and monitor the temperature and humidity of working space in real time, an environment monitoring and 
energy saving control system was designed based on ZigBee wireless sensor networks. By locating workers’ 
coordinates, the corresponding lighting devices are on-off automatically. The temperature and humidity are 
adjusted automatically by analyzing and processing the real-time temperature and humidity data sent from 
monitoring nodes. The test results in hull workshop show that the average location error is less than 1.2 m and 
the energy saving is also effective. Copyright © 2013 IFSA. 
 
Keywords: ZigBee WSN, Hull workshop, Staff position, Lighting energy-saving, Automatic control of 
temperature and humidity. 
 
 
 
1. Introduction 
 

With the rapid development of shipbuilding 
industry, the competition becomes increasingly 
fierce. Ensuring the safety of staves and producing, 
improving the quality of production and reducing 
costs have become the main ways for shipyards to 
enhance their competitiveness. For shipyard, energy 
costs have become the third largest expenditure 
following materials and equipment costs and labor 
costs, presenting a growing trend. And among those 
electricity costs takes up more than 40 % [1]. In the 
process of shipbuilding, a lot of lighting devices are 
needed in hull workshop as ship is a relatively 

independent and enclosed area. However, currently 
most of cabin lighting equipments are controlled by 
workers. As a result most of the lamps keep 
working all the time even when staffs stop working, 
which leads to a huge amount of waste. Therefore, 
lighting should never be underestimated among the 
energy-using units of electric equipment in 
shipyards. In addition, welding is an indispensable 
key technology to modern shipbuilding. 
Temperature and humidity in welding materials 
repository should be effectively controlled in a level 
where the indoor temperature is no less than 5 ºC 
and relative air humidity there is no higher than 
60 %. And desiccant is needed to prevent welding 
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materials from getting damp. Therefore, the quality 
of welding is directly related to proper control of 
temperature and humidity. After welding, painting 
operation is needed. Xylene and rosin water are 
often used thinner of internal coating and antirust 
paint, whose flashpoint are all below 28°C belong to 
first-class dangerous flammable materials. After 
diluted, paint will be atomized through air pump 
pressure by the spray gun. The produced volatile 
gas is combustible gas which easily explodes when 
there are open flames. So in case of explosion 
hazard, the temperature in painting operations 
workshop must be strictly controlled. At present, 
however, temperature and humidity are simply 
inspected by thermometer and hygrometer, having 
no any effective regulation in sensitive areas. It is 
urgent to implement intelligent control on energy 
saving and temperature and humidity monitoring in 
real time. 

One of the intelligent lighting devices that save 
power is Pyroelectric Infrared Sensor. It responds 
by detecting the strength changes of the infrared 
radiated by body. It is susceptible to various sources 
of heat and light interference. In addition, the 
sensitivity is closely related to the moving direction 
of forks [2]. The two points mentioned above 
cannot meet the requirements of workers who work 
on circulating freely and doing jobs which produce 
heat such as welding. Another is Microwave Radar 
Sensor Switch. Adopting microwave radar principle 
of Doppler, it can implement the function of switch 
control by monitoring body movement. The switch 
is not affected by ambient temperature and the 
movement direction of human body, but its window 
is easily shielded and interfered by mental, and it is 
also easily affected by electromagnetic wave 
around, resulting in false action. Besides, both of 
the sensors must be installed in workshop field, for 
switching response can generate electric spark 
which easily leads to danger by igniting the 
combustible gas in cabin. 

ZigBee is a kind of bidirectional wireless 
network technology with low power consumption, 

low-data-rate, low complexity, low-cost and short-
range [3]. It could be embedded in all kinds of 
devices, support in-door Geo-location function, 
achieve precise positioning of a moving target and 
high quality wireless transmission of data in real 
time. And it is used widely in area of industrial 
monitoring, safety system, smart home, etc [4]. The 
functions and advantages of the ZigBee technology 
can meet the specific environmental requirements of 
hull workshop and overcome the shortcomings of 
the two switches mentioned above. In this paper, a 
ZigBee-based system for environment monitoring 
and energy saving control in hull workshop is 
designed, which can be applied in the process of 
shipbuilding. A wireless network is established in 
three-dimensional space in cabin by ZigBee 
wireless sensors. By locating workers’ coordinates, 
lights will be on whenever workers come; lights will 
be off as soon as people leave. Temperature and 
humidity are monitored by ZigBee End Devices 
embedded temperature and humidity sensor in real 
time to be at appropriate level. At the same time, 
through computer monitoring software it 
implements headcount in cabin, displaying the in-
out time and checking on work attendance. 
 
 
2. System Architecture 
 

The system consists of Temperature and 
Humidity Acquisition Module, ZigBee Wireless 
Positioning Module, Central Processing Unit and 
Control Module, as shown in Fig. 1. Central 
Processing Unit receives coordinates of workers from 
Wireless Positioning Module and the real-time 
temperature and humidity value of monitored area 
from Temperature and Humidity Acquisition 
Module. After analyzed and proceeded, the effective 
information is transmitted to Control Module. 
Control Module then sends corresponding control 
commands to drive loads. 

 
 

 
Fig. 1. Hardware composition block diagram of the system. 
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2.1. Design of Each Module 
 

ZigBee Wireless Positioning Module includes a 
ZigBee coordinator, eight reference nodes and a 
number of positioning nodes (staves wear). 
Coordinator is the initiator of ZigBee wireless 
network, which mainly works on the establishment, 
configuration and maintenance of network. After 
network established, Coordinator will have the same 
function with router. Reference Node is the static 
node with known coordinates in a wireless 
positioning system. It provides an information packet 
that contains its own X, Y coordinates and the 
received signal strength indicator (RSSI) value to 
Location Node. Location Node is a mobile node in 
positioning system, which calculates its own 
coordinates by the known coordinates of Reference 
Node [4]. Coordinator and Reference Nodes are all 
composed of CC2430 chip produced by TI and the 
corresponding peripheral circuits. Location Node 
uses the CC2431 chip. In addition to all hardware 
features of CC2430, the CC2431 includes a 
“Location Engine” Based on RSSI technology the 
CC2431 wireless location engine needs no additional 
hardware and data exchange. And it takes advantages 
of higher speed, higher precision and doesn’t 
consume the CPU’s resources compared with 
software localization [5]. 

Firstly, node localization uses the location 
algorithm based on RSSI – the simplified Shadowing 
model [6] to determine the distance from Location 
Node to Reference Node. Then the position of 
Location Node is calculated by using Trilateration 
[7]. To improve location accuracy, Trilateration 
optimization algorithm – Cooperative Location 
Estimation [7] is used. Two algorithms are well 
introduced in [7]. 

CC2431 on-chip location engine calculates the 
position of a Location Node based on RSS and the 
coordinates of Reference Nodes. Location principle 
model as shown in Fig. 2, computer software 
established a two-dimensional XY place within the 
coverage area of the wireless network. Rectangle in 
the figure represents Reference Node and the small 
ball represents Location Node. 

After ZigBee Location Node entered the wireless 
network, it sends out a blast of broadcast messages 
for RSSI packets immediately to the adjacent 
Reference Nodes. Any Reference Nodes receiving 
such a message shall make a running average of the 
RSSI of the packets received from a particular 
Location Node. Then Reference Nodes send the 

average value and their own coordinates to the 
Location Node. Location Node puts down the 
information and input parameters (A, n) into the 
Location Engine and calculates the distance to each 
Reference Node. Finally, Location Node calculates 
its own position by using the algorithm above 
according to the distance to Reference Node and 
coordinates of Reference Node and transmits it to 
Coordinator to complete the positioning. 
 
 

 
 

Fig. 2. Location principle model of ZigBee  
wireless network. 

 
 

Because of the system, which needs to get 
coordinates of workers to turn on the corresponding 
lighting device, higher request on location accuracy 
is requested. Localization algorithm optimization, 
hardware selection, debugging strategy, 
configuration of environmental parameters and so on 
all are aimed at improving the positioning accuracy 
to meet the actual requirements of this application. 

Temperature and Humidity Acquisition Module is 
composed of ZigBee End Device embedded SHT11 
digital temperature and humidity sensor. End 
Devices, mainly responsible for wireless data 
collection, need to join the network which has been 
established without network maintenance  
function [8]. 

SHT11 is a new digital relative humidity and 
temperature sensor based on CMOSense technology 
of Sensirion company. The sensor can be used to 
measure relative humidity, temperature and dew 
point. Applied CMOSense technology guarantees 
excellent reliability and long term stability. Typical 
resolutions of measured temperature and relative 
humidity are 14 bit and 12 bit [9]. Technical 
parameters of SHT11 are shown in Table 1. 

 
 

Table 1. Technical parameters of SHT11. 
 

Measured Parameter Operating 
Range Resolution Accuracy Average Power 

Consumption 
Temperature  
 
Relative Humidity 

-40~123.8 °С 
 

0~100 %RH 

0.01 °С 
 

0.05 %RH 

±0.4 °С 
 

±3.0 %RH 

90 µW 
 

Low Consumption 
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Central Processing Unit is composed of PC, IAR 
EW8051 and TI Z-Location Engine monitoring 
software. The parameters of reference nodes and 
locating nodes can be configured and queried by the 
monitoring software wirelessly. In addition, the 
computer software with expanded functions is 
developed through IAR EW8051 and TI Z-Location 
Engine. It is used to analyze and proceed the real-
time data monitored by hardware devices to realize 
headcount in cabin, displaying the in-out time and 
checking on work attendance. 

Control Module consists of STC89C52 MCU 
development board with two serial ports and relay 
switch board integrated 16 ones. Between the two 
serial ports, one is a hardware serial port and the 
other is full duplex serial sequence of software 
simulation with the same function of data 
communication. Board-level address of relay switch 
board is 8 bit, which can be set to address 1-255. 255 
boards can be connected to a bus, and 255*16=4080 
relay control nodes are available at the same time 
without any influence on each other. Each output has 
LED indicator. When relay is closed and LED begins 
to shine, which means power load. Otherwise, relay 
is disconnected and the light is out. 
 
 
2.2. Operation Principle and Process 
 

Coordinator will search for the best channel after 
the system is powered on. Then it broadcasts 
networking message to all nodes with sending 
Personal Area Network Identity (PAN ID) of the 
network. After that it listens to network connecting 
requests of nodes at regular time. When receiving 
request, Coordinator will make a judgment before 
allowing the node join the network according to the 
request information. If allowed to join, the node can 
get a reply and a network address as the unique 
identity. Finally, Coordinator maintains the entire 
network by sending relevant control commands to 
child nodes periodically [10].  

When a worker wearing Location Node enters the 
wireless network, Location Node communicates with 
the Reference Nodes nearest, collecting X, Y and 
RSSI values of these nodes. Then Location Node 
uses location engine to calculate its position based on 
the collected parameters. The position is transmitted 
to Coordinator wirelessly. End Devices embedded 
SHT11 drive SHT11 to collect temperature and 
humidity data. End Devices then transmit the real-
time data to Coordinator in the form of data packets 
wirelessly. Coordinator transmits coordinate and 
temperature and humidity values of each monitored 
area to PC software by serial line. PC software is 
responsible for final data analysis. Workflow diagram 
is shown in Fig. 3. 

PC software determines which lamps need to be 
turned on, or turned off according to the worker’s 
coordinate. By comparing the real-time temperature 
and humidity values and warning limits, it identifies 
monitoring regional air conditioners, humidifiers and 

dehumidifiers turned on or off. Besides, because of 
different network address among the End Devices, 
number of people entering and leaving the cabin, in-
out time, staff position coordinates, illuminated area 
and monitored real-time temperature and humidity 
data can be shown on visual interface. Loads switch 
information compiled by software is transmitted to 
MCU by serial line. And then Relay Board gets 
control messages compiled by MCU based on the 
communication protocol between MCU and Relay 
Board and sent by serial line to take switching action. 
 
 

 
 

Fig. 3. Workflow Diagram of ZigBee Sensor Network. 
 
 
3. Installing Testing and Results Analysis 
 

The installation of Reference Nodes often 
depends on the coverage area of network and the 
transmission distance between each node which 
determines the number and the layout area (8 ones 
are used in this paper). All nodes are placed on the 
same plane as best as possible. Install the integrated 
development environment of IAR EW8051. 
Parameters of all Reference Nodes can be configured 
wirelessly by Z-Location Engine PC Application. 
Enter the coordinates of each Reference Node [x0, 
y0; x1, y1; …; x7, y7] (some can be set as the Origin) 
to establish a two-dimensional coordinates, which 
lock the coverage area of wireless network. Set a 
Reference Node and turn it on, which contributes to 
set position. ZigBee End Devices embedded SHT11 
should be positioned in places where are sensitive to 
temperature and humidity based on specific 
environment in hull workshop. Because of low power 
consumption of all nodes, No. 5 battery of ordinary 
type can last several months. RS232 serial lines are 
used to connect Coordinator and PC, PC and MCU 
control board, MCU and relay board to be 
responsible for data communication. Outputs of relay 
board are directly connected with loads such as 
lamps, air conditioners and so on. 

Switch on Coordinator and End Devices. Few 
seconds later, if Coordinator LED light flashes, it 
indicates that Coordinator has received the data sent 
by the End Devices and that a wireless network is 
established. Firstly, Coordinator will receive 
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configuration information of each End Device 
provided by the monitoring software, and send it to 
corresponding nodes; Secondly, Coordinator will 
receive valid feedback data in each node and transmit 
it to monitoring software [3]. After Location Nodes 
entered the network and appeared on the display 
region of the monitoring software, place it on each of 
Reference nodes then adjust the parameters A and n 
to improve locating accuracy. The parameter A is 
defined as the absolute value of the average power in 
dBm received at a close-in reference distance of one 
meter from the transmitter, assuming an omni-
directional radiation pattern. The n is defined as the 
path loss exponent that describes the rate at which the 
signal power decays with increasing distance from 
the transmitter [5]. In addition to Reference nodes, 
Location Node moving is visible and the network 
address and the real-time coordinates are also 
displayed in the interface. The refresh rate of locating 
coordinates is available to be modified. The 
debugging of Positioning Module is finished. MCU 
sends the command of turning on and off one by one 
to the 16 relays. If see each output LED indicator 
twinkles in turn, it indicates that the two boards work 
fine. The debugging is completed. 

8 reference nodes were arranged in a cabin space 
with 16.5 m length and 5 m width. After repeated 
measurements parameters A and n are determined as 
A is 39, n is 25. Table 2 gives the location results  
and errors. 
 
 

Table 2. Location result and error. 
 

Real 
Coordinates 

(m) 

Location 
Coordinates 

(m) 

Absolute 
Error 
(m) 

Location 
Error 
(m) 

(5.0, 0.0) (5.50, 0.75) (0.50, 0.75) 0.90 
(3.3, 7.0) (4.25, 6.25) (0.95, 0.75) 1.21 
(1.8, 6.6) (2.25, 5.75) (0.45, 0.85) 0.96 
(4.0, 2.0) (4.75, 3.00) (0.75, 1.00) 1.25 
(2.0, 3.5) (2.00, 4.50) (0.00, 1.50) 1.00 
(2.5, 8.0) (3.25, 8.75) (0.75, 0.75) 1.06 
(4.4, 5.0) (3.75, 6.00) (0.65, 1.00) 1.19 
(5.0, 16.5) (4.75, 15.75) (0.25, 0.75) 0.79 
(3.0, 10.5) (3.75, 10.00) (0.75, 0.50) 0.90 
(1.0, 12.0) (1.25, 10.50) (0.25, 1.5) 1.52 

 
 

Table 2 shows that the average location error is 
less than 1.2 m which meets practical demand. The 
sources of error can be divided into three  
main categories:  

1) The effect of environment: Reference Nodes 
are not often on the same plane strictly. Barrier, 
existing in the wireless environment, can lead to 
multipath fading. And the multipath may greatly 
affect the received signal strength. The mobility of 
the Location Nodes causes a dynamic change in the 
fading channel and makes it harder to compensate for 
the fading effect. 

2) Hardware-related errors: Transceivers built for 
short-range and low-cost wireless networking have 
only a simple output power control mechanism. 

Besides the radiation pattern of an antenna is not 
omnidirectional and the transmitted signal strength at 
different directions may vary considerably. After 
manufactured the hardware will bring with  
natural error. 

3) The limitations of the location-estimation 
algorithm itself: Received signal strength is quantized 
to form RSSI, so quantization will be an unavoidable 
source of error. 
 
 
4. Conclusions 
 

A kind of environment monitoring and energy 
saving system for cabin workshop is proposed based 
on ZigBee wireless sensor network. The system takes 
advantage of ZigBee wireless networking and 
positioning technology. By monitoring real-time 
coordinates of workers in cabin and values of 
temperature and humidity with the co-working of 
MCU and relay control board, it can implement that 
only in specific places of working with workers the 
lighting devices turn on. When temperature and 
humidity values deviated from the normal range, it 
begins to work automatically to keep them in 
appropriate level. In this way the goals of energy-
saving, intelligent control and safe production can be 
achieved. Besides, real-time control of workers` 
coordinates contributes to improve the efficiency of 
management. This system is a modular structure with 
convenient installation, simple debugging and can be 
placed on different sizes of cabin space. Installed in 
the cabin for the actual test, it operates stably and 
works in good condition. 
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Abstract: To solve the limited energy problem of nodes in the wireless sensor networks (WSN), a rapid Energy-
efficient Clustering Algorithm (EECA) has been proposed. In the initialization stage of the system, the 
deployment region is rapidly divided into multiple clusters, then the node self energy consumption ratio and 
degree are chosen as the weigh criterion for cluster head selection, consequently the re-election of a cluster head 
becomes a locally triggered action. Due to the re-election of cluster head node is only proceeded within the 
cluster, its complexity and computation load has been greatly reduced. The theoretical analysis indicates that the 
information and time complexity of EECA cluster formation algorithm are O(1), which means the algorithm has 
nothing to do with the network size n and has a small cost. Simulation results indicate that EECA can provide 
better load-balancing performance and less protocol overhead of cluster head nodes. Comparing with LEACH 
protocol, EECA can reduce the energy consumption and prolong the network lifetime.  
Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor networks, Cluster, LEACH, Cluster head node, Energy efficiency. 
 
 
 
1. Introduction 
 

Wireless sensor network (WSN) consists of large 
number, small size, and low cost of sensor nodes 
deployed in monitoring area by wireless 
communication to form multi-hop self-organizing 
network [1], and comparing with other traditional 
wireless network (such as AdHoc network), wireless 
sensor network has many advantages with distributed 
processing, such as wide monitoring area, high 
monitoring precision, rapid deployment, self-
organization, etc, but at the same time the sensor 
nodes within a network generally depend on battery 
power, the power energy is limited, which is a 
precious resource in wireless sensor network, and 
determines the life of WSN. Thus according to the 

characteristics of WSN designing appropriate routing 
protocol can prolong life cycle of the whole network 
in maximum limitation based on energy saving [1-6]. 
 
 
2. Related work 
 

Due to clustering routing protocol has many 
advantages, people do a lot of research on the issues. 
Many researchers in wireless sensor network field 
propose many excellent clustering routing protocols. 
There into, some protocols do specific design to the 
election of cluster head nodes, the formation of 
clusters, and data transmission within clusters, and 
some protocols just do a partly detailed design. No 
matter what the protocol is, how to balance the load 
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of cluster nodes to prolong the network life cycle is 
the problem that urgently needs to be solved. The 
LEACH protocol clusters the sensor nodes at first, 
and then selects cluster head node for each cluster 
randomly, averagely shares the business of data 
transmission to achieve evenly shared of load. Within 
the cluster, cluster member nodes communicate 
within a cluster head node directly, those nodes that 
are not elected as the cluster head node will be 
elected with the probability of ( )T n , which is 
shown in expression (1) [1]: 
 

 
1 *[ mod(1/ )]( )
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LEACH protocol has the advantages of easy 

implementation and strong self-adaption, at the same 
time, according to the round randomly electing 
cluster head node implements the average energy 
consumption of whole network nodes, so as to extend 
the network life time. But in LEACH protocol, the 
calculation formula of ( )T n  does not consider the 
shortcomings of node energy factors, in order to 
solve this problem, Handy etc. [2] put forward the 
DCHS cluster routing algorithm, which takes node 
energy factors in account, and the calculation method 
of ( )T n  is improved in expression (2): 
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In the expression (2), currentE  represents the 

current energy value of node; maxE represents the 
initial energy of nodes, that is, the maximum energy 

value. The great is the value
max

currentE
E

, the slower is 

the energy consumption speed of the node, and 
otherwise, the faster is energy consumption of the 
node. The new ( )T n  calculation method prefers to 
select the nodes with slow energy consumption speed 
as the cluster head nodes. 

In view of the uneven distribution problem of 
cluster nodes in LEACH algorithm, Younis etc. 
proposed Hybrid Energy Efficient Distributed 
Clustering (HEED) [1]. In the clustering process, 
several iterations are used to generate the clusters 
with uniform distribution, and the average 
distribution of nodes energy consumption is used to 
extend network life cycle. The choice of cluster head 
node and cluster formation mainly depends on the 
two parameters of residual energy and 
communication costs within cluster of nodes. The 
node residual energy is the main parameter, and the 
communication cost within cluster is secondary 
parameter. The minimum average energy within the 

cluster is taken as the measurement of 
communication cost within clusters, when the nodes 
are elected as the cluster head nodes [7], the 
calculation is shown in expression (3). 
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In the expression (3), AMRP refers to the average 

value of the minimum power that the communication 
needs among all cluster member nodes within 
clusters and cluster head nodes, m  represents the 
node number in the cluster. 
 
 
2. EECA Description 
 

A common characteristic of these typical layered 
routing protocols is that cluster range is too large, all 
the nodes within the network are in a cluster, this will 
lead to the formation of clusters, and clusters 
maintaining and control overhead is great in the stage 
of data transfer within clusters. Aiming at this 
problem, this paper proposes an Energy-efficient Fast 
Clustering Algorithm (EECA) for wireless sensor 
networks. At system’s initialization stage, EECA 
divides the deployment area into multiple clusters 
quickly, then takes the weighing node self capacity 
consumption ratio and degree as the basis of cluster 
nodes selection, by this time the re-election of cluster 
head nodes changes into the behavior of local trigger. 
That is, every cluster is static, its node collection does 
not change, what will change is which member 
within cluster acts as cluster head node. Because the 
re-election of cluster head node only carries out in the 
cluster, this greatly reduces the complexity and 
computation load for the re-election of cluster  
head nodes. 
 
 
3.1. EECA Network Model 
 

Network is made the assumption: the network 
consists of N  nodes which are randomly distributed 
in a specific area, the nodes use omni-directional 
antenna, and the wireless sensor network (WSN) has 
the features [8-11]: 

1) The network is static network, nodes can be 
expanded after deployment. All sensor nodes in the 
network have only ID (node’s device address or 
network address can be taken as the only ID); 

2) The nodes have the same initial energy value; 
3) The node is isomorphic with the function of 

data fusion; 
4) Node’s communication is duplex 

communication mode, the energy consumption of 
nodes that sent same amount of data is equal. 
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3.2. The Basic Principle of the Algorithm 
 

Definition 1. Sensor network. The plane network 
is composed of n sensor nodes, which is abstracted as 
a connected graph ( , )G V E= , there into, the 

collection node 1 2{ , ,... )nV v v v= , communication 

link set 1 2{ , ,... )nE e e e= and G is  
always connected. 

Definition 2. In ( , )G V E= , , ( )m nv v G V∈ , 

( , )m nD v v  represents the communication link 

between nodes ,m nv v . If r  is the wireless 
communication distance among network nodes, when 

,m nv v are neighbor nodes with each other, 

| ( , ) |m nD v v r≤ ; Otherwise, | ( , ) |m nD v v r> . 

Definition 3. In ( , )G V E= , The degree of node 

iv  is deg( )iv which represents the number of 

adjacent nodes of node iv . deg( )iv  is a positive 
integer which is greater than zero. The higher is the 
degree value of node iv , the more is adjacent nodes 
number around it. 
 
 
3.2.1. The Initialization Cluster 
 

Efficient clustering routing algorithm should meet 
the following requirements: 

1) Cluster nodes should uniformly distribute as 
far as possible; 

2) The rapid convergence; 
3) Reduce control information among nodes  

in network; 
4) Through balancing the load of nodes to avoid 

the nodes energy running out early. 
Comparing with cluster member nodes, cluster 

head nodes need to undertake more tasks (such as the 
allocation of resources within the cluster, data fusion, 
etc.), also consume more energy, in all the nodes the 
cluster head nodes need to rotate the role in order to 
achieve load balancing. In the past clustering 
algorithm, the re-election of cluster head nodes is a 
global motion within the entire network, that is, all 
nodes by clustering algorithm elect a new cluster 
head node, the global election method of cluster head 
nodes will bring a lot of communication and 
computation load, to consume large amounts of node 
energy. EECA algorithm improves this and at system 
startup time the network is divided into several 
clusters, each cluster node in the network is static 
without change, what will change is just which 
member acts as cluster head node. As the re-election 
of cluster head node is the local action within the 
cluster, this greatly reduces the communication and 
computation load within cluster nodes. 

In EECA, the sensor nodes are defined as three 
kinds of status, which are Undefined Nodes (UN), the 

Cluster Head (CH) nodes, and Cluster Member (CM) 
nodes. 

1) Undefined nodes: the nodes do not belong to 
any cluster; 

2) Cluster head nodes: at present the nodes have 
been selected as the cluster head nodes; 

3) Cluster member nodes: the nodes have become 
the cluster members to join a cluster. It also defines 
the message format and their descriptions designed 
for EECA. 
 
1) broadcast the message of elected cluster head node 
Strcut ch_msg { 
Unsignedint Message_ID;           /*Message ID*/ 
Unsignedchar ch_ID;          /*elected cluster head 
node ID */ 
}; 
 
2) Undefined node cluster message 
Struct joincluster_msg{ 
Unsignedint Message_ID;               /*message ID */ 
Unsignedchar ch_ID;           /*cluster head node ID */ 
Unsignedchar my_ID;                  /*node self ID*/ 
 
3) to get the broadcast message from neighbour 
nodes  
Struct geteighbor_msg{ 
Unsignedint Message_ID;                /*message ID */ 
Unsignedchar rmy_ID;                  /*node self ID */ 
}; 
 
4) the reply message from neighbor nodes 
   Structneighforeply_ply{ 
   Unsignedint Message_ID;                /*message ID*/ 
Unsignedchar getneirghbor_ID;   /*source node ID */ 
Unsignedchar my_ID;                   /*node self ID */  
}; 
 
5) In cluster node rotate stage the node send message 
Struct competech_msd{ 
Unsignedint Message_ID;                 /*message ID */ 
Unsignedchar ch_ID;           /*cluster head node ID */ 
Unsignedchar my_ID;                    /*node self ID */ 
Float Pvi_ch;                            /*node weight*/ 
Unsignedint deg;                      /*the degree of node*/ 
} 
 

There is the EECA initial rapid cluster algorithm 
in the followings: 
 
Algorithm 1. Initial rapid cluster algorithm 
While (V is not empty) 
       select a undecided Node iV in V; 

If ( iV ’s status= “UD”) 

       iV ’s status= “CH”; 
else  
       goto 1; 
Cluster { }iC C V= ∪  

clusterhead iV broadcast(ch_msg); 
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on receiving (joincluster_msg) from iV ; 

    if ( | |C δ< ) 

      { { }jC C V= ∪ ; 

       jV ’s status= “CM”; 
      } 
else 
       goto 1; 
endif 
 

The execution steps of initializing rapid clustering 
algorithm are as follows: 

1) In initial rapid clustering algorithm, at first the 
nodes iV  whose status is undefined from nodes set 

V are selected as cluster head nodes; the cluster head 
nodes broadcast a message ch_msg which the cluster 
head nodes are elected in a given sending power 
within the network.  

2) If the other undefined nodes within the network 
can directly receive this message, which means they 
are adjacent nodes, after adjacent node receives the 
message of cluster nodes to send the join-cluster 
reply message joincluster_msg to the cluster head 
node, and changes their state identity into cluster 
member nodes. 

3) Repeat the above steps until there are not 
undefined nodes in network node setV . Within the 
cluster too many member nodes will cause channel 
congestion, make the message collision probability to 
increase, generally when the node has six to eight 
neighbor nodes, which can ensure a optimal physical 
topology. In order to get the optimal cluster size, the 
algorithm rules within a cluster the member number 
is less than the thresholdδ , through the limitation to 
the member nodes within cluster to control the 
clustering size. After clustering routing proceeds in 
the coverage area formed by the cluster nodes, EECA 
divides the network into multiple regions, each 
region is independent as clusters, coverage has been 
greatly reduced than the coverage originally formed 
by all the nodes, so that the routing maintenance 
information that whole network needs is  
greatly reduced. 
 
 
3.2.2. Rotation Mechanism of Cluster  

Head Nodes 
 

Due to the number of member nodes within the 
cluster is not entirely the same, different cluster head 
nodes have different speed to consume the energy, 
under normal circumstances cluster head nodes with 
more members within the cluster have faster energy 
consumption speed. EECA adopts a strategy to easily 
implement, when the energy that cluster head nodes 

consumed accounts for 1
( )iNum ch

 of its total 

energy, new cluster head nodes are re-elected, here 

( )iNum ch represents the cluster member nodes 
number with cluster node i . In order to make the 
energy consumption evenly distributed to all nodes 
within cluster, the probability of node iv  become a 
cluster head node can be calculated by  
expression (4): 
 

 

_ max

deg( ) i

i

i

v current
v ch i

v

E
P v

E
α β −

− = +
 

(4) 

 
In the expression (4), deg( )iv  is the degree of 

node i , if the node's degree value is higher, the more 
are adjacent nodes around it, so the node with higher 
degree value has the priority conditions as cluster 
head node; 

iv currentE −  is the current energy value of 

node iv ; maxivE −  is the initial energy value of node 

iv . Because in each round the energy consumption of 
the cluster head nodes and the cluster member nodes 
is different, in each round of election of cluster nodes 
and the cluster formation process, the nodes with 
lower energy consumption proportion have better 
chance to be selected as the cluster head nodes. α  
and β  are the weighting factor is greater than 0 and 

1α β+ = . The values of weight α  and β  is 
according to the different application, as the 
compromise between the degree value of cluster 
member nodes and energy consumption proportion, 
it’s purpose is to prolong the network life cycle. 
Selecting the maximum value of 

iv chP −  as the cluster 
head nodes ensures each cluster node load balance. 
The rotation election algorithm pseudo-code of 
cluster nodes is given in algorithm 2. 
 
Algorithm 2. Cluster head nodes rotation election 
algorithm 
While (cluster C is not empty) 
{   node iV  in C broadcast (getrighbor_msg); 

    on receiving (neighboreply_msg) from jV ; 

    compute deg( iV ), 
_ max

vi current

vi

E
E

− ; 

    Send message (competech_msg) to clusterhead CH; 
} 
compute max(

ivP ch− ); 
broadcast (ch_msg); 
on receiving join_msg from jV ; 

 
The execution steps of cluster node rotation 

algorithm are as follows: 
In the rotation election algorithm of cluster head 

nodes, all nodes within cluster are in a given sending 
power to broadcast messages getneighbor_msg in 
network to obtain the number of their neighbor 
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nodes; the calculated value of 

max

deg( ) i

i

v current
i

v

E
v

E
α β −

−

+  through message is sent to 

the cluster head nodes, cluster head node through 
compare to calculate the node with maximum 

iv chP −  
to be cluster head node of next round, and then 
broadcast the election message ch_msg of new 
cluster head node within the cluster. 
 
 
3.2.3. EECA Analysis 
 

Some properties analysis and explanation of 
EECA are given below. 

Property 1. The maximum hop number of 
member nodes mv  and nv within the cluster 
produced by EECA is two. In the network initial 
phase, the cluster head node in the area broadcast 
messages ch_msg in a given power to network , the 
broadcast radius can be set to r  (this ensures the 
normal communication between the cluster head 
node and all adjacent nodes). This can ensure the 
distance is less than or equal to r  between all the 
cluster members and cluster head nodes, the 
maximum distance between two cluster member 
nodes is 2r  in the cluster area, so that the maximum 
hop of any two cluster members nodes mv  and nv  
within the cluster is 2. 

Property 2. The cluster node sets in different area 
cover all network nodes which are produced by 
EECA cluster algorithm.  

From EECA each node status in G(V,E) is judged 
in network initialization phase, if this node is an 
undefined node, which represents this node do not 
belong to any cluster, this node is set as new cluster 
head node. Therefore, the cluster node set covers all 
the nodes of network from different area which is 
produced by EECA clustering algorithm. 

Property 3. Cluster head nodes set A produced by 
clustering algorithm is the maximum independent set 
of wireless sensor network G (V, E). 

Proof: supposing A is not independent set, that is, 
in A there are two cluster nodes mv , nv  which can 

directly communicate, and satisfy ( , )m nd v v r≤ , but 

from EECA algorithm, there is one of mv  and nv  
belonging to the cluster member nodes, this is 
contradictory with the supposing, therefore, set A 
composed of cluster head nodes will be independent 
set. Because in the wireless sensor network G(V, E), 
after the nodes implement EECA algorithm, all nodes 
are either belong to the cluster head nodes set A, or 
belong to cluster member nodes of some cluster, thus 
the nodes are all cluster head nodes, any node being 
added to A will destroy independent property of set 
A, therefore A is the maximum independent set. 

Property 4. The message complexity of EECA 
cluster formation algorithm is (1)O . This message 
complexity is the message volume which transmits 
and stores among nodes in order to generate clusters.  

Proof: in EECA cluster formation algorithm, the 
message complexity mainly reflects on the cluster 
head nodes, and the main action of cluster member 
nodes is sending join-cluster message 
joincluster_msg to cluster head nodes, due to the 
limitation of threshold value δ to the number of 
member nodes within cluster, the number has nothing 
to do with the size n  of  network, thus the message 
complexity of EECA cluster formation algorithm is 

(1)O , which also shows that the message overhead 
in algorithm is small, energy efficiency is high. From 
the aspect of whole wireless sensor network, because 

the minimum number of cluster head node is [ ]N
δ

, 

the maximum number is N  (when 1δ = ). 
Therefore the message complexity of EECA in the 
whole sensor wireless network is ( )O N . 
 
 
4. Algorithm Simulation and 

Performance Analysis 
 
4.1 The Simulation Scene Settings 
 

In NS-2 platform, the 802.11 protocol framework 
is selected, the protocol module is more perfect and 
very suitable for being testing research platform of a 
self-organizing network protocol. MAC layer adopts 
IEEE802.11 distributed coordination function (DCF) 
model and RTS/CTS/DATA/ACK mechanism, which 
uses carrier sense multiplexed with collision 
avoidance (CS-MA/CA) technology to transmit  
data frames. 

In this section the simulation is executed on 
EECA to evaluate its related properties, two metrics 
are identified to measure the performance of 
algorithm: number of cluster head nodes and the 
energy consumption of cluster head nodes. In order to 
verify the accuracy of experimental results, the 
experimental results take the average value of 20 
times experiments. Comparing with the adjacent 
degree between the nodes and its neighbors, the 
node's residual energy plays a more important role in 
the decision whether nodes are qualified as cluster 
head nodes, therefore, in the node weight formulas, 

0.4α =  and 0.6β = . 
 
 
4.2. The Changeable Trend Analysis of 

Cluster Nodes Number  
 

In EECA algorithm, the change trend of cluster 
nodes is shown in Fig. 1 when the node transmission 
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radius increases from 100 m to 600 m, the number of 
nodes is set to 150 and 200 respectively, it is shown: 

1) The number of cluster nodes is monotonely 
decreased with the increase of node transmission 
radius. Because the node transmission radius is 
larger, the coverage range of node emission signal is 
wider, which means that in the clustering stage the 
clusters number is less, the number of member nodes 
within the cluster is more. 

2) During the period of node transmission radius 
varying from 100 m to 400 m, the number of cluster 
nodes rapidly decline, and when the node 
transmission radius is larger, the number of cluster 
head nodes change is not obvious, which is consistent 
with the theoretical analysis. Because when the node 
transmission radius is small, due to the sparse node 
deployment, the number of member nodes within the 
cluster formed by EECA is less than threshold value 
δ , but with the increase of node transmission radius, 
emission signal coverage of cluster nodes increases, 
the number of member nodes in cluster increases, the 
number of cluster head nodes changes less. But 
because the upper limit settings of member number 
within the cluster is 8δ =  to avoid the heavy load of 
cluster head nodes, even if the node transmission 
radius continues to increase, the number of cluster 
nodes changes very small. 
 
 

 
 

Fig. 1. Variation trend of EECA cluster heads number with 
transmission radius. 

 
 
4.3. Analysis of Energy Consumption  

of Cluster Nodes 
 

Energy consumption of cluster head nodes is the 
important parameter of grading cluster routing 
protocol. Compared with the ordinary node, cluster 
head nodes take on more tasks (such as the allocation 
of resources within the cluster, data fusion, etc.), also 
consume more energy. Fig. 2 is the diagram of cluster 
head nodes energy consumption curve changing with 
time in two clustering routing protocols of LEACH 
and EECA. 

From Fig. 2, the energy consumption of EECA 
protocol nodes are uniform, at the beginning of the 

clustering, because EECA needs cluster nodes to 
send some control information to initialize clustering, 
the energy consumption of cluster nodes is higher 
than LEACH, but LEACH is centralized clustering 
routing protocol, the selection of the cluster head 
node does not take into account the current energy 
situation of cluster head node, the communication 
between cluster head nodes and cluster member 
nodes is the global action of entire network, and at 
system starting time EECA divides the network into 
several clusters, each cluster nodes in the network is 
static and without change, what changes is which 
member in the cluster acts as cluster head node. The 
member number within cluster is set an upper limit 
δ  to avoid excessive load of cluster head nodes, this 
greatly reduces the communication and computation 
load of nodes within cluster. 

Fig. 3 shows the performance comparison of node 
number with zero energy (death node). 

 
 

 
 

Fig. 2. The variation trend of energy consume  
of cluster head nodes. 

 
 

 
 

Fig. 3. Node numbers with zero energy compared between 
LEACH and EECA. 

 
 

From Fig. 3, LEACH appears dead nodes earlier, 
and EECA delays a period of time than LEACH, in 
EECA of every round election of cluster head nodes 
and the cluster formation process, the nodes with 
lower energy consumption proportion have better 
chance to be selected as the cluster head nodes to 
ensure load balancing of each cluster head node. This 
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also further illustrates EECA effectively balance the 
network energy consumption and prolong the 
network life cycle, achieve the design purpose of the 
wireless sensor network protocol reducing energy 
consumption and maximizing the network life. 
 
 
5. Conclusion 
 

The routing algorithm research of energy 
constrained sensor nodes based on wireless sensor 
network is a hot spot at present, this paper combines 
current research background in wireless sensor 
network environment, puts forward a fast clustering 
algorithm EECA based on energy efficiency, 
according to the theoretical analysis and simulation 
evaluation, which comprehensively analyze the 
application effect of algorithm in wireless sensor 
network. But due to the limitation of test environment 
and simulation environment, the simulation of large-
scale sensor network can not implement. And in this 
paper, some parameter settings of the algorithm 
brings the impact on algorithm performance aspect, 
which has no further research, all of these are the 
continues work in the future. 
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Abstract: Hierarchical routing algorithm is the most important method for prolonging lifetime of wireless 
sensor networks, which can not only decrease the energy consumption of the nodes, but also balance the energy 
dissipation of the entire network. Therefore, this paper proposes a new layer based and energy-balanced 
clustering protocol which was compacted energy-aware and energy-consumption-balanced. In the lower layer of 
the protocol, the optimal cluster of all nodes using particle swarm optimization algorithm was realized. And in 
the upper layer, the chief-cluster-head, which was responsible for collecting, aggregating the data of all cluster 
heads and sending the fused data to the base station, was selected. Simulation results demonstrated that the 
protocol can efficiently decrease the dead speed of the nodes and prolong the network lifetime.  
Copyright © 2013 IFSA. 
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1. Introduction 
 

Since wireless sensor networks (WSN) [1] nodes 
are usually deployed in inaccessible areas and usually 
powered by very limited micro-power battery, it is 
almost impossible to renewal the battery of the nodes 
again. Therefore, it is vital to improve the energy 
efficiency of nodes to extend the network lifetime of 
a wireless sensor network routing. In order to extend 
the network lifetime by saving nodes' energy and 
balancing energy consumption, this paper proposed 
using the particle swarm to help balancing energy 
consumption in wireless sensor networks from the 
master and vice cluster-head clustering routing 
protocol (PSO-MV), which chooses two of the best 
nodes as the cluster-head nodes at first, namely the 
master cluster-head (MCH) and the vice cluster-head 

(VCH), through particle swarm algorithm. Then, 
MCH and VCH work in phase. MCH is responsible 
for collecting information from cluster member nodes 
and sending the fused data to the nearest VCH. Inter-
cluster routings are established among VCH, which 
communicate with the base station in the 
combinatory method of single-way and multi-way.  
 
 
2. Particle Swarm Optimization (PSO) 
 

The PSO [2, 3] is initialized to a group of random 
particles, and then find the optimal solution by 
iteration. All the particles have to be optimized by a 
decision of the fitness function, each particle has a 
speed to determine the direction of its flight and 
distance, and particles will follow the best particle in 
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the solution space seeking for the next best location. 
During iteration, the particles update themselves by 
tracking the two extremes. The first one is, by the 
particle itself, to find the optimal solution Pid; the 
other extreme is the most optimal solution of the 
current population Pgd. The updating formulas [4]  
as follows: 
 

 id( t 1 ) id( t ) 1 1 id id( t )

2 2 gd id( )

v wv c r ( p x )
c r ( p x t )

+ = + − +
+ −  (1) 

 
 )1()()1( ++ += tidtidtid vxx  (2) 

 
In this formula, t stands for time of Iterations; vid 

is the speed of particle i; xid is the location of particle 
i; r1 and r2 are random numbers between 0~1; c1 and 
c2 are accelerating factors; w is weighting coefficient. 
 
 
3. Algorithm Review 
 

PSO-MV clusters base on clustering routing, 
including the stages of generation and  
data transferring. 
 
 
3.1. Cluster Formation 
 
3.1.1. Initialize the Cluster-Heads 
 

Selected candidate cluster-head nodes compose 
the set of initial cluster, set the energy threshold Eλ: 
 

 
NEE

N

i
i /

1
∑
=

=λ
 (3) 

 
The current residual energy is greater than the 

threshold value as candidate cluster-head nodes. Only 
the candidate cluster heads are possible to become 
the current round of the cluster. Established Swait 
represents the set of candidate clusters, then: 
 

 }EE|{ i λ>= iwait nS  (4) 
 
where n is the number of nodes in the network; Ei 
stands for the node's current residual energy. 
 
 
3.1.2. Information Gathering Stage  

of Cluster Members 
 

Nodes will send the remaining energy, position 
and ID numbers and other information of the 
members to the base station through the candidate 
cluster. Then each neighboring candidate cluster-
head node obtains the ID, location and residual 
energy, and more. 

3.1.3. PSO-Based Optimization  
of Cluster Head Election Phase 

 
Using PSO algorithm to optimize the choice of 

master-slave cluster-head is the core of this 
algorithm, the algorithm follows these steps:  

Step1: Initialize Q particles: randomly initialize 
swarm cluster head's X and V from  
candidate particle. 

Step2: Calculate the adaptive value of every 
particle cost by using formula (5). 

Step3: Determine the optimal solution for each 
individual particle and population optimal solution.  

Step4: Update the speed and location of particles 
by formula (1) and (2). 

Step5: Repeat the step 2~4 until meet pre-defined 
iterations, then choose the most optimal solution and 
the second-best interpreted as the main from the 
cluster head.  
 
 
3.1.4. Optimal Cluster Formation Stage 
 

After the stage of selecting of PSO optimizing, 
the base station broadcast the most optimal set of 
cluster heads and cluster structure out. While each 
non-cluster head node chooses to join which of the 
cluster based on the received signal strength, they 
send their remaining energy, their location and other 
information to the cluster head nodes. Then, it waited 
for the cluster head node to be assigned TDMA time 
slots to avoid data conflicts. 
 
 
3.2. Data Transfer Stage 
 
3.2.1. Data Transfer within the Cluster 
 

After the main cluster head node assigning 
TDMA time slot, the cluster member nodes send 
packets to the cluster head node in the corresponding 
time slot. And without the delivery time, the 
transceiver device could be turned off and turn into 
sleep mode to reduce the consumption. 
 
 
3.2.2. Data Transfer Between the Clusters 
 

The main cluster head node will send the data 
fusion of the members of nodes to the nearest slave 
cluster heads (including base station) after receiving 
the data. In order to overcome LEACH protocol 
which causes some nodes to die untimely in a way of 
single hop, the routing between clusters takes the way 
of combining single hop and multi-hop. Setting the 
distance between cluster head node and Sink nodes as 
d, set the limit value of d0, 1) If d ≤ d0, a single hop 
from the cluster head in the form of direct 
communication with the Sink node; 2) If d> d0, using 
PSO to search the optimal path in the upper level to 
achieve plane data transmission between clusters and 
reduce energy consumption to extend network life 
cycle. 
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3.3. Improved Fitness Function  
 

For wireless sensor network routing optimization 
model characteristics and goals, the following factors 
should be responsible for the fitness function: 
1) cluster head energy rating factor f1: the current 
candidate node’s remaining energy; 2) cluster head 
from the evaluation factor f2: mainly considering the 
distance between the remaining members of the 
cluster nodes and this node, the smaller the average 
distance, the better for the node being the cluster; 
3) the equilibrium level of residual energy evaluation 
factor f3: the more balanced level of residual energy 
in the rest of the network nodes, the more easily for it 
to avoid the network empty; 4) the distance between 
base stations evaluation factor f4. The fitness function 
is defined: 
 

 44332211cos fffft αααα +++=  (5) 
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Ei is the current residual energy particle i, CHi 

stands for the first candidate cluster head i, |C(i)| 
means the members of the nodes; d (nj,CHi) is the 
distance between members of the node j to the 
candidate cluster head node CHi, BS is the 
representation of the base station, NC stands for the 
network center coordinates: α1,α2,α3,α4 are weight 
coefficients for each evaluation factor, 
α1+α2+α3+α4=1, so the smaller the fitness function, 
the more fitness to be a cluster head. 
 
 
4. Energy Consumption Model for 

Wireless Communication 
 

In this paper, we will use that energy 
consumption model for wireless communication 
mentioned in paper [5, 6]. Wireless communication 
module has the function of power controlling: it can 
use the minimum energy to send data to the receiver, 
each k bit of information sent to the distance d will 
the amount of energy of: 
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where, k stands for the dispatching binary digits, d is 
the sending distance, d0 is the threshold of  
sending distance. 
 

 
mpfs EEd =0  (11) 

 
Eelec is the coefficient of RF energy consumption, 

its unit is nJ/bit. Efs, Emp is the Energy coefficient of 
the amplifier circuit, unit is pJ/bit/m2. If the distance 
is less than d0, power amplifier will use the free space 
loss model; if the distance is more than d0, it will use 
multi-path fading model. Energy consumption [7, 8] 
of receiving data is:  
 

 kEkE elecRx ×=)(  (12) 
 

So the energy consumption for one k bit data 
transferring from node ni to nj is:  
 

 ),()()(, dkEkEkE TRji +=  (13) 
 
 
5. Network Simulation and Protocol 

Analysis 
 

We will use the model of wireless communication 
mentioned in section four. In the simulation, wireless 
sensor networks composed by 100 nodes, nodes 
randomly distributed in a 100 m × 100 m area. This 
paper will use Matlab to make the simulation. The 
main parameters of the wireless sensor network 
model are: the initial energy for each node is 0.5 J, 
population scale is: Q=30, c1=c2= 2, w=0.9. The rand 
will be given randomly during the processing. 
Evaluation factors: α1=0.25, α2=0.3, α3=0.25, α4=0.2. 
To test the effectiveness of the algorithm, when 
emulational base station locates in the center of 
monitoring area: (50,50) and the area limit (50,100), 
it will running the states of the remaining numbers of 
nodes after Master-slave cluster head algorithm and 
LEACH protocol. The comparison result as  
the Fig. 1. 

The Fig. 1 stands for the comparison result of 
Network lifetime when the base station locates in 
(50,100) and (50,50) as running PSO-MV, LEACH 
and PSO. The result shows as following: overall, 
whether the base station is located in the monitoring 
of the regional center or edge of the area after the 
implementation of PSO-MV algorithm, the time that 
from starting the operation of the network to the 
death of the first node is longer than either the PSO 
or LEACH, the network lifetime has been renewed. 
This algorithm is due to the first elections in the 
cluster using PSO fully considered the balance of the 
remaining residual energy level, the average distance 
between neighboring node and candidate cluster head 
node and so on. To some degree, the better energy 
balance and the division of labor in the data 
transmission phase help the network avoiding some 
nodes to die for the heavy load. The Table 1 lists the 
rounds of dying for the first node, the rest half nodes, 
and 80 % of nodes. 
 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 148-152 

 151

 
 

Fig. 1 (a). Remaining nodes when base station locate  
in (50,100). 

 
 

 
 

Fig. 1 (b). Remaining nodes when base station locate  
in (50,50). 

 
 

Table 1. Lifetime comparison. 
 

 Base station at (50,100) Base station at (50,100) 
 LEACH PSO PSO-MV LEACH PSO PSO-MV
Rounds for 
1st node 
dying 

667 892 1133 703 1103 2003 

Rounds for 
half of nodes 
dying 

1206 1437 1907 1363 1807 2327 

Rounds for 
80 % of the 
nodes dying 

1375 1724 2073 1456 2147 2466 

 
 

The Fig. 2 shows the total energy consumption of 
the LEACH, PSO and PSO-MV protocol agreement 
in the network when base station locate in (50,50). 
The figure shows that the proposed PSO-MV 
protocol is to be significantly lower than the total 
energy consumption of LEACH and the PSO 
agreement, indicating that although the PSO-MV 
protocol which is used in the clustering process of 
two-particle swarm cluster head needs more time 
consuming. But this Algorithm makes the network 

more balanced and compact, and greatly extends the 
network cluster head election cycle, thus saving more 
energy, so it balanced the energy of the network at 
the end, to extend the network cycle. 
 
 

 
 

Fig. 2. The total energy consumption of the network. 
 
 
6. Conclusions 
 

This paper proposed the double cluster head 
based on PSO clustering routing algorithm PSO-MV. 
Through simulation experiments, the result proves 
that it has good performance. Algorithm optimizes 
energy consumption by distributing the labor for 
cluster head node and subordinate ones, balancing 
energy consumption to extend the network life cycle 
effects. However, the main focus of this paper is to 
extend the network life cycle. Therefore, the  
choice of parameters of the algorithm is not  
considered deeper. 
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Abstract: The level of the environment monitoring system in hatcheries is low, and monitoring methods is not 
up to data, we propose a new environment monitoring method based on wireless sensor networks in hatcheries. 
The sensor nodes which distribute every room in hatcheries form a wireless surveillance sensor networks by 
Zigbee technology so as to provide information timely. When designing of the sensor nodes, we choose CC2430 
from WXL Company, which integrate the CPU, RF transceiver, net protocol and the RAM together, as the core 
chip and combine the microcontroller technology. The design of coordinator node uses CC2420 and MSP430. 
Besides, the data collected by the nodes will be sent to monitoring platform of Visual Basic editor via the Zigbee 
network. The system automates the operation from the monitor to control, which can save the cost of labor and 
environmental monitoring. Copyright © 2013 IFSA. 
 
Keywords: Hatcheries, Wireless sensor networks, Visual Basic. 
 
 
 
1. Introduction 
 

The hatchery is a relatively closed 
microenvironment, which includes hatcheries, 
brooder, egg chamber and office. The temperature, 
humidity, concentrations of carbon dioxide, ammonia 
and Hydrogen Sulfide will bring great influence to 
hatching rate and the growth of the chicks in the 
hatcheries [1]. The development of the information 
and intelligence of climate information gathering for 
each room in hatcheries is the key technology of 
implementing factory hatch technology. Many 
hatcheries adopted regular observation or wired 
information collecting equipments to achieve the 
micro environmental monitoring in our county, but 
the costs of cable data acquisition equipment 
investment and maintenance are high [2]. 

With the development of the wireless network 
technology, the wireless sensor network technology 

has been successfully applied to agriculture, wild 
biological, and grottoes micro environment 
monitoring and so on. According to the 
characteristics of the hatcheries environmental 
monitoring, an environmental monitoring system of 
the hatcheries is designed based on wireless sensor 
network, which can change the traditional periodic 
observation and cable network monitoring methods, 
save labor and reduce the complexity of wiring. The 
system combines wireless sensor network, 
microcontroller technology and PC’s powerful 
monitoring and management function. The sensor 
nodes will transmit the gathering data to monitoring 
platform by Zigbee network. The observer can timely 
understand the state of the environment of the each 
room in hatcheries through the system. In order to 
keep the environment parameters vary in certain 
range, the control equipment start in time according 
to the setting threshold, and automatic adjustment of 
environment parameters is realized [3-6]. 
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2. The System Overall Design 
 
2.1. Zigbee Technology 
 

ZigBee technology is a kind of wireless network 
communication technology characterized by low 
cost, low power, a low data rate, highly reliable, 
highly secure which towards automation and remote 
control applications. The protocol is set by 
IEEE802.15.4 and Zigbee alliance. The nodes adopt 
the unlicensed and unpaid 2.4 GHz ISM band which 
rely on battery power. So the network has the 
advantages of long service time, convenient operation 
and  
high reliability. 

The ZigBee network layer supports star, tree, and 
mesh topologies. In a star topology, the network is 
controlled by one single device called ZigBee 
coordinator. The ZigBee coordinator is responsible 
for initiating and maintaining the devices on the 
network. All other devices, known as end devices, 
directly communicate with the ZigBee coordinator. In 
mesh and tree topologies, the ZigBee coordinator is 
responsible for starting the network and for choosing 
certain key network parameters, but the network may 
be extended through the use of ZigBee routers. In 
tree networks, routers move data and control 
messages through the network using a hierarchical 
routing strategy. Mesh networks allow full peer-to-

peer communication. We can choose different 
topology according to the need [7]. 
 
 
2.2. System Collective Structural Design 
 

According to the features of the hatcheries, we 
adopt a new wireless monitoring system whose 
structure diagram is like Fig. 1. The system mainly 
includes computer (base station), coordinator 
(gathering node), router (cluster), sensor nodes 
(terminal node) and control nodes. Zigbee 
coordinator acts as the master controller, answering 
for the network establishment, management and 
maintancement, receiving the room sensor data and 
equipment state information, and sending the control 
command. The Zigbee router is placed at the gate of 
the each room which acts as a single controller, in 
charge of its room data process and sending to Zigbee 
coordinator. Zigbee terminal nodes are mainly 
responsible for collecting and sending the data to its 
router in the network. The control node control the 
corresponding equipment according to the receive 
command information from the coordinator. In the 
process of data transmission and command sending, 
the coordinator node plays a role as the bond between 
the computer and wireless network. 

 

 
 

 
 

Fig. 1. Schematic diagram of the control system. 
 
 
3. System Hardware 
 

The paper introduces the design of sensor node, 
coordinator node, power module and control circuit. 
Considering the characteristic of hatchery, each room 
is not large, the end nodes will transfer the gathering 
data to router node through single-hop method. The 
router will send the collecting data to coordinator. 
Eventually, all the data gathered by end nodes should 
be sent to the monitoring center.  
 

3.1. Sensor Node 
 

The wireless sensor network node is usually 
made up of sensor module, processor module, 
wireless communication module and power module. 
However, processor module and wireless 
communication module are integrated on CC2430 
chip, which greatly simplifies the radio-frequency 
circuit design. We choose CC2430 as the ZigBee 
protocol core chip, and connect various sensors 
through sensor adjust circuit. The integrate 
temperature and humidity sensor SHT11, carbon 
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dioxide sensor T6004, ammonia gas sensor MIC-
NH3 and hydrogen sulfide gas sensor M-100. The 
sensor node functional block diagram is shown as  
in Fig. 2.  

 
 

3.2. Coordinator 
 

The coordinator plays a very important role and 
processes more data than other end sensors in the 
network, as a result, we choose MSP430F1611 as the 

coordinator processor. MSP430 MCU, a 16-bit 
microprocessor of TI company, is widely applied in 
portable instruments and meters for its low power 
consumption, simple but sufficient orders and strong 
functions. Wireless receiving module uses CC2420 as 
the core chip of the coordinator. In order to ensure 
the long-term and the stability of the coordinator, 
which has two kinds of power supply modes: city’s 
power and battery. The coordinator node structure is 
shown in Fig. 3. 

 
 

 
 

Fig. 2. Schematic diagram of sensor node. 
 
 

 
 

Fig. 3. Structure diagram of coordinator node. 
 
 
3.3. Power Modules 
 
The coordinator adopts the double power source as 
power supply. In common condition, the system uses 
city’s power supply. However, at time of power 
failure, the system will automatically switch to mode 

of battery power supply. The main power supply 
voltage is 5 V. The backup power consists of 4 Ni-
Mh batteries, which the rating voltage is 4.8 V. The 
power supply circuit design is shown in Fig. 4. The 
circuit consists of voltage detector (HR7030), small 
power switch transistor (2N2222), field-effect 
transistors (SI9942) and backup power and so on. 
When the power supply voltage is greater than the 
battery voltage, switch transistor (VT1) can turn on, 
and the final output voltage is 3.3 V. If the city’s 
voltage less than 4.8 V, the switch transistor (VT3) 
will turn off. Then field-effect transistors turn on, the 
battery provides power supply for equipment. 

 
 

4. Design of the Control Circuit 
 

Control nodes are deployed in the outside of each 
room and they can directly communicate with the 
coordinator node, which decides whether to 
communicate with the control nodes according to the 
setting threshold to realize the control equipment on 
or off, so as to realize the automatic detection and 
control of hatching factory, and change the indoor 
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environment, restore to the ideal state of 
environment. The single node control circuit is 
shown in Fig. 5. When the control node receives 
control commands from the coordinator, it will 
output high level of its P1.3-pin. The triode S8050 
and optocoupler P521 are turned on, which lead to 
the AC relay switch closes and the corresponding 
equipment is turned on. The electric insulation of the 
core circuit and control circuit is achieved by using 
P521, which avoids interference caused by strong 
electricity or destroying chips. 
 
 

 
 

Fig. 4. Power circuit. 
 
 

 
 

Fig. 5. Control circuit. 
 
 

5. System Software 
 

In a practical application, host computer software 
design is as important as the sensor node, the router 
node, the coordinator node. Because the hatchery 
hatching room, egg chamber and the brood chamber 
is separated from each other, different types of sensor 
nodes need to be placed in the different rooms when 
monitoring each room: end node placed indoor, 
router nodes placed in each chamber door, 
coordinator node placed in the top of the center of the 
hatchery [8]. The initialization is as follows: 
 
 
5.1. The Initialization of the  

Coordinator Node 
 

The coordinator node initialization is shown in 
Fig. 6. After powered on, the coordinator node enters 
initializing state, which is designated. Selecting a 
suitable channel and assigning a specific ID number 

for the coordinator node. Coordinator receives 
joining request from router nodes and control nodes, 
assigns a network address, sends confirmation 
information, and establishes binding connection. 
Then it waits for receiving data sent from router 
nodes, and analyzes the data packets, and then sends 
its data to computer after identifying as router 
information. Meanwhile, the data transmitted by 
router nodes will be received by coordinator and 
shown in the LCD. 
 
 

 
 

Fig. 6. Flow chart of coordinator node. 
 
 
5.2. The Initialization of the Router Node 
 

The initialization of router node is similar to that 
of the coordinator node. After powered on, the router 
nodes automatically looks for network to join. It will 
bind itself to the coordinator node, and sends a 
joining request to it. The coordinator node will be 
assigned a network address for it after the consent of 
the coordinator node. In the network, router nodes 
not only have the effect of routing and maintain 
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communication network, and router node is placed in 
each chamber door generally, and commercial power 
and battery can be used as its power supply. The flow 
chart is shown in Fig. 7. 

 
 

6. The Initialization of the Sensor Nodes 
 

The terminal node initialization is relatively 
simple. In the network, the sensor node collects data 
and sends data. Battery is used as the power supply 
because its work environment condition is hard. The 
sensor node sends 16-bit network address to router 
node after joining network successfully. When the 
sensor node receives data collection instructions, it 
will enters the application layer, calls the handling 
functions, triggering the corresponding task event 
functions, such as temperature, humidity, carbon 
dioxide concentration. And then start the A/D 
sampling to collect related data. The process diagram 
is shown in Fig.8. 
 
 

 
 

Fig. 7. Flow chart of router node. 
 
 
7. Hatchery Monitoring Software Design 
 

According to hatchery environmental conditions, 
the system has 4 dialog box selections: setting 
controlling conditions, setting timer, setting relevant 
parameters, showing current data and querying 

history data. Is mainly used to display the sensor 
nodes to collect information such as temperature, 
humidity, carbon dioxide concentration. The system 
has the following functions: 

(1) Can display the information collected by 
sensor node; 

(2) Can query related information within a certain 
time; 

(3) Can set relevant parameters; 
(4) Should be safe, set the password; 
 
 

 
 

Fig. 8. Flow chart of sensor node. 
 
 

The coordinator node is connected to the host 
computer through the RS-232 serial port. Based on 
Windows XP platform, in this paper, we use 
MSComm controls of Visual Basic 6.0 to implement 
serial communication design, which simplifies the 
development of serial communication, and use the 
properties of the controls to set up the serial port [9-
10]. We write the control interface using the VB 
language, real-time monitoring of the collection of 
data, realizes the visual man-machine interface, 
convenient debugging of the system and network 
monitoring. In addition, we choose the Access as the 
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database, which is used to save the data gathered 
every time, and the data facilitate query, analysis. 
The interface of PC is shown in Fig. 9, Fig. 10 and 
Fig. 11. Login password is also set in login interface 
to ensure system security. The Serial Port debugging 
interface is designed for debugging serial 
communication easily because every computer com 
port setting is not the same. To make it convenient 
for the user inquiring the historical data, query 
interface is designed. Users can query and analyze 
the data information in the past every day according 
to the number of nodes, which facilitates  
a better decision. 

 
 

 
 

Fig. 9. The login user interface. 
 
 

 
 

Fig. 10. The main interface. 
 
 

 
 

Fig. 11. The search interface. 

8. Conclusion 
 

The use of the advantages of wireless sensor 
network (WSN) in the system can not only monitor 
the hatch plant environmental effectively, also save a 
lot of manpower, material and financial resources, 
and time resource to a certain extent. To perfect the 
function of the PC, the alarm system will be added in 
control system in subsequent research work. 
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Abstract: Wireless sensor network is a popular technology on information acquisition and processing, which 
has been widely used in plantation ecological monitoring domain. The plantation environments, including 
antenna height-gain, depolarization, terrain, humidity and many factors have great influences on the propagation 
of 2.4GHz wireless sensor network radio frequency signal. In this paper, a complete research for propagation 
law of 2.4GHz wireless sensor network signal in plantation environment is presented, with using regression of 
support vector machines based on experimental data. A single variable prediction model is established on field 
strength of wireless sensor network signal in plantation environment, thus compares it with the original 
experience prediction model and measured data. The establishment of aforesaid model provides an important 
theoretical support for determining the max effective communication range of wireless sensor node and the 
nodes’ rational distribution. It will certainly promote the application of wireless sensor network in plantation 
ecological monitoring field. Copyright © 2013 IFSA. 
 
Keywords: Signal of wireless sensor network, Plantation, SVM, Field strength, Prediction model. 
 
 
 
1. Introduction 
 

Wireless sensor network (WSN) is a newly arisen 
technology on information acquisition and 
processing. Nowadays, the technology of WSN is 
playing an important role in forest fire detection, pest 
monitoring, etc. Some scholars have established the 
forest fire detection system based on Zigbee wireless 
sensor network [1]. Zigbee is a common standard of 
wireless sensor network, 2.4 GHz wireless radio 
frequency signal is the communication media. In 
plantation, wireless sensor network applications are 

growing in an exponential. However, plantation 
environment has a great influence on propagation of 
wireless sensor network radio frequency signal [2, 3]. 
It is an important basis of determining the nodes’ 
max effective communication range, the nodes’ 
rational distribution to master the propagation law of 
2.4 GHz wireless sensor network signal in plantation 
environment, and establish the prediction model on 
field strength of wireless sensor network radio 
frequency signal in plantation environment. Since 
1960s, some scholars have begun to study the 
propagation characteristics of wireless 

Article number P_1478

http://www.sensorsportal.com/HTML/BOOKSTORE/Strain_Measurement.htm


Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 159-164 

 160

communication transmission signal in plantation 
environment, and developed some classical models 
[4-9]. Recent years, research in this field can be 
divided into two categories: improving the classical 
models and getting empirical models based on the 
measurement data [10-13]. However, there are some 
geographical and environmental limitations in 
classical models, and the predictive results of some 
experience prediction models are not  
universally applicable. 

On the basis of experimental results, this paper 
applied support vector machines [14-16], which was 
a method based on small sample theory, to establish 
the prediction model on field strength of 2.4 GHz 
wireless sensor network radio frequency signal in 
plantation environment, and compared its predictive 
results with the original experience prediction model 
and experimental data.  
 
 
2. The Experiment on the Propagation  

of 2.4 GHz Wireless Sensor Network 
Radio Frequency Signal in Plantation 
Environment 

 
2.1. Experimental Site 
 

Experimental site is the plantation at the bank of 
Wenyu River in Changping District, Beijing. Its 
terrain is flat, with dense grasses near surface. The 
plantation mainly includes poplars and willows, tree 
diameter is from 15 cm to 25 cm, plant spacing is 
from 3 m to 3.5 m, average height is from 7 m to 
10 m, canopy density is 0.75, experimental time is 
August, trunk level is clear. The experimental scene 
is shown in Fig. 1. 
 
 

 
 

Fig. 1. Experiment scene of plantation environment. 
 
 
2.2. Experimental Equipment 
 
2.2.1. Field Strength Meter 
 

The field strength meter in experiment is the 
portable, multi-functional Protek 3290N produced by 
company GSI in Korea, as shown in Fig. 2. 

 
 

Fig. 2. Protek 3290N field strength meter. 
 
 

The major technical parameters of Protek 3290N 
is shown in Table 1. 
 
 

Table 1. Main technical parameters of Protek 3290N. 
 

Frequency Range 35 MHz~2900 MHz 
Measuring Range -45 dBm~-110 dBm 
Resolution 3.125 kHz 
Accuracy ±1.5 PPM 
Working Power 9 V 
Input Impedance 50 Ω 

 
 
2.2.2. Transmitter Module 
 

The transmitter module in experiment is IRIS 
wireless sensor network node produced by company 
Crossbow in America, as shown in Fig. 3. IRIS node 
supports IEEE 802.15.4 protocol, working at 
2.4 GHz. Transmitting power is 3 dB. 
 
 

 
 

Fig. 3. IRIS node. 
 
 
2.2.3. Transmitter Module 
 

The measuring antenna in experiment is HG2458-
09P antenna produced by company TP-LINK in 
America, as shown in Fig. 4. 
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Fig. 4. HG2458-09P antenna. 
 
 

The major technical parameters of HG2458-09P 
antenna is shown in Table 2.  
 
 

Table 2. Main technical parameters  
of HG2458-09P antenna. 

 
Frequency 2400�2500 MHz 
Gain 9 dBi 
Standard WiFi 
Horizontal beam width 65° 
Vertical beam width 25° 
Impedance 50 Ohm 
Maximum input power 1 Watts 
VSWR <1.5:1avg 
Working temperature -40°C/+85°C 
Joint N-Female 
Polarization Horizontal/Vertical 

 
 
2.3. Experimental Method 
 

The schematic diagram of field strength 
measurement principle is shown in Fig. 5. 
 
 

 
 

Fig. 5. Schematic diagram of electric field  
strength measurements. 

 
 

rE  is field strength value of receiving location, 

dBµV /m. vE is the reading data of field strength 
meter, dBm. According to Fig. 5, the relationship 
between rE  and vE  is shown in (1).  
 

 KLlGEE feaVr +++−−= 6lg20 , (1) 
 
where K is the antenna correction factor (dB). Ga is 
the receiving antenna gain (dB). el  is the receiving 

antenna effective length(m), /el λ π= . fL is the 
receiving feed line loss (dB). 6 is the correction value 
from terminating-value to open-value. Because the 
feed line in experiment is coaxial cable and is also 
very short, fL  is neglected. HG2458-09P antenna Ga 
is 9. So the final formula is shown in (2).  
 

 75.9975.1089 +=+−= vVr EEE , (2) 
 
where 108.75 is the correction value from dBm  
to dBµV/m. 
 
 
2.4. Experimental Process 
 

The propagation experiments were performed by 
means of separate transmitter and receiver. The 
receiver was moved along different radials by 5 
meters each time. These radials began at the 
transmitter location, and they went along a straight 
line moving away from it. Each point should be 
measured no less than 10 times. The location of 
transmitter and receiving antenna is shown in Fig. 6. 
 
 

Pi: Receiving antenna i =1,2,3…

Transmit module

Tree
d1=2m

P1

P2

P3  
 

Fig. 6. Schematic diagram of transmitter module  
and receiving antenna. 

 
 
2.5. Experimental Results 
 

The propagation of wireless sensor network radio 
frequency signal in grassland environment is 
associated with signal frequency, distance, antenna 
height, polarization mode, etc [17]. In this paper, the 
data is all measured under the condition of 2.4 GHz 
signal frequency, 1.5m antenna height and horizontal 
polarization, so the establishment of prediction model 
on field strength is focused on distance. In 
experiment, we got the value of Ev no less than 10 
groups at each position. The measured distance d and 
corresponding Ev’s averages are shown in Table 3. 
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Table 3. Experimental data of plantation. 
 

d (m) EV (dBm) Er (dBµV/m) 
10 -84.544 15.207 
15 -87.263 12.487 
20 -89.120 10.630 
25 -90.882 8.868 
30 -91.163 8.587 
35 -91.928 7.822 
40 -91.949 7.801 
45 -92.690 7.060 

 
 
3. Establish Prediction Model on Field 

Strength of 2.4 GHz Wireless Sensor 
Network Signal in Plantation 
Environment Based on SVM 
Regression 

 
3.1. Model Establishment 
 

This paper applied support vector machines, 
which was a method based on small sample theory, to 
do a regression analysis of the measured data shown 
in Table 3, and established the prediction model on 
field strength of 2.4 GHz wireless sensor network 
signal in plantation environment. SVM, which has 
been put forward by Vapnik in recent years, can 
transform linear inseparable problems to linear 
separable ones by mapping linear sample to high 
dimension space and then seeking optimal linear 
classification face in high dimension space. It is a 
good theory of small sample classification and 
regression at present [18, 19]. The principle of SVM 
regression is not described in detail here, which is 
shown in [20, 21].  

This paper selects the data in Table 3 to compose 
a training set, and establishes regression model using 
LIBSVM software package developed by Professor 
Lin Chih-Jen in National Taiwan University (kernel 
function: RBF). The result is shown in Fig. 7. 
 
 

 
 

Fig. 7. Regressive result of LIBSVM on plantation. 

Furthermore, the prediction model is got on field 
strength of 2.4 GHz wireless sensor network signal in 
plantation environment, as shown in (3). 
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where Eryuf represents field-strength prediction value 
(dBµV/m); d represents the distance between test 
points and signal transmitter module (m). 
 
 
3.2. Calibration of Model 
 

In order to check the accuracy of empirical 
propagation path loss prediction model of 2.4 GHz 
wireless sensor network signal presented in this 
paper, we calibrate this model by experimental data 
in plantation, and also compare it with another 
prediction model described in [2]. 
 

 
0.010 0.6

40.043 20lg( )

20lg(0.949 ) 0.26
ryuf

d

E d

e d−

= − +

−
, (4) 

 
where Eryuf represents field-strength prediction value 
(dBµV/m); d represents the distance between test 
points and signal transmitter module (m). 

The Measured data and the corresponding 
prediction value of field-strength by those two 
models are shown in Table 4 and 5 respectively. 
Where, EVf represents field-strength experimental 
value (dBm), Evyuf represents field-strength prediction 
value (dBm), d represents the distance between test 
points and signal transmitter module(m), ∆ represents 
measurement error between Evf and Evyuf (dBm), θ 
represents precision, and 

9 108 75 99 75Vyuf ryuf ryufE = E + . = E - .− .  
 
 

Table 4. Comparison between field strength measured 
values and predictive values of SVM model. 

 
d (m) EVf (dBm) EVyuf (dBm) ∆ (dBm) θ 

10 
15 
20 
25 
30 
35 
40 
45 

-84.678 
-86.790 
-87.633 
-88.681 
-90.917 
-91.468 
-92.015 
-92.802 

-84.668 
-87.155 
-89.246 
-90.678 
-91.452 
-91.802 
-92.075 
-92.565 

0.009 
-0.365 
-1.613 
-1.997 
-0.535 
-0.334 
-0.060 
0.237 

0.999 
0.996 
0.982 
0.978 
0.994 
0.996 
0.999 
0.997 
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Table 5. Comparison between field strength measured 
values and predictive values of experimental model. 

 
d(m) EVf(dBm) EVyuf(dBm) ∆(dBm) θ 

10 
15 
20 
25 
30 
35 
40 
45 

-84.678 
-86.790 
-87.633 
-88.681 
-90.917 
-91.468 
-92.015 
-92.802 

-82.065 
-86.307 
-89.488 
-92.086 
-94.311 
-96.278 
-98.055 
-99.687 

2.612 
0.484 
-1.856 
-3.405 
-3.394 
-4.810 
-6.041 
-6.885 

0.968 
0.994 
0.979 
0.963 
0.964 
0.950 
0.938 
0.931 

 
 

The precision θ  is shown in (5). 
 

 
1 1

Vyuftheoretical value E
θ

∆ ∆
= − = −

⋅
, (5) 

 
where ∆  is the measurement error. 

The field strength measured value and predictive 
value at each position are shown in Fig. 8. 
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Fig. 8. Comparison of field strength measured values  
and predictive values of each test point. 

 
 

According to Table 4 and 5, the average precision 
of SVM regression prediction model is 0.993; the 
average precision of original experience prediction 
model is 0.961. Obviously, the results obtained by the 
present models are in good agreement with 
experimental data and published results. 
 
 
4. Conclusions 
 

As an advanced technology on information 
acquisition and processing, wireless sensor network 
has a wide application prospect in forest ecological 
monitoring domain. To promote its application in 
forest ecological domain, a complete research for 
propagation law of 2.4 GHz wireless sensor network 
signal in plantation environment is presented in this 
paper, with using regression of SVM based on 
experimental data, a single variable prediction model 
is established on field strength of wireless sensor 
network radio frequency signal in plantation 
environment, thus compare it with the original 

experience model and measured data. The 
establishment of aforesaid model provides an 
important theoretical support for determining the max 
effective communication range of wireless sensor 
node, and determining the nodes’ rational 
distribution. In the process of establishing the model, 
some extrinsic conditions are fixed, such as antenna 
height, polarization mode, etc. The model has 
deficiencies, so the further perfection needs  
to be done. 
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Abstract: Anti-collision algorithms of active RFID system are studied and simulated by the OMNeT++ 
software. The active RFID system based on ZigBee RF module is analyzed firstly, which uses the anti-collision 
mechanism involving the CSMA/CA algorithm of IEEE 802.15.4 protocol. Given the IEEE 802.15.4 simulation 
framework and configurations on the OMNeT++ simulation platform, simulations and analyses about anti-
collision performance for the proposed active RFID system is carried out. For two customer anti-collision 
algorithms, the simulation results show that CSMA/CA algorithm presents excellent performance than ALOHA 
algorithm and its performance can meet the actual needs. Copyright © 2013 IFSA. 
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1. Introduction 
 

RFID technology (Radio Frequency 
Identification) [1] and ZigBee wireless sensor 
network are two key technologies to build the 
Internet of things (IOT). RFID is a non-contact 
automatic identification technology, which can 
identify the target objects through RF signal and get 
the relevant data. It has the advantages of small 
volume, large capacity, long life and reusable, etc, so 
that it has been used more and more widely, 
especially suitable for low power wireless tracking. 
As the basic IOT technology, RFID works in the 
sensor layer of the Internet of things to collect data. 

According to the label energy access, RFID 
system can be divided into two categories, passive 
and active. Active RFID tags inside the system are 
provided by the battery energy, which has large 

quantities of transmitted data, long reading and 
writing distance, good compatibility and reliability. 
But the traditional active RFID also has some 
disadvantages: read/write devices installation needs 
to be fixed position, to read and write tags in the 
direction of the position and direction of antenna has 
certain requirements, the flexibility of the system is 
restricted. What’s more, in terms of communication 
distance, use flexibility and function, it cannot be 
compared with the micro power transceiver. So some 
new type of active RFID system has been studied in 
[2-4]. ZigBee technology is a kind of low cost, low 
power consumption and low rate of two-way wireless 
communication technology, which can coordinate 
with each other between the thousands of tiny sensor, 
using very little energy in the form of relay to realize 
wireless communication. ZigBee technology and 
traditional RFID advantage are complementary [3], 
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so the design and implementation of active RFID 
system in combination with ZigBee RF modules has 
certain practical significance. 

Anti collision algorithm becomes one of the key 
technologies [4], under the circumstances of the label 
number identified by the active system is more. 
Because the read/write devices need to be able to 
successfully complete electronic label identification 
within the scope and realize the data reading and 
writing operations. Currently collision algorithm of 
RFID system mainly includes ALOHA and binary 
tree search method, and ALOHA algorithm is one of 
the most simple and basic collision algorithms, which 
belongs to the TDMA mode. ALOHA algorithm is 
simple, and large randomness, but has the 
disadvantage of high collision rate, low system 
utilization, and error decision problems. And binary 
tree algorithm is long delay, information disclosure, 
poor security [5-7]. So it is necessary to analyze and 
simulate the performance of new collision algorithm 
of RFID system, in order to guide the practical 
application. This paper will show the analyses and 
simulation for anti collision algorithm of the active 
RFID system. First, we analyze the active RFID 
system based on ZigBee rf module; then we use the 
simulation module of MiXiM [8] to systematically 
simulate and analyze the anti collision algorithm 
based on the IEEE 802.15.4 protocol. 
 
 
2. Active RFID System Based on ZigBee 

RF module 
 

Active RFID system based on ZigBee consists of 
a ZigBee gateway, several ZigBee card readers and 
ZigBee tags. ZigBee device includes three types: 
coordinator, routers and end devices. Card reader can 
be either a ZigBee coordinator or a ZigBee router. 
When the network is on a smaller scale, the card 
reader only need to be set as ZigBee coordinator, 
network don't need the router. When the tag number 
is more and widely distributed, card reader will be set 
as ZigBee router, at this time network also need to 
have a ZigBee coordinator name to be the ZigBee 
gateway. The system structure is shown in Fig. 1. 
 
 

ZigBee
Tag 1
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ZigBee
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。。。

 
 

Fig. 1. The active RFID system based on ZigBee. 

In Fig. 1, the ZigBee pooled gateway is 
responsible for setting up the RFID network, 
distribution address labels, allowing tags to join the 
network, updating device data, maintaining the 
associative device table and automatically updating 
task according to the state of network, etc. It is the 
core of the whole RFID system, undertakes the task 
of the control center, and is responsible for all the 
label sensor data gathering, processing, and network 
communication with the outside world. The basic 
working process is as follows: the reader starts the 
RFID network after powered firstly; then processing 
functions in the application layer start to test the 
ZigBee signal of the environment. When there is a 
label added to the network, reader is responsible for 
assigning network addresses to labels, after the 
success, reader began to receive and preserve the data 
from tags. 

ZigBee tags begin to apply to join the RFID 
network after powered, waiting for the response of 
the reader and the distribution of network address. 
ZigBee pooled node and reader have the functions of 
allowing devices to join the network. After the tags 
joined the network, they will enter a state, and every 
once in a while send a data to the reader or the 
gathering node, back into the sleep state after the 
success of the sending. If sending is failed, it needs to 
be resent. Messages sending aren’t terminated until 
up to the maximum retransmission times. 

ZigBee protocol channel access method use 
CSMA/CA (Carrier Sense Multiple Access with 
Collision Avoidance) mechanism [9-10]. All tags that 
want to communicate must be through the CSMA/CA 
mechanism to compete the transmission media. All 
equipments ready to transmit data, will monitor the 
current wireless transmission media. If the channel is 
free, the device will produce a backward delay time, 
to stagger the time of devices sending data. If the 
current wireless transmission media is in the busy, 
these devices will and compete for CSMA/CA after 
monitoring the media for free. 
 
 
3. Collision Performance Simulation 

Based on MiXiM Module 
 

OMNeT++ is a component-based, modular 
network simulation software, which is mainly used in 
wired and wireless communication network 
simulation, the design and validation of 
communication protocol and the performance of and 
the communication network architecture design. 
MiXiM module is a new type of OMNeT++ software 
module. MiXiM module combines with and expands 
the some existing OMNeT++ based simulation 
framework for the development of wireless mobile 
network simulation. It provides the wireless channel 
model in detail, such as wireless, mobile module, 
barrier model and many communication protocols, 
especially the protocol in the media access control 
layer of MiXiM can support the network simulation 
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up to 1000 nodes, with the graphical configuration 
interface to help users select the correct module, 
according to the layer combination, and conveniently 
set the parameter values.  

There are three important parameters in the IEEE 
802.15.4 CSMA/CA algorithm need to be maintained 
by the devices: Nb, CW and BE. Nb (back number): 
the initial value is 0, when the device has data to send, 
after a backward time and CCA detection, if channel 
is busy, it will create back time, the Nb value will add 
1 again. In IEE802.15.4, Nb is defined as the 
maximum value for 4, when the channel still busy 
after four times of backward delay, it will give up the 
sending, in order to avoid too much overhead. The 
CW (collision window length): is the back length of 
the delay time, the unit is the Backoff, regressive 
cycle defined by the parameter in the MAC PIB a 
UnitBackofPeriod given, for 20 symbol. The initial 
value of the CW is 2, and the maximum 31. BE (back 
exponent) the value range is 0~5, default value 
recommended by 15.4 is 3, the maximum is 5. When 
BE is set as 0, then only a collision detection. In 
IEEE 802.15.4, the number of failure (the 
retransmission) is up to 3 times. 

As shown in Fig. 2, MiXiM node is composed of 
modules, including mobility module, phy module, 
utility module, app module and nic module. Nic 
module consists of the MAC and phy module.  
 
 

 
 

Fig. 2. Composition of PhyMacHost of MiXiM node. 
 
 

A) MAC module  
MAC module used in the simulation parameter 

configuration uses CSMA/CA algorithm. According 
to the rules of CSMA/CA algorithm, parameters are 
defined as follows:  

 
simple CSMA802154 extends csma 
{ parameters: 

@class(CSMA802154); 
   sifs @unit(s) = 0.000192 s; 

headerLength @unit(bit) = 72 bit; 
   queueLength = default(100); 
   bitrate @unit(bps) = 250000 bps; 

   ackLength @unit(bit) = 40 bit;         
   macMaxCSMABackoffs = default(4);   
   macMaxFrameRetries = default(3);   
   acAckWaitDuration@unit(s)=0.00056s;  
   ccaDetectionTime @unit(s)=0.000128s;  
   aTurnaroundTime @unit(s)=0.000192s;    
   useMACAcks=default(true); 
   backoffMethod="exponential"; 

UnitBackoffPeriod@unit(s)=0.00032s; 
macMaxBE = default(5);  

   macMinBE = default(3);   
} 

 
B) PHY Module 
Each received packet of receiving node, need to 

be determined whether as the packet or as noise by 
the physical layer according to the strength of the 
received signal. The module of Ned description file is 
used PhyLayerBattery, the inheritance in 
BasePhyLayer module, module defines the channel 
delay, the noise of the basic level, information 
transmit power and sensitivity, as well as the 
connection definition parameters, such as door. Ned 
description of the module is as follows:  

 
package org.mixim.base.phyLayer; 
simple BasePhyLayer 
{ parameters: 
     ……        
     bool usePropagationDelay;  
     xml analogueModels;  
double sensitivity @unit(dBm); 
double maxTXPower @unit(mW);  
intinitialRadioChannel=default(0);  
bool useThermalNoise;       
     …… 
} 
The phy layer parameters are set in the 

“omnetpp.ini”. The receiving sensitivity is set – 
100 dBm, maximum transmitted power is set 100 mw. 
The specific configurations are as follows: 

 
*.phy.usePropagationDelay = false 
*.phy.analogueModels= 
xmldoc("config.xml") 
*.nic.phy.sensitivity = -100dBm 
*.nic.phy.maxTXPower = 110mW 
*.nic.phy.initialRadioState = 0 
*.nic.phy.useThermalNoise = true 
 
C) Mobility module  
This module provides the location of the host and 

is responsible for mobility handling. It completes the 
dynamic connection management together with the 
channel control module. Channel control module 
controls all of the connections among them. 

ConnectionManager is used during the simulation 
module to achieve this function. The parameters are 
also defined in the Ned file, and the parameters 
configurations are in “omnetpp.ini” file. Its 
configuration parameter values are consistent with 
the PHY layer parameters, transmission power is 
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110 mw, sensitivity is -100 dBm, and the transmitting 
frequency is 2.4 GHz. The specific configuration 
code is as follows:  

 
*.connectionManager.sendDirect = false 
*.connectionManager.pMax = 110 mW 
*.connectionManager.sat = -100 dBm 
*.connectionManager.alpha = 2.5 

*.connectionManager.carrierFrequency=2.4E+9 Hz 
 

D) App Module 
Application layer module can be used for traffic 

source node and sink node. It adopts flexible 
parameter structure based on XML, and supports the 
simulation of dynamic change transfer mode.  

We use NetworkStackTrafficGen to define it in 
the simulation. The Ned description is as follows:  

 
simple NetworkStackTrafficGen 
{ parameters: 
  double packetTime @unit(s); 
  double packetsPerPacketTime; 
  int burstSize = default(1); 
  int packetLength @unit("bit");      
int destination = default(-1); 
  …… 
} 
The arameters configurations are also set in 

“omnetpp.ini” file. The length of the packet is set 
24880 bit.The specific parameters are as follows:  

**.appl.packetLength = 24880 bit 
**.appl.packetTime = 0.1 s 
**.appl.packetsPerPacketTime = 0.15 
In the process of the establishment of simulation 

model and configuration, modules are established in 
the NED description file, and then modules are 
connected by the gates, thus it makes a complete 
network. Finally we create ‘omnetpp.ini’ files in 
which the parameters of each module are configured, 
and you can name different parameter settings in a 
file on the same network by using [config name] 
command. 
 
 
4. Simulations and Discussions 
 

After completing omnetpp.ini configuration, we 
can get the simulation log file (Eventlog), then 
through using the Filter options to analyze the data 
and making use of the Dataset tool drawing we can 
get the statistical analysis results. In order to facilitate 
comparison, some OMNET++ data is saved to 
regenerate the simulation curve.  

1) The relationship between channel utilization 
and tag number. 

Fig. 3 shows the relationship between channel 
utilization and tag number. Configuring two 
algorithms in the simulation, the tag number from 2 
to 2 step length in turn increased to 50. Known from 
the figure, using CSMA/CA algorithm, with the 
increase of the tag number, channel utilization 
efficiency increased, when the number of tags to 26, 

the channel utilization rate significantly increased 
with the increase of the tag number, no longer 
changes remain at around 80 %. ALOHA algorithm 
on the tag number is small, with labels on the rise, the 
channel utilization rate on the rise, as more than 10, 
conflict between tags, channel utilization is lower. 
Obviously, the collision performance of CSMA/CA 
algorithm is better than pure ALOHA algorithm.  
 
 

 
 

Fig. 3. The relationship between channel utilization  
and tag numbers. 

 
 

2) the relationship between channel utilization 
rate and packet interval curve. 

Fig. 4 shows the relationship between channel 
utilization rate and packet interval curve. The tag 
number is set to 10; packet interval is increased from 
0.02 s to 0.4 s. In comparison with CSMA/CA 
algorithm, the channel utilization rate of ALOHA 
algorithm is lower and the collision probability is far 
greater than CSMA/CA.  
 
 

 
 

Fig. 4. The relationship between channel utilization rate 
and packet interval curve. 

 
 

3) The relationship between the retreat number 
and node number. 
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Fig. 5 shows the change curve of retreating time 
and retreat number that each node needs when the 
number of node is increased in exponent in the 
CSMA/CA algorithm. The number of nodes in the 
simulation increase according to the index law of 2. 
We can see from the figure, along with the index 
growth of node number, the retreat time of each node 
also increases in index law and retreat number is 
increasing linearly.  
 
 

 
 

Fig. 5. The relationship between the retreat number  
and node number. 

 
 

4) The relationship between the channel 
utilization and the distance of nodes. 

Two aspects are contained: one study the impact 
of MAC-ACK frame on communication, MAC-ACK 
frame is used in Test-A instead of Test-B. The data is 
sent from one node to another node in two tests, 
receiving node is fixed. The distance between the 
fixed node and mobile node changes from 40 meters 
to 300 meters. Test-C has carried on the simulation of 
hidden nodes (hidden node is the node within the 
coverage scope of the receiving node but outside the 
coverage scope of the sending node). It may also 
make collision in receiving node because the hidden 
node sends data to same receiving node due to not 
hearing another sending. There are two nodes 
sending data to the center node in this test and one of 
the sending nodes is mobile.  

Configuration is as follows: of the fixed receiving 
node is {350,250}, the coordinate of the moving 
sending node is {350-${dist40, 45... Step 5}, 250}, 
and the coordinate of another sending node is 
{480,250}. The simulation results are shown in Fig. 6. 

As is shown in Fig. 6, when there is only one 
node sending, comparison Test-A and Test-B shows: 
in a certain distance, confirm frame has no difference 
in channel utilization, so in the practical application 
network can be configured to no using confirm frame 
in order to remove the frame overhead. But with the 
increase of distance, the channel utilization drops 
down later when using the MAC-ACK frame; beyond 
a certain range, no matter use or not use the MAC-
ACK frame, the channel utilization will decline 
sharply. IEEE802.15.4 protocol only constitute a 
small network, the distance between the nodes has 
certain restrictions.  

 
 

 
 

Fig. 6. The relationship between the channel utilization  
and the distance of nodes. 

 
 

The results Test-C show that the channel 
utilization is decrease obviously if the distance 
between the fixed receiving node and the mobile 
node exceeds 125 m when the two nodes send 
information to a same node at the same time. In this 
case, the mobile node and the fixed sending node are 

hidden nodes. So when using the IEEE802.15.4 
protocol of network, we must pay attention to the 
problem of the distance between the nodes in order to 
avoid the problem of hidden nodes causing 
unnecessary conflict. 
 

Node numbers 
Retreating numbers 
Retreating time 

Simulation test NO 
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6. Conclusions 
 

Collision algorithm based on the ZigBee module 
is one of the key technologies to research the active 
RFID system. The system adopts the CSMA/CA 
algorithm from IEEE 802.15.4 protocol as collision 
mechanism, etc. Simulation and analyses based on 
MiXiM module for the collision performance of 
active RFID system is carried out in the paper, which 
can provide necessary reference for the  
practical application.  
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Abstract: Based on remote sensing images, the panoramic views of land coverage distribution across a large 
geographic area can be accessed conveniently. Remote sensing monitoring system of land coverage change in 
mining area, which is a complex information system based on spatial database to manage multi-source 
heterogeneous data, was proposed in this article. The system structure, function and development strategy were 
studied in this paper. Remote sensing image fusion and classification are the key technologies in this system. 
The remote sensing image fusion method which is based on multi-band wavelet was discussed. Based on remote 
sensing image, the Chaos Immune Algorithm was proposed to improve the accuracy of land coverage 
classification. The results showed that this system can integrate the multi-source heterogeneous spatial data, 
including remote sensing image, vector data and related properties data into the whole body, also demonstrate 
graphical visualization and analyze compositely. Copyright © 2013 IFSA. 
 
Keywords: Remote sensing images, Monitoring system, Land coverage change, Mine area, Fusion, 
Classification. 
 
 
 
1. Introduction 
 

Mining activity is the most important factor 
which causes the land coverage change in the mining 
area. The Remote Sensing (RS) data can do the task 
of monitoring a large range area in the mining area, 
reflecting the panorama distribution information of 
continuous land and space coverage change visually. 
RS technology has many advantages, including 
macro, objective, comprehensive, dynamic, speedy, 
etc., providing a scientific basis for carrying out land 
reclamation & management and surface ecological 
restoration & reconstruction in the mining area. RS 
monitoring system of land coverage change in mining 

area is a system which can research and develop on 
the basis of RS survey results in the mining 
subsidence. It mainly integrates and analyzes RS 
images from different sensors and multi-temporal 
data as well as does the job of processing graphics 
and image through combination analyzing of surface 
and image data [1]. 
 
 
2. System Overall Design 
 

RS survey of land coverage in the mining area 
mainly takes advantage of satellite sensing images 
from different period of time and makes comparative 
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analysis of these images in order to explain the plane 
continuous distribution and development of land 
coverage from different periods. It achieves effective 
integration and unified management of multiple 
heterogeneous data sources, including multiple RS 
satellite data, ground-truth data, vector data, property 
data, etc., and established a characteristic 
professional RS image processing system which has 
functions of image processing & analysis and data 
management & query [2]. It adopts modular function 
and multilevel open architecture as its design 
structure to fulfill the implementation of system 
software development. Based on the above analysis, 
the system frame is as Fig. 1. 
 
 

 
 

Fig. 1. System development frame diagram. 
 
 

Foreground program of the system was developed 
by the fourth-generation matrix programming 
language IDL, and SQL Server2010 and Oracle10G 
was supported in backend database. The object-
oriented spatial data and attribute data were stored 
integratively through the relational database. Through 
SQL Server2010 or Oracle10G, the space and 
attribute data were stored as concentrated or 
distributed multi-source data. The DirectX9.0C was 
used to be the 3D graphics engine. MapX combining 
SpatialWare provided by MapInfo was adopted to be 
the spatial database engine for the server data 
processing. So the development of high flexibility 
and system scalability is more advantageous to the 
people of the cooperative development and system of 
effective seamless integration. 

3. Key Technology 
 

Remote sensing image fusion can decrease the 
incompleteness, multiplicity, and uncertainty which 
probably exists in interpreting target objects [3]. So, 
it can greatly improve the effectiveness in feature 
extraction, classification, and target recognition. 
Remote sensing image fusion is an important part of 
remote sensing technology, and it is a major means 
for intensifying the remote sensing information [4]. 
By using the multi-ary wavelet transform model 
which combined with multiple texture information, 
this system completes the image fusion with different 
resolution ratio.  

Remote sensing image classification is the most 
important part in quantitatively obtaining land cover 
changes in mining area. To improve the image 
classification accuracy, Chaos Immune Algorithm 
was adopted in this system. 
 
 
3.1. Remote Sensing Image Fusion 
 

The remote sensing image fusion method based on 
multi-band wavelet was applied in this system. The 
orthogonal decomposition in the square integrable 
function space L2(R) can be acquired based on multi-
scale analysis theory [5, 6].  

If ( )1 1 1s
j j jV W V s M+ = ⊕ ≤ ≤ − , j Z∈ , then for 

every integer N and M>0, the following  
formula holds: 
 

 
1 2

s s s
N N N N M N MV W W W V− − − −= ⊕ ⊕ ⊕ ⊕ , (1) 

 
where s

jW , jV  are the closed subspace columns. 
The closed subspace column Vj is generated 

from ( )2
,

j
j

j k M M x k K Zϕ ϕ
⎧ ⎫⎪ ⎪= − ∈⎨ ⎬
⎪ ⎪⎩ ⎭

, which is the 

orthogonal basis, while Wj is generated from 

( )2
, , 1 1,

j
s s j
j k j kM M x k s M K Zψ ψ

⎧ ⎫⎪ ⎪= − ≤ ≤ − ∈⎨ ⎬
⎪ ⎪⎩ ⎭

, where 

( )xϕ  is the scale function, and 

( ){ }1 1s x s Mψ ≤ ≤ − called the wavelet function 

which satisfies the following equations: 
 

 ( ) ( )

( ) ( )

k
k Z

s s
k

k Z

x c Mx k

x d Mx k

ϕ ϕ

ψ ϕ
∈

∈

⎧ = −
⎪
⎨

= −⎪
⎩

∑

∑
, (2) 

 
where ( )xϕ  is the scale function and ( )s xψ  is 
wavelet function. Where ck is the filtering coefficient 
and s

kd  is the wavelet coefficient, there is an 
orthogonality relationship between them. And the 
filtering equation is: 
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( ) 1 k

k
k z

H z c z
M ∈

= ∑  (3) 

 
The multi-ary wavelet was applied to decompose 

the 2-D energy-limited signal ( ) ( )2 2,f x y L R∈  of 
remote sensing images: 
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 (4) 

 
where 0,1, 2,j = , { }, ,j k la  is the low frequency 

component of the j-th layer decomposed and { },
, ,

t s
j k lb  

the high frequency component of the j-th layer 
decomposed. M-ary wavelet decomposition may 
generate one low frequency component and 2 1M −  
high frequency component. The reconstructed 
equation is: 
 

 
, , 1, ,

1
,
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3.2. Remote Sensing Image Classification 
 

The core of Chaos Immune Algorithm is based on 
the biologic immune mechanism reflected in 
mathematics the embodiment of biological immune 
mechanism in mathematics. Combining with random-
choice and determinacy, Artificial Immune 
Algorithm is a heuristic random searching algorithm 
which has the ability to develop [7, 8]. 

Ag was defined initial antigen and Ab was defined 
initial antibody populations. M denoted the scale of 
antibody populations. { }1 2, , , , ,m m m mi mnX x x x x=  
denoted an initial antibody, 1,2, ,m M= 1,2, ,i n= . 
n was the dimension of variable mX . Similar with 
genetic algorithm, mix was called allele, 

[ ],mi mi mix a b∈ . Antibody bit string was divided into 
l segments and every segment length was in , so, 

1

l

i
i

n n
=

= ∑ denoted total length of antibody gene 

segment. ( ) ( )0,1 0,2 0,0 , , , iY y y y= ( 1,2, ,i n= ) was 
defined initial antibody populations center. After k  
iterations, the Euclidean distance reciprocal between 
individual and antibody populations center was 
defined affinity function: 

 

( )

1
2

2

1

1   

1, 2, ,   1, 2, ,

n
mi ki

m i
x y

aff X
m M i n

=

⎛ ⎞
= −⎜ ⎟
⎝ ⎠

= =

∑  (6) 

 
Main operators as follows: 
1) Chaos optimization of initial population. 
The initial Ab  were optimized through chaos 

operator. According to equation (7) a chaotic-type 
initial value 0

miγ  was produced [8]. 
 

 ( ) ( )0

1,2, ,   1, 2, ,
mi mi mi mimi x a b a

m M i n
γ = − −

= =
 (7) 

 
The logistic map was used to generate chaotic 

variable k
iγ . 

 
 ( )1 1

1,2, ,   0,1, 2,

k k k
i i i

i n k

γ µγ γ+ = −

= =
, (8) 

 
where µ  was the control parameter, after determined 
the value of µ , with the arbitrary initial value 

( )0 0,1iγ ∈  (except 0.25, 0.5, 0.75 the fixed point of 

equation(8)), an assured time series 1 2, , k
i i iγ γ γ  can 

be iterated [8]. 
Chaos optimization algorithm is mapping the 

chaos space to the solution space, using the inherent 
properties of chaotic variables to fulfill the overall 
search. According to equation (9), map the chaos 
variables from chaos space to the solution space [8]. 
 

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

k
mi mi mi mi mix a b a

m M i n
γ= + −

= =
 (9) 

 
Set mix∗  as the optimal solution at the current phase 

of coarse-grained search, aff ∗ is the optimal 
objective function value for current phase. After each 
iteration, the individual affinity function ( )aff k  was 
calculated, iteration termination condition 
was ( )aff k aff ∗≤ . The antibody population after 
optimization was denoted by Ab′ . 

2) Clone selection operator. 
After the combination of antibody with antigen, 

antigen can be destroyed through a series of reactions 
which are based on antibody concentration. Antibody 
concentration ( )md X  was defined by the  
following expression. 
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where α  is the system parameter to adjust algorithm 
convergence speed, g  is the current evolution 
generation and G  is the maximum evolution 
generation. 

Affinity function ( )maff X  was adjusted through 
the following expression. After the adjustment, 

( )maff X  was denoted by ( )maff X . 
 

 ( ) ( ) ( )m m maff X aff X d X=  (11) 
 

These antibodies which have bigger individual 
affinity value and the lower concentration can be 
promoted, on the contrary, those antibodies with 
smaller individual affinity value and the higher 
concentration can be inhibited, thus this process 
ensured the diversity of antibody group, so as to 
escape from local optimums. 

3) Clone operator 
According to aff , antibodies in Ab′  were ordered 

by sort descending. Take top cm  antibodies to be 
cloned, the antibody group cloned was denoted by 

cAb . As the following equation, the population size 
of cAb  can be calculated [9, 10].  
 

 

1

cm

c
j

MM round
j

β
=

⎛ ⎞
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⎝ ⎠
∑ , (12) 

 
where cM is the population size of cAb . β  is the 
proliferation coefficient to control antibody group 
size owing to its influence of algorithm iteration and 
calculating time. j is the sequence number  
of antibody by sort descending. ( )round ⋅  is the 
rounding operation. 

4) Variation Operator. 
Set ( )1 1, , , , ,i i nX x x x x−=  as a parent entity, 

according to equation (13) to mutate, then after the 
Variation, the offspring individual was mX , the 
antibody group mutated was denoted by mAb . 
 

 (0,1) aff
m mX X N eη −= +  (13) 

 
After ( )0,1  standardization, aff of mX  was 

denoted by aff . ( )0,1N  was normal random function 
with mean value 0µ =  and variance 1σ = . The 
proportionality constantη can control attenuation of 
negative exponential function. According to equation 
(13), the bigger the antibody affinity value, the 
smaller variation, that was beneficial to maintain the 
stability of the local optimal solution. 

5) Excellent individual chaotic disturbance. 
After the clone selection, clone and variation, we get 
the current optimal solution is 

( )1 1, , , , ,i i nX x x x x∗ ∗ ∗ ∗ ∗
−= , according to equation 

(14), make chaotic disturbances to ix∗ . 

 ( ) ,   1, 2, ,i i k ix k x u i nϕ∗′ = + =  (14) 
 

In the equation, ( )ix k′ is the chaotic variable of a 
smaller range of ergodicity relative to equation (8), 
ϕ  is the adjustment coefficient related to the iteration 

number k′ , in this paper set 11
nk

k
ϕ

′ −⎛ ⎞= − ⎜ ⎟′⎝ ⎠
. 

Continue to carry out iterative search with ( )ix k′ , 

the termination condition is ( )aff k aff ∗′ ≤ . 
 
 
4. System Simulation 
 

The following figures are the simulation results of 
this system. Huainan mine in Anhui Province was 
selected as the case of target area. TM and SPOT 
remote sensing images are the main experiment 
image data. Fig. 2 is the original TM 2, 3, and 4 
images of 2004 in Kongji coal mine-Bagongshan-
Caijiagang area and Fig. 3 is SPOT-PAN of 2004 
with a resolution of 10 m. Fig. 5 is fused image using 
the method introduced in this paper ( 3M = , 2k = ). 
Visual results show that the spatial information and 
spectral resolution of the images fused with the 
method which is clearly improved in this paper.  
 
 

 
 

Fig. 2. Original TM image. 
 
 

 
 

Fig. 3. Original SPOT-PAN image. 
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In Fig. 4, A1 indicates Erdaohe mine area, A2 
indicates Xinzhuangzi mine area, A3 indicates Xie-2 
mine area, B1 indicates Lizuizi mining area, B2 
indicates Xie-1 mine area. The field investigation 
shows that most of the disappeared subsidence areas 
are corresponding to the landfill area, such as Lizuizi 
mining area (B1) and the area from Xinzhuangzi coal 
mine to Xie-1 mine (B2), which are all the landfill 
areas by coal gangue. The large area of newly formed 
water accumulation areas is corresponding to mining 
induced subsidence area formed in recent years, such 
as Erdaohe (A1), Xinzhuangzi mine (A2), and  
Xie-2 mine (A3). 
 
 

 
 

Fig. 4. Fusion image by the method of this paper. 
 
 

Fig. 5 is the image of Panyi mine in Huainan and 
Fig. 6 is the Classification of Chaos Immune 
Algorithm method. The results show that Chaos 
Immune Algorithm overall accuracy and Kappa 
coefficient reaches 89.9 % and 0.873 respectively. 
 
 

 
 

Fig. 5. Image of Panyi mine in Huainan. 
 
 

Table 1 is matrix of land-use types change in 
Panji Mine during 2000 to 2004. In this table, the 
abbreviation for agricultural land is A, the abbreviation 
for rural construction land is R, the abbreviation for 
subsidence area is S, the abbreviation for industrial 
and mineral land is IM, the abbreviation for Water 
(Huai River and its tributaries) is W. As shown in the 

tables, mining subsidence was mainly from cropland. 
The principle reason is the output of the mine after 
2000 rising gradually and maintaining a relatively 
high efficient level. Since 2000, with the deepening 
of exploiting degree the original village construction 
land occur surface settlement, as time appear 
gradually evolved in to mining subsidence. Worse, 
lots of cropland occupied because of the village 
integral transportation, which is the main reason for 
the relative change rate of construction land 
transferring to subsidence and cropland transferring 
to construction land increased. 
 
 

 
 

Fig. 6. Classification of CIA method. 
 
 

Table 1. Matrix of land-use types change in Panji Mine 
during 2000 to 2004. 

 
Area 
(hm2)

A R S IM W 

A 28119.4 655.83 779.17 529.48 0 
R 0 14466.26 196.99 148.11 0 
S 28.26 0 2096.15 0 0 

IM 16.58 0 72.11 7122.03 0 
W 52.80 0 63.28 0 4074.66

 
 
5. Conclusion 
 

RS monitoring system of land coverage change in 
mining area is a complex information system. It 
incorporates RS, GIS technology, land reclamation 
engineering, land management and virtual reality 
technology. This paper combined spatial database to 
store multi-source data of coverage change system, 
and its core is the remote sensing image fusion  
and classification. 
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Abstract: Picking to meet certain condition with minimal coverage, sensor nodes to complete coverage and 
connectivity for wireless sensor networks has become a challenging one of core problems. For this reason, one 
kind based on the node mobile strategy optimal coverage algorithm was proposed. Firstly, the sensor node and 
the target node mapping relation model was established, which using geometric graphic in the square will target 
node planning to the inner square area, through to the mobile node scheduling strategy for the entire coverage 
area for effective coverage, achieving the goal node complete coverage of the objective. Secondly, probability 
expectation values were obtained through the algorithm to meet under the conditions with minimal sensor nodes, 
and the optimal coverage and connectivity probability models were given. Finally, the experimental results show 
that the algorithm can not only using the least nodes to complete the effective target area to be covered, but in 
reducing the network energy consumption has also greatly improved, simultaneously reducing the cyber source 
configuration and improving the network life cycle. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor networks, Coverage optimization, Connectivity, Mobile nodes, Nonlinear sequence. 
 
 
 

1. Introduction 
 

Wireless Sensor Network (WSN) is a network 
system formed by a large number of inexpensive self-
organizing sensor nodes with these features: 
computing power, perception, communication 
capabilities, which is widely used in a variety of 
scientific fields such as defense monitoring, 
environmental monitoring, mine rescuing, medical 
and transport. Coverage and connectivity has become 
one of the basic problems of wireless sensor 
networks research [1-3]. Reasonable and effective 
coverage in wireless sensor network coverage 

application process helps to increase the effective 
suppression of the network nodes energy, improve 
the perceived quality of service and extend the 
overall network lifetime. It also increases the cost of 
network-related data transmission, information 
management, data storage and calculation. Under the 
premise of meeting certain coverage and connectivity 
rate ratio, the network lifetime has become a very 
crucial topic. 

Therefore, how to fulfill the coverage and 
connection of designated regions and suppress the 
excessive energy consumption of sensor nodes at the 
least sensor nodes under the condition of certain 
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coverage is a challenge. Based on the above ideas, 
three issues should be solved: first, planning the 
monitored target node to a square region, the 
association model between the sensor node and 
destination node is established to place the target 
node within the range of the sensor nodes. Secondly, 
by using of the mobile node scheduling strategy and 
parameters dynamically change, coverage region of 
mobile node is reduced, which achieves effective 
coverage of the target region, and enhance the 
network topology. By calculating and reasoning of 
the side length of covering region, the number of 
nodes required under the different rates of coverage 
and connectivity. 

In recent years, many domestic and foreign 
experts and scholars put forward many theories and 
solutions on the coverage of wireless sensor networks 
and connectivity issues [4-6]. In addition, with the 
increase of the sensor nodes and coverage region 
changes, the complexity of the algorithm will become 
larger, and thus computational efficiency will 
reduces [7-8]. The coverage configuration protocol 
(CCP) proposed by reference [9] is to judge the 
distributive node functions qualification using the 
local node location information, which is when the 
communication radius is greater than or equal to  
2 times the sensing radius and the network k-cover 
the given convex region in the region, the network is 
k-connected, thereby promoting its agreement to 
meet the multi-coverage requirements. LEACH 
protocol has been improved in reference [10]. The 
main idea is: clustering routing algorithm uses 
periodic random selection of cluster head node to 
balance the node energy consumption and to achieve 
the purpose to extend the network lifetime.  

Under the premise of maintaining a certain 
coverage and connectivity rate, in the operation of 
each data retrieval collected by the sensor nodes, a 
subset of a sensor node is selected to collect data and 
to realize nodes subsets dynamic scheduling 
conversion mechanism, and thus achieve the optimal 
choice for each subset of data acquisition, thereby 
optimizing the number of nodes, improving network 
stability and extending the lifetime of wireless sensor 
networks. Finally, the number relations of nodes 
needed to be deployed in coverage and connectivity 
is given under the condition whether there is 
influence of edge node. 
 
 
2. Definition and Network Model 
 
2.1. Assumption and Definition 
 

The coverage and connectivity this paper studies 
is based on local positioning algorithm and has the 
following basic assumptions:  

Assumption 1: The covering radius and 
communication radius of each node showed a  
disc-shaped.  

Assumption 2: the specific location information 
of its own node is obtained through some localization 

algorithm, such as: the RSSI location algorithm, the 
Euclidean positioning algorithm, without  
the participation of large-scale physical 
communications equipment. 

Assumption 3: All sensor nodes are randomly and 
uniformly deployed in square in side length l 
monitoring region Ω with consideration of the 
boundary of deployment region.  

Assumption 4: The perception of each node is 
much smaller than the entire network coverage 
region, and all nodes are isomorphic and initial 
energies are equal. 

Definition 1: Set up a two-dimensional plane E, 
the coordinates of the nodes si (xi, yi), the coordinates 
of the target tk (xk, yk), the Euler distance between the 
nodes si and tk is less than si, perception radius rs: that 
is ( ){ }2 , ,i k k i k sES t t E D s t r= ∈ ≤ , said point tk is 

covered by si. 
Definition 2: for a given target set T={t1,t2,t3

...tk} 
and the sensor node set V={v1,v2,v3

…vn} , in a time 
slot, if the target set T in any goal tk is covered by at 
least one node within node set V, then the target set T 
is full coverage. 

Definition 3: suppose that nodes si, sj, the target 
regions they cover are Ci and Cj, and i jC C ≠ ∅∩ , so 
nodes si and sj are coverage connected. Suppose that 
T is an m nodes set randomly distributed in the target 
region, E is the set of edges of the network figure, 
indicating that the eij = 1 positional relationship in eij; 
eij represents the positional relationship of node si and 
the target node tj. When ei = 1 when and only when 
the Euclidean distance of target node tj and the node 
si is less than or equal to the perception radius ri, 
otherwise ei = 0. { }1 2, nW w w w=  is the initial 
energy set of sensor nodes; W is in normal 
distribution; the wi represents initial energy of sensor 
node si; wi is the maximum energy in the process of 
node work. 

Definition 4: In the monitoring region any point at 
least at the same time located in the perception range 
of K nodes is known as the K re-cover. That is 

c k

k i
i c

A As
+

=

∈∩ , where 1≤c≤n. 

Definition 5: coverage rate of a point si in 
coverage region is as follows: 
 

( )
( )

( ) ( )
( ) ( )

0           if   ,

,        if  ,

1            if   ,

s i j

d
i j s e i j s

i j s e

R d s s

p s s e R R d s s R

d s s R R

ε−

⎧ ≤
⎪⎪= − < <⎨
⎪

≤ −⎪⎩

 (1) 

 
which ( ) ( )e,i j sd d s s R R= − − , ε is physical 

parameters of the sensor node; eR  represents the 
monitoring dynamic parameters of the sensor nodes; 
( ),i jd s s  represents the Euclidean distance between 
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the sensor nodes ,i js s ; When the coverage ( ),i jp s s  

of a node is  meets ( ) ( ),i j s ed s s R R≤ − , then the 
node is detected, otherwise not [11]. 
 
 
2.2. Parameter Establishment  

and Variable Description 
 
l: side length of the square coverage region; 
Ω: the network region, i.e. Ω=l2; 
n: number of randomly deployed network nodes; 
rs: the sensing radius of sensor nodes, rs<l; 
rt: the communication radius of sensor nodes, rt<l; 
E(C): The expectations of sensor node coverage ; 
P(Sn): a network expect coverage rate of n randomly 

deployed nodes; 
P(Cn): network connectivity probability of n 

randomly deployed nodes. 
 
 
2.3. Network Model 
 

Usually, coverage directly reflects the extent that 
the objectives are concerned, the concerned target 
node region having higher coverage, taking into 
account the functional relationship between sensor 
node p in the region II expectations and coverage 
region, shown in Fig. 1. 
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Fig. 1. Diagram of connective coverage of target region 
and node p in II region. 

 
 

Fig. 1 shows the relation model of working sensor 
node, dormant node and target node. The black 
sensor nodes are in working state, and the rest are in 
a dormant state. Relation the information obtained by 
perception of the target node. 
 

3. Network Properties Calculation  
and the Algorithm Description 

 
Now take the analysis of Fig. 1 as the example. 

The square region l is divided into I and II two parts. 
Randomly deploy the nodes in the monitoring region 
to construct a finite set S with the coverage region of 
each node being E(C), so that the coverage 
probability of  each node is E(C)/Ω. When the nodes 
set is empty, the network coverage of the n deployed 
nodes will be P(S)=(1-E(C)/Ω)n Thus the network 
nodes probability value has been obtained in the 
situation that collective S is not an empty set.  

 
 ( ) ( )( )     

1 1 /
n

P S E C= − − Ω  (2) 
 

When a node is in the area between I and II, the 
boundary coverage of the network coverage area can 
be shown in Fig. 2. 
 
 

 
 

Fig. 2. The boundary coverage of the network  
coverage area. 

 
 

When the number of nodes n →∞ , 
lim ( ( )) 1
n

E P S
→∞

= , which indicates that the number of 

nodes is large enough, this coverage region is 
completely covered [12]. Considering the boundary 
effect in solving the node coverage region and 
expectations, because the square region is divided 
into region I and II, based on the concept of 
expectation value in probability, expectation value of 
the coverage of network nodes can be obtained: 
 

 ( ) ( ) ( ) ( ) ( )
Ι ΙΙΙ ΙΙE C P E C P E CΩ Ω= Ω + Ω  (3) 

 
Among them, ( )ΙP Ω  and ( )ΙΙP Ω , respectively 

represents the probability values of the randomly 
deployed nodes in region I and II. ( )

Ι
E CΩ  and 

( )
ΙΙ

E CΩ  denotes the corresponding expectations of 
coverage. From the even distribution functions of the 
random deployment of sensor nodes, then get: 
 

 2 2

2

( ) ( )

( ) 2 ( )
Ι s

ΙΙ s s

P l r l

P r l r l

Ω = −

Ω = −
 (4) 
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Assume that node p is in the region I, its coverage 
being completely contained, so the coverage 
expectation is: 
 

 2( )
Ι sE C rπΩ =  (5) 

 
When a node p is in region II, the region should 

equal to its sensing region of the circumference 
subtracting bow region SACBD. A and B is the 
intersection of the sensing circle of node p and 
network boundaries, whose angle θ is the central 
angle formed by the node p and A, B, ∠ApB=θ, 

2 arccos sy rθ =  so: 
 

( )

( ) ( )

2

0 0

0 0

1 1( ) 2 (2 sin )
2 2

             = 2 sin
2

s s

ΙΙ

s s

l r r

s
s s

l r rs

s

E C r dx dy
l r r

r
dx dy

l r

π θ θ

π θ θ

−

Ω

−

= − +
−

− +
−

∫ ∫

∫ ∫
(6) 

 
Theorem 1: Suppose that the n sensor nodes 

randomly deployed in the network region with an 
area of Ω, the node perception radius rs, in an area of 

2
srπ region, probability of K nodes  

is: ( )
2

2 !
sN r

k k
sN r e K

π

π
−

Ω Ω  
Proof: By Poisson's theorem, when the number of 

sensor nodes N tends to positive infinity, the 
probability P tends to infinitesimal, and its quadratic 
distribution item ( ),B n p  can be approximated as 

Poisson distribution ( ),p n λ , npλ = , within the 
coverage region the sensor nodes are randomly 
deployed, so the number of nodes in the network area 
of 2

srπ can be seen to obey the quadratic 

distribution
2

, srB n π⎛ ⎞
⎜ ⎟Ω⎝ ⎠

. Because sensors are 

deployed in high density in coverage region and the 
perception radius of each sensor node is much 
smaller than network area Ω, when the number of 
sensor nodes n in the coverage region 
increases, 2

sn rπ Ω gradually approaches 
infinitesimal, and then the quadratic distribution can 
be approximated as the Poisson distribution 

2( , )sp n n rπ Ω , that is the probability of network 
coverage rate at K at any point of the region is 

!

k

P e
k

λλ −= , K N∈ . 

Theorem 2: Suppose the given sensing radius of rs 
nodes are evenly distributed in the square of side 
length l, considering the boundary factors, the node 
coverage expectations will be: 
 

( ) ( )
2

2( ) [ 2 2 2 ] 
2

s
s s s s

rE C l r l r r r
l

ππ π⎛ ⎞ ⎛ ⎞= − + − + +⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

 (7) 

 
Proof: because the sensor nodes obey even 

distribution function, the coverage expectations can 

be obtained by the formula (2): 
( ) ( ) ( ) ( ) ( )

Ι ΙΙΙ ΙΙE C P E C P E CΩ Ω= Ω + Ω , substitute 
formulas (3), (4), (5) into formula (2): 
 

 ( ) ( ) ( )
( ) ( )

( ) ( )

22 2
2 2 0 0

2
2

( ) ( )

1 1[ 2 ] [2 2 sin ]

[ 2 2 2 ]
2

Ι ΙΙ

s s
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l r r

s s s

s
s s s s

E C P E C P E C

r l r r dx dy
l l

r
l r l r r r

l

π π θ θ

ππ π

Ω Ω

−

= Ω + Ω =

− + − +

⎛ ⎞ ⎛ ⎞= − + − + +⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

∫ ∫
 

(8) 

 
Definition 6: If the mobile node locates in ix , the 

repulsive force of any other node j  located in jx  is 
defined as: 
 

 

( ) ( )
( )

( )

2

1 1       ,
, ,

0                                             ,  

i j
s

sexc

s

x x
k d i j r
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d i j r
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⎪
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 (9) 

 
Similarly: the attractiveness of the node j  on i is 

defined as 
 

 

( ) ( ) ( )

( )

2
1     , 2

,,

0                                 , 2   

i j
s

att

s

x x
k d i j r

d i jF d i j

d i j r
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⎪ ≤⎩

 (10) 

 
where k proportionality constant coefficients, the 
repulsive and attractive is respectively: 
 

 ( )

( )

,
 

,

exc c
j

att c
j

F F i j

F F i j
∈Ω

∈Ω

⎧ =
⎪
⎨

=⎪
⎩

∑

∑  (11) 

 
 
4. Performance Assessment 
 

To further verify the effectiveness of the 
algorithm, the curves between coverage rate and 
node, as well as curves between connectivity rate and 
nodes under different network size are selected, as 
shown in Fig. 3. 

Fig. 3 shows the number chart of sensor nodes 
needed to deploy to realize different network 
connectivity under different network size. With the 
expansion of the network size, to realize certain 
network connectivity rate, the number of nodes 
needed to be deployed will also increase. When 
connectivity rate is high, the number of nodes needed 
to deploy increases faster. 

Consider coverage and connectivity rate 
influenced by the boundaries. Fig. 3 shows the 
number of sensor nodes required to be deployed 
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under the conditions without boundary effects with 
the same network size l=300 m coverage and 
connectivity rate. With the increase of network 
coverage and connectivity, the number of nodes 
required increases substantially; and the influences 
gradually become smaller and in equilibrium at last 
when the network coverage and connectivity  
rate increases. 
 
 

 
 

Fig. 3. Connectivity curves in different network size. 
 
 

Fig. 4 reflects the number of nodes required to be 
deployed to achieve different coverage and 
connectivity rates without the boundary influence. 
Compared with the boundary influence, the number 
of nodes deployed increases slightly, and with the 
increase of nodes, node density will become larger, 
so the boundary influence becomes lower. 
 
 

 
 

Fig. 4. Curves of network coverage rate/ connectivity rate 
with/without boundary influence. 

 
 

5. Conclusion 
 

In view of the network coverage and connectivity 
of the random deployment of nodes for wireless 
sensor network, the relation model of the sensor node 
and the target node were provided. Considering the 
boundary influence, coverage and connectivity 
probability model was also provided. It can simplify 
the computational complexity of network coverage 
and connectivity to improve the efficiency of the 
algorithm execution, and thus solve the number of 
nodes required to deploy more accurately meeting 
certain network coverage and connectivity rate 
requirements. Finally, the correctness of the 
theoretical solution and validity of the algorithm are 
verified by the simulation results. The main work 
thereafter was the study of the effective coverage of 
the irregular region and the entire network energy 
savings based on sensor network. 
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Abstract: Many applications of wireless sensor network require precise knowledge of the locations of nodes. 
Conventional sparse wireless sensor network, which is formed by a restricted number of nodes, has two 
drawbacks, i.e., low connective ratio and hop count limited, which probably cause the network link failure 
and/or low locating performance. To improve the relative position precision and reliability of multiple targets 
based on the sparse wireless sensor network, a relative locating method with spatial constraints is proposed 
according to the different network configuration and inter-range between target nodes for the sparse wireless 
sensor network, of which the spatial constraint benchmarks include two categories of datum, namely, the spatial 
absolute displacement datum and direction rotation datum. In particular, it is proven on the basis of the principle 
of survey adjustment that the nodes’ position ambiguity, which is caused by the rank deficiency, could be solved 
while the estimating precision of the target nodes position is unchanged. The simulation results show that 
compared to the conventional time-varying filtering, e.g. Kalman Filtering, the proposed constraint position 
method may rapidly respond to network-link communication failure, and increase relative positioning precision 
about 32.9 % via introducing the spatial constraint benchmarks. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor network, Multiple targets, Relative position, Spatial constraint, Position benchmark, 
Kalman Filtering. 
 
 
 
1. Introduction 
 

With the rapid development of micro-
electromechanical system, wireless communication 
system and low-power embedded system, wireless 
sensor network (WSN) come into being [1], of which 
sea-surface wireless sensor network (S2WSN) are 
regarded as a special communication networks 
consisting of a number of ships and buoys, namely, 
multiple targets, according to a certain 
communication protocols. Through radio technology, 

these targets communicate with each other, which 
may implement cooperative observation, cooperative 
communication and cooperative remote sensing for 
environment in times of exterior location benchmarks 
(like global positioning system, GPS) outages or in 
these benchmarks denied sea areas. These WSN are 
expected to form the backbone of future intelligent 
networks for a broad range of applications such as 
underwater surveillance and traffic monitoring. 

For most applications of the WSN, multiple-target 
localization is one of the most challenging and 

Article number P_1482

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 183-189 

 184

important issues, because the location information is 
typically useful for coverage, deployment, routing, 
location service, target tracking, and rescue 
operations in WSN. 

In the development of ocean resource, utilizing 
WSN together with engineering boat, ocean drilling 
platform and underwater robot to collaboratively 
determine the target location, can improve the 
precision of underwater pipeline laying, oilfield 
mining and waterway dredging [2]. In salvaging the 
crash ship and aircraft, using the WSN and the 
engineering boat to collaboratively determine the 
position of black box for ship and/or aircraft, can 
improve the precision and efficiency of underwater 
salvage. In enforcing oceanic law, using WSN 
positioning technology can improve the timeliness 
and accuracy of sea police deployment. 

As for space environment monitoring, 
maneuvering status of flying vehicles (FVs) may be 
described in detailed through cooperative positioning 
among the S2WSN and the FVs. As such, they have 
superior positioning precise and reliability during 
tracking the FVs in the bad ocean environment 
because they can automatically deploy nodes and 
deal with the communication malfunction among the 
nodes when some network nodes fail or new nodes 
become a member of the network. 

The remainder of this paper is organized as 
follows. Section 2 introduces the relevant work about 
relative positioning method for multiple targets based 
on WSN. In Section 3, we describe the basic 
principle of relative positioning on basic of the sparse 
distributed WSN (SWSN). Section 4 deduces the 
mathematical model of constraint position for the 
SWSN. Section 5 presents simulation results to verify 
the effectiveness of the proposed algorithm. Finally, 
Section 6 summarizes the contributions and 
concludes the paper. 
 
 
2. Relevant Work 
 

As to the features of modern WSN with large 
node number and huge network scale, the positioning 
algorithms proposed currently for multiple targets 
have many superior performances, such as low 
energy consumption, low dependence, strong 
robustness and high adaptability. 

Xing and Jian considered cooperative positioning 
using acoustic range measurements for underwater 
sensor networks, including networks formed by 
autonomous unmanned underwater vehicles. Severe 
multipath scattering from the seabed and sea surface 
can result in inaccurate range measurements. In an 
inhomogeneous medium, such as sea water, the direct 
path was not necessarily the strongest path or the first 
arrival. Then, the range measurements based on the 
first or strongest arrival could be significantly biased. 
Xing and Jian introduce herein a centralized 
cooperative positioning algorithm for underwater 
multiple targets, referred to as the weighted 
Gerchberg-Saxton algorithm (WGSA). The proposed 

algorithm assumed that for each acoustic ranging 
channel, multiple range measurements corresponding 
to several propagation paths, one of which was the 
direct path, were available for cooperative 
positioning. The WGSA can be used to automatically 
identify the direct path [3]. 

He et al. presented multiple target localization via 
compressed sensing in the WSN. The multiple target 
localization issue was transformed into compressed 
sensing issue by designing iteration backtracking 
algorithm using multi-resolution analysis idea. The 
achievement of this algorithm was to save the energy 
of WSN nodes, by minimizing inter-node 
communication, in the result of which the lifetime of 
the WSN was prolonged, at the cost of increasing the 
computation complexity in the fusion center instead. 
However, the time complexity of the algorithm was 
increased [4]. 

An ultra-wideband 3-D positioning technique was 
described for locating wireless sensor nodes in 
extreme multipath environments [5]. They typically 
constructed part of a network of sensors used to 
monitor salient parameters such as temperature and 
humidity in large industrial storage vessels. The 
novelty of this approach was twofold. First, a leading 
ultra-wideband pulse edge detection method was 
combined with a series of spatially diverse 
measurements to isolate the line-of-sight (LOS) 
component from the unwanted multipath interference 
from the vessel walls. Second, a new location 
algorithm based on the statistical analysis of spherical 
function intersection points was applied to the 
received time-domain data to improve the estimation 
of the time of flight at each measurement location. 
These two features combined to facilitate both 
precision positioning and cumulative error source 
estimation and yielded resolutions approaching 2 cm 
in rich scattering environments. 

Literature [6] described mobile anchor 
positioning, a range-free positioning method, which 
made use of the beacon packets of mobile anchor and 
the location packets of neighbor nodes to calculate 
the location of the nodes. The anchor node, which 
was equipped with global positioning system, e.g., 
GPS, broadcasts its coordinates to the sensor nodes as 
it moved through the network. As the sensor nodes 
collect enough beacons, they were able to calculate 
their locations locally. 

But for sea-surface wireless sensor networks, the 
network connectivity and single-hop distance was 
low because of ocean dynamic environment, sea 
clutter, and other influences. Therefore, to solve this 
problem, we need to improve their network density or 
increase the antenna height, etc.  

As to the WSN constructed by flying vehicles, the 
high-density network in the air can’t be random 
deployed on account of ground control, aircraft 
loading, cost and other factors. Meanwhile, caused by 
antenna scope, transmission media, costs and other 
influence, this type of sensor was difficult to 
implement through multi-hop mesh to improve 
connectivity and reliable relative positioning. 
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Generally, through the deployment of a limited 
number of nodes according to a certain spatial 
configuration to accomplish specific tasks, this WSN 
is named as a sparse distributed WSN (SWSN) in this 
paper. Based on the distribution characteristics of the 
SWSN, we propose a relative positioning algorithm 
for multiple targets based on spatial constraints, 
which is named as RPSC. In benchmark denied sea 
areas and unavailable solving location parameters of 
the target nodes, the SWSN network reliability and 
precision of relative positioning may be improved by 
introducing spatial constraints and spatial correlation 
conditions of the SWSN. Furthermore, the 
effectiveness of the algorithm is testified by Monte 
Carlo simulation. 
 
 
3. The Basic Principle of Relative 

Positioning for Multiple Targets 
 

Without loss of generality, taking a sea-surface 
SWSN with four sensors, namely, four nodes or 
targets, as an example for collaborative task, the state 
equation of the SWSN can be expressed as 
 

 1 1 /k k k k k k+ += + +X F X U W , (1) 
 

where [ ]T1 2 3 4=X X X X X , and iX denote the state 
vectors of four sea-surface sensors, i.e., 

[ ]Ti i i i i i i i i ix x x y y y z z z=X , ( ), ,x y z are the 
position components of the surface sensor, while 
( ), ,x y z are the velocity components and ( ), ,x y z are 
the acceleration components. F is the state transition 
matrix. While, U is the input matrix and W is the 
system process noise, which is assumed to be a zero-
mean Gaussian white noise. It is worth noting that 
literature gives its adaptive variance Q as follows [7]. 
 

 2
02k aQ Qασ=  (2) 

 
where α is the reciprocal of the maneuver 
(acceleration) time constant and 0Q is an initial value 
of adaptive variance kQ . For example, 1/ 60α ≈  for 
a lazy turn, 1/ 20α ≈  for an evasive maneuver, and 

1α ≈ for atmospheric turbulence. 
The localization protocols are classified into two 

categories: range-based protocol and range-free 
protocol. The range-based protocols employ distance 
or angle estimation techniques to achieve fine 
accuracy, which require the use of expensive 
hardware. On the other hand, the range-free 
techniques depend on the contents of received 
messages to support coarse accuracy. Currently, 
available observation information for positioning 
SWSN has time of arrival (TOA), time difference of 
arrival (TDOA), received signal strength indicator 
(RSSI), frequency difference of arrival (FDOA) and 
other forms [8-9], commonly using TDOA. 

Therefore, taking a SWSN based on TOA among the 
target nodes as an example for following discussions, 
the relative distance measurements among the  
nodes are  
 

 2 2 2 1/2[( ) ( ) ( ) ]ij i j i j i j ijr x x y y z z v= − + − + − +  (3) 
 
where ( ), , ijx y z  ( i j≠ and i , j = 1, 2, . . ., 4) are 

the coordinates of the SWSN. Then, the nonlinear 
observing equation is written as 
 

 ( )k k kz f v= +X  (4) 
 

where [ ]T12 13 14 43k r r r r=z , which is the 

measurement vector, and kv is the measurement 
noise, which is assumed to be a zero mean white 
Gaussian noise vector with covariance matrix ( )kR . 

Converting equation (4) into linear format, it 
yields the error equation as follows: 
 

 ˆ= −V AX L  (5) 
 
where A is measurement equation ( )

1 /
k

k k
f

x +
∂

∂

X
X

. 

 
 
4. The Mathematical Model of Constraint 

Position for SWSN 
 

Using relative distance observations ijr among 

sensors for independent relative positioning, if the 
ranging links of the sensor were uninterrupted, we 
may attain 12 range measurements. Fortunately, this 
number is equal to the number of unknown 
coordinates of the four sensors, while meets the 
requirements of the necessary number of 
observations [10]. The transmission links between the 
target nodes are easily unlocked, furthermore, 
reducing the connectivity on account of transmission 
media, node attitude, atmosphere, oceans 
environment, and other influences. At this moment, 
without loss of generality, setting u as the number of 
the coordinates parameters for the whole SWSN 
nodes while t as the necessary number of 
observations in solving equation (5), the rank of the 
measurement matrix A is rank( ) t u= <A , and the 
number of rank deficiency d u t= − . 

According to the principle of least 
squares T minV PV = , where P is nonsingular 
empowering matrix，the norm equation is written as 
 

 NX = W , (6) 
 
where T=W A PL , and Trank( ) rank( ) t u= = <N A PA . 
The normal equation has many infinite solutions 
while N is singular. 
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In order to achieve the only solution of the 
unknown parameters, the constraint condition of the 
given datum TS is 
 

 T ˆ 0X =S P X , (7) 
 
where rank( ) d=S , and 0=AS . Left multiplying 
AS by TA P , we can attain T( ) 0= =A PA S NS , 

where TS is row full rank. XP is named as the datum 
weight，and the different XP  reflects the differences 
in datum constraints [10-11]. 

Generally, when SWSN conducts collaborative 
detection mission, e.g., underwater surveillance, they 
must maintain a required geometry configuration by 
some control methods. In other words, the SWSN 
topology is correlated in adjacent moments. 
According to the above-mentioned assumption, two 
categories of spatial benchmark conditions  
are defined. 

a) Absolute displacement benchmark. As shown 
in Fig. 1, the solid lines denote the position lines of 
the sensors before adjustment, while the dashed lines 
after adjustment. Point O′  is the virtual centroid.  
 
 

 
 

Fig. 1. Absolute displacement benchmark of the SWSN. 
 

 
Then, the absolute displacement datum condition 

means that the sums of displacement values before 
and after adjustment are equal to zeros in the 
respective axis. That is represented as 
 

 4
ˆ 0

1
4

ˆ 0
1

4
ˆ 0

1

xi
i

yi
i

zi
i

⎧
⎪ =
⎪ =⎪
⎪ =⎨
⎪ =
⎪
⎪ =
⎪

=⎩

∑

∑

∑

 (8) 

where ( ˆix , ˆiy , ˆiz ) are the displacement values of 
position adjustments. 

b) Direction rotation benchmark condition. As 
shown in Fig. 2, iθ  (i = 1, 2, . . . , 4) are the relative 
rotation angles centering at virtual centroid after 
position adjustment.  

 
 

 
 

Fig. 2. Direction rotation benchmark of the SWSN. 
 
 
The direction benchmark means that the sums of 

direction rotation angles before and after adjustment 
are equal to zeros in the respective coordinate plane. 
That is 
 

 
( )
( )
( )

4
0 0ˆ ˆ 0

1
4

0 0 ˆˆ 0
1

4
0 0ˆ ˆ 0

1

z y y zi ii i
i

x z z xi ii i
i

y x x yi ii i
i

⎧
⎪ − =
⎪ =⎪
⎪ − =⎨
⎪ =
⎪
⎪ − =
⎪
=⎩

∑

∑

∑

, (9) 

 
where ( 0 0 0, ,i i ix y z ) denote the approximate 
coordinates, i.e., the system output at moment k − 1. 

It follows that equation (8) and equation (9) can 
be uniformly represented as  
 

 ˆ 0=SX , (10) 
 
where [ ]T1 1 1 2 2 2 4ˆ ˆ ˆ ˆˆ ˆ ˆx y z x y z z=X . 
According to the aforementioned six benchmark 
conditions, the coefficient matrix S is given by 
 

0 0 0 0 0 0 0 0
1 1 2 2 3 3 4 4

0 0 0 0 0 0 0 0
1 1 2 2 3 3 4 4
0 0 0 0 0 0 0 0
1 1 2 2 3 3 4 4

1 0 0 1 0 0 1 0 0 1 0 0
0 1 0 0 1 0 0 1 0 0 1 0
0 0 1 0 0 1 0 0 1 0 0 1
0 0 - 0 0
- 0 - 0 - 0 - 0

- 0 - 0 - 0 - 0

z y z y z y z y
z x z x z x z x
y x y x y x y x

⎛ ⎞
⎜
⎜
⎜=

− − −⎜
⎜
⎜
⎝ ⎠

S (11) 
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According to the different measurements and the 
configurations of the SWSN, Table 1 lists the general 
expression of the corresponding constraint 
benchmark S. 

According to the above constraint datum S and 
the principle of least squares, setting the function ϕ  

as T T T ˆ2 ( ) minXϕ = + =V PV K S P X , we can 
achieve the following equations [11]. 

 
T

ˆ

ˆ 0
X

X

⎧ + =⎪
⎨

=⎪⎩

NX P SK W

S P X
, (12) 

 
where K is the coefficient matrix. Left multiplying 
the first equation in equation (12) by TS , and 
considering 0=AS  and 0=NS , we can attain 
 

 T 0X =S P SK  (13) 
 

 
 

Table 1. The constraint benchmark S for the different configurations 
 

Configuration Measurement Datum 
Number 

Datum 
Parameter 

Displacement 
Benchmark 

Direction 
Benchmark 

Range and angle d=2 2 displacements 
1 0
0 1
⎡ ⎤
⎢ ⎥
⎣ ⎦

  

Range or range 
and angle d=3 2 displacements 

and 1 direction 
1 0
0 1
⎡ ⎤
⎢ ⎥
⎣ ⎦

 
0

0

y
x

⎡ ⎤−
⎢ ⎥
⎣ ⎦

 
Horizontal 
distribution 
network 

Angle d=3 2 displacements 
and 1direction 

1 0
0 1
⎡ ⎤
⎢ ⎥
⎣ ⎦

 
0

0

y
x

⎡ ⎤−
⎢ ⎥
⎣ ⎦

 

Range or range 
and angle d=3 3 displacements 

1 0 0
0 1 0
0 0 1

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

  

Range d=6 3 displacements 
and 3 direction 

1 0 0
0 1 0
0 0 1

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

0 0

0 0

0 0

0
0

0

z y
z x
y x

⎡ ⎤
⎢ ⎥−⎢ ⎥
⎢ ⎥−⎣ ⎦

 
Spatial 
distribution 
network 

Angle d=6 3 displacements 
and 3direction 

1 0 0
0 1 0
0 0 1

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

0 0

0 0

0 0

0
0

0

z y
z x
y x

⎡ ⎤
⎢ ⎥−⎢ ⎥
⎢ ⎥−⎣ ⎦

 

 
 

For the quadratic form T
XS P S can’t be equal to 

zero, the matrix K=0 in equation (13). Obviously, 
T minϕ = =V PV . 

It is concluded that the solving nature of the 
relative positioning of the SWSN is unrelated with 
the additional constraint datum S of the unknown 
parameters, namely, TV PV  is an invariant, and the 
correction value V obtained from solving isn’t 
changed with the different constraint benchmark. In 
other words, under the condition without changing 
the final arguments precision, through introducing the 
spatial constraint benchmark, the numerous solutions 
problem of the measurement equation is overcome 
due to lack of benchmark, namely,  
solving ambiguity. 

Left multiplying the second equation in equation 
(12) by XP S , then adding the first equation of 
equation (12), considering K=0, we can attain 
 

 T ˆ( )X X+ =N P SS P X W  (14) 

At this moment, coefficient matrix 
T( )X X+N P SS P  is full rank. Setting matrix PQ  as 

T 1( )P X X
−= +Q N P SS P , the final estimates of node 

localization parameters is  
 

 ˆ
P=X Q W  (15) 

 
 
5. Simulation and Analysis 
 

To validate the effectiveness of the proposed 
positioning algorithm with benchmark constraint, we 
set a Monte Carlo simulation with 500 times. The 
four target nodes are deployed to a rectangle. The 
simulation lasts for 2250 s with a 1-s sampling 
interval. During 1–800 and 1743–2250 s, the SWSN 
maneuver in a straight line at constant velocity. 
During 801–1742 s, the SWSN maneuver in a 
semicircle with a rotating speed of 0.19 deg/s. The 
initial position of node No. 1 is (10, 0, 0) km, with an 
initial velocity of (−15, 0, 0) m/s. The precision of 
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the two-way ranging is 1.0 m while the precision of 
the velocity measuring is 0.2 m/s. The influence of 
the ocean current or air turbulence is 0.5 m. 

Table 2 lists the statistic value of the nodes’ 
tracking error responding to the environmental 

influence by the proposed algorithm compared with 
the conventional Kalman filtering (KF). Fig. 3 shows 
the tracking error of the virtual centroid as to the 
different positioning algorithms. 

 
 

Table 2. The statistical value of tracking error for the virtual centroid  
with different positioning algorithms. The error unit is meter. 

 

Minimum Value Maximum Value Mean Value RMSE 
Maneuvering Mode 

KF RPSC KF RPSC KF RPSC KF RPSC 

Straight line maneuvering 0.01 0.76 4.35 2.61 1.69 1.47 0.82 0.74 

Semicircle maneuvering 2.14 1.35 7.19 3.17 4.28 2.13 1.58 1.06 

 
 

From Fig. 3, it is shown that the RPSC algorithm 
has similar tracking performance to that of the 
conventional KF method when the SWSN maneuver 
in a straight line with constant velocity. During 1–
800 s, the two methods have approximately equal 
root-mean-square errors (RMSE) for tracking. 
However, when maneuvering in a semicircle, the KF 
method has an obviously sudden change compared 
with the RPSC algorithm, particularly at the starting 
point of semicircular motion, e.g., at 801 s. However, 
at this moment the RPSC algorithm uses spatial 
constraint benchmarks and the virtual centroid O ' of 
the SWSN tracks the sudden maneuvering timely.  
 
 

 
 

Fig. 3. Tracking error of virtual centroid with different 
positioning algorithms. 

 
 

As shown in Table 2 and Fig. 3, at 801s, the 
tracking error of RPSC is 2.37 m. The tracking 
accuracy of the RPSC algorithm increases by 32.9 % 
compared to the KF method with a 1.58 m precision. 

In order to verify the processing performance of 
the RPSC algorithm to deal with communication 
failure, a communication failure is assumed in a 

node, i.e., No. 1. The simulation lasts for 200 s with a 
1-s sampling interval. The SWSN maneuvers with a 
constant velocity of 20 m/s, and other simulation 
parameters are not changed. During 70–120 s, an 
external interference is added to node No. 1, and the 
ranging signal is unlocked in the network 
consequently. Fig. 4 shows the tracking error of the 
four target nodes. 

Fig. 4 shows that, when node No. 1 loses 
synchronization at 70 s due to communication failure, 
its positioning error is suddenly deteriorated to a 
scale of [9.2~12.8] m. Other nodes affected by the 
inter-ranging error have a about 5-m positioning 
precision. After about 6 s, by receiving a signal-to-
noise ratio (SNR), the RPSC algorithm determines 
communication failure, deletes the wrong 
information of the node No. 1. Then, the algorithm 
continuously locates the rest nodes while increasing 
the positioning precision.  

At 120 s, after repairing the ranging equipment of 
the node No. 1, the RPSC algorithm timely utilizes 
the relative measurements among the four nodes to 
accomplish positioning mission and the positioning 
precisions of the four nodes are all recovered to the 
scale before communication failure. If by filtering 
technology to calculate the nodes’ positions, we may 
judge the sudden changes of the SWSN nodes with 
the sensor fault detection algorithm according to the 
filtering gain [12]. 
 
 
6. Conclusions 
 

To improve the precision and reliability of 
relative positioning for the multiple targets based on 
the SWSN, this paper proposes a relative positioning 
method on basic of space constraints by introducing a 
spatial constraint condition to solve ambiguity of the 
relative positioning due to missing benchmark. 
Compared with the common methods, e.g., Kalman 
filtering, the proposed RPSC algorithm, which 
utilizes graphical topological conditions among target 
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nodes by introducing a spatial constraint benchmarks, 
can achieve a continuous tracking of nodes while 
SWSN network responds to environmental sudden 
change. The relative positioning accuracy is around 
32.9 % and relative position deviation is less  
than 3 m.  
 
 

 
 

Fig. 4. Tracking error of the four nodes when  
a communication failure happened to No. 1. 

 
 

The RPSC algorithm can respond timely to 
communication link failure. When a node is 
destroyed, it is able to remove the node, which 
ensures the reliability of relative positioning for the 
multiple targets. It is to note particularly that we only 
consider how to improve the locating performance 
from the spatial constraints in this paper, actually, 
SWSN also has some statistical correlation in the 
time domain when the multiple targets maneuvering. 

In the future, we may integrate the spatial-domain 
benchmark with the time-domain constraint to 
enhance the positioning performance for the targets 
according to a priori movement statistics information. 
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Abstract: Sensor nodes and wireless links are prone to failure, while the network is also open to various 
malicious attacks. When detecting faults, one of the most important tasks is to distinguish an event from fault 
with discarding irrelevant data by computing over the data as it flows through the sensors. We investigate a 
method of fault and event detection using trust model in WSN based on similarity matrix. We use similarity 
matrix to distinguish groups from each other in one cluster. Then cluster head sends the result to its parent where 
event nodes will be selected from abnormal set according to members in other sets from other cluster heads at 
the same level. Copyright © 2013 IFSA. 
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1. Introduction 
 

Wireless sensor networks comprising of 
thousands of inexpensive sensor nodes can be set up 
with relative ease by placing the nodes in predefined 
locations manually or through the use of robots, as 
well as by random deployment of self-organizing 
nodes. A large amount of applications ranging from 
health, home, environmental to military and defense 
make use of sensor nodes for collection of 
appropriate data. The sensor nodes comprising of 
data collecting, processing, and transmitting units are 
very small in size and can be densely deployed owing 
to their low cost. 

Meanwhile, the sensor nodes and wireless links 
are prone to failure, while the network is also open to 

various malicious attacks. So development of fault 
tolerance in this highly volatile scenario remains an 
interesting open research issue. Conventional fault 
tolerance and intrusion tolerance protocols do not 
translate well to the sensor network domain due to its 
large scale and the resource constraints on the sensor 
nodes. Then serials of new tolerance protocols have 
been proposed to detect various kinds of faults. 

When detecting faults, one of the most important 
tasks is aggregating data from multiple sensor nodes 
to decide if an event has occurred and determining 
the location of the event, with discarding irrelevant 
data by computing over the data as it flows through 
the sensors. 

The rest of the paper is organized as follows. The 
detailed trust model is depicted in Section 3. The 
mechanism of getting partition and merging sets is 

Article number P_1483
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depicted in Section 4. The comparison and evaluation 
of our trust model with K-means and TAG are given 
in Sections 5. The related work and our conclusions 
are presented in Sections 2 and 6. 
 
 
2. Related work 
 

As in any sensor networks problems, we require a 
great deal of related material to ensure that our model 
is helpful and necessary to data aggregation for fault 
detection. For data aggregation, in [1], authors 
present a distributed stochastic formulation of the K-
Means clustering algorithm which is fully 
decentralized and intrinsically fault tolerant. And [2] 
propose the global k-means clustering algorithm, 
which constitutes a deterministic effective global 
clustering algorithm for the minimization of the 
clustering error that employs the k-means algorithm 
as a local search procedure. But the complexity of k-
means algorithm is o (n*k*t) where n is the number 
of nodes, k is the number of groups and t is the 
iteration times. 

Except for the above method deduced form 
traditional clustering algorithm using in data 
aggregation, there are also new methods derived from 
dataset technology such as in [3]. TAG allows users 
to express simple, declarative queries and have them 
distributed and executed efficiently in networks of 
low-power, wireless sensors. They discuss various 
generic properties of aggregates, and show how those 
properties affect the performance of the approach. [4] 
puts forward a robust aggregation algorithm RAA 
(robust aggregation algorithm). RAA improves 
traditional aggregation query based on [3] using 
reading vector to judge whether a faulty or outlier  
has happened. 

With the application and development of trust, 
fresh methods to data aggregation and fault detection 
have been introduced in recent years. Ganeriwal, 
Balzano and Srivastava proposed a reputation-based 
framework for high integrity WSN named RFSN [5]. 
In the RFSN framework, a Bayesian formulation is 
employed to update reputation matrix. Trust Voting 
[7] is an efficient in-network voting algorithm to 
determine faulty sensor readings based on Sensor 
Rank by exploring Markov Chain. Xiao Wei 
proposed a fault tolerant scheme for data aggregation 
based event clustering called EFSA [6]. The event 
cluster was generated before the weighted average 
data were extracted as approximate event value by 
way of k-means algorithm. The confident rate of 
every node in the event cluster was computed and 
adjusted by iterative algorithm and the CR (trust 
value) functioned as the weighted value in 
aggregating data and the indicator of data fault  
from nodes. 

Obviously, there have been works to combine 
traditional method with trust model, but as in [6], 
Xiao computes nodes’ trust rank only based on its 
own value. In this condition, when event occurs, 
nodes detecting event may be considered as not trust 

so that their trust rank will decreased according to the 
definition TI = e-λv where TI is the trust value of 
node and λ is a proportionality constant that is 
application dependent. Variable v is maintained for 
each node at the CH. Each time a node makes a 
report deemed faulty by the CH its v is incremented 
by the expression 1-fr. Each time a node makes a 
report deemed to be correct by the CH its v is 
decreased by fr (natural error rate) if v is larger than 
zero. 

So it is reasonable to consider both nodes’ single 
trust and neighborhood trust. In this paper, we 
propose a model to compute neighborhood trust and a 
method to delete fault data and obtain event data. The 
contribution of our work is: 

1. Create a neighborhood trust matrix according 
to neighbor data similarity in common cluster. 

2. Get partition of the cluster with using the trust 
matrix. 

3. Merge sets to determine event data and delete 
fault data. 

4. Compare our model with TAG and K-means. 
 
 
3. A Trust Model Based on Similarity 
 
3.1. System Model 
 

All nodes in the network are identical and 
arranged into disjoint clusters, each with a set of 
cluster heads. The CH serves as the data sink for its 
particular cluster. The nodes in a cluster are within 
one hop communication of the CH. The CH is rotated 
over time and CH election is based on energy-related 
parameters of the constituent nodes. In each cluster, 
the node that is chosen to be the CH knows the 
topology of the cluster. Nodes that are within the 
detection range of an event are called event neighbors 
for that event. 

When an event occurs, all the event neighbors are 
expected to report the occurrence of the event to each 
other. Then, each node sends its neighbor’s 
information to CH. The CH clusters neighbor’s 
information and create a matrix according to 
similarity between node and its neighbors. After the 
creation of matrix, we compute the indirect similarity 
among all nodes in the cluster to makes a decision on 
whether the event has occurred and where are the 
faults. 

Traditionally, the process of CH making decision 
is as follows: When an event occurs, all the event 
neighbors are expected to report the occurrence of the 
event to the CH. The CH can create a matrix based 
on similarity between each pair nodes. But, there are 
some special cases such as shown in Fig. 1. It 
assumes that node A detects fire in region 1 and B 
detects fire in region 2. Since A and B are in the same 
cluster, their detected data is similar and the 
similarity value in the matrix is close to 1. When 
locate fire region, it may be considered that the 
region in border A to B is event occurrence. Here, A 
and B detect the same event in different regions. 
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Fig. 1. An example of fire detection region. 
 
 
3.2. Trust Matrix 
 

When consider a cluster, we get a G = (V, E, s) 
consists of vertexes V, edges E and similarity weight 
s. Each vertex is a node and each edge is the 
connection of two neighbors. We compute the 
similarity among sensor nodes as:  

, 2 2
i j

i j
i j i j

x x
S

x x x x
=

+ −
 where node i and node j 

is adjacent in location. Assume there is a G as shown 
in Fig. 2, its trust matrix is like Fig. 3.  
 
 

 
 

Fig. 2. An example of dual-weighted network. 
 
 

 
 

Fig. 3. Trust matrix of Fig. 2. 
 
 

In order to make decision which node detect event 
and whether there are fault nodes in this cluster, 
different types of nodes must be divide into different 
sets. With conference to trust matrix, we only know 
trust character between neighbors but not all nodes. 
Next, an algorithm described in Fig. 4 is proposed to 
compute indirect trust value.  

Trust (G, s):  
Input: 
G : a network of one cluster 
s: reference head 
v: nodes in cluster 
trust[s][]: value of similarity between 
current node and reference node 
w[u][v]: weight of an edge between u and v 
output: 
trust[s][]: new value of similarity between 
current node and reference node 
{      
   for each vertex v in V   
    {   
        Trust[s][v] = 1   
    }   
   for each vertex v in V(exclude s)  
   {   
   for each edge w[u][v]   
       {   
          if trust[s][v] > trust[s][u] ϒ w[u][v])   
           trust[s][v] = trust[s][u] ϒ w[u][v]   
        }   

}   
} 

 
Fig. 4. Algorithm computing indirect trust value. 

 
 

In this algorithm, we define operator ϒ as: 
 

min( , )   t     
a b

                      
a b if a and b t

a b else
> >⎧ ⎫

= ⎨ ⎬∗⎩ ⎭
R , 

 
where t is the threshold of trust. It is considered that 
if node A and node B is adjacent and their sensor data 
are highly similar, we may decide they trust each 
other. Otherwise, we make the trust value decline 
sharply by plus them.  

As an example, the indirect trust value of node 
n1with four other nodes in figure 2 is (0.9, 0.09, 0.95, 
0.98). Then the nodes can be divided into two sets 
{n1, n2, n4, n5} and {n3}. When data in one set is 
close to normal value, the set will be regarded as 
normal set. Otherwise, it should be regarded as 
abnormal set in which the node may be event node or 
fault node. 
 
 
4. Faulty-Event Detection Model 
 
4.1. Detection 
 

After partition, how to prove whether a node is 
event node or fault is a crucial step. Both the above 
two sets are maintained by cluster head and will be 
sent to the parent node as a combination. It should be 
emphasized that the minority set includes the 
abnormal node’s information and its neighbors’ list in 
its cluster. At the next iterating, abnormal data will 
search for its approximate data from other cluster 
head’s value. Once there are approximate companies 
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and the companies are in its neighbor list, abnormal 
node will be identified as event node. Finally, sink 
node will get event nodes’ information and delete 
fault nodes in its topology. The algorithm is 
described in Fig. 5. 
 
 

Detect(D) 
Fk: the kth fault set 
Ek: the kth event set 
K: number of clusters 
m: number of nodes in abnormal set 
θ: a threshold of difference 
nei(i): neighbor list of node i 
for (i=0;i<m;i++) 
{ 
if ((Εdjε Fk) |di-dj|<θ && jεnei(i)) 
then 
{ 
delete di from Fk; 
create Ek; 

merge di into Ek; 
} 

if ((Εdjε Ek) |di-dj|<θ && jεnei(i)) 
then 
{ 
delete di from Fk; 

merge di into Ek; 
} 

} 
send { fault set and event set} to its parent; 

 
Fig. 5. Algorithm of fault detecting. 

 
 

For example, there is a network as shown in 
Fig. 6, since node A and node B are event nodes in 
different regions that are no fire, they will be 
considered as abnormal and set in Fi. Then F1 
including A and F2 including B are sent to ch1-1, 
meanwhile, E3 from ch3 is sent to ch1-1 too. In  
ch1-1, algorithm of fault detecting is run to merge A 
and B into E3. The followed levels are acted as so on 
till sink. Finally, there may be more than one event 
set since there are probably multi events in regions 
that are not adjacent. Moreover, the rest nodes in Fi 
are fault nodes that will be deleted from the network. 
 
 

 
 

Fig. 6. A network example. 

5. Simulation 
 

Our experiment uses ns3 to design. Fifty sensor 
nodes are distributed in a space of 500 × 700, and the 
communication radius is set as 60. Each node has two 
to five neighbors in the experiment and the node's 
location is already known. We only consider the 
communication overhead with ignoring calculation 
cost. It is also assumed that the route is reliable 
without considering the case of route failure. We 
consider the energy consumption and error detection 
rate for simulation. 

It is shown in Fig. 7 that, when data error rate is 
changed, trust model maintains an average of packets 
by 1000. But TAG algorithm gets an increased 
average of packets as the data error rate growing. 
This is because that trust model completes the 
process of aggregation and abnormality detection at 
the same time. While for TAG, the node that is 
abnormal need to be confirmed by neighbors’ voting. 
With the fault rate increasing, the number of votes 
also increased which resulting in more energy 
consumption. K-means algorithm maintains a little 
variable average of packets, as its energy mainly 
consumed on the information exchange when 
grouping and iterating. And the iteration number is 
deduced from data but not the fault rate. 
 
 

 
 

Fig. 7. Comparison of energy consumption. 
 
 

Except for energy consumption, error detection 
rate is another important merit to measure a detection 
algorithm. We define error detection rate as fs/f, 
where fs is the number of fault nodes that have been 
detected and f is the total number of fault nodes.  

Simulation result is shown in Fig. 8 which 
indicates that the detection rate of matrix model is 
higher than TAG. Since TAG aggregates data 
according to its SQL sentences in which a parameter 
must be set to group, different parameters may 
deduce different result. So the selection of parameter 
is crucial to TAG which influence the detection rate. 
Matrix model uses similarity to group without any 
parameter and compares data in sets with normal data 
to decide the belonging of each set. Trust model is 
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more precise than TAG in grouping so as to make 
higher detection rate. 
 
 

 
 

Fig. 8. Comparison of fault detection rate. 
 
 
6. Conclusions 
 

In this paper, we investigate a method of faulty 
and event detection using trust model in WSN based 
on similarity matrix. We use similarity matrix to 
distinguish groups from each other in clusters. Then 
cluster head send the result to its parent where event 
nodes are selected from abnormal set according to 
members in other sets from other cluster heads at the 
same level. This model can successfully detect fault 
nodes and event nodes. We did a series of 
simulations to test the performance of our proposed 
model. The simulation results have showed that fault 
detection rate is sensitive to node density, and the 
performance of our model is better than TAG [3] in 
terms of fault detection rate and energy consumption.  
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Abstract: In this paper, a wideband receiver with high dynamic range is proposed. At the front end of the 
proposed receiver, a sensing waveform is used to sense the input signal. And by adjusting the sensing waveform 
so as to project the interference to zero, the receiver can eliminate the strong interference signal adaptively 
before sampling. Both the theoretic analysis and simulation show that this method can suppress the interference 
signal effectively and improve the sampling accuracy of the weak desired signal when the instantaneous 
dynamic range of the input signal is larger than the dynamic range of the ADC’s quantizer.  
Copyright © 2013 IFSA. 
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1. Introduction 
 

Wideband radio frequency (RF) signal acquisition 
receiver can find more and more applications both in 
commercial communication systems and military 
systems. At the same time, it is becoming more and 
more crowded for the radio spectrum. And the 
wideband receiver has to face signals that have 
different power levels within receiving bandwidth 
instantaneously. So, from technical point of view, 
there are two important attributes that character the 
receiver, i.e., instantaneous bandwidth and 
instantaneous dynamic range [1]. 

According to Nyquist sampling theorem, the 
sampling rate must be at least twice the maximum 
frequency present in the signal (the so-called 
Nyquist rate). So the instantaneous bandwidth of the 
receiver is decided by the sampling rate of the 
analog-to-digital converter (ADC). As to the 
instantaneous dynamic range, it is mainly decided 
by ADC’s effective number of bits (ENOB). To 

satisfy both the wide receiving bandwidth and the 
high instantaneous dynamic range, the ADC should 
have high sampling rate and enough ENOB as well. 
However, according to the work of [1, 2], it is 
predicted that the ENOB of an ADC should degrade 
at a rate of 1bit per octave of sampling rate, over a 
broad range of sampling rates. As a result, the 
design of wideband receiver with high dynamic 
range is full of challenge. Especially, in some 
applications, the desired signal is weak while the 
undesired signal is much stronger than it. 
Constrained to the performance of ADC, when the 
power ratio between the strong signal and the weak 
signal is larger than the instantaneous dynamic 
range of ADC, it is difficult to get the weak signal. 
That is because the largest spurs, usually produced 
by distortion components from strong signals at the 
front end, could mask weak signals processed by the 
receiver. And if the hybrid receiving signal is 
attenuated, the quantized noise ratio will be too low 
to retrieve the information of the weak signal. 
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There are three kinds of solutions in traditional 
RF receiver design: 

a) To add caving filter at the front end of the 
receiver. This is the traditional method to suppress 
strong interference. However, it can only suppress the 
interference with fixed frequency and cannot deal 
with the random strong interference. 

b) To modeling the nonlinear characteristic of the 
receiver [3] and then estimate the nonlinear distortion 
which will be used to compensate the output of ADC 
at the digital part of the receiver. However the model 
will change with different components and the 
characters of the components will change with the 
environment too. 

c) To eliminate the nonlinear distortion before 
ADC by a kind of feeding forward system [4]. Two 
channels are used in this system and one of the two 
channels is used for distortion cancellation. However, 
in the system, the delays of the two channels have to 
be controlled accurately to guarantee the exact 
distortion cancellation. Unfortunately, the accurate 
analog delay control is very difficult. 

An analog-digital hybrid method for adaptive 
strong interference suppression is proposed in this 
paper. The method is based on compressed sensing. 
By adjusting the sensing waveform at the front end of 
the receiver according to the structure of the 
interference which is learned by the digital part of the 
receiver, the receiver can project the strong 
interference into zero before sampling. 

Compressed sensing (CS) [5] is a new technology 
for sparse signal sampling that goes against to 
common wisdom of data acquisition. CS shows that it 
is possible to capture and represent compressible 
signals at a rate significantly below the Nyquist rate. 
By employing linear projections that preserve the 
structure of the signal, CS can get the compressed 
signal and then reconstruct it by using an 
optimization process. The most important part of CS 
is the analog-to-information (AIC) [6] structure.  

The method proposed in this paper modifies the 
structure of the common AIC. By introducing 
feedback circuit and adjusting the sensing waveform 
according to the interference, the new receiver based 
on the new AIC can suppress the strong interference 
and enhance the dynamic range as a result. There are 
five parts in this paper. Part 2 sets up the correlated 
mathematic model. Part 3 introduces the novel 
method. Part 4 gives the results of simulations and 
part 5 draws a conclusion. 
 
 
2. Mathematic Model  

and System Structure 
 

A. Mathematic model 
Suppose that the hybrid signal of the strong 

interference and the weak desired signal is S(t), then 
 

 ( ) ( ) ( )I d

I d

S t S t S t
x x x

= +
= Ψ = Ψ +Ψ , (1) 

where ( )IS t is the interference signal and ( )dS t is the 
desired signal. [ ]1 2( ), ( ), ( )Nt t tψ ψ ψΨ = … is the 
orthogonal basis that is used to express the signal and 

,N N
I dx R x R∈ ∈ represent the corresponding 

coefficient vectors of the interference signal and the 
desired signal respectively. x is the sum of Ix and 

dx . Suppose that ( )S t is K-sparse (K<N), which 
means that for basis Ψ , there are only K non-zero 
coefficients. And My R∈  is the M ( M N<< ) 
observations of ( )S t , then 
 

 ( )I dy x x= Θ + , (2) 
 
where M N×Θ = ΦΨ  and M N×Φ are chosen from the 
orthogonal basis Φ ，which is used to sensing the 
object ( )S t . The coherence between the sensing 
basisΦ  and the representation basis Ψ is 

 
 

1 ,
( , ) max ,k jk j n

nµ ϕ ψ
≤ ≤

Φ Ψ = < >  (3) 

 
From linear algebra, we can get that 

( , ) [1, ]nµ Φ Ψ ∈ . CS is mainly concerned with low 
coherence pairs. The signal reconstruction in CS is to 
solve (2). Since M << N, this problem appears  
ill-conditioned. 

However, if ( )S t is K-sparse, the problem will 
change to the problem of minimum 0 − norm 
reconstruction, i.e.  

 
 *x ＝

0
arg(min )

x
x , such that y x= Θ , (4) 

 

where 
0

0

1

:
N

i
i

x x
=

= ∑ . 

Unfortunately, solving (4) is both numerically 
unstable and NP-complete requiring an exhaustive 

enumeration of all 
N
K

⎛ ⎞
⎜ ⎟
⎝ ⎠

possible locations of the 

nonzero entries in x . 
Practically, it is pointed out that the minimum 

1 − norm reconstruction can solve the problem with 
high probability too [5, 7]. And the problem can be 
expressed as 

 
 *x ＝

1
arg(min )

x
x , such that y x= Θ , (5) 

 

where 
1

1

:
n

i
i

x x
=

= ∑ . 

It is proved that a necessary and sufficient 
condition for this simplified problem (5) to be well 
conditioned is that log( / )M cK N K≥ (c is a small 
positive constant) and the matrix Θ satisfies RIP 
(restricted isometry property) [8]. 
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The definition of RIP is: 
For each integer K= 1, 2, . . . , define the isometry 

constant Kδ  of a matrix Θ as the smallest number 
such that 

 
 

2 2 2

2 2 2(1 ) (1 )K Kx x xδ δ− ≤ Θ ≤ +  (6) 

 
holds for all K-sparse vectors x . 

If Kδ  is not too close to 1, then the 
matrixΘ obeys the RIP of order K. And (6) means 
that if matrix Θ  obeys RIP, then any K columns of 
Θ  are nearly orthogonal to each other [10]. 

As to the strong signal suppression problem 
which is proposed to be solved in this paper, we hope 
that the result of the linear projection of the 
interference will be zero, i.e. 

 
 

0 I d
d

y x x
x

= Θ +Θ
= +Θ  (7) 

 
B. System structure 
A new adaptive AIC which can adjust the sensing 

waveform is shown in Fig. 1.  
 
 

( ) ( ) ( )IdS t S t S t= +

 
 

Fig. 1. The system structure of the adaptive strong 
interference suppression. 

 
 

The working procedure of the system is as 
follows: when there is a strong interference signal, 
the system will attenuate the receiving signal first to 
keep the system in linear range. Then the receiving 
signal is sampled and sent to the digital part where 
the structure of the interference is estimated. Since 
the power of the interference is strong, the estimation 
will have high accuracy. And according to the results 
of estimation, the new sensing waveform is designed 
to be orthogonal to the interference and non-
orthogonal to the weak signal as well. And the 
parameter that is used to produce the new waveform 
is fed back to the front-end to sense the receiving 
signal. Then the interference will be suppressed at the 
sampling time and the system can re-amplify the 
weak signal according to the requirement of the 
quantizing accuracy. The system works like an 
adaptive caving filter which can reject the random 
strong interference.  

3. The Estimation of the Interference 
Signal and the Design  
of the Sensing Waveform 

 
According to the above description of the system, 

there are two problems that are needed to be solved. 
One is the parameter estimation of the interference 
signal and the other is the design of the  
sensing waveform. 

A. The parameter estimation of the  
interference signal: 

The parameter we concerned in this system is the 
structure of the interference signal, i.e. the tight 
support IΨ of the signal. The definition of IΨ   
is as follows: 

 
 

2
2

1

{ , 1, 2, :

( ) ( ), }
I

I n I
k

I I n
n

n k

S t S t

ψ

ψ
=

Ψ = ∈Ψ =

= ∑
…

, (8) 

 
where the interference signal is Ik - sparse 
and Ik M< . 

OMP (Orthogonal Matching Pursuit) [9] is used 
to estimate the tight support of the interference signal 
in this paper and the procedure is: 

1) (0)rf y= ; (0) (0), , 0IT Lφ φ= Ψ = = ; where 
rf represents the residual and T represents the signal 
space. IΨ represents the tight support of the 
interference signal and the superscript L represents 
the iterative times. 

2) If IL k= , stop; 

Else ( )

1,2,
arg[ max , ]L

k ii N
rf

=
Θ = Θ

…
and k kψΘ = Φ . 

3) 1L L= + , ( ) ( 1) ,L L
kT T −= ∪Θ   

( ) ( 1)L L
I I kψ−Ψ = Ψ ∪ , ( ) ( 1) ( ) ( )( )L L L Lrf rf T T y− += −  

4) back to 2 ); 
Then, IΨ  which is got at the end of the iteration is 

the estimated tight support. Since the power of the 
interference is much stronger than the weak signal, 
the signal to noise ratio for the interference is high 
enough to get an accurate estimation of the  
tight support. 

B. The design of the sensing waveform  
The core of the system is the design of the sensing 

waveform. To satisfy (7), suppose that the new 
sensing waveform is newΦ , then 

 
 0new IΦ Ψ = ，and 0new I

⊥Φ Ψ ≠  (9) 
 

where ,I I
⊥Ψ ∪Ψ = Ψ  0I I

⊥Ψ ∩Ψ = . 
The design of newΦ  is as follows: 
Since Θ = ΦΨ , set those column vectors of Θ  

which are corresponding to IΨ  to zeros, then we can 
get newΘ  and 

 
 new newΘ = Φ Ψ  (10) 
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From (10): 
 

 1
new new

−Φ = Θ Ψ  (11) 
 

It can be proved that the new matrix newΘ also 
satisfies RIP. 

Let 
 

 I IΘ = ΦΨ  (12) 
 

For K and all K-sparse vectors x : 
 

 new I Ix x xΘ = Θ −Θ , (13) 
 
where IK

Ix R∈ is the vector that is composed of 
those non-zero coefficients of the interference signal. 
And 

2 2

2 2
Ix x< . Then, 

 
 

2

2 2

2

2 22

T T
new new new

T T
I I I I

x x x
x x x x

Θ = Θ Θ
= Θ − Θ Θ + Θ

 (14) 

 
For Θ satisfies RIP，which means that any K 

columns of Θ are orthogonal to each other [10], then: 
 

 
2 2 2

2 2 2,T T
I I I I I Ix x x x xΘ Θ ≈ Θ ≈  (15) 

 
Bring (15) to (14): 

 
 

2 2 2

2 2 2
new Ix x xΘ ≈ Θ −  (16) 

 
 

2 22

22 2(1 ) (1 )K Kx x xδ δ− ≤ Θ ≤ +∵  (17) 
 

 
2 22

22 2(1 ) (1 )k new Kx x xδ ρ δ∴ − − ≤ Θ ≤ + , (18) 

where 2

2

2

20 1
Ix

x
ρ< = < . 

If only 1kρ δ+ < , newΘ will satisfy RIP too. 
 
 
4. Simulation 
 

The performance of the proposed system is tested 
by simulations. And to distinguish between the 
desired weak signal and the strong interference, the 
weak signal does not be re-amplified after the 
interference cancellation for all the simulations. 

Simulation 1: Noiseless Strong interference 
suppression. Two single tone signals are used and the 
frequencies are 10 If MHz=  and 25 sf MHz=  
respectively. The power ratio between the 
interference and the desired signal is 
10log / 60 I SP P dB= . The result is shown in Fig. 2.  

The mean squared error between the original 
noiseless weak signal and the reconstructed signal 
after the interference suppression is: 

 
original weak signal-reconstructed signal

2 43.7492 10σ −= ×  (19) 
 

Simulation 2: Strong interference suppression in 
noise. Two single tone signals are used and the 
frequencies are 10 If MHz= and 25 sf MHz=  
respectively. The power ratio between the 
interference and the aiming signal 
is 10log / 60 I sP P dB= . The noise obeys 2(0, )N σ . 
And the SNR of the weak signal is 10dB. The 
simulation runs 100 times. An instance of the 
simulations is shown in Fig. 3. 

 
 

 
 

Fig. 2 (a). The double spectrum of the hybrid signal. 
 
 

 
 

Fig.2. (b). The double spectrum of the reconstructed signal 
after the interference suppression. 

 
 

 
 

Fig. 3 (a). Double spectrum of the original hybrid signal. 
 
 

 
 

Fig. 3 (b). Double spectrum of the reconstructed signal 
after the interference suppression. 
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The mean squared error between the original 
noiseless weak signal and the reconstructed signal 
after the interference suppression is 
 

2
original noiseless weak signal-reconstructed noiseless signal 0.013σ =  (20) 

 
Simulation 3: Noiseless strong interference 

suppression when both the interference and the weak 
signals are modulated. The data that are used to 
modulate the signals obey Bernoulli. The modulation 
method is QPSK and the roll off factor is 0.2. The 
carrier frequency of the interference is 10 If MHz=  
and the carrier frequency of the weak signal 
is 2 sf MHz= . 10log / 60 I sP P dB= . The result is 
shown in Fig. 4. 
 
 

 
 

Fig. 4 (a). The double spectrum of the original  
hybrid signal. 

 
 

 
 

Fig. 4 (b). The double spectrum of the reconstructed signal 
after interference suppression. 

 
Fig.4. Noiseless strong interference suppression 

 
 

The mean squared error between the original 
noiseless weak signal and the reconstructed signal 
after the interference suppression is 
 

orig inal w eak s ignal-reconstructed  signal

2 49 .8 10σ −= ×  (21) 
 

Fig. 4 shows that even though the power ratio 
between the interference and the weak signals is as 
high as 60 dB, the system still can suppress the strong 
interference efficiently. The mean squared error 
between the original noiseless weak signal and the 
reconstructed signal after the interference suppression 
is as small as 49.8 10−× , which means that the weak 
signal is preserved well during the interference 
suppression procedure and the reconstructed signal is 
propitious to the consequent signal processing. 

5. Conclusion 
 

A new adaptive strong interference suppression 
method based on analog-digital hybrid is proposed in 
this paper. By studying the tight support knowledge 
of the strong interference signal and adjusting the 
sensing waveform to be orthogonal to the 
interference, the method can suppress the strong 
interference before sampling and therefore the 
quantizing SNR for the weak signal can be improved. 
Theoretic analysis shows that the new sensing 
waveform satisfies RIP and will not affect the 
reconstruction. Simulations show that the  
method can suppress the strong interference before  
sampling effectively.  
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1. Introduction 
 

Digital terrestrial television single frequency 
network (SFN) [1] is a digital television coverage 
network where several synchronized transmitters in 
different locations simultaneously send the same 
signal over the same frequency channel to realize the 
reliable coverage throughout a given territory. In the 
digital terrestrial television single frequency network, 
TS from multiplexer is firstly transported to single 
frequency network adapter for adaption, and then TS 
including SIPs comes into being to be transported to 
several transmitters through program distribution 
network, and transmitted after being converted to 
radio frequency by synchronizing handling [2-3]. See 
the sketch map of digital terrestrial television single 
frequency network architecture in Fig. 1. 

Based on the main characteristic of transmission 
system, the main research in this paper focuses on the 
objective assessment and measurement method for 
signals coverage quality of single transmitter and 

outdoor fixed reception of digital terrestrial television 
single frequency network. 
 
 
2. Transmission System Operation Mode 
 
2.1. Constellation Mode and Forward  

Error Correction Rate 
 

In order to meet different transmission 
requirements, five constellation modes are supported: 
64QAM, 32QAM, 16QAM, 4QAM and 4QAM-NR, 
and the bit symbols corresponding to constellation 
point are 6 bits, 5 bits, 4 bits, 2 bits and 1 bit, 
respectively. The constellation mapping mode of 
4QAM-NR is the same as that of 4QAM, except that 
NR coding is adopted before 4QAM mapping [4-7].  

In the case of same frame header mode and same 
forward error correction code rate, the payload data 
rate of 4QAM-NR is 1/2 of that of 4QAM, and the 
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payload data rates of 16QAM and 64QAM are 2 
times and 3 times of that of 4QAM, respectively. In 
the case of same forward error correction code rate 

and same channel condition, anti-interference 
performance of 4QAM is strongest, and that of 
64QAM is relatively worst. 

 
 

 
 

Fig. 1. Sketch map of digital terrestrial television broadcasting single frequency network architecture. 
 
 

Forward error correction encoding, time-domain 
symbol interleaving, etc. are adopted to guarantee the 
robustness of digital terrestrial television signal 
transmission, and the following three forward error 
correction code rates are specified: 0.4 (3008/7488), 
0.6 (4512/7488), 0.8 (6016/7488), where forward 
error correction code rate 0.4 has the highest error 
correction capability and the greatest redundancy so 
that this mode is applicable to strong-interference 
channel. On the contrary, forward error correction 
code rate 0.8 has the least redundancy and lowest 
error correction capability. 

The performance of specific transmission mode 
depends on the combination effect of forward error 
correction code rate and mapping mode. As far as 
performance is concerned, the choice of signal 
constellation mapping mode can’t be separated from 
the choice of forward error correction code rate. 
Table 1 illustrates the carrier to noise ratio thresholds 
in Gaussian channel, Ricean channel and Rayleigh 
channel of all combination of constellation mapping 
mode and forward error correction code rate[8]. The 
carrier to noise ratio thresholds may be improved to 
certain extent by the enhancement of receiver 
implementation level in Ricean channel and  
Rayleigh channel. 

As illustrated in Table 1, in the case of Ricean 
channel, the carrier to noise ratio threshold of 
forward error correction code rate 0.8 is about 4 dB 
higher than that of forward error correction code rate 
0.4 in 4QAM mapping mode, the carrier to noise 
ratio threshold of forward error correction code rate 

0.8 is about 6 dB higher than that of forward error 
correction code rate 0.4 in 16QAM mapping mode, 
the carrier to noise ratio threshold of forward error 
correction code rate 0.8 is about 8 dB higher than that 
of forward error correction code rate 0.4 in 64QAM 
mapping mode[9-11]. The variation of carrier to 
noise ratio thresholds above will be greater in the 
case of Rayleigh channel. 
 
 

Table. 1. Carrier to noise ratio thresholds. 
 

Carrier to noise ratio 
thresholds (dB) Mapping 

modes 

Forward 
error 

correction
code rates

Gaussian 
channel 

Ricean 
channel 

Rayleigh 
channel 

4QAM 0.4 2.5 3.5 4.5 
16QAM 0.4 8.0 9.0 10.0 
64QAM 0.4 14.0 15.0 16.0 
4QAM 0.6 4.5 5.0 7.0 
16QAM 0.6 11.0 12.0 14.0 
64QAM 0.6 17.0 18.0 20.0 
4QAM-NR 0.8 2.5 3.5 4.5 
4QAM 0.8 7.0 8.0 12.0 
16QAM 0.8 14.0 15.0 18.0 
32QAM 0.8 16.0 17.0 21.0 
64QAM 0.8 22.0 23.0 28.0 

 
 

Compare the carrier to noise ratio thresholds of 
combinations comprising of mapping mode and 
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forward error correction code rate and having the 
same payload data rate, such as (16QAM, 0.6) and 
(64QAM, 0.4), (16QAM, 0.4) and (4QAM, 0.8), so 
that the impact of combinations of mapping mode 
with forward error correction code rate in different 
channels can be observed. 

Frame Header Options 
Transmission system of digital terrestrial 

television usually works under the condition of 
complex multipath channels, for example, signals are 
reflected by different buildings and different terrains 
& ground objects, one receiver can receive the signal 
transmitted by the adjacent transmitter in the 
surroundings of single frequency network and deal 
with it as return signal [12]. The occurrence of 
multipath signals will exercise much influence on the 
reception performance of receiver, resulting in the 
increase of system bit error rate so that the receiver 
fails to be in normal operation. 

The basic transmission element in national 
standard of digital terrestrial television is called 
signal frame, consisting of frame header and frame 
body, which can provide PN pseudo-random 
sequence for fast synchronization and efficient 
channel estimation & equation [13-16]. To withstand 
the multipath interference of different delays, three 
length options for frame header are provided with 
details shown in Table 2. 
 
 

Table 2. Frame header options. 
 

Frame 
header 
options 

Number of 
symbols in 

frame 
header 

Frame 
header 
length 

Signal 
frame 
length 

Option 1 
(PN420) 420 55.56 µs 4200 

symbols 
Option 2 
(PN595) 595 78.7 µs 4375 

symbols 
Option 3 
(PN945) 945 125 µs 4725 

symbols 
 
 

The greater frame header length is, the more 
propitious to withstand the long-delay returns yet 
decreasing payload data rate in one signal frame. 
Greater length for frame header can be considered to 
apply to larger range of single frequency network. 
 
 
2.2. Number of Subcarriers 
 

There are two options for number of subcarriers: 
C=1 and C=3780. The two subcarrier modes have 
uniform bandwidth, uniform payload data rate, 
uniform timing clock, uniform system information 
and uniform frame structure, the difference between 
which is whether to pass through IFFT processing 
element. Except IFFT element, other system function 
elements are completely shared, so that the two 
modes have the same implementation structure. 

2.3. Interleaving Mode 
 

Time-domain symbol interleaving technology is 
adopted to improve the capability to withstand pulse 
jamming. Time-domain symbol interleaving is 
applied across many signal frames. Convolutional 
interleaver based on constellation symbol is used for 
the interleaving of data symbols. Two interleaving 
modes are specified, whose interleaving depth is 
concerned with parameter M (the buffer size of basic 
delay element), the mode of M=720 is long 
interleaving, and the mode of M=240 is  
short interleaving. 

Long interleaving is used to deal with greater 
length of burst transmission error, which is usually 
generated from serious pulse noise or shading. 
 
 
2.4. System Information 
 

System information is import part of signal frame, 
system information symbols are part of frame body 
data, each signal frame includes 36 system 
information symbols to be mainly used to identify 
system operation mode and provide demodulation 
information including: constellation mapping modes, 
forward error correction code rates, interleaving 
modes, number of subcarriers[17]. 

Spread spectrum and Walsh code protection are 
adopted for system information of digital terrestrial 
television, so that guarantee the reliable recovery of 
system information in complex and severe channels.  
 
 

2.5. Payload Data Rate in One  
Signal Frame 

 
Transmission system of digital terrestrial 

television can support the payload data rates from 
4.813 Mbps to 32.486 Mbps in 8 MHz transmission 
bandwidth. Parameters to influence the payload data 
rate in one signal frame are as the following: forward 
error correction code rates, constellation mapping 
modes, frame header options. 

Payload data rate in one signal frame is concerned 
with constellation mapping modes, forward error 
correction code rates and frame header options, as 
illustrated in equation (1): 
 

 
data

U S FEC
Frame

LR R b R L
⎛ ⎞= × × ×⎜ ⎟
⎝ ⎠ , 

(1) 

 

where, UR is the payload data rate in one signal 

frame; SR is the constellation symbol rate 

(7.56 MSps); b is the number of bits mapped to 1 
constellation symbol (64QAM: b=6, 32QAM: b=5, 
16QAM: b=4, 4QAM: b=2, 4QAM-NR: b=1); 

FECR is the forward error correction code rate 

(3008/7488, 4512/7488, 6016/7488); dataL  is the 
number of effective data symbols in one signal frame 
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(3744 symbols); FrameL is the signal frame length, 
that is, number of symbols in one signal frame (4200, 
4375, 4725 symbols). 

According to the above equation, payload data 
rates in one signal frame can be observed in Table 3. 
 
 

Table 3. Payload data rates in one signal frame  
(unit: Mbps). 

 
Signal frame length 4200 symbols 
FEC code rate 0.4 0.6 0.8 

4QAM-
NR   5.414 

4QAM 5.414 8.122 10.829 
16QAM 10.829 16.243 21.658 
32QAM   27.072 

Mapping 

64QAM 16.243 24.365 32.486 
 

Signal frame length 4375 symbols 
FEC code rate 0.4 0.6 0.8 

4QAM-
NR   5.198 

4QAM 5.198 7.797 10.396 
16QAM 10.396 15.593 20.791 
32QAM   25.989 

Mapping 

64QAM 15.593 23.390 31.187 
 

Signal frame length 4725 symbols 
FEC code rate 0.4 0.6 0.8 

4QAM-
NR   4.813 

4QAM 4.813 7.219 9.626 
16QAM 9.626 14.438 19.251 
32QAM   24.064 

Mapping 

64QAM 14.438 21.658 28.877 
 
 

Note: the mode with slash means this mode is  
not included [18-19]. 

The relations of payload data rates in one signal 
frame and constellation mapping modes & forward 
error correction code rates are illustrated in Fig. 2. 
 
 

 
 

Fig. 2. Payload data rates in one signal frame. 

3. Transmitter Input Signal 
 
A range of usable bitrates from 4.813 Mbps to 

32.486 Mbps are specified, that is, payload data rates 
in one signal frame. The bitrates required by different 
services should be specified during the planning. 
Since the impairment caused by video encoding is 
closely concerned with compression algorithm, 
compression bitrate and compression cascade stages, 
which bitrate adopted by broadcasting finial stage 
should be considered together with phases of record, 
collection, editing, upload, etc. As far as SDTV 
system with MPEG-2 is concerned, most television 
programs adopt bitrates of 4 Mbps to 5 Mbps for 
final broadcasting to reach relatively satisfying 
quality, yet some television programs which have 
rigorous vision requirement may demand the bitrates 
of 6 MHz or more to reach satisfying effect[20-22]. 
As far as HDTV program with MPEG-2 video 
compression algorithm, bitrate of 20 Mbps can reach 
preferable quality for now. With the enhancement of 
source encoding technology and maturity of new 
algorithms, the bitrates required to develop 
diversified services will fall continually. 

Audio bitrate adopting MPEG-1 Layer II stereo 
encoding usually is 192 kbps or 256 kbps, certain 
new algorithm can reach preferable quality with 
128 kbps according to the actual test results [23]. 
5.1 channel surround sound may adopt the bitrates of 
320 kbps to 448 kbps, and the choice of specific 
bitrate mainly depends on compression algorithms. 

Analog television set chooses program via RF 
channel, yet digital terrestrial television broadcasting 
may provide multiple programs in single channel, 
and EPG (Electronic Program Guide) assists the 
audience to choose program. The bitrates required by 
EPG depend on transmitted program number, the 
extent of detail to provide program information, and 
broadcasting period, which are usually 200 kbps to 
1 Mbps for now. 

If the system has conditional access function, 
front end need broadcast the information of EMM, 
ECM, etc., so that some bandwidth should be 
reserved for CA [24-25]. The bitrates for CA system 
mainly depend on the implementation manner, user 
quantity, and whether to use multiple simulcrypt CA 
systems, which are usually 100 kbps to 500 kbps for 
now. 

If the system launches data broadcasting services, 
front end need transmit data broadcasting service 
information, so that some bitrates should be further 
reserved for data broadcasting system, which mainly 
depend on data broadcasting service categories and 
specific demands. The required bitrates should be 
calculated according to application demands. 

On the whole, one fixed bitrate is assigned to each 
service, and alterable bitrates may also be applied. 
Some MPEG encoding and multiplex equipment are 
allowed to provide bitrate dynamic control to each 
service, such as statistical multiplexing, which can 
dynamically assign the bitrate applied to each service 
according to service content. But when demultiplex 
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& remultiplex processing exists in rear-stage, 
dynamic multiplex stream will cause problems for 
remultiplex. 
 
 
4. Transmission System Output Signal 
 
4.1. Spectrum Mask 
 

Spectrum of adjacent channel isn’t completely 
inexistent in transmission system output signal, 
whose level depends on the characteristics of prefilter 
after signal generating, nonlinear distortion of power 
amplifier, the characteristics of filter behind 
amplifier, etc. 

Out-of-band radiation of digital terrestrial 
television broadcasting signal cause interference with 
adjacent channel, so that the attenuation amount of 
these out-of-band spectrum should be specified. Two 
spectrum masks are specified: 

For the case where a transmitter for digital 
terrestrial television broadcasting is co-sited with, 
and operating on an upper or down channel adjacent 
to, an analog television transmitter (PAL system), 
spectrum mask is given in Fig. 3. No polarization 
discrimination between digital and analog television 
is used; the radiated power from both transmitters is 
the same. If the radiated powers from the two 
transmitters are different, proportional correction can 
be applied. 
 
 

 

 
Fig. 3. Spectrum masks for a digital terrestrial television 

transmitter operating on an upper or down adjacent  
channel to a co-sited analog television transmitter. 

 
 

For critical cases such as digital terrestrial 
television channels adjacent to other services (e.g. 
with lower power), a spectrum mask with higher out-
of-band attenuation may be needed. A spectrum mask 
for critical cases is shown in Fig. 4. 

Spectrum attenuation amount in the above figure 
is the ratio of measured power in 4 kHz bandwidth at 
a given out-of-band frequency point to the total 
signal power in 8 MHz bandwidth. 

 

 
Fig. 4. Spectrum mask for critical cases. 

 
 
4.2. Protection Ratio 
 

When planning digital terrestrial television 
broadcasting network or single transmitting station, 
the interference among transmission systems which 
are the same or different, should be considered. 
Protection ratio is usually adopted to describe the 
capability to withstand the interference from other 
system signals. Protection ratio is the value of 
wanted-to-interference signal power ratio at the 
receiver input measured at the given objective or 
subjective impairment threshold point of  
wanted signal. 

Protection ratios of all operation modes should be 
determined by measurement. The measurement is 
usually made in the specified lab environment. 
Protection ratio value is not only concerned with the 
performance of corresponding system operation 
mode, but also depends on implementation level of 
system equipment. Co-channel protection ratio 
mainly depends on system performance, adjacent 
channel protection ratio depends on the out-of-band 
amount of interference signal in wanted signal 
channel and receiver channel filter. Protection ratio 
performance of receiver may improve during the 
implementation process of digital terrestrial 
television broadcasting, so that the requirement for 
protection ratio will be correspondingly adjusted with 
technology progress. 
 
 
5. Assessment Method 
 
5.1. Assessment Parameter 
 

Two parameters of field strength and signal 
margin are used in this paper to objectively assess 
coverage quality of digital terrestrial television 
broadcasting signals. Field strength indicates 
received signal strength, which varies with 
measurement location and receiving antenna height, 
and the variability depends on amplitude and phase 
combination of several paths that reach the 
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receiving antenna. Signal margin indicates the 
maximum signal attenuation amount required by 
transport stream bit error rate for successful 
reception at measurement location. Bit error rate 
shows system receiving performance, associated 
with amplitude and phase of each path, and also 
closely associated with the relative delays among 
several paths and other factors. 

Therefore there is no fixed corresponding relation 
between field strength and signal margin; coverage 
quality of digital terrestrial television broadcasting 
signals can be objectively assessed by way of 
comprehensive consideration for field strength and 
signal margin. 

Coverage Quality Grades 
For digital terrestrial television broadcasting it 

would seem impossible to maintain a method based 
on the subjective five-grade scale for analog vision 
quality because of the cliff effect of digital television. 
However, according to the signal margin space 
between signal reception status and “cliff effect” 
point, signals coverage quality of outdoor fixed 
reception of digital terrestrial television broadcasting 
can be divided into five objective assessment grades, 
defined in Table 4. 
 
 

Table 4. Objective assessment grades for signals  
coverage quality. 

 
Signal margin above objective decision 

threshold (M) (dB) Field 
strength (E) 

M<0 0≤M<5 5≤M<10 10≤M 
E<E70 1 1 2 3 
E70≤E<E95 2 2 3 4 
E95≤E 2 3 4 5 

Interpretation of Coverage Quality Objective 
Assessment Grades 

The five objective assessment grades for coverage 
quality in Table 4 can be further classified into three 
extents of coverage level: “inadequate”, “adequate” 
and “better than adequate”, herein Q1 and Q2 grades 
are “inadequate”, Q3 grade is “adequate”, Q4 and Q5 
grades are “better than adequate”. 
 
 
6. Measurement Method 
 
6.1. Measurement System 
 

Besides broadcasting transmitting equipment, 
required by measurement system to make outdoor 
fixed reception measurement are stream generator, 
adjustable attenuator, field strength meter/spectrum 
analyzer, receiving antenna and connection feeder, 
testing receiver, transmission analyzer, positioning 
equipment, etc., see the sketch map in Fig. 5. 
 
 
6.2. Measurement System Calibration 
 

Stream generator: generate the pseudo random 
binary sequence test stream 215-1 or 223-1 for bit 
error rate statistics. 

Transmission analyzer: be used for bit error rate 
statistics of test stream, supporting the pseudo 
random binary sequence test stream 215-1 or 223-1. 

Positioning equipment: measure the geographical 
surroundings (longitude, latitude, altitude, etc.), 
horizontal precision: ≤7 m, vertical precision: ≤10 m. 

 
 

 

10m mast 

Adjustable 

attenuator

Positioning 

equipment 

Field strength meter/ 

Spectrum Analyzer 

Testing 

receiver 

Transmission 

Analyzer 

Stream 

generator 
Modulator Transmitter 

 

 
Fig. 5. Sketch map of measurement system. 

 
 

The purpose of measurement system calibration is 
to verify and confirm the transmitting parameters, 
and ensure the measurement system at reception 
exactness and reliability. When calibrating the 

measurement system, the following are required: the 
polarization mode of receiving antenna the same as 
that of transmitting antenna, the line-of-sight path 
between calibration measuring point and transmitting 
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point, to be open flat and without obstacles of 
building, huge forest, etc. around calibration 
measuring point, without returns reaching calibration 
measuring point, and to be away from airports, main 
transport highways, high-voltage transmission lines, 
substations, factories, etc[26].  

Ensure no obvious interference from the above 
facilities, and background noise level 20 db lower 
than wanted signal level. 

According to effective radiated power Pt of 
transmitting antenna and distance d between 
measuring point and transmitting antenna, use 
equation (2) to calculate signal field strength Ec at 
calibration measuring point. 
 

( ) ( )( ) ( )( )/ 10 log 20log 106.92c tE dB V m P kW d kmµ = − +

(2) 
 

Raise the receiving antenna to 10 m height above 
ground level, adjust the attenuation amount of 
adjustable attenuator to 0, adjust antenna pointing to 
make receiver input signal level highest, and get the 
signal field strength mE  at measuring point by field 
strength meter and attached receiving antenna. If the 
signal level mV  at input of testing receiver is 
measured by spectrum analyzer, etc., signal field 
strength at measuring point should be calculated by 
equation (3) based on receiving antenna coefficient 
K  corresponding to the frequency band and feeder 
loss cL  between receiving antenna and  
spectrum analyzer. 
 

 ( ) ( ) ( )/m m cE dB V m V dB V L dB Kµ µ= + +  (3) 
 

If the error between the calculation value and 
measurement value of signal field strength is within 
3 dB, note the information of signal field strength, 
longitude, latitude, altitude, antenna height, antenna 
pointing, etc. at calibration measuring point, and then 
begin the measurement at other measuring points. If 
the error between the calculation value and 
measurement value of signal field strength is beyond 
3dB, it is required to verify the parameters 
concerned, check up the instruments and equipment 
or replace calibration measuring point, and 
recalibrate the measurement system to ensure 
measurement exactness. Furthermore, if exceptions 
occur at other measuring points of measurement 
system, it is required to recalibrate at calibration 
measuring point. 
 
6.3. Measurement Steps 
 

For each measuring point the specific 
measurement location should ensure that the 
measurement process carries through safely and 
successfully, the polarization mode of receiving 
antenna is the same as that of transmitting antenna, 
and the measurement location is free of serious 

obstruction or interference (other than the special 
requirements). Besides receiving antenna height of 
10 m at measuring point, the typical height of present 
television receiving antenna herein can be adopted 
for measurement. 

The specific measurement steps are as follows: 
a) Note the geographical surroundings 

information of longitude, latitude, altitude, etc. 
by positioning equipment, note weather and 
measurement time, and note the geographical 
surroundings at measuring point and other 
factors to influence signal reception, such as 
overhead lines, trees and billboards, by taking 
photograph, videos, notes, etc.; 

b) Raise the receiving antenna to 10 m height 
above ground level; 

c) Adjust the attenuation amount of adjustable 
attenuator to 0, adjust antenna pointing to 
make receiver input signal level highest, and 
the operations according to different reception 
conditions are as follows: 
1) If the receiver fails to receive, adjust the 

receiving antenna pointing properly, and 
the operations after adjustment according 
to different reception conditions are as 
follows: If adjusting antenna pointing still 
fails to receive, restore antenna pointing 
till receiver input signal level is highest, 
note signal margin 0M < , and note 
antenna pointing, receiving signal 
spectrum and measured signal field 
strength or level (to be converted to field 
strength by equation (3)), then turn to step 
e; If succeeding in receiving after adjusting 
antenna pointing, note the final antenna 
pointing, receiving signal spectrum and 
measured signal field strength or level (to 
be converted to field strength by  
equation (3)); 

2) If the receiver succeeds in receiving, note 
antenna pointing, receiving signal 
spectrum and measured signal field 
strength or level (to be converted to field 
strength by equation (3)); 

d) Increase the attenuation amount of adjustable 
attenuator till reception fails, decrease the 
attenuation amount with step not more than 
1 dB, measure and note the signal level when 
reaching objective decision threshold, 
calculate and note the signal margin M; 

e) Assess the coverage quality grades according 
to Table 4, and the operations according to 
different assessment results are as follows: 
1) If quality grade is Q4 or Q5, the 

measurement at this measuring point is 
finished, and then the measurement at next 
measuring point might be carried out; 

2) If quality grade is Q3, it is required to 
lower antenna height and observe the 
variation of signal strength, and the 
operations according to different results 
are as follows: If signal strength increases, 
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choose the corresponding height to return 
to step c to carry out complementary 
measurement (note the distance from 
antenna to ground level) according to 
signal strength; If signal strength 
decreases, the measurement at this 
measuring point is finished, and then the 
measurement at next measuring point 
might be carried out; 

3) If quality grade is Q1 or Q2, it is required 
to lower antenna height and observe the 
variation of signal strength, and the 
operations according to different results 
are similar to the above. 

 
 
7. Simplified Assessment and 

Measurement Methods 
 
7.1. Background 
 

Field strength measurement usually requires field 
strength meter and attached receiving antenna, bit 
error rate measurement usually requires stream 
generator, transmission analyzer and testing receiver. 
Considering that field strength meter, domestic 
receiver and monitor can be equipped more easily in 
many cases, signal coverage quality can also be 
assessed by measuring ordinary receiver input signal 
level and by subjective decision threshold measuring 
signal margin. In such a case the building of 
measurement system is relatively simple and 
equipment of special test stream generator, testing 

receiver and transmission analyzer aren’t required. 
Signal coverage quality can be measured and 
assessed in the course of normal  
program broadcasting. 
 
 
7.2. Simplified Assessment Quality Grades 
 

According to the five assessment grades for 
signals coverage quality, Table 5 gives the 
corresponding simplified assessment grades. 
 
 
Table 5. Objective assessment grades for signals coverage 

quality (simplified assessment method). 
 

Signal margin above subjective 
decision threshold (M) (dB) Receiver input 

signal level (V) M<0 0≤M<5 5≤M<10 10≤M 
V≤Vmin

a 1 1 2 3 
Vmin<Vmin<Vmin+6dB 2 2 3 4 
Vmin+6dB≤V 2 3 4 5 
 
 
7.3. Simplified Measurement System 
 

Besides broadcasting transmitting equipment, 
required by simplified measurement system are 
adjustable attenuator, field strength meter, receiving 
antenna and connection feeder, domestic receiver, 
monitor, etc., see the sketch map in Fig. 6. 
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Fig. 6. Sketch map of simplified measurement system. 

 
 

8. Conclusion 
 

Digital terrestrial television single frequency 
network (SFN) is a digital television coverage 
network where several synchronized transmitters in 
different locations simultaneously send the same 
signal over the same frequency channel to realize the 
reliable coverage throughout a given territory. 

Based on the main characteristic of transmission 
system of SFN, this paper specifies the objective 
assessment and measurement method for signals 
coverage quality of single transmitter and outdoor 
fixed reception of digital terrestrial television 
broadcasting system. Any equivalent and simplified 
measurement methods to guarantee the same 
measurement uncertainty can also be adopted. 
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Abstract: In this paper, we propose a robust method to estimate carrier frequency offset (CFO) for orthogonal 
frequency division multiplexing (OFDM) systems. A training symbol with two identical halves is employed to 
measure the fractional part of the CFO. While the integral part is estimated by using a novel noise subspace 
based metric. Simulation results demonstrate that the proposed method can achieve an estimation range equal to 
the whole bandwidth of the OFDM signal. Copyright © 2013 IFSA. 
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1. Introduction 
 

Orthogonal frequency division multiplexing 
(OFDM) has received considerable interest in the last 
few years for its advantages in high-bit-rate 
transmissions over frequency-selective fading 
channels. In OFDM systems, the entire channel is 
divided into many narrow subchannels, which are 
transmitted in parallel, thereby increasing the symbol 
duration and inter-symbol interference (ISI) is 
reduced due to the cyclic prefix (CP) insertion. 

However, OFDM is extremely sensitive to 
synchronization errors, especially the carrier 
frequency offset (CFO), which is induced by 
oscillator discrepancies between the transmitter and 
receiver and/or Doppler shifts [1, 2]. As a result, 
CFO estimation for OFDM became an active area of 
research and has received significant attention in 
recent years [3-9]. [3] and [4] focus on the analysis of 
Cramér-Rao bound (CRB) and identifiability problem 
in the estimation of CFO. In [5], Moose proposes a 
maximum likelihood estimator of the CFO offset by 
using two consecutive and identical training symbols. 
But, the estimation range of this method is limited 

within half subcarrier spacing. In order to widen the 
estimation range, the structures of the training 
symbols are redesigned by Schmidl and Cox in [6]. 
The first training symbol has two identical halves and 
serves to measure the fractional part of the frequency 
offset. The left integral part is estimated by using the 
second training symbol which is redesigned to 
contain a pseudonoise sequence. Based on the 
Schmidl and Cox method, an improved frequency 
offset estimation method is proposed by Morelli et al. 
in [8], using only one training symbol with L 
identical components. By making L sufficiently large, 
this method can achieve the desired estimation range. 
However, shortening the duration of identical 
component will result in decreased estimation 
accuracy [10]. In order to reduce the interference 
introduced by the multipath channel, a zero-masking 
approach is proposed by Minn et al. in [11]. This 
zero-masking method can be applied if the number of 
samples in the basis part is much larger than the 
maximum channel delay spread. 

In this paper, we propose a robust CFO estimation 
method which is developed based on the well known 
DFT-based channel estimation in [12]. A training 

Article number P_1486

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 209-213 

 210

symbol with two identical halves is employed to 
measure the fractional part of the frequency offset. 
By using a novel noise subspace based metric to 
estimate the integral part of the CFO, the proposed 
method can achieve an estimation range equal to the 
whole bandwidth of the OFDM signal. 
 
 
2. Brief System Description 
 

We consider an OFDM system with N 
subcarriers, each having a frequency spacing of Bsub. 
Thus, the overall bandwidth is B=NBsub. In an OFDM 
symbol, a vector X=[X(0), X(1),…, X(N-1)] will be 
transmitted with X(k) being a symbol from a complex 
valued alphabet. The corresponding time domain 
vector x=[x(0), x(1),…, x(N-1)] is obtained by 
applying the inverse discrete Fourier transform 
(IDFT) on X, i.e. x=IDFT{X}. This vector 
corresponds to a series of time domain samples, 
spaced by sampling period T and, T=1/B. Before 
transmitting the signal, a CP, which is a copy of the 
last G samples in x, is inserted. The CP length is 
chosen to be larger than the maximum delay spread 
to prevent any interference between  
adjacent symbols. 

In this paper, we assume that the timing 
synchronization is perfect and the channel is constant 
during the transmission of one OFDM symbol. When 
these conditions are satisfied, the baseband 
equivalent discrete-time signal at receiver can be 
written as 
 

 
( ) ( ) ( )∑

−

=

−=
1

0

L

l

lkxlhky , (1) 

 
where L is the total number of paths. {h(l)} are the 
different path complex gains which are assume to be 
zero-mean complex Gaussian random variables with 

( ) ( ){ }* =0E h l h n  for l≠n and ( ){ }2 2= lE h l σ . 

Denoting by υ  the CFO normalized to Bsub, the 
received OFDM symbol has the following form 
 

 ( ) ( ) ( )knkyekr Nkj += /2πυ , (2) 
 
where ( )kn  is the white complex Gaussian noise with 

zero mean and variance ( ){ }22 = knEnσ . The signal-

to-noise ratio (SNR) is defined as 22
nsSNR σσ≡  

with ( ){ }22 kxEs ≡σ . 
The training symbol consists of two identical 

halves which are generated by transmitting a complex 
pseudonoise sequence on the even subcarriers, while 
zeros are used on the odd subcarriers. Since the 
training symbol has the same structure as that in [6], 
the fractional part of the frequency offset can be 
estimated using the method proposed by Schmidl. In 
this letter, we focus on the estimation of integral part 

of the frequency offset and assume that υ  is an 
integer in the following analysis. 
 
 
3. Estimation Method 
 

When 0=υ , the received signal on the even 
subcarriers can be written in a matrix form as 
 

 
,1

1 VHXrFR +== p
N

 (3) 

 
where Xp is the diagonal matrix of the transmitted 
pseudonoise sequence, i.e., 

( ) ( ) ( )=diag 0 , 1 , , 2 1p p p p N⎡ ⎤−⎣ ⎦X X X X  and V 

is the white Gaussian noise in the frequency domain. 
( ) ( ) ( ), 1 , , +

T
r G r G r N G= +⎡ ⎤⎣ ⎦r  is the received 

signal in the time domain with CP removed. F1 is a 
discrete Fourier transform (DFT) matrix retaining 
only those rows corresponding to the even 
subcarriers. In other words, the elements of F1 are 
given by 
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( ) ( ) ( )[ ]TNHHH 2,,2,0 −=H  is a ( ) 12 ×N  vector 

containing the channel frequency response (CFR) at 
the even subcarriers. According to [13, 14], the CFR 
can be expressed by 
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Therefore, the channel impulse response (CIR) 

can be estimated by [15, 16] 
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where F2 is the DFT matrix retaining the first N/2 
columns and the even rows, i. e., 
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According to [17], ĥ  is the minimum mean-
square error (MMSE) estimate of CIR. It should be 
noted that since the CIR has at most G taps, all the 
other samples in ĥ  compose the noise subspace. 

When >0υ , the phases of the samples in r  are 
rotated by a diagonal matrix ( )υD  given by 
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However, if the phase rotations can be 

compensated, ĥ  is still the MMSE estimate of CIR. 
Otherwirse, ĥ  is only a noise vector. 

Based on the observation that the correct CFO 
corresponds to the MMSE estimate of CIR, we 
propose the following noise subspace based metric to 
estimate υ  
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( )εD  is the diagonal matrix written by 
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Fig. 1 shows an example of the proposed metric 

in a run of simulation for SNR=30 dB. The 
simulation parameters are shown in section IV. In the 
simulation, we assume that the channel remains 
unchanged during one OFDM symbol period and the 
total power of the channel is normalized to unity. In 
Fig. 1, the correct CFO is indexed by 10 which 
corresponds to the ε  with the minimal value of ερ .  

In fact, when ε υ= , each of the first G elements 

in εĥ  consists of not only the CIR, but also the noise 
samples. So, the expectation of the denominator in 
Eq. (9) can be derived as 
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Fig. 1. An example of metric for SNR=30 dB. 
 
 
Since the last samples correspond to the noise, the 
expectation of the numerator can be written by 
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When ε υ≠ , two cases need to be considered. If 
ε υ−  is an odd number, the residual CFO will shift 

the training sequence from even subcarriers to odd 
subcarriers. In this case, the elements in εĥ  are only 
the noise samples. So, the expectations of the 
denominator and the numerator can be derived 
respectively as 
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If ε υ−  is an even number, the shifted training 

sequence is still located on the even subcarriers. In 
this case, the expectations of the denominator and the 
numerator will change to 
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Fig. 2 to Fig. 4 show the values of 1µ  and 2µ  for 

=10ε , =59ε  and =110ε , respectively. In the 
simulation, we assume the correct CFO is indexed by 
10 and the power of transmitted signal 2

sσ  is 
normalized to unity. The other simulation parameters 
are given in section IV.  
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Fig. 2. Expectations of numerator and denominator  
for 10=ε . 
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Fig. 3. Expectations of numerator and denominator  
for 59=ε . 
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Fig. 4. Expectations of numerator and denominator  
for 110=ε . 

 
 

In Fig. 2 to Fig. 4, the analytical results are 
calculated from (12) to (17) which are found to 
coincide well with the simulation results. Actually, as 
long as 2 1µ µ  at =ε υ  is smaller than its value at 
ε υ≠ , the metric will have the minimal value at the 
correct CFO in the mean sense. 
It should be noted that when the CFO is suppose to 
have fractional part, we need to estimate the 

fractional part firstly and then substitute ( )εD  by 

( )fυε ˆ+D  in the metric, where fυ̂  is the estimate of 
the fractional part. 
 
 
4. Simulation and Results 
 

Several computer simulations are carried out in 
this section to evaluate the performance of the 
proposed CFO estimation method. The main 
simulation parameters for an OFDM system are 
chosen as follows: the sampling frequency is 5 MHz, 
the carrier frequency is 2 GHz, the number of 
subcarriers N is 256, the mobile speed is 100 km/h, 
and the CP takes the value of 20. The multipath 
fading channel is modeled by a T-spaced tapped-
delay line filter with tap gains generated by the Jakes 
method [18]. The channel is assumed to have 16 
paths, with path delays of 0, 1, … , 15 samples and 
an exponential power delay profile 

( ){ } ( )( )81-exp=2 llhE , =1,2, ,16l . 
In the first simulation test, we assume that the 

CFO is an integer and generated randomly from the 
range (-128,128). The proposed method is evaluated 
under the SNR of 0, 4, 8, 12, 16 and 20 dB, 
respectively. Simulation results show that the 
probabilities of the correct estimation are all one 
which confirmed that the proposed method has an 
estimation range equal to the whole bandwidth. 

Since the proposed method is basically a 
“Hypothesis test” style method, the computational 
complexity is proportional to the desired estimation 
range. If the desired estimation range is reduced from 
(-N/2,N/2] to (-N/64,N/64], the search space is also 
reduced from N to N/32 and the metric in  
Eq. (9) becomes 
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On the other hand, the DFT and IDFT matrices in 

Eq. (10), i.e. -1 -1
2 1pF X F , remain unchanged during the 

whole estimation procedure. So, if we calculate 
-1 -1

2 1pF X F  in advance and save their result at 
receiver, the computational complexity can be  
further reduced. 

Fig. 5 illustrates the mean square estimation error 
(MSEE) as a function of SNR. For the purpose of 
comparison, the zero-masking method in [11] with 
L=8 and H=4 is also simulated. In this simulation, the 
CFO is not restricted to an integer and generated 
randomly from the range (-4,4] subcarrier spacing for 
both of the methods. According to the desired 
estimation range, the search space of the proposed 
method is reduced from 256 to 8. As can be seen 
from Fig. 5, the proposed method can achieve a 
MSEE gain about 3dB than the method in [11]. 
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Fig. 5. MSEE comparison. 
 
 
5. Conclusions 
 

In this paper, we have proposed a novel noise 
subspace based metric to estimate the integral part of 
CFO in OFDM systems. By using the proposed 
method, a training symbol with two identical halves 
can achieve an estimation range equal to the whole 
bandwidth. Compared with the conventional method, 
the proposed method provides better estimation 
accuracy in the simulation. 
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Abstract: Biological sensing, qualitative analysis, quantitative DNA and protein are one of the important 
research issues in biosensor theory. With the improvement of people's living standards and increase of the 
elderly Population, the incidence of diabetes is rising and becomes the third dangerous disease which is only less 
than cardiovascular disease and cancer. To this end, based on the click reaction, a facile and efficient method for 
the preparation of functional glucose oxidase has been developed. It proposes a new method for biological 
sensing, qualitative analysis, quantitative DNA and protein. This dissertation focuses on how to choose the most 
appropriate and sensitive analyte specific recognition element. The experimental results show that the potato 
glucose biosensor is effective and feasible, and has better expansibility. Copyright © 2013 IFSA. 
 
Keywords: Chemical sensors, Potato glucose, Biosensor, Click reaction, Electrochemical analysis. 
 
 
 
1. Introduction 
 

Using of animal and plant tissue as a biological 
biosensor catalytic materials, their life is often longer 
than the pure enzyme preparation, and this is because 
the body has many natural biological process 
indispensable for the enzyme reaction and other 
bimolecular coenzyme auxiliary and synergies role of 
the enzyme reaction efficiency and longer life 
expectancy. We know that in organisms, many of 
recognition between the biomolecule and the 
identified relationships, such as antigen-antibody 
recognition, the enzyme-matrix identified aptamer-
protein recognition, the biosensor  is the use of 

biologically active substances and molecular 
recognition properties between the target molecule 
[1], the entire event is generated biometric 
concentration conformation change is converted into 
visible, can output various signals (electrical, optical 
signals), depending on the signal strength to be 
detected visually the amount of analyte [2]. 

Biosensors make up by the signal recognition 
component and a signal converter constituted. Where 
combined with the combination and function of 
matter called identification element, the biologically 
active molecules or chemical probes constituted with 
them directly and to identify test substances. 
Conversion part is called the converter [3], it is to 
identify the element component and being produced 
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by chemical or physical changes into optical signal, 
such as fluorescence spectroscopy, electrochemical 
workstation. Biosensor is different from physical and 
chemical sensor is characterized by containing 
biological active substances (nucleic acid, enzyme, 
protein etc.) receptors [4]. Biosensor is the nature of 
the processes of the biometric various changes in 
element detection and quantification is easy to 
convert a signal, which can be life substances and 
chemicals detection and monitoring, with a sample to 
be measured highly specific and selective detection 
system. In short, the biosensor is an analytical device, 
it is the biological elements (events can lead to 
biometrics) and physical elements (can be converted 
recognition event) skillfully combined and used for 
biological analysis. 

British researchers put forward the concept of the 
enzyme electrode in 1962 [5]; they tried to put the 
high sensitivity and high specificity of enzymatic 
reaction electrode combination. In 1967, the first 
enzyme glucose sensor emerged. Continuously 
developed subsequent microbial immune biosensors. 
In the 21st century, life science era [6], DNA 
research is becoming increasingly important, the use 
of bio-sensors to detect nucleic acid naturally become 
a research hotspot. DNA Biosensors is to the 
presence of DNA (or DNA concentration) through 
the transition to the measurement converter, visible, 
such a recording of optical signals [7]. That has been 
developed for DNA electrochemical biosensor, DNA 
optical sensor, DNA piezoelectric sensors. In recent 
years, with the aptamer study [8], the emergence of 
new aptamer-based biosensor using aptamer as 
recognition element to detect the presence of the 
target protein, and the photoelectric conversion signal. 

Click reaction is 2001 Nobel Prize winner 
Professor Sharpless Scripps Research Institute: Cu (I) 
catalyzed azide formed with terminal acetylene 
carbon Asia diamine, the mild reaction conditions, 
selectivity, biological compatibility [9]. 

In this paper, click reaction the function of 
glucose oxidase (GOx) is fixed to gold nanoparticles 
(AuNPS) surface, and apply it to the detection of 
glucose. Cu (I) catalyzed azide formed with terminal 
acetylene carbon Asia diamine, the mild reaction 
conditions, selectivity. 
 
 
2. Biosensor Design 
 
2.1. Composition of Biosensor 
 

Signal amplification, signal transmission, the 
signal conversion system, transducer, biological 
recognition element, data processing, data display 
system is an important part of the biosensor. 
Currently there are widespread uses of fiber-optic-
based biosensors [10], electrochemical biosensors. 
Biosensor computer is for data analysis processing 
and data display. Fiber-type silicon biosensor 
applications rays, photomultiplier tubes, photodiodes, 
etc. for transducer photomultiplier maximum energy 

conversion efficiency; electrochemical biosensor bit 
applications sensitive field effect transistor and a 
glass electrode as a transducer [11]. 

Nucleic acids, receptors, antibodies, bacteria, 
cells and enzymes are commonly used in biological 
recognition element sensitive material produced. 
Nowadays, used in environmental monitoring 
biosensor are the most microbial cells and enzymes. 
The biometric components using immobilized 
enzymes which with high sensitivity, specificity and 
strong short response time; however difficult to 
extract the pure enzyme, the enzyme is relatively 
short shelf life, easy inactivation [12]. It is only in the 
physicochemical proper conditions or based on 
certain soluble cofactor basis, the enzyme will 
produce effect. On the basis of microbial sensor made 
of some microbial cells, did not see a strictly limited 
physicochemical conditions, has a longer shelf life, 
service life, the cost is not high, but the regeneration 
rate is slow, long response time, in certain situations 
with poor selectivity and specificity. 
 
 
2.2. The Basic Principles of Biosensors 
 

Usually, functional biosensor using biological 
recognition element component to immobilized 
enzyme technology as a foundation immobilized cells. 
Identification of the measured object, perception, and 
based on the law to be identifiable signal conversion 
by the converter to produce analyte-specific 
responses, information, or other biological sensing 
element for sound, electricity, light, etc. and easy 
detection signal conversion, indirect access to 
relevant information analyte. Usually, the enzyme, 
enzyme components, cell, cell membrane, cell, 
organism, antibody, nucleic acid, organization, 
receptor, organic molecules are biologically sensitive 
element. Converter are the main types of conductivity, 
light, electric, acoustic intensity measurement type, 
current, impedance, measurement of heat type, 
"molecular" electronic type and mechanical type etc. 
The schematic diagram of a biosensor device as show 
in Fig. 1. 
 
 

 
 

Fig. 1. Schematic diagram of a biosensor device. 
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3. Simulation Testing and 
Experimentation 

 
3.1. Reagents and Instruments 
 

All electrochemical experiments were performed 
on CHI660C electrochemical workstation (CH 
instruments) on, and the three electrode cell system 
of traditional. Diameter of 2 mm gold disk electrode 
as working electrode, a reference electrode was a 
saturated KC1 Gan pro electrode (SCE), the counter 
electrode is carbon rod. In this paper all potentials 
with the SCE. Electrochemical quartz crystal 
microbalance (QCM, USA) studied using HP4395A 
impedance analyzer (USA HP). Gold-plated AT-cut 
9 MHz piezoelectric quartz crystal (PQC, crystal 
diameter 12.5 mm, electrode diameter 6.0 mm, JA5B 
type) were purchased from Beijing Chen Jing 
Electronics Co., experimental single-touch solution, 
and touch on the gold electrode surface working 
electrode. Transmission electron microscopy (TEM) 
images collected from Hitachi 800 transmission 
electron microscope. UV-vis spectra collected from 
the UV-2450 spectrophotometer (Shimadzu, Japan). 
Gold chloride acid (HAuCU) and Azusa trisodium 
citrate were purchased from Shanghai Chemical 
Reagent Company. Aniline and Tiberius were 
purchased from Shantou West Chen plants and 
Sinopharm Chemical Co., Ltd. (Shanghai), distilled 
before the experiment after purification. Chitosan 
(CS, 90wt. % Deacetylation) and p-benzoquinone 
(BQ) were purchased from Sinopharm Chemical Co., 
Ltd. (Shanghai). Ferrocenecarboxylate (FcMA) were 
purchased from Suzhou Time-chem Technology Co., 
Ltd. (Suzhou;). All other reagents were of analytical 
grade or higher purity. 0.60 wt. % CS solution 
consisted of 0.2 M pH 3.34 acetate buffer 
configurations. Glucose solution before use in the 
preparation of one day was well-balanced effect of 
glucose mutarotation. Human serum samples are 
taken from Hunan Normal University Hospital. All 
solutions are using Milli-Q ultrapure water now with 
the current. Experiments were performed at room 
temperature (23 ± 1 °C) temperature. 
 
 
3.2. Preparation of the Sensor 
 

The bare glassy carbon electrode respectively 1.0, 
0.3 and 0.05 um diameter Al2O3 in deerskin polishing 
paste to make a mirror, followed by acetone, the 
volume ratio of 1:1 HNO3, NaOH and distilled water 
for sound processing. Before the modification, the 
glassy carbon electrode was placed 0.6 mol/L of 
H2SO4 scan to get a stable cyclic voltammogram so 
far. Pipette 5uLAzNPs/G0x dropped on the glassy 
carbon electrode surface. Finally, take 2.0 uL 5% 
Nafion solution was dropped on the electrode surface, 
dry naturally, that is namely detection sensor. The 
schematic diagram of DNA mutation detection as 
show in Fig. 2. 

 
 

Fig. 2. Schematic diagram of DNA mutation detection. 
 
 
4. Results and analysis 
 
4.1. Characterization of Gold Nanoparticles 
 

Structure of citrate stabilized gold nanoparticles 
by transmission electron microscopy and UV visible 
spectrophotometers were used to characterize the. A 
Fig. 3 gold nanoparticle dispersed evenly, average 
particle diameter is 12-23 nm. UV-visible absorption 
spectroscopy is used to confirm the formation of gold 
nanoparticles. Gold particles have a characteristic 
absorption at 520 nm peak, so you can prove 
successful synthesis of gold nanoparticles. 
 
 

 
 

Fig. 3. The normal 10-mer duplex DNA (dE/dF). 
 
 

Through the DNA melting curve, calculate the 
melting temperature of two DNA samples (Tm). As 
shown in Fig. 4, for the normal DNA samples, the 
measured melting temperatures are 40 °C and 50 °C. 
For the mutant DNA samples, the measured melting 
temperatures are 45 °C and 55 °C. Thus, the normal 
melting temperature of DNA (Tm) is higher than the 
melting temperature of mutant DNA (Tm). This is 
because, two single stranded DNA normal after 
natural annealing process can form double stranded 
DNA is quite stable, not easy chain, Tm is relatively 
high. One single stranded DNA point mutation, after 
annealing treatment is not easy to form a stable 
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double stranded DNA, easy solution chain; Tm is 
lower than that of normal DNA. 
 
 

 
 

Fig. 4. The normal 15-mer duplex DNA (dK/dH). 
 
 
4.2. Electrochemical Biosensor 
 

AC impedance spectroscopy is a powerful tool for 
study of electrode surface properties; it can be more 
in-depth study of electrode resistance, which 
confirmed that the gold nanoparticles functionalized 
with glucose oxidase by linking reactions were well 
combined with the experiment. 

We also evaluated the reproducibility of electrode, 
long-term storage stability and selectivity. The 
relative standard deviation of test the same electrode 
for 5 consecutive times (RSD) of 4.3 %, reflects the 
very good repeatability. Stored at 5°C the month after 
next, relative to the initial response, CS/HRP-
PTBA/Auplate/Au electrode response only dropped 
9.54 %, while CS/HRP/PTBA/Aupiate/Au decreased 
by 13.3 %, showed that the enzyme in the synthesis 
of polymer compared to chemical synthesis polymer 
has more excellent ability to maintain enzyme 
activity. The electrode stability of this enhancement 
can be attributed to the synthesis of the enzyme under 
mild conditions, the destructive enzymes minimal. 
Such as Fig. 5, glucose, adding UA and AA no 
significant response, indicates that the sensor has 
good anti jamming capability. 
 
 
4.3. Electrochemical Detection of Glucose 
 

Under the optimized experimental conditions, 
Fig. 6 is a GCE/AzNPs/GOx sensor in the working 
potential, 0.6 V of different concentration of glucose 
current response and the working curve is shown in 
Fig. 6. In PBS, the continuous addition of glucose 
solution of different concentration response 
relationship, "current and glucose concentration from 
Fig. 6 can be obtained, the linear range for the 
detection of glucose the sensor is 5 uM-1.82 mM, the 
linear equation was ( ) 0.3453 0.023 ( )I A C Mµ µ= + , 

the sensitivity is 280 Aµ  /mM/cm2, and the minimum 
detection limit of the method was 33 0.5 Mµ . 
 
 

 
 

Fig. 5. CS/HRP-PTh/AUplate/Au. 
 
 

Table 1. Determination of glucose in serum samples. 
 

Samples Added(10-4M) Found(10-5M) R.S.D(%) 
0.2 1.32 1.4 
3,0 1.90 1,75 A 
5.0 6.78 2,3 
0.0 2.11 0.78 
3.0 3.34 1.8 B 
5.0 5.67 1.2 

 
 

 
 

Fig. 6. Plots of the anodic (ipa) and cathodic (ipc) peak 
currents versus the square roots of scan rates. 

 
 

5. Conclusions 
 

In this paper, explore new methods for biological 
sensing, qualitative analysis, quantitative DNA and 
protein. Biosensor is the use of biological active 
substances (nucleic acid, protein, enzyme, cell and 
molecular recognition between functions), the 
concentration, the target substance detected 
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conformational changes and other changes of 
biological processes microscopic into physical 
chemical signals visible, measurable (such as 
fluorescence signal, signal), so as to achieve the 
target molecular purposes. 

Biosensor design, focusing on how to choose the 
most appropriate and sensitive analyte specific 
recognition element, which directly determines the 
quality and sensitivity of the sensor selectivity level 
of antigen-antibody, enzyme-matrix and the aptamer-
protein are very good candidate combinations. There 
are many different types of biosensors, such as the 
enzyme sensor, a glucose sensor, and immune sensor. 
Bio sensing method as a biotechnology a superior 
means of monitoring and detection methods, with 
good application value and development space. This 
paper studies based on fluorescence probe and 
nucleic acid aptamer biosensor and applied to the 
analysis of nucleic acids and proteins and detection. 
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Abstract: This paper introduced the current situation of biomedical cold chain logistics in China, finding that 
many of them have to be shipped with specific logistics surroundings to guarantee the quality. But there are only 
a few logistics enterprises under the permission of government, who – have to afford the distribution of all the 
country. This decides another feature of biomedical cold chain logistics – multi-variety and small volume with 
low profit. In order to save the cost and improve efficiency, this paper proposed a new distribution path selection 
method for biomedical cold chain: Bidirectional Dijkstra Algorithm. This paper also designed a table calculation 
method to further simplify the application of this method. Finally, this paper analyzed the application and 
limitations of this method in biomedical cold chain logistics area. Copyright © 2013 IFSA. 
 
Keywords: Biomedical products, Cold chain, Distribution path, Paths optimization, Bidirectional Dijkstra 
algorithm. 
 
 
 
1. Introduction 
 

In recent years, biomedical technology gained a 
swift development. It is normal to use biomedical 
products in hospitals and some pharmacies 
nowadays. After all, biomedical products are playing 
a more and more important role in medicine industry. 
Although biomedical products are significant to 
human’s health, many of them are with relatively 
high cost and easy to be spoiled and lose efficacy, 
such as vaccines, blood serum, biological reagent and 
so on. For these kinds of biomedical products, 
transportation must be under strict control with cold 
chain. Cold chain logistics technique is also 
developing very fast in these years, which provides 
much support to medical cold chain. During the 
transportation of biomedical products, time and 
temperature are two significant factors. Logistics 

enterprises could use cold closet to stock biomedical 
products, while one thing they must take into 
consideration is cost. In fact, many biomedical 
products are kept in the cooler with ice as refrigerant 
to cut down the cost. However, there are also some 
kinds of biomedical products that should be kept in 
low temperature, where ice refrigerant could not 
reach. No matter in which kinds of situation, shorter 
logistics time would be always mean fewer 
refrigerant and thus less logistics cost. Besides, short 
time itself is a kind of value to logistics and 
biomedical products’ term of validity. 

In this case, seeking for a shorter path of logistics 
would be of great significance. With optimized 
logistics path, logistics department could save time 
and cut down logistics cost simultaneously. In 
addition, there is an obvious feature of multi-varieties 
and small volume in biomedical cold chain logistics 
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under the strict control of Chinese government. 
Consequently, it may not worth to design complex 
distribution paths optimization software for the 
design and operational cost would be very high while 
revenue is not much. One alternative way is to design 
a simple model to deal with this problem. By 
improving Dijkstra algorithm according to the 
bidirectional feature of logistics, this paper would 
offer a table based approach to solve biomedical cold 
chain logistics paths optimization problem. 
 
 
2. Dijkstra Algorithm and other Similar 

Path Optimization Algorithms 
 

Dijkstra algorithm is a classical model of paths 
selection. Ever since it was designed by Dutch 
computer scientist Edsger Dijkstra in 1956 and 
published in 1959, Dijkstra algorithm has been a hot 
topic and proved to be effective by many experts. 
During the past decades, never did the research on 
improvements and application of Dijkstra algorithm 
in different backgrounds have been stopped. 
 
 
2.1. Introduction of Dijkstra Algorithm 
 

Dijkstra algorithm is a solution to the problem of 
single-source shortest path algorithm. Designed by 
Dutch computer scientist Eze Hull, Dijkstra with 
specific procedures, it has a history of over 50 years. 
Dijkstra algorithm solves the problem of shortest path 
from vertices to other single sources in a directed 
graph (Li Yuanchen, 2004) [1]. 

Dijkstra's algorithm’s input contains a weighted 
directional digraph G, which has a source vertex 
named S. This paper represents the set of all vertices 
in G with V. Each of the edges of the graph is a pair 
of two ordered elements with direction and weight 
formed by two vertices. (u, v) represents that from 
vertex u to vertex v there is a path connected. This 
paper use E to definite the set of all edges, and 
definite edge weight by weight function  
w: E → [0, ∞]. Thus, w (u, v) are nonnegative 
weights from the vertex u to vertex v. Weights of the 
edges represent the distance between two vertices. A 
path between two weights is the path of all the sum of 
the weights of the edges. With known vertex t and s 
in the set V, Dijkstra algorithm can find the shortest 
path from vertex t to vertex s. That is, Dijkstra 
algorithm can calculate out the shortest path of a 
graph from a certain vertex s to any other vertices. 

The same as calculating the shortest path with no 
weights in the condition of breadth first algorithm, 
Dijkstra algorithm is calculated by phase. At each 
stage, Dijkstra algorithm always chooses the shortest 
path to the source vertex from all unknown vertices 
and declares that the shortest path from vertex s to 
vertex v is known. In the breadth-first algorithm, this 
paper defines the source point’s distance dw is zero, 
and the distance of other vertices is infinite in the 

initial state. As the algorithm progresses, we will 
approach each vertex and update the value of the 
distance dw with dw + 1. In Dijkstra's algorithm, the 
algorithm of computing processes is similar to 
breadth-first algorithm except the procession of the 
weight of edges. In the computational process of 
Dijkstra algorithm, the updated distance value 
between each adjacent vertex is no longer dv + 1, but 
dv + Cv, w. 
 
 
2.2. Literature Review on other Similar Path 

Optimization Algorithms 
 

Network shortest path problem is one of the core 
contents of graph theory and network optimization. 
In fact, a large number of real-world problems can be 
converted to SP problems to solve. The classic 
(shortest path, SP) SP problem is an old research 
topic, for ever since the 1950s of Dijkstra algorithm, 
a succession of scholars from various fields have 
been researching and exploring on shortest path 
problem in-depth. 

After the famous Dutch computer scientist 
Dijkstra’s famous proposition of Dijkstra algorithm 
in 1959, Dijkstra algorithm was used to solve such 
shortest path problem widely. In 1962, Ford made 
Ford algorithm (L. Ford, et al., 1962) [2], which can 
be used to solve he shortest path problem of all the 
nodes of network. In 1968, Hart, Nilsson and 
Raphael made famous heuristic search algorithms, 
namely the A * algorithm (N.J. Nilsson, 1999) [3]. 
This algorithm combined branch and bound method, 
dynamic programming as well as heuristic 
algorithms under given bottom boundary together. 
In 1982, Denardo described the use of dynamic 
programming algorithm to solve the static and 
deterministic shortest path problem (E.V. Denardo, 
1982) [4]. 

Dorigo proposed an ant colony optimization 
algorithm for TSP (Traveling Saleman Problem), 
which is also widely recognized by other scientists 
(M. Dorigo, et al., 1997) [5]. The TSP problem 
requires passing through all nodes of the network 
only once, so that consuming of the entire path that 
traversed all nodes could be the minimum. 

Genetic algorithms and other intelligent 
optimization algorithms are also used to solve the 
TSP through a lot of researches (M. Grotschel, et 
al., 1991) [6]. In 1997, Gen pointed out that the 
genetic algorithm could be used to solve the shortest 
path problem of static network effectively (M. Gen, 
et al., 1997) [7]. In 2009, Kolavali and other 
partners used ant colony optimization to solve 
multi-stage shortest path problem (K. Sudha Rani, 
et al., 2009) [8]. At the same time, Dong used 
simulated annealing algorithm to solve the shortest 
path problem of facility layout (M. Dong, et al., 
2009) [9]. 
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3. Improvements of Dijkstra Algorithm 
for Biomedical Cold Chain Logistics: 
Table-Based Bidirectional  
Dijkstra Algorithm 

 
3.1. Limitations of Above Path Optimization 

Algorithms in the Background  
of Biomedical Cold Chain Logistics 

 
Biomedical products, which are made through 

biomedical technology, are widely used in hospitals. 
In order to keep medical supply chain safe, Chinese 
government made strict regulation on the circulation 
of biomedical products. Thus, there are only a few 
biomedical cold chain logistics enterprises and they 
have to afford the task of ship biomedical products to 
almost all the local hospitals and pharmacies. 
However, as biomedical cold chain is still a new 
industry and the term of validity of biomedical 
products is a little short, the need of biomedical 
products in hospitals and pharmacies is not very 
much, which decides the distribution would be multi-
variety and small volume. Consequently, profit is not 
very much for one time of distribution. In this 
condition, how to control the cost would  
be significant. 

With the development of computer science and 
technology, a lot of improvements have been made in 
response to Dijkstra algorithm, just as the above 
reviewed. Many of them, such as ant algorithm, 
dynamic programming algorithm, are great success to 
the development of path optimization theory. But at 
the same time, logistics enterprises should also pay 
some attention to the practices of Chinese biomedical 
cold chain logistics industry, where most of the 
employees are with very bad education background. 
The advanced path optimization theories are not fit 
for them as they could not understand this method, let 
alone to use computer codes to seek best distribution 
path. Of course, logistics enterprises should not 
neglect the fact that biomedical cold chain logistics 
enterprises could install the software and train 
employees. However, this would be a huge project as 
there are too many distribution centers and 
employees and too many times of applying the 
software to seek best distribution paths. The cost 
would be very much, at least not affordable for some 
medium and small companies. In this time, Dijkstra 
algorithm may be better. After all, it does not need 
any software and advanced technology and easy to 
understand. This paper would focus on some 
improvements of Dijkstra algorithm according to the 
definite start location and destination feature of 
logistics.  
 
 
3.2. Bidirectional Dijkstra Algorithm 
 

Bidirectional Dijkstra algorithm is a kind of new 
path optimization algorithm based on the 

improvements to Dijkstra algorithm. Dijkstra 
algorithm is a kind of method to solve the problem of 
single source shortest paths. For biomedical cold 
chain logistics, start location and destination are 
already known before distribution. This is to say, 
logistics enterprises could try to adopt bidirectional 
search method to seek for shortest path. After all, 
bidirectional search would be faster if searches are 
carried by computers. In the introduction of Dijkstra 
algorithm, this paper has analyzed every step of that 
algorithm. However, if logistics enterprises took 
bidirectional searching method to seek the shortest 
path, in which step should the algorithm be ended? In 
the traditional unidirectional search algorithm, search 
is from source point to terminal point. As there is 
only one destination, it is not necessary to consider 
the standard of ending procedure. But the condition 
of bidirectional Dijkstra algorithm is not so simple as 
there is no sole terminal point during the search, as 
both the source point and the destination point are 
considered to be search start points. Besides, it is not 
accurate to use the path which is firstly combined by 
the search from two directions. The reason could be 
explained as Fig. 1. 

 
 

 
 

Fig. 1. Judgment of terminal point in bidirectional  
Dijkstra algorithm. 

 
 

4. Abbreviations and Acronyms 
 

Fig. 1 is a figure for the judgment of terminal 
point in bidirectional Dijkstra algorithm. Lmin and 
L1 refer to the shortest path and the second shortest 
path from direction of source search in sequence, 
while Rmin and R1 refer to the shortest path and the 
second shortest path from the direction of 
destination search. A, B, C, D are the vertices of 
Lmin, L1, Rmin, R1 orderly. This paper assumed 
the length of Lmin is 14, the length of L1 is 15, the 
length of Rmin is 17 and the length of R1 is 18. 
Then this paper assumed the distance from vertex B 
to vertex C is 19, the distance from vertex B to 
vertex D is 4, the distance from vertex A to vertex D 
is 9, the distance from vertex A to vertex C is 29, 
the distance from vertex A to B is 4, and the 
distance from vertex C to vertex D is 4. When the 
search from left direction (source direction) reached 
vertex B, and the search from right direction 
(destination direction) reached vertex C, both the 
left direction search and the right direction search 
would choose vertex D in the next search step as the 
length of BC is 19, while the length of BD is just 4, 
and the length of CD is just 4, too. Thus, the two 
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directions of search would join at vertex D. Then, 
the length of the whole path would be equal to: 
Lmin + BD + CD + Rmin = 14 + 4 + 4 + 17 = 39. 
However, this is not the shortest path from the 
source to destination. If this paper chose the path of 
Lmin + BD + R1, the length of whole path would be 
equal to: 14 + 4 + 18 = 36. This proves that it is not 
accurate to use the path which is firstly combined 
by the search from two directions. 

Although it is not simple to find out the step in 
which bidirectional Dijkstra algorithm could be 
ended, there must be a vertex owned by both the left 
direction search and right direction search that make 
the pathway the shortest path of the whole directional 
figure. This was proved by some scholars in 
Academy of Military Sciences (Jia Jun, Sun Jingyi, 
Hou Bing, 2010) [10]. Consequently, this paper could 
compare all the possible pathways through the joint 
where combination would be made according to the 
search of two directions and choose the  
minimum one.  

For instance, in Fig. 1, this paper could calculate 
out the length of all the pathways which are 
combined from L1, R1, Lmin, Rmin, AC, BD, AD, 
BC, AB, CD. 

Fig. 2 is a figure about the paths of biomedical 
cold chain distribution, vertex V1 and V10 are source 
point and destination separately. Vertex V2 to V9 
stands for the cities from source point to destination. 
The data in the cylinder represents the distance of 
two points. 

 
 

 
 

Fig. 2. An example of paths of biomedical cold  
chain distribution. 

 
 
 

First, this paper searched from source point V1. 
Vertices which are adjacent to V1 were searched. 
Then this paper got vertex V2, V3, V4, with the 
weight of 6, 7, and 8 orderly. Negative direction 
(destination direction) was searched from vertex V10 
to V5, V8, and V9 with the same search method. 
They reached vertex V5, V8, V9 with the length of 
15, 7 and 11 in sequence. Then, this paper went on 
searching vertices adjacent to V2, V3, V4, V5, V8, 
and V9 from two directions. In positive direction 
(source direction), this paper searched from vertex 
V2 to V5, with the total path length of 19; this paper 
searched from vertex V3 to V6, with the total path 
length of 16; this paper searched from vertex V4 to 

V7, with the total path length of 18. In the negative 
direction, vertex V5 had already been searched by 
positive direction, therefore, it was the first joint of 
two directions, with the whole path of V1, V2, V5, 
V10, whose length is 34. When searched from vertex 
V8 to V5, it also overlapped with positive direction at 
vertex V5, with the whole path of V1, V2, V5, V8, 
V10, whose length is 33. When searched from vertex 
V8 to vertex V6, it overlapped with positive direction 
at vertex V6, with the whole path of V1, V3, V6, V8, 
V10, whose length is 35. When searched from vertex 
V9 to vertex V7, it overlapped with positive direction 
at vertex V7, with the whole path of V1, V4, V7, V9, 
V10, whose length is 40. Finally, this paper chose the 
shortest one from 4 paths. It is easy to see, V1, V2, 
V5, V8, V10 is the shortest path, and its length is 33. 
This is in accordance with the result from Dijkstra 
algorithm. 

The search process could be carried in Table 1. 
V1, V2, until V10 represent the 10 vertices. Cross 
means the joint from two search directions, while ds 
and ps represents the distance from a vertex to source 
point and the vertex before that vertex in the path in 
sequence. Similarly, de and pe represents the distance 
from a certain vertex to terminal point and the vertex 
before that vertex in the negative direction of the path 
in sequence. If there were several T in the cross of a 
vertex, it would mean that vertex is the joint of 
several positive direction search and negative 
direction search. 

With the development of computer science and 
technology, we could also put this algorithm into 
computer program with C language or C++ language 
or other languages.  

Generally, the basic principle of the program 
should in accordance with the following steps: 

1. Set the source vertex s and destination vertex e; 
set the distance from source vertex s and destination 
vertex e to as ∞, set the distance from source vertex s 
to itself as 0; set the distance from destination vertex 
e to itself as 0, too. 

2. Set an algorithm to compute and update the 
distance following Dijkstra algorithm from both the 
source direction and the destination direction. 

3. When the search from two directions combined 
at a certain joint, an intact path would be found and 
the search following that line ended to avoid  
repeated search.  

4. When all the vertices are found, the search 
would be ended and all the searched intact paths  
were recorded. 

5. Find the shortest path with minimum function, 
and output the shortest path value with the sequence 
of vertices that has been found. 

6. If necessary, this program could also output the 
second shortest path value with the sequence of 
found vertices, the third shortest path value with the 
sequence of found vertices and so on. This could also 
offer more choices for the selection of optimized 
paths in practice. 
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Table 1. Table-based bidirectional Dijkstra algorithm. 
 

Initiation First stage (positive direction search) V Cross ds ps de pe Cross ds ps de pe 
V1 F 0 0 ∞ 0 F 0 0 ∞ 0 
V2 F ∞ 0 ∞ 0 F 6 V1 ∞ 0 
V3 F ∞ 0 ∞ 0 F 7 V1 ∞ 0 
V4 F ∞ 0 ∞ 0 F 8 V1 ∞ 0 
V5 F ∞ 0 ∞ 0 F ∞ 0 ∞ 0 
V6 F ∞ 0 ∞ 0 F ∞ 0 ∞ 0 
V7 F ∞ 0 ∞ 0 F ∞ 0 ∞ 0 
V8 F ∞ 0 ∞ 0 F ∞ 0 ∞ 0 
V9 F ∞ 0 ∞ 0 F ∞ 0 ∞ 0 
V10 F ∞ 0 0 0 F ∞ 0 0 0 

Second stage (negative direction search) Third stage (positive direction search) V Cross ds ps de pe Cross ds ps de pe 
V1 F 0 0 ∞ 0 F 0 0 ∞ 0 
V2 F 6 V1 ∞ 0 F 6 V1 ∞ 0 
V3 F 7 V1 ∞ 0 F 7 V1 ∞ 0 
V4 F 8 V1 ∞ 0 F 8 V1 ∞ 0 
V5 F ∞ 0 15 V10 T 19 V2 15 V10 
V6 F ∞ 0 ∞ 0 F 16 V3 ∞ 0 
V7 F ∞ 0 ∞ 0 F 18 V4 ∞ 0 
V8 F ∞ 0 7 V10 F ∞ 0 7 V10 
V9 F ∞ 0 11 V10 F ∞ 0 11 V10 
V10 F ∞ 0 0 0 F ∞ 0 0 0 

Fourth stage (negative direction search) V Cross ds ps de pe 
V1 F 0 0 ∞ 0 
V2 F 6 V1 ∞ 0 
V3 F 7 V1 ∞ 0 
V4 F 8 V1 ∞ 0 
V5 T, T 19 V2 14 V8 
V6 T 16 V3 19 V8 
V7 T 18 V4 22 V9 
V8 F ∞ 0 7 V10 
V9 F ∞ 0 11 V10 
V10 F ∞ 0 0 0 

 
 
5. Application and Limitation of 

Bidirectional Dijkstra Algorithm  
in Biomedical Cold Chain Logistics 

 
Bidirectional Dijkstra algorithm has a strong 

feature of weight calculation. Therefore, it could fit 
for the situation of biomedical cold chain logistics as 
there are definite source point and terminal point. It is 
a simple theory and easier to understand for 
biomedical cold chain logistics enterprises staff 
compared with other computer-based intelligent 
algorithms. In addition, during the distribution of 
biomedical cold chain, the state of roads may be 
different, or there may be strict distribution time 
requirements. There may also some limitation in 
speed for certain roads, or a cut down in speed caused 
by bad weather. At that time, bidirectional Dijkstra 
algorithm could also take them as weighted value and 
compute out the best distribution path. In addition, 
when we are making path optimization, the shortest 
path may be not the best one as we have to take the 
cost into consideration sometimes. In the 
bidirectional Dijkstra algorithm, we could also use 

cost as weighted value and seek for the path with 
lowest cost. This is very important to biomedical cold 
chain logistics as sometimes they do not have a tight 
time requirement and wish to low down their cost. 
What is more, bidirectional Dijkstra algorithm could 
also offer multiple best paths in sequence, which is 
also of great significance to biomedical cold chain 
logistics. As in the practical transportation, there may 
some emergencies and the best optimized path may 
break down. In that time, biomedical cold chain 
logistics could choose the second best optimized path 
to continue the distribution. In the end of this paper, a 
table-based bidirectional Dijkstra algorithm was also 
designed, by which employees could calculate out the 
best distribution easily without the need of learning 
any complex software or computer codes. This is 
especially fit for the situation of biomedical cold 
chain logistics enterprises. Besides, we have also 
offered the basic principles for computer codes to 
fulfill this algorithm. If the biomedical cold chain 
logistics have special expert in the computer based 
algorithm, they could also follow this principle to 
design a paragraph of computer program to fulfill the 
bidirectional algorithm. Finally, the bidirectional 
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Dijkstra algorithm could also be applied into other 
labor-intensive logistics industries or other small and 
medium-sized logistics companies during the course 
of distribution. For large business, it is also 
considerable from the view of lowing down cost. 

However, there are also some limitations. At 
first, bidirectional Dijkstra algorithm is not very 
intelligent compared with ant path algorithm and 
other algorithms. Besides, though this algorithm 
would be much faster than Dijkstra algorithm in the 
condition of computer calculation, if dealt by hand, it 
is a little more complex than Dijkstra algorithm. This 
means there may be higher efficiency if biomedical 
cold chain logistics enterprises used any intelligent 
path optimization software without the consideration 
of cost, or design the distribution paths only by hand. 
Bidirectional Dijkstra algorithm could fit for 
biomedical cold chain logistics enterprises better is 
just for its simpleness and efficiency in computer 
calculation as the computer would be very easy 
without needing to purchase any software. 
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Abstract: Mechanical sensor phenomenon has been observed from seed capsules of tropical plant of Pletekan 
(Ruellia tuberosa  L.). The capsules were taken from the plant and put on the water for an observation. 
Mechanical crack / explosion will occur a few seconds after make a contact with water. Time required by a 
capsule to crack from an initial contact called as explosion time. Ultrasonic apparatus was used to determine the 
explosion time through the ultrasonic wave (40 kHz) reflection off the water surface where the capsule triggers 
the water’s ripple. The parameters involved in this phenomenon are length and weight of capsule. From the 
experiment, the increase of ratio (length over weight of capsule) from 240 to 340 will be followed by the 
increase of explosion time exponentially from about 5 to 60 s. This result is interesting as visual cracking 
phenomenon from capsule of natural plant could be observed and potentially to be used for further applications. 
Copyright © 2013 IFSA. 
 
Keywords: Cracking plant, Explosion time, Pletekan, Ruellia tuberosa. 
 
 
 
1. Introduction 
 

Many tropical plants have potential to perform 
various sensors mechanism such as pressure sensor 
onto the leaves of Mimosa pudica plant. If any touch 
or pressure introduced to the stem of this plant, the 
stem will drop immediately followed by a closing 
state of leaves. After some times, the stem will stand 
again at a normal position followed by their leaves to 
open from a closing state. This kind of plant is 
growing weirdly in tropical areas such in Indonesia. 
All parts of this plant have been reported being used 

for medical treatment as they contain alkaloid, 
glycoside, flavonoid, and tannis compounds [1]. 

Another tropical plant that shows a mechanical 
sensor phenomemon is Pletekan (Ruellia tuberosa L.) 
as shown in Fig. 1. This plant is growing weirdly in 
tropical countries such Indonesia with a plant height 
of 10-40 cm. Color of flower is purple that grows 
from the stem of plant. Pletekan, also known as 
Cracker plant is a species of flowering plant in the 
Acanthaceae family. The plant is originally come 
from Central America but presently it can be found in 
many tropical countries of Southwest and Southeast 
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Asia [2]. From that figure, capsules of green color 
shows it is not ripe yet in which this capsule will not 
crack by the water contact. The seed capsule of this 
plant will crack when makes a contact with water. 
Meanwhile, capsule of brownies color is considered 
to be ripe that could perform a sensor phenomenon. 
The (ripe) capsule will crack along the separation line 
exist in the capsule together with cracking sound 
produced after making a contact with water. This 
phenomenon is believed due to the mechanical 
weakness of separation part by water contact. Inside 
the capsule, there are many curved lids functioned 
like a spring that will eject another part of capsule out 
together with dispersing the seeds. 
 
 

 
 

Fig. 1. Picture of a plant with seed capsules grow  
from the stems (guided by the arrows). 

 
 

Fig. 2 shows a picture of capsule appearance at 
(a) before and (b) after explosion due to water contact 
during the experiment. Before explosion the capsule 
is completely closed, then they split and open after 
cracking phenomenon. This mechanism is believed 
because of the mechanical clamp-like exist along the 
separation line of capsule getting weaker by the water 
contact while many spring-like nails inside the 
capsule are in a position of pushing out the capsule as 
schematized in Fig. 3. By this weakness, a capsule 
will crack into two parts while dispersing the seeds 
from inside with random direction. Originally seeds 
stay in between the nails in the capsule. 

In pharmacy, many research works have been 
carried out to the Pletekan plant for some purposes as 
done by Chotani et al. [3, 4]. They investigated some 
compounds of the plant and found alkaloid, 
flavanoids and phenolic. From their works by 
extracting the root of plant, they found an antioxidant 
activity that can be used for medicine. For further 
work they suggest to isolate the active principle of 
the compounds that is responsible for that activity. 
Those results were also reported by other research 
groups of Chen, et al. for the investigation of medical 
purposes [5]. 

 
 

Fig. 2. Picture of a capsule used for measurement  
at (a) before, and (b) after explosion. 

 
 

 
 

Fig. 3. A schematized diagram of capsule at (a) before  
and (b) after explosion. 

 
 

Chotani et al., [6] also worked to extract the root, 
stem and leaf of Pletekan plant for finger print test 
using HPTLC. From the work they observed 
florescent band of that samples. By working on root’s 
extraction, Arambewela et al. [7] observed any strong 
and dose-dependent gastroprotective activities of the 
compound being investigated. Extraction of stem of 
Pletekan plant has also reported by Lin et al. [8]. 
They found a potential compound to be used against 
cancer cell. By referring to the above work, most 
investigations on Pletekan plant are focused on the 
medical purpose through extraction process although 
research work reported on that plant is still limited in 
number of publications.  

This plant has been studied widely regarding their 
potential for medicine but very few works reported 
for any physical phenomenon performed of explosion 
phenomenon due to water contact. For this, a 
cracking/explosion phenomenon of seed capsule from 
this plant has been investigated for the first time in 
2013 by Imam et al. [9]. They observed a cracking 
phenomenon when a seed capsule taken from the 
plant makes a contact with water. Time required to 
crack the capsule from initial contact is called 
explosion time. From their works, there is a 
relationship between length and weight of capsule 
and explosion time. To study more regarding this 
phenomenon, in this paper, we report our progressive 
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measurement for various samples of Pletekan’s 
capsule after makes a contact with water by 
considering capsule dimension (length and weight) 
respect to the explosion time may occur.  
 
 
2. Measurement Technique 
 

For the experiment, seed capsules (sample) of 
Pletekan plant were taken from the plant growing in 
Indonesia. The brownies color of capsule has been 
selected as this capsule’s color indicates a ripe 
capsule that will crack when makes a contact with 
water. This brownies capsule is also believed already 
ripe in dissemination process of the plant. The 
capsules taken from the plant have been run in the 
same day of experiment. Prior to the measurement, 
the capsules were measured their length and weight. 
The length was measured for the longest part of 
capsule’s dimension. The experiment was carried out 
at room temperature in open air. Selected capsule of 
samples are of the best appearance that was indicated 
by perfectly closed capsule. During measurement, an 
explosion mechanism occurs was indicated by a 
physical crack of capsule together with sound 
produced from that crack. This mechanism will 
generate water’s ripple used as a cracking medium. 
The capsule is floating on the water (in the beaker 
glass) with some parts are immersed due to its 
weight. With this condition, contact between a 
capsule and water is continuous until explosion 
occurs. 

For the measurement to observe the explosion 
time i.e. time required by the capsule sample to crack 
from the initial contact with water will be determined 
through the data collection recorded by a computer. 
Rapid fluctuation of output signal will be used to 
calculate a relative magnitude of explosion. Before 
starting the measurement, the water surface was 
conditioned at flat or calm to find out the stability of 
output signal. The ultrasonic receiver unit will record 
continuously input signal in electrical voltage form 
from the ultrasonic reflection and then collected by a 
computer. The relationship between length of capsule 
and also weight of capsule and explosion time will be 
found. The measurement was carried by preparing 
the water in a beaker glass to allow any water’s ripple 
when any cracking mechanism occurs.  

The ultrasonic apparatus (an ultrasonic wave 
frequency of 40 kHz at 12 V) was used to produce 
the ultrasonic wave directed onto the water surface 
for an incident angle of 45 degrees. This angle set up 
is aimed to find an optimum reflection signal by a 
receiver unit. The schematized diagram of the 
measurement is shown in Fig. 4. As we can see in the 
figure, the ultrasonic receiver will detect 
continuously ultrasonic wave intensities reflected by 
water’s surface. If any water’s ripple produced, a 
change of surface texture will affect to a change of 
reflected intensities. To optimize the observation of 
water’s ripple, during the experiment, the capsule is 
positioned a bit outside of the center where the 

ultrasonic waves hit the water surface area. Before 
measurement, the samples of good physical capsules 
were weighed and measured their lengths. A capsule 
is then placed on the water’s surface slowly to 
minimize any water’s ripple produced. The 
observation is started when the capsule is put on the 
water surface. For a measurement, data collection 
could be started before this process. 
 
 

 
 

Fig. 4. Schematized diagram of an ultrasonic set up  
used for measurement. 

 
 
3. Results and Discussion 
 

From the measurement done to various lengths of 
capsule, it was found any relationship between length 
and explosion time as given in Fig. 5. From that 
figure, it is shown that an increase of length of 
capsule (from 22.5 to 24.5 mm) will be followed by 
an increase of explosion time linearly from about 8 to 
38 s. This linear trend is interesting that has not 
reported before for this relationship. Percentage error 
of 10 % is given to each data point that supports the 
trend of curve plotted. Several data points (about 
60 % of data collected) are sorted out and considered 
to show the appropriate trend of all data obtained 
from the measurement. Measurement was also done 
to various weights of capsule respect to the explosion 
time. The result obtained is given in Fig. 6. The curve 
shows a decrease of explosion time when the weight 
of capsule is increased. This result is consistent with 
previous result obtained using slightly broader range 
of weight variation although the samples were taken 
from different plant at different time of collection [8]. 
Data presented in the figure are also sorted out for 
about 60 % of measurement data collection that show 
an appropriate trend for further analysis.  

By using two parameters of length and weight of 
capsule, the ratio was calculated by dividing the 
length over the weight. This was done for each 
capsule sample to find more accurate determination 
by combining these two parameters respect to the 
explosion time. Fig. 7 shows a relationship between 
ratio and explosion time. From that figure, the trend 
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of curve shows that explosion time increases 
exponentially by the increase of ratio. By referring to 
this result, the assumption could be provided that 
there is a critical point in which the capsule will take 
a quite longer time or even the capsule will not crack 
when the length is much greater that its weight 
(become greater in ratio). This assumption is 
important particularly when we want to use the 
capsule for a certain application. 

 
 

 
 

Fig. 5. Relationship between length of capsule  
and explosion time observed from the measurement. 

 
 

 
 

Fig. 6. Relationship between weight of capsule  
and explosion time observed from the measurement.  

 
 

 
 

Fig. 7. Relationship between ratio (length over weight  
of capsule) and explosion time observed. 

After explosion occurs, ripple of water will be 
produced that introduces different magnitude for 
different explosion force. Ripple will generate 
oscillation (up and down) of the water surface. Initial 
magnitude could be observed that shows different 
value for different explosion force. The quantitative 
magnitude is believed has a correlation with 
parameters of length and weight of capsules used in 
the measurement.  

Any other important point is reproducibility of the 
results. By taking the capsule from nature, we cannot 
adjust the dimension such of length and weight which 
this is a natural property of the sample. Nevertheless, 
by running great number of capsules with various 
parameters, this could improve the probability to 
finding out the properties of capsule particularly 
explosion time performed by the capsule after makes 
a contact with water. When capsule makes a contact 
with water, it could be compared its effect i.e. when 
capsule is continuously contact water or the capsule 
just getting wet for a while with the water contact. 
From the work reported by Imam et al. [9], there are 
still some unexplained mechanisms regarding to 
other parameters that could trigger up the capsule to 
crack partly meanwhile no water contact introduced. 
From the phenomenon observed at this stage many 
experiments are needed to control the parameters 
involved. Another parameter that has not explained 
yet is the direction of seed from inside the capsule to 
outside. The seed was observed to disperse in random 
direction. This parameter needs further investigation 
to allow accurate determination. 
 
 
4. Conclusion 
 

From the experiment, it was found that ratio 
(length over weight of capsule) shows an increase 
exponentially respects to the explosion time. This 
observation was carried out to the samples of 22.5 to 
24.5 mm length. Increase of weight of capsule will be 
followed by a decrease of explosion time may inform 
us that much energy to crack the capsule is possessed 
by greater weight of capsule. Many experiments done 
by using huge numbers of sample are needed to 
improve the probability and accuracy of parameters 
determination. This is because still many unknown 
parameters may contribute to the explosion 
phenomenon. Nevertheless, in this stage, the results 
could lead to a prospective knowledge of natural 
phenomenon of plants also other applications to use 
living samples. 
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Abstract: The performance of electronic vehicle PHM relies not only on the diagnostic and prognostic 
algorithms used, but also on the types, location, and number of sensors selected. The paper firstly presents the 
architecture for PHM. Sensor localization and selection for fault diagnostic purposes is the importance part. It 
introduces the new sensor approach for PHM, such as smart sensor. Sensor localization and selection for fault 
diagnosis has been studied. A novel scheme for a diagnostic and prognostic system to integrate the functions of 
sensor localization and selection, feature extraction, mode identification, fault diagnosis and prognosis is 
introduced. The detailed process includes modeling, FMECA research, FOM, optimization algorithm and 
performance assessment .The algorithm combines particle swarm optimization method with a heuristic search 
algorithm to solve the NP question. Copyright © 2013 IFSA. 
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1. Introduction 
 

The electronic vehicle will require significantly 
improved system prognostic health management 
(PHM) capabilities. The systems that require human 
intervention or monitoring from critical functions 
overall are impediments to realization of cost-
effective. Because the potential problems with the 
electron vehicle or habitat must be identified before 
they cause irreparable harm. They will have to 
incorporate technologies that will allow sensor 
system to monitor component conditions, analyze the 
incoming data, provides caution and warning if 
necessary or optimize system operations to improved 
performance and reliability. When some problems do 
occur, some prognosis, diagnosis, and remediation 

are necessary, that is, the electronic vehicle will need 
integrated intelligence PHM systems. 

A typical PHM architecture is shown in Fig. 1. 
The objective of PHM is to diagnose a fault (incipient 
failure) as early as possible and to prognostics the 
remaining useful lifetime of the faulty component. It 
includes sensor/sensing, dada preprocessing, feature 
extraction, diagnostics, prognostics, and Condition-
Based Maintenance. Each module is very critical to 
performance of the overall system. Diagnostics, or 
Fault Detection and Identification, attempts to 
recognize impending or incipient failures in 
processes and systems and forms a solid basis for the 
PHM. Fault diagnosis is a relatively mature field with 
contributions ranging from model-based techniques 
to data-driven configurations that capitalize on soft 
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computing and other “intelligent” tools. At last, the 
objective is to predict the advent of failure in terms of 
a distribution of remaining life, level degradation, or 
probability of mission survival. 
 
 

 
 

Fig. 1. PHM architecture. 
 
 

One component of PHM system in particular that 
will need to be improved is the sensor/sensing, 
namely, sensors and their associated data acquisition 
systems, packaging, communication, power, etc. 
High quality data provided by sensing system is the 
foundation of PHM. 

The paper is intended to give an overview of 
some of the major issues related to sensor technology 
and sensor location for PHM applications. 
 
 
2. Sensor Technology Approaches 
 

A sensor is defined as a device that provides 
useable output signal in response to a specified 
measured. A sensor generally translates physical, 
chemical, or biological phenomena into electrical 
signals utilizing physical or chemical effects or 
through conversion of energy from one from into 
another widely used in both analog and digital 
instrumentation systems, sensors provide the 
interface between electronic circuits and the  
physical world. 

A significant change in approach to sensor and 
instrumentation technology will be the design and 
inclusion of intelligent into the electronic from the 
planning stage forward. The ability will be first 
considered at the same time as the other subsystems. 
It includes the application of intelligence enabling 
technology to gather and interpret the relevant 
information. So sensor technology, as well as PHM, 
will be integrated into the electronic vehicle from the 
beginning, not added as an afterthought. 

The relevant performance of sensor  
system includes: 

1) Accuracy: the closeness of agreement between 
the measurement and the true of measured quantity. 

2) Sensitivity: the variation of output with respect 
to a certain variation in input. 

3) Precision: the number of significant of digits to 
which a measured can be reliably measured. 

4) Uncertainty: the range of values which contain-
ns the true value of the measured quantity. 

5) Repeatability: closeness of the agreement 
between the results of successive measurements of 
the same measured carried out under the  
same conditions. 

The sensor needs of electronic vehicle are very 
different than those of other systems. Each 
application area has different requirements for sensor 
systems. However, a common thread of technology 
attributes enables the sensor technology to be useful 
no matter the stage of implementation. It is the 
overall combination and balance of these attributes 
than can enable improved sensor systems. 

1) Ease of Application. 
Sensor system developed, including the use of 

nano-fabrication, optical techniques, etc. will enable 
multipoint inclusion of complete sensor system 
throughout the vehicle without significantly 
increasing size, weight, and power consumption. It 
becomes as easy as “licking and sticking”. 

2) Reliability. 
Senor systems have to be reliable. We must be 

able to believe the data reported by the systems and 
have trust in the ability of the sensor systems to 
respond to changing situations. 

Redundancy and cross-correlation 
Multi-parameter sensor systems, that is, those 

which can measure multiple PHM measured at the 
same times, can be combined together give full field 
coverage of the system parameters but also allow 
cross-correlation between the systems to improve 
reliability and the system information. 

3) Orthogonal. 
The information provided will be orthogonal. 

Each provides a different type of information. 
Because a single measurement is often not enough to 
give situational awareness, the mixture of techniques 
to “see, feel, smell, and hear” can combine to give 
complete information. 

A new generation of sensor technology with new 
capabilities is necessary to incorporate these 
attributes as a whole. The following discusses smart 
sensor technology and Wireless Sensor Networks. 

Smart sensors are one of the essential components 
of PHM systems. Smart sensors are defined as basic 
sensing elements with embedded intelligence, 
capable of networking among themselves and with 
higher-level systems to provide both process data and 
data validity qualifiers to assess measurement health. 
This novel sensor will possess embedded intelligence 
to provide the end user with critical data in a more 
rapid, reliable, and efficient manner. Embedded 
intelligence, such as self-calibration, self-health 
assessment, self-healing, and preprocessing or raw 
data, will provide for a more reliable and robust 
system. New methods of sensor communication 
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architectures are being investigated, such as 
arranging sensors in networks. 

Smart sensors allow a PHM architecture that 
relies on acquiring information from smart sensors 
and actuators, processing this information, comparing 
the information provided by the sensor’s embedded 
knowledge to its own knowledge information system, 
and establishing the health of the system. Smart 
sensor provides several functional layers: signal 
detection, signal processing, signal validation, and 
signal transmission. 

One approach to smart sensors is to have an 
embedded “Smart Sensor Agent” (SSA) on each 
sensor. The SSA module is the heart of the smart 
sensor architecture. It contains the smart sensor’s 
main processor. The SSA module executes the 
operation and contains the embedded intelligence that 
enables the smart sensor to perform sensor and health 
management function. 

This novel generation of smart sensors will form 
PHM systems capable of predicting the near-term and 
long-term health issues of the system  
being monitored. 
 
 
3. Sensor Selection and Location  
 

System performance of PHM is strongly 
dependent on available sensor measurements. 
Inaccurate measurements resulting from improper 
sensor localization and selection or insufficient 
measurements can significantly deteriorate system 
performance.  

Sensor localization and selection for fault 
diagnosis has been studied at two different levels: 
component level and system level (Fig. 2). 
 
 

 
 

Fig. 2. Two views of Sensor placement. 
 
 

The sensor placement problems attempted to 
position sensors in a component’s range. Critical 
systems of interest are characterized as large scale 
systems consisting of multiple components. For such 
systems, a fault may propagate through the other 
components when it happens. So, it is possible that 
sensors can be located at any of the components to 
detect the fault. With hundreds or thousands of 
possible locations of sensors in a system, the 
selection of a crucial and optimum sensor location, 
sensor types, and number of sensors poses an critical 
problem that needs to be solved at the system level 
before the detailed spatial distribution in a component 
can be determined. 

Although a large body of research work has 
emerged on, the various approaches vary only in their 
choices of the three basic components (Fig. 3): 
model, Figure-of-Merit (FOM), and optimization 
algorithm. The following discussion of sensor 
placement is based on these. 
 
 

 
 

Fig. 3. Basic components of sensor placement. 
 
 
3.1. Component Level 
 

The models used at this level are usually 
mathematical models or data-driven models. In a 
mathematical model, the physical system must be 
described through the application of scientific or 
physical principles. A mathematical model is precise 
without considering disturbances and is suitable for 
qualitative and quantitative analysis when it is 
applied. However, building a mathematical or 
physical model requires a thorough understanding of 
the physical system, a difficult task for a complex 
system with highly nonlinear dynamics coupling a 
variety of physical phenomena in the temporal and 
spatial domains, especially the modeling for the 
system of systems. 

The data-driven model is a black-box model that 
requires very large number of useful data. Many 
intelligent tools can be used as the modeling tools. 
For example, a neural network is trained when it is 
fed enough template data and makes a decision based 
on the knowledge it has learned from the data. 
Theoretically, if it is given enough useful data, the 
neural network will be able to simulate a real system 
very well. 

Based on the objective function or a FOM, it 
needs to be defined. After a FOM is selected, an 
algorithm needs to be decided to optimize this FOM. 
Various optimization algorithms, from random search 
to heuristic algorithms such as Genetic Algorithms 
(GAs), have been used for optimizing the sensor 
location and selection. Random search is suitable for 
a small and simple sensor placement problem since it 
is straightforward and easily implemented. But it is 
time consuming and inefficient when dealing with a 
large system. Genetic Algorithms, based on the 
Darwinian principle of natural selection, are widely 
applied in different domains, among the  
heuristic methods. 
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3.2. System Level 
 

Now the interest has been focused on the sensor 
placement problem for fault diagnosis at the  
system level. 

For the purpose of fault detection and 
identification recently, Cause-Effect analysis 
methods, Petri-Net method, and fault tree method, 
have been widely used as the modeling tools for the 
sensor location problem for fault diagnosis at the 
system level because of their simple graphical 
representations of the process. 

Many factors can contribute to a FOM. The 
optimal location to obtain information for detecting 
different system component faults was determined 
based on the criteria of maximal sensitivity with 
respect to the variations of that component by 
analyzing sensitivity function. The observed and 
reliability may be as the FOM for locating sensors. 

Particle swarm optimization (PSO) shares lots of 
similarities with evolutionary computation techniques 
such as Genetic Algorithms (GA). The system is 
initialized with a population of random solutions and 
searches by updating generations. But, unlike the 
GA, PSO has no evolution operators such as cross-
over and mutation. In PSO, the potential solutions, 
called particles, put through the problem space by 
following the current optimum particles. 
 
 
4. Sensor Location for Fault  

Diagnosis and Prognosis  
 

With advancing on computing power, the 
diagnostic and prognostic techniques are becoming 
more efficient in detecting the presence of a fault and 
predicting the remaining useful life time of a faulty 
component. Meanwhile, optimum type, number, and 
sensor localization and selection improve the 
diagnostic and prognostic capabilities of  
PHM systems.  

The sensor localization and selection entails 
several functional modules: requirements analysis, 
Failure Mode and Effects Criticality Analysis 
(FMECA) study, quantitative model, FOM, 
optimization, and performance assessment. It is 
shown in Fig. 4. It illustrates how the sensor 
localization and selection modules are integrated 
together and interconnect with a diagnostic and 
prognostic system. 

First, in the requirement analysis module, sensor 
localization and selection requirements are analyzed 
and basic definitions needed for other modules are 
provided. Secondly, since the purpose of sensor 
localization and selection in our research is to 
achieve maximum fault detection performance with 
applicable constraints, it is critical to analyze and 
understand each fault mode/failure mode. A FMECA 
study is widely employed to identify failure modes 
and specifies severity of failures and frequency of 
their occurrence. 

 
Fig. 4. Sensor localization and selection scheme. 

 
 

With the information from the FMECA study and 
the definition given in the requirements analysis 
module, a quantitative model, Quantified-Directed-
Graph (QDG) model is introduced to build the fault 
propagation model quantitatively in the proposed 
architecture. The thorough analysis of the sensor 
localization and selection requirements is also 
employed to establish a generalized FOM to cover 
the most important issues in current research. Having 
selected a generalized FOM, a popular evolution 
computation technique, particle swarm optimization, 
is employed considering the rich heuristic 
information during sensor localization and  
selection process.  

Finally, with selected sensors for fault diagnosis, 
systems are configured for on-line or off-line 
diagnostics and prognostics and the diagnostic 
performance is evaluated through a performance 
assessment module. Meanwhile, the feedback 
information from the performance assessment 
module is utilized by the other sensor localization 
and selection modules to fine-tune the  
selected sensors and improve the on-line  
diagnostic performance. 
 
 
4.1. FMECA Research 
 

FMECA research identifies failure modes and 
specifies the severity of failures and time of their 
occurrence. If the consequence of a fault is more 
severe, or the occurrence is more frequent, higher 
detected and fault detection reliability requirements 
must be imposed on. Based on the FMECA research, 
failure modes are classified according to their 
severity and time of occurrence. 

The severity index categorizes a failure mode 
according to its consequence. The severity index is 
defined on a scale from a to f, with f being the most 
severe. The time of occurrence can be defined on a 
scale from 1 to 8 with 1 being the lowest probability 
to occur. 

Different approaches, such as Petri nets and fault 
trees are available to model the fault propagation. But 
Quantified Directed Graph (QDG) model is proposed 
to simplify it.  

Possible type and possible location of sensors can 
be determined by scanning all the sensors in the fault 
propagation path. If a propagation path exist from 
fault j to sensor k, and the propagation gains along 
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the path are then the propagation gain of this path can 
be calculated by multiplying all the propagation gains 
along the path. If multiple propagation paths exist 
from fault j to sensor k, then the overall propagation 
gain from the fault j to sensor k is defined as the 
summation of all the propagation gains of each path, 
and the time-to-detection of sensor k to fault j is 
defined as the minimum propagation time of all the 
paths. So, sensor fault detected can be calculated 
using the QDG model. 
 
 
4.2. FOM 
 

The proposed FOM maximizes the fault detected 
and minimizes the required number of sensors while 
achieving sensor localization and selection. The FOM 
is in the form of the weighted sum of the fault 
detected and the numbers of sensors. The weights 
may be adjustable and are mainly determined by the 
severity of failure effects and the probability of 
failure occurrence. 

Optimize sensor locations and optimize selected 
sensors may be the two main tasks. Because the 
model of FOM is a NP question, to reduce the 
optimization scale, an optimization algorithm is 
proposed in this research to optimize the 
formularized FOM. This algorithm combines PSO 
method with a heuristic search algorithm. The 
possible number of sensor locations is optimized 
based on particle swarm optimization method and the 
sensors selected for each fault is selected based on a 
heuristic search algorithm. 

In the optimization module, the number of sensors 
is not long, but also the sensors selected for each fault 
needs to be determined. In the worst case, the 
maximum optimization variables will be large. In 
order to reduce the optimization number, an 
algorithm is proposed in this research to optimize the 
formularized. This algorithm combines PSO method 
with a heuristic algorithm. We need to convert the 
NP problem to a standard PSO problem. Because the 
number of sensors at each location is a discrete 
variable, the real number variables need to be 
rounded to integer numbers. 

An important issue is how to select sensors for 
each fault to achieve maximum FOM based on the 
sensors selected. The step is the following. 

Check every possible sensor for our requirements, 
and find the sensor with maximum detected that 
meets all the constraints. If several sensors have the 
same detected, select the one with maximum 
reliability; if no such sensor exists, the constraints 
cannot be met and penalty will apply, go to step b. 

Try to find another sensor in the set with detected 
greater than the current fault detected and the 
probability. And calculate current FOM on the basis 
of the selected sensors. 

So, the proposed sensor localization and selection 
approach based on the QDG model is able to detect 
faults with high detected and have a small number of 
sensors. 

4.3. Performance Assessment and Reexamined 
 

The performance of the sensor localization and 
selection strategy is validated and verified in the 
diagnostic and prognostic scheme for PHM system. 

The core of the performance module is to estimate 
the fault detection error rate with selected sensor. For 
every fault, Single False Positive Rate (SFPR) and 
Single False Negative Rate (SFNR) are defined as the 
performance metrics [5]. 
 

 Number of misfired faults
Number of faults interested

SFPR =  (1) 

 
 1 if the fault is detected

0 if the fault is not detected
SFNR

⎧ ⎫
= ⎨ ⎬
⎩ ⎭

 (2) 

 
The Average False Positive Rate (AFPR) and the 

Average False Negative Rate (AFNR) may define in 
the flowing equations. 
 

 
AFPR

Number of faults interested
SFPR

= ∑  (3) 

 
 

AFNR
Number of faults interested

SFNR
= ∑  (4) 

 
If the performance is not satisfactory, i.e., the 

SFPR, SFNR, AFPR, or AFNR does not meet 
predefined specifications, the sensor may not be well 
selected for fault diagnosis. Sensors need to be 
reselected, and the following steps can be taken, 
which is also shown in Fig. 5. 

The detected weights can be adjusted in the FOM 
accordingly. The detected and the reliability 
definitions can be adjusted according to the 
diagnostic performance information. Finally by going 
back to the FMECA study level, the fault propagation 
and fault cause effect relationships can be re-
examined. 
 
 
5. Conclusions 
 

The paper presents the common architecture for 
PHM. It is importance that sensor localization and 
selection for fault diagnostic purposes. And it 
introduces the new sensor technology for PHM, such 
as smart sensor. Sensor localization and selection for 
fault diagnosis has been studied. By improved a 
novel scheme for a diagnostic and prognostic system 
to integrate the functions of sensor localization and 
selection, feature extraction, mode identification, 
fault diagnosis and prognosis is introduced. The 
detailed process includes modeling, FMECA 
research, FOM, optimization algorithm and 
performance assessment. Because the algorithm 
combines particle swarm optimization method with a 
heuristic search algorithm to solve the NP question. 
This scheme will have practical application.  
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Fig. 5. Sensor reselection with Performance  
Assessment Feedback. 
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Abstract: It is a tough question to measure the code edges of the stripe rod with high precision and high 
efficiency. An automatic measurement and control method for the code edges of the stripe rod is put forward in 
the paper. A laser interferometer is used not only as a means in distance measurement but also as a positioning 
sensor in closed-loop control. The acceleration-deceleration control of S curve is designed to ensure the system 
performance. An alignment area is set up to provide control redundancy and the alignment offset of measured 
edge can be obtained by image measurement. The measured code edge position is obtained by combining 
interferometer data with image data. The S curve control proves high efficiency and positioning precision of 
0.03 mm. The repetition criterion deviation of edge measurement is less than 0.5 µm, which proves the data 
combination method is high precision. This is the first time that closed-loop control and control redundancy 
method is used to calibrate the stripe rod. Copyright © 2013 IFSA. 
 
Keywords: Code edge, Automatic measurement, Motion control, S curve.  
 
 
 
1. Introduction 
 

Digital levels are being used more and more due 
to their accurate and automated height measurements. 
A digital level achieves height reading by virtue of a 
stripe rod [1]. The stripe rod as the carrier of the used 
scale is thereby of special interest, because precise 
height measurement only is possible with respect to 
its actual relation to the legal meter. The comparison 
of the rod scale with the international standards in 
terms of the ISO 9000 has to be accomplished by 
periodical calibration [2]. The rod scale is calculated 
according to the positions of the code edges  
on the rod. 

A laser interferometer can be used as a superior 
measurement standard [3, 4]. An optical microscope 
can be used to align the code edges manually. 

Manual alignment has a low degree of precision and 
is time consuming. 

An automatic measurement system for the stripe 
rod has been established in Taiwan [5]. They used a 
moving mechanism to move the code edges of the 
rod to the CCD image center, and then recorded the 
reading value of the laser interferometer. The method 
is effective compared with manual alignment. For a 
3 m length, the uncertainty was 21.4 µm, which is 
worse than that in other countries. If the alignment 
offset is allowed to exist and can be calculated by 
image processing, the alignment difficulty can be 
reduced and the measurement precision can be 
improved [6]. 

A new CCD-based technique for the measurement 
of the stripe rod is developed in Germany [7]. The 
image and the interferometer data are obtained while 
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the rod is moving. The efficiency is high, but the 
blurring effect of the image is unavoidable. The 
measurement precision can be improved by slowing 
down the speed of the rod motion, but the 
measurement time will subsequently increase [8]. 
How to ensure high precision and high efficiency at 
the same time is a tough question. 

A new automatic measurement and control 
method for the code edge of stripe rod is put forward 
in this paper. The rod will move and stop by 
automatic control to ensure a high degree of 
efficiency. The image and the interferometer data 
were collected at a stop state to ensure a high degree 
of precision. The offset of the edge alignment is 
calculated by image processing to reduce control 
difficulty and ensure measurement accuracy. The 
image data is combined with its corresponding 
interferometer data to obtain the edge position, which 
then is the base for the derived rod scale. 
 
 
2. Research Method 
 
2.1. The System Configuration 
 

The measurement and control system was designed 
by photoelectric measurement technique lab at Xi’an 

University of Technology in China. The basic setup of 
the measurement and control system is schematically 
shown in Fig. 1. It mainly consists of a rod carrier 
section, a motion control section, a length measuring 
section, an alignment section and a computer. The rod 
carrier section includes a base, a guide rail, a screw 
and a worktable. The motion control section includes a 
motor, a drive controller and a drive card. The length 
measuring section is a laser interferometer, including a 
reflector, a beam splitter, a laser head, an 
interferometer controller and an interferometer board. 
The alignment section includes a light source, a 
microscope and a CCD camera. 

The screw and the guide rail are installed on the 
base. The motor drives the screw directly, driving the 
worktable to move along the guide rail. The rod is 
mounted on the worktable and smoothly moves along 
with the worktable in the horizontal direction. The 
computer controls the motion of the rod via the 
motion control section. The marble base is used to 
ensure the overall stability of the system. The rolling 
screw and the linear sliding rail have a low 
coefficient of friction and a high degree of precision 
to ensure the smooth motion of the rod. The closed-
loop control is used to realize positioning 
requirement. The positioning sensor is the laser 
interferometer in the closed-loop control system.  

 
 

 
 

Fig. 1. Schematic of the automatic measurement system. 
 
 

A laser interferometer was used as a means to 
measurement the rod. According to the Abbe 
principle, the reflector was fixed on the rod and its 
optical axis coincides with the rod axis. Thus the 
mobile distance of the rod can be obtained 
precisely [9]. The laser interferometer responds 
quickly, it not only can meet the needs of real-time 
measurement but it can also be utilized in rapid 
positioning control. 

The illumination of the measured code edges is 
realized by an LED light source. Green light was 
chosen due to it having the highest contrast and best 
responses characteristics with the CCD camera. The 
microscope magnification is approximately 1x. In the 
CCD camera, the pixel size is 4.65 µm. Thus the 
actual size projected onto each pixel is approximately 
4.65 µm. The image localization accuracy is 1/10 of a 
pixel, which corresponds to less than 0.5 µm. 
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The measurement system is controlled by an 
industrial computer with Windows XP as the 
operating system. 
 
 
2.2. The Automation Measurement Method 
 

A reference code edge is chosen to define the zero 
position of the rod and the reference position (close 
to image center) in the image taken by the CCD 
camera. The measure task is to measure the distance 
between the reference code edge and any code edge 
of interest, called a measured edge, which appears in 
the image after moving the rod to the measurement 
position, as shown in Fig. 2. The laser interferometer 
measures the movement distance. The CCD camera 
not only serves to indicate the measured edge, but 
also to determine its distance from the reference 
position to actual position of the measured edge in 
the image. Final measurement result is a combination 
of the movement distance and the position offset in 
the image. 

The pixel distance of the measured edge towards 
the reference position in the image is designated as 
D. The movement distance measured by the 
interferometer is designated as L. The measured edge 
position on the rod is x. 
 

 kDLx ×+= , (1) 
 
where L is the interferometer value in [mm]; D is the 
offset of measured edge in [pixel]; k is the actual size 
projected onto each pixel in [mm/pixel]. k can be 
obtained by calibration before measurement [10]. 
 
 
 
 

 

 
Fig. 2. Image measurement schematic. 

 
 

Combining the alignment offset with the 
interferometer data needs only the measured edge 
existing in the view field. The method does not 
require precise optical alignment for the measured 
edge, so the measurement is rapid and high effective. 

The measurement process is as follows. The 
motor causes the rod to move. The laser 
interferometer is used as the feedback sensor. The rod 
moves given distances and then stops. When the rod 
has stopped, the laser interferometer measures the 
distance of the movement. At the same time, the code 
image is taken with the CCD camera and is processed 
to obtain the code edge. The edge is correlated with 
its reference position to obtain the offset of the 
measured edge in the image. According to 
equation (1), the offset is combined with its 
corresponding interferometer data to obtain measured 
edge position. 

Controlling the rod movement automatically 
requires no manual participation and ensures the 
measurement efficiency. The code edge images and 
the interferometer data is collected when the 
movement has stopped, guarantying correspondence 
between the collected images and data, avoiding the 
motion blur of the detected edge and ensuring the 
measurement accuracy. 
 
 
2.3. The Motion Control Method 
 

The motion control is aimed at automatic 
measurement of code edge with high efficiency and 
high accuracy. The difficulty is that the movement 
distance may be different, sometimes hundreds of 
mm and sometimes only 1-2 mm. In any 
circumstances, the distance error and cumulative 
error does not allow bigger. Therefore, two measures 
are used to ensure high efficiency and high accuracy 
of the motion control. (1) To set up alignment area to 
provide control redundancy. (2) To design reasonable 
motion control algorithm. 

If only the detected edge exists in the alignment 
area, the position of the detected edge can be 
obtained by combining image data with 
interferometer data. So the measurement is rapid and 
high effective. The bigger the alignment area is, the 
lower the measurement accuracy is; the smaller the 
alignment area is, the more difficult the motion 
control is. Reasonable alignment area not only 
ensures measurement accuracy but also facilitates 
motion control. Through a lot of experiments, the 
alignment area is set to ±0.2 mm.  

The motion control method is as follows. The 
computer gives control signal to the drive controller 
through the driver card which resides in computer, as 
shown in Fig. 1. The driver card sends pulse to the 
drive controller by pulse unit. The speed and the 
motion distance of the servo motor are controlled by 
the frequency and the quantity of the pulse. 

The schematic of motion control loop is shown in 
Fig. 3. The laser interferometer is used as the 
feedback sensor. The motion distance is obtained by 
the laser interferometer in real time. The motion 
control is determined by the difference between given 
distance and motion distance. Flexible curve of speed 
control is adopted to reduce shock and realize 
accurate positioning [11]. 

D

Reference positionMeasured edge 
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Fig. 3. Schematic of motion control loop. 
 
 

By means of attenuation of acceleration stage and 
deceleration stage, the acceleration-deceleration 
control of S curve is used to ensure the motor 
performance and reduce the shock [12]. An 
acceleration-deceleration process of S curve can be 
divided into 7 stages: fast acceleration, uniform 
acceleration, slow acceleration, uniform velocity, 
slow deceleration, uniform deceleration, fast 
deceleration, as shown in Fig. 4. In this figure, T 
stands for time; S stands for distance; V stands for 
velocity; A stands for acceleration; J stands for jerk. 
The detail instruction of the S curve is shown  
in Table 1. 
 
 

 
 

Fig. 4. S curve acceleration and deceleration 
 
 

The acceleration and deceleration of the S curve 
is the changing process of parabola – straight – 
parabola actually. The maximum acceleration maxA , 

the jerk J  and the maximum frequency maxf  must 
be known to compute the velocity of acceleration and 
deceleration. 

Table 1. The detail instruction of the S curve. 
 

Section Stage Terminal 
Velocity 

Terminal 
Acceleration Jerk Run 

Time 

OB 
Fast 

acceleration V01 Amax J T1 

BC 
Uniform 

acceleration V02 Amax  0 T2 

CD 
Slow 

acceleration V03 0 −J T3 

DE 
Uniform 
velocity V04 0 0 T4 

EF 
Slow 

deceleration V05 −Amax −J T5 

FI 
Uniform 

deceleration V06 −Amax  0 T6 

IH 
Fast 

deceleration 0 0 J T7 

 
 

It takes 10 minutes for the worktable to move  
3 meters continuously. So the linear velocity of the 
worktable is:  
 

 0.3 / min 5 /F m mm s= = , (2) 
 

And the Pulse equivalent is: 
 

 
1 /

4
C M m p
A N

δ µ= × = , (3) 

 
where C  is the screw pitch; A is the encoder 
resolution and /M N is the gear ratio. 

The motion velocity in pulse quantity is: 
 

 / 5000 /spF F pδ= = , (4) 
 

So the maximum frequency of the motor is  
 

 
max 5000f Hz= , (5) 

 
It is assumed that the maximum acceleration and 

the jerk are 2
max 25000 /A p s=  and 

3250000 /J p s= . Then, 
 

 

⎪
⎪
⎩

⎪⎪
⎨

⎧

=−==

=====

s
J

A
A
fTT

J
ATTTT

1.0

1.0

max

max

max
42

max
7531

, (6) 

 
The velocity of every stage is 
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The displacement of every stage is 
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So the minimum acceleration-deceleration 

distance of complete S curve is obtained. 
 

 
min 032 1350 1.35S S P mm= = = , (9) 

 
And the deceleration zone of S curve is 0.675 mm. 
The acceleration-deceleration control of S curve 

is adopted to ensure the system performance and high 
efficiency. The motion distance is obtained by the 
laser interferometer in real time. The interferometer 
data is used for feedback control. The deceleration 
control is determined by the difference between given 
distance and motion distance. When the difference is 
less than deceleration zone, the deceleration control 
begins. According to the servo motor frequency table 
of the S curve, the motor decelerates flexibility. And 
finally the detected edge locates accurately in the 
alignment area. 
 
 
3. Experimental Results and Discussion 
 
3.1. The Positioning Control Experiment 
 

In different positions of the guide rail, a lot of 
positioning experiments of given distance is done. 
The positioning experimental data of 10 mm distance 
are shown in Fig. 5. The positioning experimental 
data of 100 mm distance are shown in Fig. 6. 
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Fig. 5. The positioning data of 10 mm distance. 
 
 

The experiment data shows that the positioning 
error of the motion control system is irrelevant to 
motion distance and the positioning error is less than 
0.03 mm. Considering the timer interval, the 
deceleration control begins a bit earlier. Even so, the 
positioning error is far below the system 
requirements, which is 0.2 mm.  
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Fig. 6. The positioning data of 100 mm distance 
 
 

In the experiment, the start and the stop of the 
motor are smooth and quick. The experiment proves 
the motion control algorithm is effective and 
accurate. 

Considering the timer interval, the deceleration 
control begins a bit earlier. If the deceleration control 
begins at right time, the positioning error can be less 
than 15 µm. So the motion control method can be 
used to precise positioning under more occasions. 
 
 
3.2. Measurement Accuracy Experiment 
 

The motion control system controls the rod, 
moving it back and forth. The same edge was 
measured several times at different alignment 
locations. The edge position was obtained by 
combining the alignment offset with the 
interferometer data. Data from the repetitions 
measurements of a left edge (bright – dark transition) 
position and a right edge (dark – bright transition) 
position is shown in Table 2.  

The repetition standard deviation xσ  can be 
obtained by equation (10): 
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xx
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The repetition standard deviation are 

0.38
rx umσ =  and 0.29

rx umσ =  respectively, 

while the standard requirement is less than 2 µm. The 
accuracy of the measurement system is very high. 

The experiment shows that the data consistency is 
good when measuring the same edge in different 
alignment locations and proves the combination of 
the image data with the interferometer data ensures 
measurement accuracy.  

The experiment proves that the data combination 
method is reliable if only the detected edge is exiting 
in the alignment area, so the control redundancy 
method is effective. The automatic measurement and 
control method for the code edge is effective  
and accurate.  
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Table 2. Repetition measurement data of detected  
edge position. 

 

No. Right edge, 
(mm) 

Left edge, 
(mm) 

1 -0.4019 -0.4237 
2 -0.403 -0.424 
3 -0.4025 -0.4234 
4 -0.4022 -0.4234 
5 -0.4028 -0.4239 
6 -0.4029 -0.4237 
7 -0.4025 -0.4238 
8 -0.4029 -0.4231 
9 -0.4024 -0.4237 
10 -0.403 -0.4233 
11 -0.4031 -0.4233 

xσ  0.00038 0.00029 

 
 
4. Conclusions 
 

To determine the rod scale of a stripe rod, a new 
automatic measurement and control method for the 
code edge was designed and described in this paper. 
The system configuration is presented in detail. The 
rod is driven by closed-loop control and the data are 
collected at stop state. A laser interferometer is used 
in not only determining length but also as a 
positioning sensor. The edge position was obtained 
by combining the alignment offset with the 
interferometer data. 

The data combination method reduces control 
difficulty and ensures measurement accuracy. The 
closed-loop control method improves efficiency and 
guaranties data correspondence. The acceleration-
deceleration control of S curve ensures the system 
performance and high efficiency. The measurement 
and control method has been used to calibration 
stripe rod with high efficiency and high precision. 
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Abstract: The eddy current separation is a technology which applied to the field of resources to be recycled and 
reused that aimed at separating the scrap metals from the nonmetal substance or separating the metals from 
different types of scrap metals. This paper introduces the theory of eddy current separation technology, analysis 
the structure, working principle, advantages and disadvantages of eddy current separation equipment for 
electrical type eddy current separator (ECS), slipway type eddy current separator and so on. Based on the 
existing problems and shortcomings, discusses the key technology to resolution in the scrap copper separation 
field, and makes a brief design of the equipment for separation ferromagnetic metal and nonmagnetic metal at 
the same time and the equipment of separation for the block scrap copper. Copyright © 2013 IFSA. 
 
Keywords: Eddy current separation, Electrical conductivity, Scrap copper separation, Recycle and reuse, Key 
technology. 
 
 
 
1. Introduction 
 

In 1889, Thomas Edison applied for the patent of 
alternating magnetic field eddy current separator 
which was used in separation of nonferrous metal and 
nonmetal. However, due to the electromagnetic 
alternating magnetic field eddy current separator 
structure is heavy, large investment, low separation 
effect and so on, this separator failed to be widely 
used in the non ferromagnetic metals recycle and 
reuse industry. With the development of permanent 
magnetic material, barium/strontium ferrite magnet 
(1957), samarium cobalt magnet (1974) and NdFeB 
magnet (1984) have been invented and put into 
industrial production. The separation principle 
research and equipment research and development of 

the permanent magnet eddy current separator 
appeared successively. In the late 80s to early 90s of 
twentieth century, Germany and the United States 
had developed successfully Nd-Fe-B permanent 
magnet roll eddy current separator (PMRECS) [1]. 

Eddy current separation is a kind of effective 
method of recycling non-ferrous metals from 
industrial waste and city garbage [2], which has many 
advantages, such as good separation effect, strong 
adaptability, reliable mechanical structure, light 
weight, strong repulsive force (adjustable), high 
separation efficiency, high yield and so on. Its main 
processing objects are copper (aluminum) power 
cable, aluminum products, automobile waste, non-
ferrous metal chips, printed circuit board ash, non-
ferrous metals glass fragments, electronic product 
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waste, multi-metal (Al, Cu, Pb, Zn) mixture, cast 
copper (aluminum) foundry sand, aluminum dross 
and so on. Its application areas are: (1) the city solid 
waste materials disposal; (2) the industrial solid 
waste materials treatment; (3) the foundry sand 
refinement in aluminum, copper and other non-
ferrous metal casting industry; (4) the resource 
processing of electronic waste [3, 4]. 

At present, the famous eddy current separator 
manufacturers in the world have: United States Eriez 
Magnetic company, Germany Wagner company and 
Steinert company, Spain Unelco company and 
Indonesia Paicon company. Among them, the United 
States Eriez Magnetic company is one of the largest 
manufacturers of eddy current separator in the world. 
The eddy current separation technology development 
in China is relatively late, the existing of eddy current 
separator manufacturers in China have: Hangzhou 
Keqiao Magnetoelectric Equipment Co., Ltd., Suzhou 
Ployma Environmental Protection Equipment Co., 
Ltd., Shanghai Fumeng Mechanical and Electrical 
Technology Co., Ltd., Henan Sanxing Machinery Co., 
Ltd., Fushun City Jinsheng-Yuyi Mechanical and 
Electrical Equipment Manufacturing Co., Ltd., 
Shandong Huate Magnet-electronic Technology Co., 
Ltd., and so on. With the development of technology, 
the eddy current separator performance of these 
company produces is improved, but there is a larger 
gap in the separation efficiency, control technology 
and intellectual property rights, etc., compared with 
the world advanced level. To speed up the 
development of China eddy current separation 
technology and reduce the gap with the world 
advanced level, this paper reviews international and 
domestic status of the eddy current separation 
technology, analyses the existing problems and 
deficiency, expounds the development trend of the 
technology. 
 
 
 Principle of Eddy Current Separation 

Technology 
 

The principle of eddy current separation 
technology is based on two important physical 
phenomenons: the Faraday's law of electromagnetic 
induction and the alternating magnetic field and the 
induced magnetic field interact to produce repulsive 
force [5-7]. 

The principle schematic diagram of the eddy 
current separation technology is shown in Fig. 1. 
When with the electric conductive non-ferromagnetic 
metal passes through the alternating magnetic field, 
the eddy current will be produced in the metal 
conductor. The eddy current induces magnetic field 
and its direction is contrary to the alternating 
magnetic field direction, the induced magnetic field 
interacts with alternating magnetic field and produces 
repulsive force on the metal. Through the analysis of 
the repulsive force, we can get the repulsive force Fr 
is: 

 

s
fHFr
υσ2

∝ , (1) 

 
where H  is the magnetic field intensity, f  is the 
frequency of alternating magnetic field, υ  is the 
volume of metal, σ is the electrical conductivity of 
metals, s  is the shape factor of metal [8]. 

In formula (1), supposing the magnetic field 
intensity, the frequency of alternating magnetic field, 
the volume of the metal and the shape factor of the 
metal are constant, the magnitude of the repulsive 
force Fr is only related to the electrical conductivity 
of the metal. The repulsive forces that metal of 
different electrical conductivity produced are 
different. Therefore, metal materials of different 
compositions can be separated from the mixed metal 
material under different repulsion forces, so as to 
achieve the aim of separation. 
 
 

 
Fig. 1. Principle diagram of eddy current separation 

technology. 
 
 
3. Domestic and Foreign Research Status 

and Existing Problems 
 
3.1. Domestic and Foreign Research Status 
 

At present, the domestic and foreign research and 
application of eddy current separation technology and 
equipment have the following categories. 

1) “Electrical type” ECS. 
This equipment adopts the traveling wave 

magnetic field which is produced by polyphase AC 
electromagnet. The “electrical type” eddy current 
separator structure is shown in Fig. 2, its structure 
mainly include follow four parts: the linear motor 
stator perpendicular fixed to the conveyor belt, 
conveyor belt, roller and collection hopper [9]. Its 
basic working principle is when the alternating 
current flows through the coil which is installed on 
the conveyor belt above and below, the traveling 
wave magnetic field produced by the inductor moves 
from the central to two sides of the conveyor belt. 
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When the waste material containing non-magnetizer 
metal (such as lead, aluminum, zinc, etc.) passes 
through the alternating magnetic field with a certain 
speed, the non-magnetizer metal internal can produce 
induced eddy current. Because there is a relative 
motion between the waste material and the magnetic 
field, the repulsive force on the eddy current metal 
sheet (or block) is produced. The magnitude of 
repulsive force varies with the properties of the waste 
materials electronic conductivity and permeability 
and the change rate and value of magnetic flux 
density. Using of this principle, we can separate some 
non-ferrous metals from the mixed waste material. 
This equipment has features of operation simple, low 
power consumption, etc. But this kind of separation 
equipment is only suitable for dealing with coarse 
grain materials and the recover belt moving speed 
should not be too fast and only suitable for small 
batch processing. 
 
 

 
 

Fig. 2. Structure diagram of “electrical type” ECS. 
 
 

2) “Slipway type” ECS. 
The structure of “slipway type” eddy current 

separator is shown in Fig. 3, using drum type 
alternating magnetic field, the mainly structure is 
feeding inclined plate, permanent magnetic drum 
driven by a motor and collecting hopper [10]. Its 
basic working principle is the waste materials were 
sent to the feeding inclined plate and downslide along 
the surface of chute, the magnetic flux pass through 
the conductor particles is changing, so eddy current 
produced in the conductor particles, under the 
together with the contribution from Lorentz force, 
gravity, centrifugal force, mechanical force, the 
movement orbits of conductor particles is shift, 
because of different conductor particles its the 
conductivity is different, and electromagnetic force is 
also different, so all kind of conductors particles were 
separated into different collecting hopper. However, 
the slipway of this equipment is inclined and fixed, 
but the waste materials feeding speed can not 
regulation, conductor particles are easily collide each 
other, splash and scattered when waste materials 
feeding so much that the interaction force of each 
other is larger than Lorentz force lead to loss the 

separation action, so this separator is not suitable for 
the requirements of large quantities separations 
processing. 
 
 

 
 

Fig. 3. Structure diagram of “slipway type” ECS. 
 
 

3) “Vertical spinning drum type” ECS. 
The “vertical spinning drum type” eddy current 

separator (VDECS) structure is shown in Fig. 4, in 
Fig. 4, “1” is vertical spinning drum, which is 
embedded with NdFeB permanent magnets, 
permanent magnets is alternating arrangement by  
N–S and S–N, its structure is shown in Fig. 5. The 
vertical spinning drum is directly fixed on the axis 
“7” of the motor “2”. The motor “2” power supply is 
by power “4”. The vertical spinning drum and the 
motor are covered with a cylindrical plastic shield 
“6”. The waste material to be separated is brought 
from feeder “5” through feeding inclined palate “3”. 
The feeding inclined palate is inclined with the angle 
α respect to the horizontal plane. The distance 
between lower end of feeding inclined palate and 
shield “6” is d. 

When the waste materials (scrap metal and non 
metal) fall into the magnetic field that along with the 
feeding inclined palate. The waste materials hit the 
plastic surface which surrounds the vertical spinning 
drum, thus produce centrifugal motion. The non 
metal particles are reflected and fell. The metallic 
particles are affected by the deflection force caused 
by the collision, and the magnetic field force 
interaction which is produced by the eddy currents 
induced magnetic field and the permanent magnet 
field. The received force of metal particles is larger 
than the non metal particles. Consequently, non metal 
particles are fall at a larger distance relative to the 
metal particles [11]. In order to improve the 
efficiency of separation, the rotation speed of drum 
can not be too high and must choose proper 
parameters. The advantages of the VDECS are 
reduce the separating equipment investment and able 
to separate millimeter level non-ferrous particles, but 
there is a certain distance between feeding inclined 
palate and plastic shield, it is easy jam when the size 
of some waste materials is too big, while the size of 
some waste materials is small, it can not full 
interaction with the magnetic drum, so the separating 
efficiency is low. Many factors influence the 
structure design, based on experiment research 
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analyze, the product of the first separation must be 
reprocessed again by eddy current separation thus 
increase the cost of separation. 
 
 

 
 

Fig. 4. Structure diagram of “vertical spinning drum” ECS. 
 
 

  
 

Fig. 5. The vertical spinning drum.  
 
 

4) “Roll type permanent magnetic” ECS 
The magnetic roller of “roll type permanent 

magnetic” ECS have two types, they are concentric 
winding (see Fig. 6) and eccentric winding (see Fig. 7) 
[12, 13]. Concentric winding magnetic roller is fixed 
and can not be adjusted, but the magnet pole position 
of eccentric winding magnetic roller can be adjusted 
based on the different materials, so as to the non-
ferrous particles can jump off in the most suitable 
angle and obtain the best separation result. The 
structure of “roll type permanent magnetic” ECS is 
shown in Fig. 8, it include magnetic separator, feeder, 
feed belt, multipole magnets drum and collecting 
hopper. 

The principle of “roll type permanent magnetic” 
ECS is similar to “slipway type” ECS, but the 
separation property is better than “slipway type” ECS, 
so it is one of the most widely used ECS at present. 
Because of the feed rate, rotational frequency of the 
feed belt and alternating magnetic frequency can be 
adjusted in a certain range, the separating efficiency 
of ECS is closely relate to the magnetic field intensity, 
the rotational speed of separating cylinder, the speed 
of feeding and the size of waste materials [14]. 
Therefore, the separating capacity of this equipment 
is large and separating efficiency is high. The best 
significant feature of this equipment is that it can 
magnetic separation, ferromagnetic materials were 

wiped off before eddy current separation, which 
separating equipments mentioned before do not have, 
therefore, it can avoid the damage to feed belt 
because of the thermal effects of ferromagnetic 
materials during eddy current separation operating. 
However, the structure of this ECS is complex and 
the separating efficiency of magnetic separator is low, 
the feed belt is still can be damaged because of some 
ferromagnetic materials left and shorten feed belt life. 
 
 

 
 

Fig. 6. Schematic diagram of concentric winding  
magnetic roller. 

 
 

 
 

Fig. 7. Schematic diagram of eccentric winding  
magnetic roller. 

 
 

 
 

Fig. 8. Structure diagram of “roll type permanent  
magnetic” ECS. 

 
 

5) “Static type” ECS. 
The side section view of “static type” ECS is 

shown in Fig. 9, this equipment consists of six-part: 
feeder with the metallic and nonmetallic particles, 
slanting surface, flat rectangular coil, vibrator, rolls 
and collection hopper. Flat rectangular coil is inserted 
in the middle of the slanting surface in a vertical way, 
the slanting surface has double inclination, one is a 
certain angle relative to level, so as to the particles 
can fall down because of their weight, the other 
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inclination respect to the surface of the coil is shown 
in Fig. 10, the vertically insert flat rectangular coil 
divided the slanting surface into two halves, the acute 
angle which each half of slanting surface makes with 
the flat rectangular coil does not allow material 
falling from two side [15]. The basic working 
principle is a very intense variable magnetic field 
produced during flat rectangular coil charged with  
high frequency alternating current, when metallic and 
nonmetallic particles tumbled onto the area of the 
high frequency flat rectangular coil, the force of 
electromagnetic will throw the metallic particles of 
the slanting surface into the metallic collection 
hopper and the nonmetallic particles will fall at the 
end of the slanting surface into the collection hopper. 

This equipment use high frequency flat 
rectangular coil instead of permanent magnetic drum, 
not only remove some big power facilities compared 
with “roll type permanent magnetic” ECS, such as 
motor, conveyor belt and so on, but also can achieve 
magnetic separation and more efficient. In addition, 
by adjusting the angle between slanting surface and 
ground, material’s down slip velocity can be 
controlled, so this equipment realize the electric 
function from the perspective of mechanical. 
However, this equipment is only appropriate for 
separating metals from nonmetal, it is impossible to 
realize the separation among different metals. 
Therefore, its application was limited and unable to 
meet the needs of nonferrous metals resources of 
recycling industry in China. 
 
 

 
 

Fig. 9. Side section view of “static type” ECS. 
 
 

 
 

Fig. 10. Top view of “static type” ECS. 

 
3.2 Problems and Deficiencies 
 

In conclusion, there are some problems and 
deficiencies when using eddy current separation 
technology. 

1) Existing eddy current separation equipments 
have some problems such as low efficiency and low 
effect of separation etc. After separating by some 
equipment, workers have to separate the scrap metals 
twice. The main reason of this phenomenon is the 
absurdity of the constructive design and the relevant 
parameters of separation system, such as feeding 
speed, belt speed and rotating speed of drum. This 
problem needs to be solved in the  
further research. 

2) The application of the existing eddy current 
separation technology can be used in operating metal 
and nonmetal, the separation of different brands of 
the same type of metal (such as different brands of 
copper) is not very maturity. 

3) Eddy current separation technology can 
separate the fragile scrap metals, while there are 
some large scrap metals (such as radiator) not crush 
easily. So how to separate these scrap metals, there 
are no related researches or applications nowadays. 

4) Existing eddy current separation equipments 
cannot separate ferromagnetic materials. Before eddy 
current separation, ferromagnetic materials must be 
wiped off by magnetic separation equipments. This 
phenomenon wastes both time and labors, it also 
increase the costs of the device. 
 
 
4. Trends of Eddy Current Separation 

Technology 
 

Although our country has a certain level of 
developing of the eddy current separation technology, 
there are some performances in scrap metals’ 
recovery and recycling. While the research depth is 
not inadequate, the level is not high, and the range of 
applications should be expanded. Besides, to the 
increasing shortage of copper resources, using scrap 
copper smelting copper is inevitable. How to achieve 
the precise separation and make full use of the scrap 
copper becomes a hot and difficult issue to relief the 
lack of copper mineral resources. How to make the 
eddy current separation technology apply to scrap 
copper separation is the main direction of this 
technological development. Therefore, scrap copper 
separation which based on eddy current separation 
technology should be solved follow below. 

1) The study of automation device can finely 
divide the broken scrap copper. When the device 
processes the broken scrap copper, different 
components and qualities of scrap copper can be 
automatic separation because of different categories. 

2) The design and research of the efficient 
magnetic separation device. In order to solve the 
technical problem, ferromagnetic metal cannot be 
separated simultaneously. The top view of scrap 
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copper eddy current separator is shown in Fig. 11. 
When ferromagnetic metal impurities in scrap copper 
materials been sent to the conveyor belt by vibrating 
feeder, the scrap copper should be across the 
magnetic separation device first, then the device will 
adsorb the ferromagnetic materials from the waste 
materials, the back and forth movement of the brush 
will sweep down the adsorbed ferromagnetic material 
to the two sides of the collecting hopper, finally the 
rest of the scrap copper will enter the eddy current 
separation process. 
 
 

 
 

Fig. 11. Structure diagram of ECS equipment. 
 
 

3) Blocks of scrap copper (such as automobile 
radiator etc.) separation technology research. Eddy 
current sensor has different equivalent impedances 
when detects different qualities of copper (different 
conductivities), this principle can be used to detect, 
distinguish and separate large lumps of scrap copper. 
The schematic diagram of component measurement 
and separation system is showing in Fig. 12, When 
blocks of scrap copper are carried on conveyor belt 
by feeding device, the signal is measured and sent to 
the control system, then the single chip  
microcomputer can process, analyze and judge the 
data and determine the category of scrap copper. The 
result will display on liquid crystal display (LCD) 
after a certain delay. At the same time, through 
executive device (the pushing cylinder) to promote 
the appropriate level of scrap copper from the 
corresponding channel into the aggregate boxes. 
 
 

 
 

Fig. 12. Schematic diagram of component measurement 
and separation system. 

5. Conclusion 
 

Although eddy current separation technology is 
widely used in metal and nonmetal separation area, 
mineral separation area and scrap metal separation 
area. There also exist problems in scrap copper 
smelting area and other engineering application fields, 
such as low separating efficiency and precision. 
Therefore, based on the existing technology, it is 
imperative to carry out theoretical and applied 
researches. 
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Abstract: Coriolis mass flowmeter instrumental and dynamic errors are studied. They can be decreased by the 
thermocouple usage of R or S types instead of Pt100 sensors.  The dynamic error analysis shows that it is able to 
improve the operation accuracy in the dynamic regime and eliminate the initial period of the flowmeter 
exploitation in the error compensation absence regime. In consequence of the instrumental error consideration 
the expediency of the differential thermocouples installation with the reduced performance dispersion, lowered 
by taking into account of local and extensive inhomogeneities as result of technological deviations of wire 
production. Copyright © 2013 IFSA. 
 
Keywords: Coriolis mass flowmeter, Instrumental error, Dynamic error, Differential thermocouple,  
Pt100 sensor. 
 
 
 
1. Introduction 
 

In the case of engineering on Coriolis effect basis 
quite spread flowmeters – Coriolis mass flowmeters 
(farther – CMF) [1] the transformation function (TF) 
is the dependence of the liquid mass or volume on its 
flowing velocity through the specified cut. It is 
determined by the comparison of the time 
characteristics of two identical sensors in the CMF 
input and output. More phase difference of 
mentioned characteristics corresponds to faster 
controlled environment flowing. So there is a 
dependence on the hydrodynamic regime of the 
current environment flowing through the CMF, its 
viscosity, the temperature etc.  

The measurement error is determined mostly by 
the determination error of phase shift performance and 
is, for instance, ±0.5 % in the common usage L series 
CMF of “Emerson” company [2]. This is viscous 
component of the instrumental error. The firm Oval 
Corp. presents the CMF Ultra Mass MK 2 [3] with its 
1.0 % of the readout error under the nonessential zero-
shit error as an outstanding achievement in the branch 
of liquid and gas flow metrology. The process of liquid 
pouring from one vessel to another one or gas 
pumping is the transitional process accordingly to 
aero-, hydrodynamic and heat engineering 
conceptions. Therefore Maersk Oil Trading Company 
within flowmeters mounting on tank barges is proud of 
the next achievement: the CMF error doesn’t  
exceed ±0.5 % [4]. 
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2. Error Estimate and CMF Accuracy 
Problems 

 
In the metrological conception [5] the CMF 

consists of transducers with appropriate sensors and 
peripheral devices and the microprocessor unit of 
received signals processing. The CMF sensors 
determines the flow velocity, temperature and 
provide information in form of output signals to the 
microprocessor that carries out the function of the 
brain of the measurement device and system in total 
providing access to the display, main menu and 
output device of processed information for the 
interaction with other systems, for instance, the 
filling system. Peripheral devices provide monitoring, 
warning signalization and other functions, for 
instance, periodic processes management and the 
function of liquid density more accurate 
determination etc. 

It is important to understand the correlation or 
non-correlation of viscous and temperature 
components of the CMF instrumental error. Let’s 
consider for this moment referring to [6] that the 
CMF instrumental error mentioned components are 
non-correlated. The same is exposed in [7] where 
there is a presence of an instrumental error correcting 
means for correcting an instrumental error according 
to a sum of respective compensative instrumental-
error values determined by the temperature correcting 
means, the temperature difference correcting means 
and the resonant frequency correcting means. The 
elasticity of metal tubes changes with temperature; 
they become more elastic as they get warmer. To 
eliminate the corresponding measurement error, the 
tube temperature is continuously measured by 
temperature sensor and is used to continuously 
compensate for variations in tube elasticity. 

The CMF transfer function error temperature 
component is the error specified by the temperature 
regime of liquid/gas flowing. It depends on the 
temperature of the control environment (on 
temperature dependence of the liquid flowing regime 
through the CMF); on the CMF body outlet 
temperature that is provided by [7] with the help of 
temperature detecting means for detecting a 
temperature of the inner tube, and temperature 
detecting means for detecting a temperature of the 
outer tube; temperature correcting means for 
compensating an instrumental error according to a 
change of temperature of the inner tube; temperature 
difference correcting means for compensating an 
instrumental error according to a difference between 
a temperature of the inner tube and a temperature of 
the outer tube. 

The main problems of the CMF accuracy 
improvement lie in that hydrodynamic, thermal, 
electrical and other processes in the CMF are not 
studied completely that specifies an unsatisfied TF 
reproducibility. Four platinum film resistance 
thermometers mounted in the CMF for the 
instrumental error maximum decrease are more 

accurate than thermocouples [8] in the measurement 
stationary mode thanks to good accuracy (better than 
thermocouples), good interchangeability and long-
term stability.  

The accurate measurements of thermometers 
electrical resistance predict the usage of 3 or 4 wires 
measurement systems (Last one is unaffected by 
extension wires resistance). However resistance 
thermometers demand the preliminary warming up 
from power sources in the measurement process that 
leads to the some new additional errors appearance. 
Under the presence of 4 resistance thermometers with 
4 wires measurement scheme at face value of every 
resistance and the necessity of the thermometer 
preliminary warming before measurement to every 
thermometer should be supplied to 6 wires and to the 
device microprocessor switchboard – to 24 wires just 
from the resistance thermometers. Consequently the 
construction is being unwarrantedly complicated. The 
resistances measurement duration which is provided 
alternately because of the preliminary heating 
necessity will increase. The additional component 
appears not only of instrumental error but also of 
dynamic one specified by the possible control 
environment parameters change for full measurement 
period and results processing by the microcontroller. 
As a result some questions appear regarding such 
CMF usage in short-term measurements, for instance, 
under bear bottling as heterogeneous liquid-gas 
environment for which the CMF is ideal. 
 
 
3. Work Goal 
 

The research of appearing causes and the 
possibility of the Coriolis mass flowmeter 
instrumental and dynamic errors values decrease 
specified by the reasonable choice and energy-
generating temperature sensors mounting with 
calibration characteristics reduce dispersion as a 
result of taken into account peculiarities of their 
production technology. 
 
 
4. Accuracy Measurement Problems  

on the Example of the CMF with 
Straight Tube 

 
4.1. The Flowmeter Construction 
 

Let’s consider in details the straight tube CMF 
construction (Fig. 1) assembled of the measuring and 
reference tubes. The special reference frequency 
generator creates one tube vibrations relative to 
another one. These tubes reciprocal position will 
change on the condition of liquid movement through 
the CMF. Then the effect of tubes “beating” appears 
proportionally with the velocity of liquid movement 
(quantity) that passes through the CMF.  

The CMF has two separate contours for 
temperature measurement. The first contour is in the 
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form of the resistance thermometer which has a 
thermal contact with the measuring tube and it 
gauges the liquid temperature passing through the 
CMF measuring tube. The second contour (for the 
temperature measurement) consists of three 
analogical sensors: two are located on the reference 
tube and the third is on the body. These sensors are 
used for temperatures difference correction between 
the body, the reference tube and the measuring tube. 
Such CMF provides highly accurate value 
measurement of the flow and the liquid density under 
conditions of the changeable surrounding temperature 
that is mainly different from the liquid storage 
temperature in a reservoir.  

The impact factors analysis shows that there is 
viscosity values scatter of the control flow under the 
nominal measurement temperature, and the flow 
viscosity changes during the measurement on account 
of its selection mainly from some storage layers 
where the velocity value is extreme because of the 
durable terrestrial gravity effect. As result the 
viscosity component of the CMF instrumental error 
measurement appears which is specified by the 
control liquid. It is determined by TF changes 
appearing, for instance, in case of the volume 
reservoir emptying and getting into the CMF of the 
control liquid with changeable viscosity relative to 
time. So far as this instrumental error component is 
partly specified by the selection conditions of the 
control environment therefore it isn’t often 
mentioned by the CMF producer. 
 
 
4.2. Instrumental Error Temperature 

Component of the Measurement  
by the Means of Pt100 Film Sensors 

 
The error temperature component value in the gas 

flow control by the means of the CMF is underlined 
by the [9], where, for instance, it is tempting to 
answer that the temperature tripled (60/20), but the 
ratio of the absolute temperatures is important for 
flow measurement (60+273)/(20+273) = 1.137, we 
notice the 13.7 % error-increase. As a result of 
producing peculiarities the CMF transfer function of 
one lot is characterized by some spread. In turn the 
producer takes into account that during 2 sensors 
mounting in the fuel quantification scheme and 4 
temperature sensors in the scheme of amendment 
introduction the TF CMF maximum identity cannot 
be attained. It leads to the necessity of the individual 
calibration of every CMF. It enables to minimize [10] 
the instrumental error to ± 0.1 % in the most accurate 
CMF types. It is absolutely obviously the calibration 
is effective only in some before prescribed in very 
short temperature range of the CMF operation that 
includes beforehand indicated temperatures of the 
control environment and the CMF etc. Though most 
likely firms don’t mention but the calibration is done 
in one TF point under fixed impact factors the 
number of which is quite significant. Besides that the 

control environment can considerably change its own 
viscosity under the measurement. So the CMF with 
instrumental error which is under the calibration has 
producer guaranteed dispersion or coverage interval 
under the operation will spread its own coverage 
interval demonstrated in the Fig. 1. 
 
 

 
 

Fig. 1. CMF instrumental error (3) as amount of two 
components with the fixed uncertainty: viscosity one (1)  

and temperature one (2) that is expressed  
by the coverage interval. 

 
 

Moreover in the usage practice the dynamic error 
appears [11] specified by the resistance sensor 
essential inertness, and the methodical error as result 
of the sensor heating from the power supply [12] and 
the dynamic error additional component caused by its 
internal self-heating. Because a current must be 
passed through the sensor to obtain a voltage signal 
for the electronics there is a small amount of power 
generated which causes the sensor to warm up and 
thereby changing its resistance. A large current will 
give a nice big signal for the electronics but also a 
larger self-heating error. A small current reduces this 
error but lower drift electronics is required to 
minimize errors from the circuit. The best trade off 
depends on the application however generally 
currents of the order of 1mA or less are typically 
used. Self-heating errors are larger when measuring 
gas temperatures because of the poorer heat 
dissipation from the sensor [13]. Simultaneously the 
heating alternation of each of 4 resistance sensors 
increases the CMF dynamic error more than  
in 4 times.  

As the resistance sensors in industrial applications 
are commonly used the film sensors that at first had 
their market in white-ware applications. Film sensors 
have a platinum pattern fixed onto its surface that 
gives 100 or 1000 ohms resistance at 0°C. They are 
known as Pt100 and Pt1000 respectively. Industrial 
Pt100 detectors are divided into four tolerance 
classes under [15]: AA, A, B and C. The new standard 
makes a difference between wire-wound and film 
sensors. Experience shows that film sensors can't 
handle as wide temperature ranges as wire wound 
sensors under the different tolerance classes. Film 
sensors are gradually used more often in industrial 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 249-254 

 252

applications. Closer tolerances at other temperatures 
can only be achieved through calibration that 
determines the specific properties of the individual 
sensor. This is because the quality of platinum 
specified in IEC 60751 is reduced by the material 
being an alloy with added palladium – done for 
compliance with the traditional DIN standard. The 
alloy gives rise to departures from the ideal curve, 
necessitating a safety margin corresponding to the 
slope of curve A or, at worst, of curve B.  

Tolerances for assembled Pt100 sensors including 
film sensors are shown in IEC 60751:2008. For 
example, film sensor type B has performance 
tolerance ± 0.5 °C at 50 °C or ±1 %. Though [12] 
informs about typical accuracies 0.2 %, 0.1 % of such 
sensors. It should notice that accuracy and 
performance tolerance are absolutely different in 
effect. The last one concerns the sensors 
interchangeability and it is especially important in 
case of identical sensors usage in one CMF. 
 
 
4.3. Temperature Component of CMF 

Instrumental Error of Measurement by 
Means of Thermocouples 

 
To replace Pt resistance sensors is proposed to 

use well studied Pt-Rh thermocouples [16]. For 
temperature range 243 ... 1000 К thermocouples type 
S (Pt-10 % Rd / Pt) are used. At first sight they are 
worse than mentioned resistance sensors. They have 
much worse the calibration characteristics 
reproducibility that for second class thermocouples is 
±1.5°C in the temperature range 0–600 °C [17] 
against ± 0.1 % in platinum resistance sensors. But 
film sensors are characterized by reproducibility of 
± 1 % that slightly worse compared to characteristics 
of mentioned thermocouples.  

Table 1 [14] describes briefly the main 
differences between thermocouples and Pt100s in 
general terms.  
 
 

Table 1. Comparison thermocouple vs. resistance sensor. 
 

Property Thermocouple (TC) Pt100 Sensor 

Measuring range Large:  
-200 < T < + 1000 °C 

Limited:  
-200 < T < + 600 °C

Stability Not good, especially in 
high temperature 

Excellent. annual  
drift < 0.01°C 

Measuring 
location 

From hot junction to 
reference location 

Across entire Pt-
wire length 

Ageing Significant in high 
temperature 

Insignificant, see 
Stability. 

Response time Very short  
possible < 1 s 

Not as short as 
corresponding TC 

Excitation 
power None Significant < 1 mW 

Physical 
strength Very good Limited 

Pricing Slightly lower than 
corresponding Pt100 s 

Slightly higher than 
corresponding TC 

Let’s pay attention that in 90 % cases the CMF 
operates under room temperatures where 
thermocouple instability and ageing affect are very 
low. It is provided significant advantage to 
thermocouples. They have other essential advantages: 
the method error absence from measurement current 
warming; this mentioned procedure time is 
economized and the dynamic error is considerably 
lesser; the CMF electrical structure is significantly 
simplified because of leading-in wires amount from 
temperature control means decreases. The sensors 
signals measurement is more simple and accurate so 
far as the thermocouple signal measurement 
compensation method has better accuracy than the 
resistance sensors signal measurement potentiometric 
method. Then the additional resistance sensors power 
supply is unnecessary.  
 
 
4.4. Thermal Response Time 
 

The response time of platinum resistance sensors 
is 60 s. It means the following. During the first 
minute the thermometer is warming up to the 
temperature 63.2 % of the applied temperature drop 
value. After 3 minutes it reaches 95 % of the 
temperature spring and after 5 minutes it reaches 
99 %. Very small and quick Pt100 film sensors type 
TF101N thermal response time refer to manufacturer 
data [18]: t0,9 in the air – 10 s, in water < 1 s. Because 
it takes longer for the components of a Pt100 sensor 
to warm up, Pt100 sensors generally have a longer 
response time than thermocouples. The last one under 
the unprotected junction which as result of two 
0.125 mm diameter thermoelectrodes welding has 
similar form to a sphere of 0.2 mm diameter is 
characterized by the thermal response time on the 
level 1.0 s in the air and 0.04 s in the water (Table 2) 
[19]. Otherwise it is characterized by the significantly 
lesser inertia in comparison to the film  
resistance sensor.  
 
 

Table 2. Response time * of thermocouples. 
 

Wire size,
(mm) 

Still air 
427°C/38°C

60 ft./sec air 
427°C/38°C 

Still H2O 
93°C/38°C 

0.025  
0.125  
0.381  
0.75  

0.05 sec 
1.0 sec 
10.0 sec 
40.0 sec 

0.004 sec 
0.08 sec 
0.80 sec 
3.2 sec 

0.002 sec 
0.04 sec 
0.40 sec 
1.6 sec 

*The time constant is defined as the time required reaching 
63.2 % of an instantaneous temperature drop. 
 
 

The measurement resistance procedure of every 
of 4 sensors includes the following steps: the current 
is consecutively led to every of them, after the sensor 
warming the voltage drop is measured on it. It takes 
usually 7-10 minutes for Pt100 sensors produced of 
the bobbin wound wires. Only in this case the taken 
platinum resistance sensors readings can be taken 
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into account by the microprocessor. At the same time 
the additional method error appears from the 
measurement current warming and additional time 
for this warming that is equivalent to thermal 
response time additional increase.  
 
 
5. CMF Performance Improvement 

under the S-type Thermocouples Usage 
 

Some CMF types operation theory shown in [1] is 
based on the difference temperature measurement of 
two points. It can be successfully done by one 
thermocouple which hot and cold junctions control 
the mentioned points. The standard thermoelectric 
inhomogeneity of S-type thermocouple in accordance 
with [17] is ±1.5°C. The inhomogeneity is estimated 
[20] as difference between maximum and minimum 
values of the thermo-EMF concerning comparison 
certified reference material on every 5 m length of 
wire in the bobbin under the temperature  
900±20°C ... 1300±20°C. It is specified by the real 
imperfect technology of the wire producing. So 
tolerance classes of calibration characteristics have 
been proposed. They are intended to ensure 
interchangeability of thermocouples without special 
calibration testing. A unique advantage of 
thermocouples is that ‘bobbin calibration tests’ may 
be made of samples from a given bobbin of wire, and 
those test results will apply to all thermoelectrodes 
made from that same bobbin. In this way 
significantly closer control of tolerance variations 
may be gained without incurring the high cost of 
testing a large number of individual thermoelectrodes 
and therefore the thermocouples [21]. 

The necessity of the electric signal output from 
the thermocouple demands the double compensation 
wires usage that leads to a number of other problems 
appearing. That’s why the better decision is 
considered to measure the temperatures difference of 
2 points by the means of the differential 
thermocouple that consists of 2 towards switched 
thermocouples. Then leading-in wires are done of the 
same thermoelectrodes. Naturally such wire is the 
best one of two by the thermoelectric inhomogeneity, 
in our case – Pt wire.  

However the thermoelectric inhomogeneity of 2 
already connected thermocouples increases in 2  
times, so to ±2.12°C (the thermoelectric 
inhomogeneity of 4 thermocouples used in the 
construction will reach ± 1.5 × 2 = ±3°C) that cannot 
meet technical demands. 

Scientific and technological solutions are based 
on the technology knowledge of thermocouple wires 
production of platinum and platinum group alloys. 
Taking into account that in the bobbin of 
thermocouple wire there are equal by their impact 
local and extensive inhomogeneities, the action of the 
last inhomogeneities can be practically eliminated by 
the significant decreasing of thermoelectrodes length 

[21]. Especially it concerns the next cases: a) the 
usage of small parts of thermoelectrodes, for 
instance, the length about 0.05 m that is less than 1 % 
of length under which the thermoelectric 
inhomogeneity is studied; b) the usage in two and 
more thermocouples of thermoelectrodes from 
neighboring piece of bobbin. Then for the wire of  
Pt-10 % Rd the thermoelectric inhomogeneity of such 
wire length mounted in small CMFs can be decreased 
in some times: from ≤ ± 8 µV to ≤ ± 2 µV. 

Thus the differential thermocouple is produced 
for the CMF in Π-shape where 2 vertical 
thermoelectrodes are made from Pt wire with 
thermoelectric inhomogeneity ≤ ± 2 µV and between 
them there is a short horizontal section of  
Pt – 10 % Rd wire with inhomogeneity ≤ ± 2 µV. As 
result the S-type thermocouple inhomogeneity that is 
determined as root-mean-square deviation of non-
correlated values of 2 different wires inhomogeneity 
is ± 2√2 µV or ±0.52°C. This is the reproducibility of 
temperatures difference measurement in 2 CMF 
neighboring points by the means of replaceable 
differential S-type thermocouples. 

Totally the CMF is equipped by 4 ordinary or 
better by 2 differential thermocouples. The first 
differential thermocouple consists of two towards 
switched thermocouples that measure 
correspondingly the temperatures of input and output 
of reference tube. In the second pair other  
2 thermocouples are switched towards – for 
temperatures difference measurement on the CMF 
measuring tube and on its body, so one more 
differential thermocouple is realized. This fulfillment 
enables to introduce temperature corrections: for the 
first thermocouple – on control liquid temperature 
changes within the tube as result of the thermal-
hydrodynamical flowing regime change; for the 
second thermocouple – on control environment 
temperature changes as a result of passing  
through the CMF. 
 
 
6. Conclusions 
 

1. The metrological characteristics of Coriolis 
mass flowmeter which is equipped with 2 phase 
sensors and 4 temperature sensors have been studied. 
They can be improved by the replacement of Pt100 
resistance sensors with S-type thermocouples. 

2. The dynamic error analysis shows that the 
operation accuracy in dynamic regime can be 
improved and initial non-compensation flowmeter 
exploitation period can be removed by the means of 
thermocouples with unprotected junction usage. Then 
the flow measurement process can be conducted in 
the real time regime avoiding the dynamic error since 
1 second of the measurement despite of the CMF 
with film/bobbin – wound resistance sensors where 
values become reliable since 60/500  
second correspondingly. 

3. In consequence the CMF instrumental error 
consideration the expediency of differential 
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thermocouples mounting is demonstrated. They have 
reduced dispersion of calibration characteristics by 
taking into account the thermoelectrodes 
manufacturing peculiarities and by the usage of more 
thermoelectrically homogeneous thermoelectrode as 
cross-cut one in the Π-shape construction of the 
differential thermocouple. 
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Abstract: Combining Internet of Things with general packet radio service is a new development of the existing 
global system of mobile communication digital mobile communication system data bearer services, following 
the voice transmission services. The remote data transmission system has a self-evident importance. This paper 
focuses on the general packet radio service terminal of things technology and design. The terminal system is 
designed to achieve a complete transmission control protocol/internet protocol, with a strong versatility, only by 
simply extending the general packet radio service system which can be a different composition for being applied 
to various fields. Through applied data acquisition interface, plus related data processing steps on the basis of 
the existing microcontroller programming terminal can be applied to various types of monitoring on-site and the 
data acquisition system. Copyright © 2013 IFSA. 
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1. Introduction  
 

Currently, a variety of products are used for 
residential electricity meter reading, IC card table and 
power line carrier set copied application accounted 
for a large proportion, but for the energy-saving and 
loss reduction, they are not widely used in electric 
power industry for economic benefit in terms of 
actual effect. Prepaid IC card electric meter, the 
scheme only solve a single settlement electricity 
recovery problem, but it is difficult to maintenance to 
monitor the electricity function, so it is prone to 
decrypt the electricity theft or other evasion of 
electricity [1-3]. 

Low carrier concentration of meter reading, the 
technical scheme has many advantages, it makes use 
of the existing low voltage power line as 
communication carriers to implement computer 
automatic meter reading, not only can save the laying 

line and maintenance line amount of work and cost, 
at the same time line safety is guaranteed, also, the 
communication cost is low. It can not only replace 
the original meter but additionally arranged on a 
small sensor to complete the conversion and 
transmission of data, which can save a lot of money. 
But it has the disadvantages of power grid line, 
periodic, continuous signal interference and 
interference of random sudden and variability which 
affect the data transmission stability. Although, it can 
be used to avoid interference by relay technology to 
improve the success rate of some reading, but product 
technology solutions (telephone line carrier 
communication) from go up at all are unable to adapt 
to the various domestic power network structure, and 
collecting data is very low, it is difficult to stably 
guaranteed every day to collect complete station data. 
Because the low communication rate phone line and 
can not always maintain connection state with a lot of 
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communication costs, it is unable to realize the on-
line monitoring and automatic alarm function, so the 
limitation affects the popularization and application 
of products. 

GPRS (General Packet Radio Service), namely 
the general packet radio service, the wireless service 
is available in the GSM network which opens a new 
packet data transmission business. It is the use of 
"packet switching" (Packet-Switched) concept which 
has developed a set of wireless transmission mode. 
Through the GPRS network system, the industrial 
and civilian meter acquisition of power system can be 
real-time data transmitted to the ground, city, and 
provincial centralized monitoring center, to achieve 
the power monitoring equipment of unified control 
and distributed management and to provide a simple 
and efficient means of communication transmission. 
GPRS system can provide wide area wireless IP 
connection, in the business platform and the 
construction of intelligent power meter reading 
system of electric data, the wireless data transmission 
which can make full use of the existing network, 
shorten the construction period, with lower 
construction cost, and the installation is convenient, 
simple maintenance. 

GPRS electric power remote meter reading 
system is in power station by the distribution center 
and is located in the residential area of meter data 
collection points which makes use of existing 
GPRS/GSM network for meter data via GPRS/GSM 
network transmission. The residents of the 
community a meter is first connected to the electric 
meter concentrator, residents of electricity data from 
multi-rate meter through the RS485 bus to the meter 
concentrator, and via the RS232 interface to GPRS 
DTU transparent data transmission terminal is 
connected, meter data after protocol encapsulation 
and is sent to the GPRS data network, through GPRS 
data network to transmit data to a distribution data 
center, realizing the meter data and data center 
system real-time on-line connection. GPRS uses 
packet switching technology, and it can allow 
multiple users to share a certain fixed channel 
resource. GPRS is especially suitable for intermittent, 
abrupt or frequent, small amounts of data 
transmission, but also suitable for the large volume of 
data transmission. GPRS relative wired telephone 
also has a communication channel which is safe and 
reliable, high speed, real time online with low 
communication cost, wide spreading, convenient 
installation and other advantages. 

The research is the application of Internet of 
things for intelligent electrical meter reading system. 
It is able to provide automatic data collecting, data 
analysis, measurement query, print statements and 
other functions, to achieve a remote, centralized, 
automatic meter reading, make metric data collection, 
statistics, analysis in a very short time to reduce the 
labor intensity, and to improve work efficiency, 
avoiding man-made reading error and some other 
uncertain factors; and the system has increased base 
data management functions, including reading 

abnormal information maintenance, meter box 
maintenance, reading class information maintenance, 
maintenance, supply the information area information 
maintenance and meter reading information 
maintenance and other functions [4, 5]. These 
functions will bring huge economic benefits, to 
improve the meter reading system economic value 
and vitality. In the data processing system, it also 
breaks the previous data limitations, to expand the 
network function. 

According to the main contents of the paper, the 
subsequent chapters are as follows: in section two, 
the overall system is designed, and working principle, 
working process, the system function module thought 
of software and database design are analyzed in 
detail. In section three, the GPRS wireless 
communication technology and GPS satellite 
positioning technology are used to undertake specific 
implementation, and the chapters on the basic 
principle of the technology are discussed in detail. 
The GPRS communication module of the software 
and hardware design are described and analyzed, and 
the GPS technology principle, measurement mode of 
operation and measurement implementation methods 
are analyzed and compared, the conclusion. Section 
four is conclusion and expectation. 
 
 
2. The Structure of System Function 
 

The overall design of the system includes 
software overall structure design, interface design, 
software design, data design and reliability design. 
Intelligent power meter reading system uses GPS 
technology, the GPRS wireless communication 
technology, combined with intelligent embedded 
operating system and embedded database. The use of 
GPS global positioning system showed in Fig. 1 can 
access to location information of each table box.  
 
 

 
 

Fig. 1. GPS Locator. 
 
 

A meter box contains the electrical energy table 
information for binding; when the meter reader uses 
GPS navigation meter to read, it will automatically 
calculate and to copy watch box between the 
distances. It will also automatically pop-up interface 
for meter reading meter reading. Using GPRS 
wireless communication technology, the meter 
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reading data with the master station management 
system can be for remote synchronization and 
exchange, implementation of meter reading meter 
reading position real-time tracking, realizing the 
requirements on power meter in place with the work 
of supervision and inspection. Intelligent embedded 
operating system and embedded database is to realize 
the intelligent electricity consumption analysis, 
anomaly report, data statistics and  
calculation functions. 

Currently, household instrument networking 
operation is the key technology of terminal access 
and service platform. The terminal is a direct contact 
with the user using interface, while the platform is 
the core system of bearer services. Terminal access 
and platform service is to protect household 
instrument networking application end-to-end quality 
of service, and operational management household 
instrument networking relates to the network level 
two key technologies. 

Terminal access technology: household 
instrument networking terminal includes household 
instrument networking gateway, household meter 
communication module and a large number of the 
industry terminal, especially to the industry the most 
abundant types of terminal. From the terminal access 
point of view, household instrument networking 
gateway, household meter communication module 
and households with instrumentation intelligent 
terminal are currently the focus of attention. 

Household instrument networking gateway: it is 
connected to sensor network and communication 
network of key equipment. The main functions are 
data gathering, data transmission, the protocol 
adaptation, node management. Internet gateway is 
standard network element equipment; it has gathered 
a variety of different techniques of heterogeneous 
sensor network through remote transmission; on the 
other hand, Internet gateway and the remote 
operation docking platform provide users with 
management, security services. 

Household instrument networking communication 
module: it is mounted on the terminal within the 
independent components, which are used for 
information transmission over a long distance, which 
is the terminal data communication independent 
function block. A communication module is a 
networking application terminal based. Internet 
industry terminal variety, volume, processing ability, 
external interfaces each are not identical, and 
communication module will become the networking 
intelligent service channel, from all walks of life to 
provide networking intelligent channel service. 

Household instrument networking intelligent 
terminal: it satisfies the interconnection of various 
types of intelligent application demand, which has 
certain data processing capability of the terminal 
nodes, except for data acquisition, also has certain 
operations, processing and implementation capacity. 
Intelligent terminal and application requirements are 
closely related, such as in the heat field of application 
of intelligent monitor terminal, with the exception of 

heat meter data acquisition function, but also has 
real-time analysis and early warning function. The 
intelligent monitoring terminal in the network 
operation process on the heating and heat meter 
status real-time analysis, in the heating and heat 
meter fault occurred before the alarm information is 
sent to a remote administrator hand, which plays the 
role of a remote intelligent management. 

Household instrument networking platform 
service technology: an ideal networking application 
architecture, there should be a common platform, 
common for all walks of life to provide universal 
service capability, such as data management, 
communication management, basic ability to call 
(such as positioning), business process customization, 
equipment maintenance services. 

Embedded computer residential household 
instrument management system communication box 
(M2M equipment) [6]: it is available on the functions 
of the terminal management and monitoring, and for 
the industry application system industry application 
data forwarding functions of intermediate platform. 
Platform includes achieve terminal access control, 
terminal control, terminal private protocol adaptation, 
industry application system access, industry 
application private protocol adaptation, trade 
application data forwarding, application environment, 
the application runtime environment, business 
management and other functions. M2M device used 
for household devices on the INTERNET server to 
provide intelligent pipeline operation platform, can 
control the terminal to use the network reasonably, 
monitoring terminal flow and distribution of early 
warning, providing assisted rapid fault location, with 
convenient terminal remote operation and 
maintenance tools. 

Household instrument networking and cloud 
services platform showed in Fig. 2: cloud computing 
technology as the foundation, which sets up internet 
cloud services platform, for a variety of different 
Internet application providing unified service 
delivery platform, to provide the massive computing 
and storage resources, also to provide a unified 
format of data storage and data analysis means, 
greatly to simplify the application delivery process 
and reduce the cost of delivery. Cloud computing and 
networking of the fusion, will make the Internet 
showing a variety of data acquisition terminal, 
ubiquitous network, intelligent background 
processing characteristics. 

Electric operators should focus on the Internet of 
things technology, first should be the network layer 
itself, whether satisfy itself business needs; followed 
by the sensing layer and the application layer in what 
way, what technology and network layer are tightly 
connected, so as to ensure the flow of information 
(e.g., access gateway and management platform) for 
information collection, information gathering, as well 
as the analysis method; finally is to focus on how to 
use the cyber source of the acquired information, and 
to provide networking closely integrated information 
service. 
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Fig. 2. Remote Communication Network diagram. 
 
 
3. The Key Technology  
 

The system is possible through the integration of 
different Internet of Things identification equipment 
of Things sensing equipment [14, 15], and gateway 
device can be reliable to different manufacturers 
compatible communication protocols, including 
Internet of Things platform technology using TOA 
(facing the Internet of Things Architecture, Things 
Oriented Architecture) technology, and integrated 
application of technology-based middleware TOC 
(oriented communication of Things, Things Oriented 
Communication) technology, for the different 
communication protocols for different enterprises and 
different applications of the Internet of Things 
applications common platform. 

TOA is an object-oriented networking system 
design philosophy and architecture technology, 
which abstracts the interactions between the various 
types of sensors (water, electricity, heat, gas metering 
meter) object to a uniform level, focusing on 
independent each of Things networking object 
system functions through a simple, unified interface 
to interact with information and communication, and 
the using of loose coupling between the 
characteristics of Things networked objects is to 
ensure the openness and the size scalability of the 
system platform. 

Due to the networked objects of Things has a 
wide range of characteristics, the TOA core concept 
is flexible to design methods and to break the 
traditional application system fragmentation design 
concept, also to overcome the shortcomings of the 
past, that different classes, different manufacturers 
are incompatible between. TOA pay more attention 
to independent Internet of Things of various 
networked objects, through various objects interact 
with one another and mutual service of ideology. The 
organic link independent system of networked object 
of Things makes rapid systemic function and 
operation [7, 8]. 

TOC is based on the TOA system architecture to 
achieve "people-object", "objects-objects" effective 
interaction between middleware, and each of Things 
networked object maintains an interactive list CTL 
(Concerning Things List), conducting of Things 
networking between objects interaction. By simply 
selecting the list of Things object, the collaboration 
and communication between objects can be achieved 
[9, 10]. CTL which adds and removes support for the 
Internet of Things object interaction supports Push-
based menu-driven collaboration, simplifies 
interaction and interactive interface design on the one 
hand, and the other hand Push process to be 
completed by the Internet of Things object itself self-
explanatory services, not familiar object or services 
can also be easy to complete the communication of 
information. TOC middleware system is composed of 
three parts by the Server, Client, Agent using P2P 
overall design technology which using extended 
XMPP protocol the (Extend Extensible Messaging 
and Presence Protocol, x-XMPP) format for message 
exchange between the Server and Client. 

System product solutions are all based on the 
TOA and TOC technology, the hierarchy of all 
products is shown as: Network layer devices with 
system integration to achieve the company's products 
are mainly located in the sensing layer and 
application layer which are compatible with the 
sensor terminal products of different manufacturers. 
It can be directly through the user interface of the 
application layer to interact with all types of users 
and applications to show (i.e. Users can be 
computers, mobile terminals, mobile phones, and 
specialized equipment and system for data exchange). 
The data obtained by the user interface is a standard 
data after processing through data exchange platform, 
and a comprehensive analysis, statistics, and 
applications can be facilitated. 

Middleware advanced HAL (Hardware 
Abstraction Layer) is hardware abstraction layer 
abstraction of the hardware platform, the basic 
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components (such as the clock, interrupt the 
processor, memory management unit the MMU, 
external devices, network interfaces, etc.) is used for 
the logic components hidden processor specific form 
and peripherals, external uniform definition interface 
logic parts packaged as a hardware-independent 
virtual machines (hardware abstraction layer), also is 
used for system memory management, process 
management, task scheduling, I/O device 
management and network interface management. 
 
 
3.1. Intelligent GPRS Communication 

Module 
 

GPRS network is an increase in the existing GSM 
network in the GGSN and the SGSN, it enables user 
to send or receive data in an end-to-end mode. The 
GPRS packet from the base station sends GPRS 
serving support node SGSN to communicate with the 
gateway support node GGSN. GGSN is used to send 
the packet data corresponding to the destination 
network, such as PDN or Internet. Forwarded to 
datagram packet from the Internet to identify the IP 
address of the mobile station, it is received by the 
GGSN, and then SGSN sends to the remote data 
center [11]. 

Intelligent GPRS communication module GPRS 
network which achieves full-duplex data 
communication with the host computer for data 
center, must be attached to the GPRS network by 
landing on the PC or on the Internet and its 
connection to establish a data link and data 
transmission [12, 13]. Completion of this process 

must achieve the GPRS attachment and packet data 
protocol PDP context activation. Through the GPRS 
attachment of the registered user information, the 
activation process can activate the IP protocol to 
ensure that data which can be transmitted in the form 
of the IP datagram. 

The optional GPRS wireless transceiver is 
Siemens MC55. This wireless transceiver modules 
support 900/1800/1900 MHZ three band tri-band 
module and advanced wireless module with 
GSM/GPRS full set of voice and data capabilities. 
Embedded TCP/IP protocol stack supports TCP, 
UDP, FTP, SMTP, POP3 protocol, eliminating the 
need for system TCP/IP protocol processing time. 
3.3 V-4.8 V voltage supply, the AT commands mode 
is used to achieve data transmission, each 
transmission will show result status return which 
does not require the user to switch the state. The 
MC55 provides two full-duplex serial port, two TCP 
channel transmission, GPRS and SMS or voice state 
automatically switch. 

Intelligent GPRS communication module micro 
controller selects the Atmel Corporation 
AT89C51RC, which contains 32 KB of Flash 
program memory, 512 bytes of on-chip RAM, 32-line 
programmable I/O ports, three programmable timers, 
hardware janitor dog timer WDT. Two 
programmable UART serial communication ports, 
power supply 4.0-5.5 V, the maximum operating 
frequency of 33 MHZ, MC55 hardware the 
microcontroller AT89C51RC GPRS wireless 
transceiver is connected to the principle  
shown in Fig. 3. 

 
 

 
 

Fig. 3. Microcontrollers with GPRS wireless transceiver hardware connection scheme. 
 
 

Communication the MC55 and AT89C51RC data 
mainly through the ports TXD0 to complete the data 
transfer between of TXD, RXD0 with RXD the 
GPRS wireless transceiver chip MC55 TXD0 port for 
receiving data coming from microcontroller 
AT89C51RC, while the microcontroller TXD port is 
used to send data to the microcontroller. The 
microcontroller RXD port is used for receiving from 
the data transmission to the GPRS wireless 
transceiver chip and pin IGT GPRS wireless 

transceiver chip MC55 is used for ignition reset, and 
its role is to do GPRS wireless transceiver of a reset 
of the chip conversion the GPRS wireless transceiver 
chip MC55 base band processor with an integrated 
SIM interface. It is directly wired to the host interface 
for connection to an external SIM card holder. SIM 
card has 6 pin CCVCC CCCLK CCIO CCRST, 
CCIN and CCGND: respectively corresponding to 6 
pin connected to the MC55. 
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The distance between the pins of the wireless 
transceiver chip connector and SIM card holder 
should not exceed 20 cm SIM bracket laying a layer 
of copper isolated network, in order to achieve the 
best results, the layer of copper and SIM card 
CCGND pin are connected. 

For the realization of the power-down data 
protection features, the introduction of non-volatile 
memory can store system user name, account 
number, meter number, real-time power, history of 
electricity and related set parameters. By comparing 
varieties of non-volatile memory read and write 
speed for convenience of programming, the FM3130 
is selected as storage devices. At the same time, it 
can provide real-time clock function. The size of 
FM3130 in FRAM is 64 KB, which provides 
effective unlimited number of writes, write 
operations without any delay, like RAM random fast 
read and write, and the power-down after the data is 
not lost, so the data can be stored for decades. 

AT89C51RC microcontroller has two full-duplex 
UART serial port, a GPRS wireless transceiver MC55 
communication, another data transmission terminal 
equipment is connected to the external. In order to 
enhance the versatility connected with the external 
terminal device it also provides two serial RS-485 or 
RS-232 communication interface mode. AT89C51RC 
serial port is TTL level, and TTL level signals need to 
be converted to RS-485 or RS-232 bus level signal. 
RS-232 serial interface can be directly connected to a 
PC, so that can be released through the serial port on a 
PC AT command of the MC55 module. 

The working power of Intelligent GPRS 
communication module microcontroller AT89C51RC 
is 4.0 V-5.5 V and the GPRS wireless transceiver 
needs MC55 3.3-4.8 V power to be supplied. The 
power module frequency alternates current after 
treatment, in order to provide appropriate power the 
microcontroller AT89C51RC MC55 GPRS wireless 
transceiver. In order to improve the reliability of the 
work at the same time, it can also be installed lithium 
battery, to realize the power supply from 
uninterruptible power supply. 

 
 

3.2. Design of Intelligent GPRS 
Communication Module Software 

 
Completed the GPRS wireless transceiver chip 

the MC55 with microcontroller AT89C51RC 
between communication software designs, it is need 
to define a unified communications protocol between 
the provisions of the format of the data transmission. 
Data of GPRS is transferred via AT commands. The 
microcontroller AT89C51RC which uses AT 
commands to complete with the GPRS wireless 
transceiver chip MC55 between data transmission 
steps are as follows: 

 
AT ^ SICS = 0, CONTYPE, GPRS0 / * Select the 
connection type GPRS0 * / 

AT ^ SICS = 0, DNS1, "*. *. *. *" / * Set the DNS 
server address * / 
AT ^ SICS = 0, PASSWD, T - D1 / * Set access 
GPRS network password * / 
AT ^ SICS = 1, APN, "INTERNET.T-D1.DE" / * Set 
the access node APN * / 
AT ^ SISS = 1, SRVTYPE, SOCKET / * Set the 
interface type of service * / 
AT ^ SISS = 1, CONID, 0 / * Set the connection 
specification 0 * / 
AT ^ SISS = 1, ADDRESS, "SOCKTCP :/ / *. *. *. 
*: ****" / * Client specification contains the distant 
master IP address and TCP port number * / 
AT ^ SISO = 1 / * Open a TCP connection * / 
OK / * Feedback: open successful * / 
AT ^ SISW = 1,20 / * Write data channel 1 sends 20 
bytes of data * / 
SISW: 1,20 / * Feedback: 20 bytes of data can be sent * 
/ 
******************** / * Input to send 20 bytes of 
data * / 
AT ^ SISR = 1,100 / * Read data sent to received 
data length of 100 bytes * / 
SISR: 1,90 / *Feedback information, the data length 
of 90 bytes can be transmitted * / 
AT ^ SISC = 1, / * Close the connection * / 
OK / * Feedback: Close successful * / 
 

To facilitate debugging maintenance and 
transplantation, intelligent GPRS communication 
module software design should follow a modular 
design idea, which using the C programming 
language. Intelligent GPRS communication module 
software design is divided into the system which is 
initialized, establishing a connection, data 
transmission and disconnect. 

The program firstly initializes the system 
hardware and software. Microcontroller initialization 
part AT89C51RC serial port is set for the work, that 
is, 8 data bits and 1 stop bit timer optional timer work 
8 automatically reload timer, setting the baud rate 
9600 bps. Then the software buffers and various flags 
should be initialized. Communication between the 
GPRS wireless communication module and the 
master are initialized by using AT commands of the 
wireless transceiver MC55 chip and to establish a 
TCP connection, then the TCP connection is 
established, data can be sent directly by MC55 data 
transfer mode. On one hand, MC55 accepts the 
command sent by the master server or data sent 
through the serial port to the microcontroller 
AT89C51RC. The microcontroller AT89C51RC is 
according to the command of the master to process 
them accordingly. On the other hand, the 
microcontroller AT89C51RC is via RS-232 or RS-
485 data to accept external terminal and by another 
serial port to the MC55. Data is forwarded to the 
appropriate IP address of the PC serial port by MC55, 
MC55 chip in the access network. The set MC55 chip 
data communication cycle, controlled by the 
microcontroller is used to send heartbeat information 
to the master station to keep the GPRS network 
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connection. The master receives heartbeat 
information should response to the response signal 
disconnected after the end of the data transfer. 
 
 
4. Conclusions 
 

The research is the application of Internet of 
Things for intelligent electrical meter reading system. 
It is able to provide automatic data collecting, data 
analysis, measurement query, print statements and 
other functions, to achieve a remote, centralized, 
automatic meter reading, make metric data collection, 
statistics, and analysis in a very short time to reduce 
the labor intensity, and to improve work efficiency, 
avoiding man-made reading error and some other 
uncertain factors. The system has increased base data 
management functions, including reading abnormal 
information maintenance, meter box maintenance, 
reading class information maintenance, maintenance, 
supply the information area information maintenance 
and meter reading information maintenance. These 
functions will bring huge economic benefits, like to 
improve the meter reading system economic value 
and vitality. In the data processing system, it also 
breaks the previous data limitations, to expand the 
network function. 
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Abstract: Focusing on the DC motor indirect velocity measurement without sensors, according to the 
characteristics of the local mean decomposition, which PF component separated in decreasing order of 
frequency were arranged, the paper builds adaptive filter (for short, AF). Secondly, the paper determined the 
order in AF cut-off component to form a band pass filter to extract the commutation current. Finally, with the 
DC motor commutation, extreme value difference method for getting the current frequency is proposed. 
Commutation current characteristics respectively based on LMD and EMD are compared with experimental data, 
and compared the performance of solving commutation frequency by the extreme difference method and 
wavelet ridge algorithm, Hilbert transform and the arc cosine of LMD. Related experiments prove that the 
proposed method is feasible and effective. Copyright © 2013 IFSA. 
 
Keywords: Commutation current, Local mean decomposition, Adaptive filter, Extreme value difference 
algorithm, Instantaneous frequency. 
 
 
 
1. Introduction 
 

The rotating velocity information of DC motors is 
contained in the frequency of commutation current, 
and then the starting rotating characteristic is able to 
be obtained by analyzing the starting armature 
current of DC motors [1, 2]. The method has the 
advantage of no velocity needed and is adapt to be 
applied in fields of the online measurement and the 
motors without visible rotation axis [3, 4].  

Former research on the indirect velocity 
measurement of DC motors adopts digital frequency 
meter [5] or microcontroller system to measure the 
frequency of commutation pulse amplified and 
shaped by AC amplifier [6], and the methods rely on 
serious hardware. Recently research focuses on 
FFT [7], short-time FFT [8], wavelet packet 
transform [9], wavelet ridge algorithm [10, 11] and 
the 2nd generation wavelet algorithm [12]. The 

steady-state frequency characteristics can be obtained 
with FFT, and the transform fails in the process 
before the steady state. The full process frequency 
characteristics can be obtained with the good ability 
of time-frequency positioning of the wavelet packet 
transform, however, it also brings the large 
calculation and low precision since the discrete 
wavelet transform and the time-frequency plane of 
orthogonal decomposition are adopted [10]. Method 
based on the wavelet ridge adopts the continuous 
wavelet transform and brings high precision, 
however, much calculation is also brought since the 
analytic function is built by the Hilbert transform to 
solve the frequency in the complex domain. The 
short-time FFT and the 2nd generation wavelet 
transform are restricted by the uncertainty principle 
and hard to achieve good time-frequency results. 
Methods of the Teager Energy Operator [13] and 
phase difference [14] are also applied in solving 
frequency, however, too sensitive to noise. 
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The new method of solving frequency of multiple 
component signals based on the Hilbert-Huang 
Transform [15] is popular recently, and it 
decomposes complex signals into the summation of 
some IMF (Intrinsic Mode Function) adaptively 
according to EMD (Empirical Mode Decomposition) 
and then solves frequency for each IMF with the 
Hilbert transform with good self-adaptability, 
however, negative frequency easy appearing. 

The local mean decomposition [16] is an adaptive 
non-linear signal analysis method according to the 
signal envelope characteristics and decomposes 
multiple component signals into some product 
functions of single component one. The PF is made 
up of the amplitude and frequency modulation 
function and can solve its instantaneous frequency by 
computing the derivative, which realizes in the real 
umber domain and brings the fast computing speed, 
however, over amplitude of interval of [-1, 1] of the 
cosine signal often appears. 

The paper builds the adaptive filter based on 
LMD to extract the commutation current comparing 
to the method of EMD to extract the armature 
current, and proposes a frequency solving method 
based on the extreme value difference according to 
the commutating characteristics of DC motors, which 
is also compared to methods of wavelet ridge, Hilbert 
transform and arc cosine in LMD. Results show that 
the new method presented in the paper is better. 
 
 
2. The Filtering Principle of LMD 
 
2.1. Basic Principle [17] 
 

For a signal x(t), the local mean decomposition 
steps follows. 

1) Find out the signal x(t) the local extreme points 
of ni , calculate any two adjacent local extreme points 
mean mi, there are: 
 

 ( ) 2/1++= iii nnm  (1) 
 

All the adjacent local mean points mi and mi+1 
are connected by broken line, and then smoothed by 
sliding average algorithm, get the local mean 
function m11(t). 

2) Calculate the envelope estimate ai 
 

 2/|| 1+−= iii nna  (2) 
 

Connect each adjacent envelope estimate values 
ai and ai +1 with broken line, and then smoothed by 
sliding average algorithm to get the envelope 
estimate function a11(t). 

3) Separate the local mean function m11 (t) from 
the original signal x (t), and obtain the signal H11(t):  
 

 )()()( 1111 tmtxth −=  (3) 
 

4) Divide h11(t) by the envelope estimate function 
a11(t), get FM signal s11(t): 

 )(/)()( 111111 tathts =  (4) 
 

Repeat the above steps for S11(t), get the envelope 
estimation function a12 (t), If a12(t) is not equal to 1, 
indicating that s11(t) is not a pure frequency 
modulation signal, and then repeat n times until S1n 
(t) is a pure FM signal, i.e. namely the envelope 
estimation function of s1n(t )is a1(n+1)(t)=1, so: 
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Conditions for iterative terminated: 

 
 1)(lim 1

n
=

∞→
ta n  (7) 

 
In practical application, in order to avoid 

excessive decomposition number, we can set a 
disturbance ∆, the iteration will end when  
1-∆≤a1n(t) ≤1+∆. 

5) Multiply the iterative process envelope 
estimation function, get the envelope signal a1 (t): 
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6) Obtain the formula (8) in the envelope signal 

a1 (t) and pure FM signal s1n (t) multiplied, to obtain 
the original signal x (t), as a PF component: 
 

 )()()( 111 tstatPF n⋅=  (9) 
 

It contains the highest frequency component of 
the original signal, It is a single component amplitude 
modulation and frequency modulation signal, The 
instantaneous amplitude is the envelope signal a1(t), 
the instantaneous frequency f1(t) can be calculated by 
pure FM signal s1n(t): 
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7) Separate PF1 (t) components from the original 
signal x (t), and obtain the signal u1 (t), u1 (t) as the 
new data, repeat the above steps, k cycle, until uk (t) 
as monotonic function so far. 
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As can be seen from the above steps, the original 
signal can be reconstructed by uk (t) and all PF 

components, i.e.: )()()(
1

tutPFtx k

k

i
i +=∑

=

. 

 
2.2. Principle of Building Filter Based  

on LMD 
 

Adaptive temporal and spatial filter can be built 
according to the frequency characteristics from high 
to low of IMF components decomposed based on 
EMD [18]. LMD has the similar characteristics as 
EMD and so the similar filter can be achieved. 

If removing the PF components finally 
decomposed and adding the left ones, an equivalent 
high pass filter is achieved; if removing the 
components firstly decomposed and adding the left 
ones, a low pass filter achieved; if removing the 
components first and finally decomposed and 
keeping the middle ones, a band pass filter achieved. 
The adaptive filter (for short, AF) based on LMD is 
expressed below. 
 

 
∑=

h

l
i tPFtx )()(ˆ  (12) 

 
In formula (12), the parameter of l and h is the 

cut-off component order of AF, and takes values 
from the interval of [1, N]. N is the maximum order 
of PF components. )(ˆ tx  is the output signal. While 
l>1 and h=N, AF is high pass; while l>1 and h=N, it 
is low pass; while 1<l<h<N, it is a band pass. 

The signal decomposing process based on LMD 
indicates the filter owns the multi-resolution 
analyzing and adaptive ability, and the cut-off 
frequency and pass-band relies on the input signal. 
 
 
2.3. Solving Transient Frequency Based  

on the Extreme Value Difference 
 

Leading or delayed commutation, and sparking or 
arc discharging often appears in the commutating 
process for DC motors. In addition, the process is 
affected by the pressure on the commutator and 
touching degree between the brush and commutating 
segment [2]. All the factors would cause the 
distortion for the commutation current. In process of 
current extraction, methods of EMD and LMD are 
difficult to remove the effect of Leading and delayed 
commutation [17, 18]. The velocity obtained 
indirectly at the distorted point will not fit the actual 
value which does not burst [5]. 

According to the definition of frequency, the 
period is the time interval between two adjacent wave 
crests and troughs and the reciprocal of period can be 
considered to be the frequency at middle time for 
adjacent crests or troughs, which is called the 
extreme valve difference method based on the middle 

point. Assuming the commutation current is shown as 
)(tihx , the frequency solution follows. 

Step (1) Find out all the peak values of )(tihx  and 
set them to be shown as )( khxi τ ; kτ  indicates the 
peak time with Nk ,,2,1= , and N the total  
peak number. 

Step (2) If the coming time for the 1st peak is 
equal to zero, turn to Step (3), or make the mirror 
extension process to solve the end effect and then go 
to Step (3). 

Step (3) The frequency at middle time for 
adjacent crests or troughs is shown below with the 
sample frequency shown as sf . 
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−

−
=

+

kk

skk ff
ττ

ττ  (13) 

 
Step (4) Verify whether the frequencies robust. 
Step (5) Plot the transient frequency wave in the 

way of least squares fitting. 
The method of positioning extreme values to 

solve frequency has clear physical meaning and 
resolves the frequency burst problem caused by the 
leading or delayed commutation and spark factors. 
 
 
3. Indirect Velocity Measurement 

Formula and the Signal Acquisition 
System 

 
3.1. Formula for Indirect Velocity 

Measurement 
 

The formula is shown as the following [4]. 
 

 
60

pnmcf n
×××

=  (14) 
 

In the formula, the parameter of m, n, p indicates 
correspondingly number of commutating segments, 
rotating velocity, and number of motor pole pairs. 
The parameter of c is a coefficient relying on m 
taking the value of 1 when m is even, while taking 2. 
 
3.2. The Signal Acquisition System 
 

The acquisition system shown in Fig. 1 contains 
permanent magnet DC motor of ZYTD-50SRZ-R, 
Holzer current sensor of LSTR25N, data acquisition 
card of RTUSB2850, PC and DC power adapter.  

As shown in Fig. 1, the no load current of ZYTD-
50SRZ-R is 0.18 A, no load rotating velocity is 
2000 rmp with the polar pair number of 1 and 
commutating segment number of 12. With regard to 
parameters above, the maximum frequency of 
commutation current should be less than 40 Hz. The 
sample frequency chosen in the paper is 20 kHz with 
the acquisition data shown in Fig. 2. 

As shown in Fig. 2, the armature current contains 
plenty of noise signals from transient to the steady 
state. 
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Fig. 1. Signal acquisition system for DC motors. 
 
 

 
 

Fig. 2. The armature current signal without load. 
 
 
4. Experimental Result Analysis 
 

The PF components decomposed based on LMD 
from the armature current in Fig. 1 are shown  
in Fig. 3.  

And in order to verify the completeness of LMD, 
the summation operation of all PF components and 
residual functions are adopted to reconstruct the 
original signal. The error waveform of difference 
between the reconstructed and original signal is 
shown in Fig. 4. 

As shown in Fig. 4, the error degree is in the level 
of 1710− , which proves method of extracting 
commutation current based on LMD is feasible. 

Fig. 3 shows that all the PF components are in the 
frequency order from high to low. PF1 and PF2 with 
small amplitude and high frequency can be assumed 
to be noise. PF3 with the amplitude increasing and 
lower decreasing can be assumed to be the 
commutation current component. The frequency of 
other PFs keeps decreasing and PF7 can be thought 
approximately as the DC component. With the 
analysis above, the cut-off component for the band 
pass filter describe in Formula (12) is fixed with the 
order of l=3 and h=6. So the AF output signal is the 
commutation current shown in Fig. 5. 

With comparing to Fig. 2, it shows that the band 
pass AF well keeps the commutation current while 
removing the high frequency noise and low 
frequency DC current. 

The DC components by EMD [17] and LMD are 
shown in Fig. 6 (a), and the commutation current in 
Fig 6 (b). 

 
 

Fig. 3. PF components and residual function. 
 
 

 
 

Fig. 4. Error signal between reconstructed  
and original signal. 

 
 

 
 

Fig. 5. Commutation current by LMD. 
 
 

As shown in Fig. 6(a), the DC component 
extracted with EMD performs better in the starting 
process, and the ones with both methods perform 
similarly; as shown in Fig. 6(b), the commutation 
current extracted with LMD performs smoother 
waveform. 

With the experimental environment of K480P-
i5G PC, Win7 OS and Matlab 7.12, the time for 
obtaining all the IMF components by EMD based on 
screening stop criterion by Rilling [17] with the 
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default settings is 2.463026 s, while time for 
extracting all the PF components by LMD with the 
disturbance quantity of ∆=0.0001 is 1.193508 s. That 
proves that it is faster for LMD and more suitable for 
the measurement in real time mode. 
 
 

 
 

(a) DC components by LMD and EMD. 
 
 

 
 

(b) Commutation current by LMD and EMD. 
 

Fig. 6. Waveform comparison with LMD and EMD. 
 
 

Fig. 7 shows the solved frequency by methods of 
the extreme value difference and the wavelet ridge 
algorithm, and Fig. 8 shows the Fourier spectrum of 
the starting current.  

Comparing with Fig. 7 and Fig. 8, method of 
extreme difference can be effective for solving the 
frequency of the commutation current extracted by 
EMS and LMD. That three frequency waveforms go 
into the steady state at the same time in Fig. 7 proves 
the difference method is right. It also shows that the 
commutation current waveform with LMD is 
smoother and no bursting than that with EMD in the 
starting transient process; and the frequency 
waveform by the wavelet ridge algorithm which has 
large fluctuation in the boundary of steady state is 
smoother than that by the extreme difference. 
 
 

 
 

Fig. 7. Transient Frequency with methods of the extreme 
difference and the wavelet ridge algorithm. 

 
 

Fig. 8. Fourier spectrum of the armature current  
in the starting process without load. 

 
 

In addition, the time for solving frequency with 
the wavelet ridge algorithm of the type of cmor6-2 
wavelet and scale of 1:300 is 12.633830 s, while the 
time with extreme difference method is 0.385791 s, 
which is more suitable for the real time application. 

Fig. 9 shows the frequency waveforms of main 
modes by Hilbert Transform and LMD arc cosine 
method, and the former has large amplitude and 
many mutation points because the commutation 
current is not regular cosine wave and the 
commutating process is very complex.  

LMD adopts the moving average algorithm like 
the filter window in the process of obtaining the pure 
FM function to solve the frequency, and the 
waveform is smoother than that of HHT, but has 
some fluctuation because the value of the FM 
function is often beyond the interval of [-1, 1]. 
 
 

 
 

Fig. 9. Frequency waveforms of main modes by Hilbert 
Transform and LMD arc cosine method. 

 
 

According to Formula (12), the rotating velocity 
is plotted in Fig. 10 showing the steady velocity is 
1825 rmp, and the fluctuation range is less than 
±5 rmp, which proves the method proposed in the 
paper is feasible. 
 
 

 
 

Fig. 10. Rotating velocity of DC motors without load. 
 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 262-267 

 267

5. Conclusions 
 

The adaptive filter based on LMD is built in the 
paper, and the methods of EMD and LMD in 
extracting the commutation current form DC motors 
with no load are compared with experimental data. A 
new method of solving commutation current based on 
the extreme value difference is also proposed and 
compared to methods of LMD arc cosine, Hilbert 
transform and wavelet ridge algorithm. Some 
conclusion follows. 

1) Comparing to EMD, LMD extracts smoother 
commutation current and performs faster speed, 
which is more suitable for the real time application. 

2) The frequency can be solved by the extreme 
value difference method. 

3) With regard to solving frequency of 
commutation current by EMD and LMD, the 
waveform with LMD is smoother in the starting 
transient process. 

4) The transient frequency characteristics with the 
wavelet ridge algorithm are better, but have large 
fluctuation in the boundary of steady state. 

5) Comparing to the wavelet ridge algorithm, the 
speed in solving frequency with the extreme 
difference is increased by 96.95 % and it is suitable 
used in real time mode. 

6) Methods of the LMD arc cosine and Hilbert 
transform are not suitable to solve frequency directly.  
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Abstract: In order to grasp the dynamic response of 4-UPS-RPS (four universal joints-prismatic pairs-spherical 
joints and revolution joints-prismatic pairs-spherical joints) parallel coordinate measuring machine with 
clearances, a method of dynamic characteristics analysis by using virtual prototyping technology was 
introduced. The virtual prototype of 4-UPS-RPS parallel coordinate measuring machine with clearances was 
constructed by ADAMS while the driving limbs, the moving platform and stationary platform of parallel 
coordinate measuring machine were treated as rigid bodies. Based on the virtual prototype with clearances, the 
dynamic response, including kinematics output response and contact force of joints element, were obtained. The 
results of simulation show that the joint clearances are demonstrated to have significant impact on system 
kinematics and dynamics. This research can provide the important theoretical base of the optimization design 
and the vibration control for 4-UPS-RPS parallel coordinate measuring machine. Copyright © 2013 IFSA. 
 
Keywords: Parallel mechanism, Joint clearance, Dynamic response, Virtual prototype. 
 
 
 
1. Introduction 
 

The parallel coordinate measuring machine has 
advantages of high stiffness, good dynamic 
performance, no accumulated precision errors, tight 
construction and strong modularization [1]. As a type 
of new-structure measuring and manufacturing 
equipment, the parallel coordinate measuring 
machine has been paid more attention and developed 
rapidly. The parallel coordinate measuring machine is 
considered as a multi-body system, joints are 
important components to connect an individual body 
together [2]. The joint clearances can have a 
significant effect on dynamic response of the high-
speed parallel mechanism system. For instance, the 

impact due to clearance might give rise to noise and 
vibration, and result in a loss of precision. 

S. Dubowsky [3] published the first literature 
about dynamic behaviors of mechanism with 
clearances. Thereafter, several researchers [4-6], such 
as P. Flores, M. Dupac, and R. Haines, carried out 
related research individually. Currently, the study of 
dynamic modeling and dynamic characteristics on 
planar parallel mechanism are mature, but there have 
been few efforts made oriented to spatial parallel 
mechanism, especially on parallel coordinate 
measuring machine. When considering the joints 
effects, the dynamic equation of parallel coordinate 
measuring machine educed by theoretical method are 
extraordinarily complex, and the mathematical 
solution process is also difficult, which it is 
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inconvenient for the follow-up research, such as the 
optimization design and the vibration control. 
Therefore, the dynamic behaviors analysis of parallel 
coordinate measuring machine with clearances 
without the construction of mathematical model is the 
key research tendency, and has not been  
studied extensively. 

In this paper the dynamic behavior analysis of  
4-UPS-RPS parallel coordinate measuring machine 
with clearances by using virtual prototyping 
technology is studied. The virtual prototype of  
4-UPS-RPS parallel coordinate measuring machine 
with clearances is constructed in Adams while the 
driving limbs, the moving platform and stationary 
platform were treated as rigid bodies. Based on the 
dynamic model above, the simulation analysis of 
dynamic characteristics for 4-UPS-RPS parallel 
coordinate measuring machine with clearances, 
including displacement output response, velocity 
output response, acceleration output response, and 
contact force of joints element, are realized. 
 
 
2. Structural Characteristics  

of 4-UPS-RPS Parallel Coordinate  
Measuring Machine 

 
The 4-UPS-RPS parallel coordinate measuring 

machine is shown in Fig. 1, which could achieve two 
translation degrees of freedom and three rotation 
degrees of freedom.  
 
 

 
 

Fig. 1. Structural diagram of parallel coordinate  
measuring machine. 

 
 

In the 4-UPS-RPS parallel coordinate measuring 
machine, the moving platform and the stationary 
platform are connected by four UPS actuating limbs 
and a RPS actuating limb. The five axes of the 
actuating limbs do not intersect at a common point. 
The distribution position angle of the universal joint 

on the stationary platform is 90°, the distribution 
position angle between the front revolution joint and 
the neighboring universal joint on the stationary 
platform is 45°, the distribution position angle of the 
spherical joint on the moving platform is 72°. Each 
limbs and platforms is made of steel with mass 
density of 7800 Kg/m3, poisson's ratio of 0.29, 
stiffness of 105 Newton/mm, young's  
modulus of 2.07×105 Newton/mm*2, damping of  
10.0 Newton-sec/mm. 
 
 
3. Dynamic Characteristics of 4-UPS-

RPS Parallel Coordinate Measuring 
Machine with Clearances 

 
We take the driving limbs, moving platform and 

the stationary platform as rigid bodies, and the joint 
contact action is assumed as an isotropic contact 
stiffness/damping set. The process of constructing the 
virtual prototype of 4-UPS-RPS parallel coordinate 
measuring machine with clearances is illustrated as 
follows. Firstly, parts of 4-UPS-RPS parallel 
coordinate measuring machine are sculpted with 
measurement equal to its real model, respectively. 
And according to the actual assembly process, the 
solid model of 4-UPS-RPS parallel coordinate 
measuring machine is built in Solidworks. Then the 
solid model of 4-UPS-RPS parallel coordinate 
measuring machine is transmitted to ADAMS, using 
the rigid constraints of joints element, the virtual 
prototype of 4-UPS-RPS parallel coordinate 
measuring machine with different clearances was 
build. The motion of working head for 4-UPS-RPS 
parallel coordinate measuring machine is described 
as follows. 
 

 7.0710678119
926.5 50 *sin
757 50 * cos

x
y t
z t

=⎧
⎪ = +⎨
⎪ = +⎩

  (0 3.1416)t≤ ≤  
(1) 

 
The dynamic characteristics simulations of  

4-UPS-RPS parallel coordinate measuring machine 
with clearances are realized in ADAMS software. 
The clearance of revolution joints is defined as 
0.6 mm, the clearance of prismatic pair is defined as 
0.2 mm, the clearance of spherical joint is defined as 
0.3 mm. Based on the virtual prototype of 4-UPS-
RPS parallel coordinate measuring machine with 
clearances, the kinematics output response and 
contact force of joints element are realized. The 
kinematics output of working head are shown in Fig. 
2 to Fig. 4. As shown in Fig. 2 to Fig. 4. The curves 
with red real line reflects the kinematics output of the 
dynamic model with ideal joints, the curves with 
dotted line reflects the kinematics output of the 
dynamic model with multiple clearance joints. From 
Fig. 2 to Fig. 4, the joint clearances have a strong 
impact on the kinematics output of 4-UPS-RPS 
parallel coordinate measuring machine. 
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Fig. 2. Displacement output of working head. 
 
 

 
 

Fig. 3. Velocity output of working head. 
 
 

 
 

Fig. 4. Acceleration output of working head. 
 
 

The contact force of joints element of 4-UPS-RPS 
parallel coordinate measuring machine with 
clearances is shown in Fig. 5 to Fig. 23. As shown in 
Fig. 1, the UPS limb in right rear is considered as the 
first driving limb. And the second limb, the third 
limb, the fourth limb and the fifth limb are installed 
in anti-clockwise respectively. The universal joint is 
considered as two revolution joints. The RPS driving 
limb has three joints, and the first joint is revolution 
joint connect with stationary platform, the prismatic 
pair is the second joint, the spherical joint is third 
joint. The UPS driving limb has four joints, and the 
first joint is revolution joint connect with stationary 
platform, the other revolution joint is second joint, 

the prismatic pair is the third joint, the spherical joint 
is fourth joint. The j  joint on i  driving limb is 
expressed as i j−  joint ( 1, 2,3, 4,5;i =  

1, 2,3, 4,5)j = . From Fig. 5 to Fig. 23, the contact 
forces are varied greatly with the movement of the 
working head, and the supreme contact force occurs 
in spherical joint on RPS driving limb. 
 
 

 
 

Fig. 5. Contact force in 1-1 joint. 
 
 

 
 

Fig. 6. Contact force in 1-2 joint. 
 
 

 
 

Fig. 7. Contact force in 1-3 joint. 
 
 

 
 

Fig. 8. Contact force in 1-4 joint. 
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Fig. 9. Contact force in 2-1 joint. 
 
 

 
 

Fig. 10. Contact force in 2-2 joint. 
 
 

 
 

Fig. 11. Contact force in 2-3 joint. 
 
 

 
 

Fig.12. Contact force in 2-4 joint. 

 
 

Fig. 13. Contact force in 3-1 joint. 
 
 

 
 

Fig. 14. Contact force in 3-2 joint. 
 
 

 
 

Fig. 15. Contact force in 3-3 joint. 
 
 

 
 

Fig. 16. Contact force in 3-4 joint. 
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Fig. 17. Contact force in 4-1 joint. 
 
 

 
 

Fig. 18. Contact force in 4-2 joint. 
 
 

 
 

Fig. 19. Contact force in 4-3 joint. 
 
 

 
 

Fig. 20. Contact force in 5-1 joint. 

 
 

Fig. 21. Contact force in 5-2 joint. 
 
 

 
 

Fig. 22. Contact force in 5-3 joint. 
 
 

 
 

Fig. 23. Contact force in 5-4 joint. 
 
 
4. Conclusions 
 

The dynamic behavior analysis of 4-UPS-RPS 
parallel coordinate measuring machine with 
clearances are realized by the application of virtual 
prototyping technology. The dynamic characteristics 
including displacement output, velocity output, 
acceleration output, and contact force of joints 
element, are obtained. The simulation results show 
the actual dynamic behaviors of 4-UPS-RPS parallel 
coordinate measuring machine with clearances, and 
provide important theoretical base of the optimization 
design, controlling and reducing vibration for these 
parallel mechanism. 
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Abstract: Research on radiation by electron bunch in poloidal magnetized plasma remains a longstanding 
challenge. Toward this objective, theoretical investigation and computer calculation on Cherenkov radiation by 
an electron bunch moving uniformly in Hermitian medium of poloidal magnetized plasma are presented in the 
paper. Through establishment of physical model of Hermitian medium, radiation mechanism is analyzed. 
Eigenvalue and radiation condition are obtained. Through analysis of eigenvalues, dispersion relation is derived. 
Through analysis of cyclotron frequency and plasma frequency affecting eigenvalue, it is found that p1 mode is 
only affected by plasma frequency, and p2 mode is affected by not only plasma frequency but also cyclotron 
frequency. Then dispersion curve are achieved by computer calculation. The theoretical analysis and calculation 
will provide for further research of the new type UWB microwave radiator. Copyright © 2013 IFSA. 
 
Keywords: Cherenkov radiation, Poloidal magnetized plasma, Hermitian medium, Eigenvalue, Dispersion 
relation. 
 
 
 
1. Introduction 
 

A new type UWB microwave radiator, which our 
lab has researched and developed, is pulsed plasma 
ultra-wide-band (UWB) microwave radiator [1]. Its 
characteristics include coexistence of multi frequency 
spectrum curves, sweeping frequency, and narrow 
instantaneous band width. Furthermore, angles 
between the direction of maximum value and z axis 
change with the frequency of radiation wave. 
Intensity amplitude of vertical polar field is larger 
than that of horizontal polar field. All these 
characteristics of the radiator are different from those 
of the general UWB microwave source. The radiation 
originates from Cherenkov radiation of an electron 
bunch moving in poloidal magnetized plasma. 

A large number of papers on the Cherenkov 
radiation have been published during the past 
decades  [2-9]. In addition, a systematical theoretical 
investigation on the Cherenkov radiation by an 
electron bunch in some Hermitian medium is given in 
the papers of Professor Liu Shenggang [10-12]. 
However, their theoretical research mainly focuses on 
axial magnetized plasma which is only one type of 
Hermitian medium. Many useful materials are other 
type Hermitian medium, such as poloidal magnetized 
plasma. Their physical models are also different. So, 
in this paper, Cherenkov radiation by an Electron 
Bunch in poloidal magnetized plasma is researched. 

The paper is organized as follows. Section 1 is a 
brief introduction. In section 2 the physical model of 
Hermitian medium is established and radiation 
mechanism is investigated. In section 3, the condition 
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of radiation is derived through analysis of eigenvalue. 
In section 4 and 5, dispersion relation and velocity of 
wave are calculated and analyzed respectively. 
Finally, conclusion is given in section 6. 
 
 
2. Radiation Mechanism 
 

The radiator has three electrodes: anode, cathode 
and triggered electrode. Method of field-breakdown 
is adopted into breakdown between cathode and 
triggered electrode, then electrons of cathode plasma 
are accelerated by electric field of anode-cathode to 
form convection current [13]. The current excites 
poloidal magnetized field. Then the plasma is 
magnetized by the field to develop into Hermitian 
medium. Fig. 1 shows circuit diagram of experiment. 
Fig. 2 shows structure radiator. 
 
 

 
 

Fig. 1. Circuit diagram of experiment. 
 
 

 
 

 
 
 
 
 

 
 

Fig. 2. Structure radiator. 
 
 

The circuit of trigger device, shown in Fig. 3, 
consists of current sustaining loop and pulse forming 
loop. D1, D2 and D3 are diodes. R1 and R2 are current-
limiting resistance. D4 is silicon stack with 60 kV 
withstand voltage. SCR is a silicon-controlled 
rectifier as a switch. C1 is freewheeling capacitor 
used for current sustains, which is capable of the 
generation of abundant initial plasmas during the 
breakdown of trigger electrode, and C2 is the 
capacitor used for pulse formation, respectively.  

In order to simplify analysis, it is supposed that 
electrons move uniformly at the speed of u0 along z 
axis in cylindrical coordinate. 

The dielectric tensor of poloidal magnetized 
plasma is as follows [1]: 

 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−
=

12

3

21

0
00

0

εε
ε

εε
ε

j

j
, (1) 

 

where ,
)(

   ),1( 22

2

0222

2

01 ωωω
ωω

εε
ωω

ω
εε

−
=

−
+=

ce

cepe

ce

pe  

e

e
ce m

Bq 0≡ω , ,
0

2
2

e

ee
pe m

qn
ε

ω ≡  

where ωpe is the plasma electron frequency of  
background plasma, ωce is the electron cyclotron 
frequency. Collision effect is neglected. Beam-wave 
interaction in magnetized plasma is described by 
Maxwell’s equations: 
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where the wave factor is exp{j(ωt - kz - mφ)}. 

 
 

 
 

Fig. 3. Basic circuit of trigger current generator. 
 
 

In the absence of the driving beam, the equations 
can be written as [14]: 
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Equations (3) and (4) are coupled, and lead to a 
fourth order equation in either Bz or Ez. The equations 
can be cast into the following form: 
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The value of p1 and p2 is respectively 
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It is shown that eigenvalues of p1 and p2 represent 

two modes respectively. Only when p is real, can the 
mode radiate. Or else the mode is a local mode. So it 
is obvious that, in order to make eigenvalues of p real 
values, the following condition should be fulfilled: 
 

 02
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3. Analysis of Eigenvalue 
 

In order to simplify equation (7), m = 0. So a1, a2, 
a3 and a4 can be written as: 
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Equation (8) can be now substituted into equation 

(6) with the result 
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i) when 01 >a  
In this condition, the following result can be 

received: 
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Equation (10) gives the following solution: 
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It can be concluded that, in this condition, a1 < 0. 

So p1 mode can not radiate. Because a1 > a3, p1 mode 
can not also radiate.   

ii) when 03 >a  
In this condition, if the following condition will 

be fulfilled, only one mode can radiate: 
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(12) 

 
In general, it can be seen that whatever condition 

only one mode can radiate. Another mode is a local 
field moving with the charged particle. At the same 
time, equation (12) gives the radiated condition. 

 
 

4. Dispersion Relation 
 
Based on 2,12,12,1 pekpkk zzz +=+= , dispersion 

relation of two modes can be received through 
equations (10), (12): 
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Based on equations of (13) (14), dispersion curve 

of two modes can be received as Fig. 4 and Fig. 5 by 
computer calculation. 

 
 

ω

k 

c line 

 
 

Fig. 4. Dispersion curve of p1 mode for ωce /ωpe= 0.168. 
 
 

ω

k 

c line 

 
 

Fig. 5. Dispersion curve of p2 mode for ωce /ωpe= 0.168. 
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In figures above 0/  ,/ kkkpe == ωωω  and 
k0=ωce/c. 

Through dispersion of figure 4, dispersion 
relation of p1 mode in poloidal magnetized plasma is 
the same as dispersion of electromagnetic wave in 
unmagnetized plasma. That is to say, p1 mode isn’t 
affected by poloidal magnetic field. So p1 mode 
corresponds to ordinary mode (“o” mode). Cutoff 
frequency of p1 mode is ωpe. There is no resonance 
frequency. So interval propagation of wave is ω�ωpe. 
From figure 4, it can be also seen that dispersion 
curve of p1 mode is above c line (light line of 
vacuum). It means that propagation velocity of 
electromagnetic wave is faster than c. So radiation of 
p1 mode does not correspond to Cherenkov radiation. 

It is proved once again that p1 mode can not 
generate Cherenkov radiation. 

Dispersion relation of p2 mode relates to ωce. So 
p2 mode corresponds to extraordinary mode (“x” 
mode). Cutoff frequency of p2 mode is 

2/4/22
cecepe ωωω ±+ . Resonance frequency is 

22
pece ωω + . 

 
 

5. Velocity of Wave 
 
5.1. Phase Velocity of Wave 
 

Based on expression of phase velocity 
vp1,2=ω/k1,2, the phase velocity of two modes can be 
derived from above dispersion relations: 
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In the equations above, cvv pp /2,12,1 = . 
Based on above equations, phase velocity curve 

of two modes can be received as Fig. 6 by computer 
calculation. 
 
 

 
 

Fig. 6. Frequency dependence of phase velocity  
for ωce=0.168ωpe 

In the figure, line of v=0.6c is marked. It can be 
seen that phase velocity of p1 mode is higher than 
velocity of electron. As we all know, only when 
velocity of electron is higher than phase velocity of 
wave in medium, Cherenkov radiation can be 
generated. So, it can be proved again that p1 mode 
can not generate Cherenkov radiation. Max value of 
electron velocity is only 0.6c. As to p2 mode, electron 
can move faster than wave. However, radiation 
condition is strict.  

In addition, in some region phase velocity is very 
high, because equations (15) and (16) have singular 
appoints. Singular appoint of equation (15) is =ω 1. 
Equation (16) has two singular appoints of 

2/)42( 242
cecece ωωωω +±+= . When ωce= 0.168ωpe, 

the two singular appoints are respectively 0.926 and 
1.080. 
 
 
5.2. Group Velocity of Wave 
 

Based on expression of group velocity 
2,12,1 / dkdvg ω= , the group velocity of two modes 

can be derived from above dispersion relations: 
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In above equations, cvv gg /2,12,1 = . 
Equation (17) shows that if and only if the 

condition of 1>ω  is satisfied, 
1gv  has real solution. 

If and only if the condition of 
0)1/()1( 2222 >−+−+ ωωωω ce

 is satisfied, 
2gv  has 

real solution. 
When ωce=0.168ωpe, group velocity can be 

described by Fig. 7. On the figure, it can be seen that 
when 1>ω  is satisfied, 

1gv  has real solution. When 

014.1920.0 <<ω  or 087.1>ω , 2gv has real solution. 
In Fig. 8, which is amplified picture of Fig. 5 in 

0, 21 =gg vv , there are three intersections of 2gv  and 
transverse axis. It can be also seen that when ∞→ω , 

11 →gv  and 02 →gv . 
In addition, it can be observed that p1 mode’s 

group velocity is faster than p2 mode’s and max value 
of p2 mode’s group velocity less than 0.5c.  
 
 
6. Conclusion 

 
Theoretical research and numerical calculation on 

Cherenkov radiation in poloidal magnetized plasma 
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are presented in this paper. The following results can 
be received: 

1) New physical model of Hermitian medium is 
presented. 

2) In the Hermitian medium, only one mode (p2 
mode) can radiate. The condition of radiation is p2 > 
0. Another is a local mode (p1 mode). 

3) Through the analysis of dispersion relation, p1 
mode isn’t affected by poloidal magnetic field. So p1 
mode corresponds to ordinary mode (“o” mode). 
However, dispersion relation of p2 mode relates to 
ωce. So p2 mode corresponds to extraordinary mode 
(“x” mode). 

4) Through analysis of group velocity, when 
ωce=0.168ωpe, frequency band of radiation is 
calculated.  
 
 

vg2 

vg1 
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ω  
 

Fig. 7. Frequency dependence of group velocity  
for ωce=0.168ωpe 
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Fig. 8. Amplified picture of Fig. 5 in 0, 21 =gg vv . 
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Abstract: This paper presented a novel method to detect the signal of the instantaneous infrared target based on 
the Finite Element Analysis (FEA). The radiation energy produced by flame infrared target was divided to finite 
element section. Studied the distribution of the unit area energy of flame in the detection system and the 
calculation method of flame radiation obtained by the photosensitive surface of infrared detector in the optical 
field, we set up a target detection model based on FEA for infrared targets and deduced a calculation formula of 
the output signal of the infrared flame detection system. Furthermore, the paper analyzed the factors of the 
influence detection effect both of the environmental factors and the angle of incidence optical system, and 
simulated the relationship between all parameters of the established model and the characteristics of the object 
detected. The results of experimental data was consistent with the simulation result verified the correctness of 
the infrared target detection model established. Copyright © 2013 IFSA. 
 
Keywords: Infrared target, Infrared radiation, Detection model, FEA, Sensitivity. 
 
 
 
1. Introduction 
 

In the petroleum and chemical industry, 
flammable and explosive goods are usually stored, 
processed and transported in the outdoor environment. 
Most of the inflammable and explosive goods will 
produce a larger quantity of heat, in an accident with 
thermal radiation energy, reaction speed is transient. 
For this type of dangerous goods accident detection, 
so need detection device has the thermal response 
characteristics of high sensitivity and timely response. 
In this kind of place, Infrared flame detection system 
is the first choice for fire detection devices since it 
has the advantages of short response time and long 
detection distance. 

For infrared detection system of detecting 
distance and surveillance of wide field of view, how 
to obtain the transient infrared signals is the key to 
design the infrared flame detection system. At 

present, the infrared target detection generally uses 
the following two methods. The first is to use IR 
camera to capture the target, by recognition and 
analyze infrared images to detect the flame. This 
method is close to the human visual habits and need 
to process the infrared image. The second method is 
to use infrared sensors to identify the thermal 
radiation of infrared target. The infrared detector is 
more frequently used in the radiation detection of 
hydrocarbon compounds combustion. This paper 
adopts the method of finite element analysis, 
transient flame is decomposed into a finite number of 
infrared target sources, as an object, established on 
the basis of the infrared target source of target 
detection model, and the calculating formula of the 
output signal of the infrared flame detection system is 
deduced. Furthermore, the paper analyzes the 
influence effect for the detection signal of external 
environment, such as the sun, the earth radiation, 

Article number P_1499

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 279-288 

 280

angle of incidence optical system. Through 
simulation and practical test for the model established, 
we verify the correctness and feasibility of the model 
established. Also, this paper provides a new method 
of calculation and analysis for the transient flame 
signal detection using infrared detector under the 
condition of long distance. 

The following content of paper is organized as 
follows: Section 2 presents the model of IR target 
detection based on FEA. Section 3 analyzes 
environmental effects for the detection performance. 
Section 4 is simulation and Section 5 test. Finally, 
section 6 gives the conclusions.  
 
 
2. The Model of Infrared Target 

Detection Based on FEA 
 
2.1. The Infrared Target Detection Range 
 

Whether can detect infrared target, the commonly 
used method is based on the target radiation power 
produced in the detector response based on whether 
meet the requirements of signal to noise ratio [1], as 
shown in equation (1). 
 

 1
* 2 2

0

4 ( )
a

d S N

I D D
R

A f V V
π τ τ⎡ ⎤⋅ ⋅ ⋅ ⋅ ⋅

= ⎢ ⎥
⋅∆ ⋅⎢ ⎥⎣ ⎦

, (1) 

 
where R  is the distance from the transient flame to 
infrared detector. aτ  is atmospheric transmittance, 0τ  
is transmittance of optical system, I  is the target 
radiation intensity, *D  is the detection rate for 
detector, D  is aperture optical system, dA  is 
detector photosensitive surface area, f∆  is the 
bandwidth of the system, S NV V  is the minimum 
requirement for signal processing SNR. 
 
 
2.2. Flame Thermal Radiation Energy 

Obtained by Infrared Detector 
 

Assume that transient flame within the space and 
distribution in a rectangle area which long is 'a , wide 
is 'b  and high is 'c . Due to the transient flame 
distribution in space and present irregular shape, 
Detector collection transient flame from the light of a 
particular direction. Assume that the energy 
distribution by fire centers on the optical system’s 
optical axis. On the optical axis direction, the light 
energy of positive side of the optical system is larger 
than deviation of the surface, so only to select half of 
the cuboid area (length is 'a , width is 'b and height is 

' 2c  respectively) which close to the optical  
system [2].  

Using finite element method to decompose 
transient flame in this half of the rectangle area and 

divided into a number of flake finite element. 
Transient flame finally presents an image in the plane 
where the detector is on through the optical system, 
the image’s shape is corresponding to the largest 
image in flake finite elements. At the same time, the 
largest finite element in a number of flake finite 
element also carry most of the energy, So we choose 
the largest plate finite element as the research object. 
Flake plate finite within the cuboid area for long is 
a , for width is b , as shown in Fig. 1. 
 
 

 
 

Fig. 1. The finite element decomposition of transient flame 
in the optical axis. 

 
 

Using the finite element method for further 
decompose the selected flake finite element's 
rectangular area. Divided into the finite element 
which area of micro element is ( , )i jS , i  column j  
linea, as shown in Fig. 2. Within the selected 
rectangle, there are covered completely and 
incompletely micro elements. For the former we can 
make use of a i  and a j  as two side length to 
calculate the area of micro element, for the latter we 
can get the area through the finite element partition 
computation and accumulation to the irregular 
coverage area of the micro element. 
 
 

 
 

Fig. 2. The finite element division of transient flame 
irregular imaging in the image plane. 

 
 

The transient flame temperature is much higher 
than absolute zero, therefore the target surface will 
radiate energy into space [3]. In the above selected 
rectangular area, the infrared radiation energy of the 
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transient flame received by the micro element area. 
The energy can be calculated by the formula (2):  
 

 4
( , ) ( , )( )i j i jP T t Sε σ= ⋅ ⋅ ⋅ , (2) 

 
where ( , )i jP  is the infrared radiation energy of the 
transient flame received by the micro element area; 
ε  is the emissivity of target surface; 

-8 -2 -45.67 10 (W m K )σ = × ⋅ ⋅  is the Stephen-
Boltzmann constant; ( )T t  is the transient flame 
temperature in t  time.  

According to image relationship, assume that the 
optical lens focal length is f  and we can get the 
calculation formula of the light surface element 
which is get through infrared detector correspond:  
 

 4
( , )'

( , ) 4
( , )

( )
( )

i j
i j

i j

T t S f
P

T t S f
ε σ
ε σ
⋅ ⋅ ⋅ ⋅

=
⋅ ⋅ ⋅ −

. (3) 

 
Using the formula (3) can calculate thermal 

radiation energy of the flame surface in the infrared 
detector photosensitive surface. The formula 
indicates that the thermal radiation energy of the 
flame surface gained by infrared detector increase 
when the optical system focal length increase. At the 
same time, it means the relative detection distance of 
flame infrared detection system increase, and it can 
effectively increase the sensitivity of the detection 
system for the remote measured target [4]. 

Due to calculate the output expressions of fire 
infrared detection system, we need to establish the 
relationship between thermal radiation energy and 
infrared detector photosensitive surface area. 
Therefore, it is necessary to calculate the radiation 
intensity [5]. Radiation intensity refers to the ratio 
between the radiation exposure to the bin and the area, 
as the following formula: 
 

 'I P S= , (4) 
 
where 'P is the radiation energy of selected 
rectangular area. Put (3) into (4) we can get the 
following formula:  
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, (5) 

 
Get the total radiation energy of infrared detector 

photosensitive surface by using the method of 
accumulate each surface's radiation energy, and then 
use the formula (4) transformation relations, obtain 
the calculation formula of infrared detector 
photosensitive surface's total radiation intensity. We 
can obtain the following conclusions from the 
calculation formula: Under the certain premise in 

flame thermal radiation energy, increasing the area of 
the infrared detector photosensitive surface would 
reduce the total radiation intensity. So in the infrared 
detector photosensitive surface, thermal radiation 
intensity which is detected by the infrared detector is 
the largest when the image space flame radiation area 
is equal to the photosensitive surface area. As the 
image space flame radiation area is less than the 
photosensitive surface area, infrared detector can 
detect the total radiation energy. However, with the 
increase of the photosensitive area, the radiation 
intensity decreased, and the decreased sensitivity of 
infrared detector. When the image space flame 
radiation area is greater than the photosensitive 
surface area, part of flame's thermal radiation energy 
will not detected by infrared detector, so the flame 
radiation energy is lost and it will make the detection 
sensitivity of infrared detector decline. Therefore, 
under the premise of the image space flame radiation 
area is equal to or greater than the, try the best to 
make the image space flame radiation area is close to 
photosensitive surface area in order to improve the 
sensitivity of infrared detector effectively. 
 
 
2.3. The Luminous Flux of Flame Radiation  

to the Detector 
 

The change of the luminous flux when light 
through the optical system will directly affect the 
infrared detector to obtain flame thermal radiation [6]. 
At the same time, we can deduce the SNR of flame 
infrared detection system through the calculation of 
luminous flux of background radiation and infrared 
target radiation [7]. The SNR of the system is an 
important parameter for the analysis of the sensitivity 
of infrared detector [8]. Assume that the intensity of 
the radiation background is '

BI ; the viewing angle 
when the transient flame is θ ; so the radiation 
background area get by the detector is:  
 

 2S Rθ θ= ⋅ , (6) 
 

The corresponding background radiation intensity 
of infrared system is as follows:  
 

 ' ' 2
B B B BI I S I Rθ= ⋅ = ⋅ ⋅ , (7) 

 
Assume that the transient flame is infinitely far 

away from the detector , Background  radiation can 
be considered as a point source in the aspect of 
imaging [9], if aperture of the optical lens is D , 
transmittance is 0τ , The background radiation flux 
get by the infrared detector can be calculated by the 
formula (8):  
 

 2

0 24B B
DI

R
πτ ⋅

Φ = ⋅ ⋅ , (8) 
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Assuming that transient flame radiation intensity 
is '

mI ; the transmittance when the light radiate in the 
atmosphere is aτ ;so when there is R  distance from 
the transient flame, Infrared detector receives the 
radiation flux is:  
 

 2
'

0 24m a m
DI

R
πτ τ ⋅

Φ = ⋅ ⋅ ⋅ , (9) 

 
So when the system’s background noise is greater 

than the noise of the detector, the SNR of the infrared 
detector is:  
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2 '
m m

S N a
B B

I
V V

R I
τ

θ
Φ

= = ⋅
Φ ⋅ ⋅

, (10) 

 
Therefore, under the certain radiation intensity of 

target signal of detection and background radiation 
intensity, and in the case of a target is detected as a 
point source targets, we can obtain that: 

' '( )m BI I Cθ ⋅ =  is a constant. The SNR S NV V  of 
infrared detector as follows:  
 

 
2
a

S NV V C
R
τ

= , (11) 

 
Analyze the formula (11), we can obtain that the 

SNR of the infrared detector is associated with the 
detection range of fire detection system under the 
certain premise in atmospheric transmittance [10], 
increasing the detection distance, would rapidly 
reduces the SNR of the infrared detector [11], and it 
will make the sensitivity of Infrared detector decline 
at the same time. 

According to a series of derivation above, we can 
get the flame radiation intensity and the calculation 
formula of SNR of infrared detector by using the 
infrared detector photosensitive surface. We can 
derive the actual area of the flame when combined 
with the expression of infrared detector's detection 
distance, and get the calculation formula of infrared 
detector output signal eventually. Put (5), (11) into (1) 
respectively, we can obtain the detected transient fire 
finite element area 0S  when the infrared detector 
parameters are identified:  
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The infrared thermal radiation energy radiated by 

all the area in the selected rectangle flake finite 
element and we can deduced the energy 0P  by (2) 
and (12):  

 
0 * 2

01
4 d

fP
D D f

C a b A f
π τ

=
⋅ ⋅ ⋅ ⋅

−
⋅ ⋅ ⋅ ⋅ ∆

, 
(13) 

 
Infrared detector response rate is the ratio of 

output voltage and the input power of the  
infrared radiation:  
 

 0sV Pξ = , (14) 
 
whereξ  is the response rate; sV  is the output voltage; 

0P  is the radiation power. Put (13) into (14) we can 
get the calculation formula for the detector output 
voltage:  
 

 
* 2

01
4

s

d

fV
D D f

C a b A f

ξ
π τ

⋅
=

⋅ ⋅ ⋅ ⋅
−

⋅ ⋅ ⋅ ⋅∆

, 
(15) 

 
From equation (15), we can conclude that infrared 

detector response rate, detection rate and the aperture 
and the transmittance of optical system increases, 
with increasing of the infrared detector output voltage. 
We can improve the sensitivity of infrared detector 
effectively under the premise of flame radiation is 
unchanged. Assume that the set threshold voltage is 

0V , noise voltage is NV , when the detector output 
voltage is 0s NV V V− ≥ , we think that infrared 
detector can detect the transient fire signal.  
 
 
3. The Environmental Effects  

of Detection Performance 
 
3.1. The Influence of the Sunlight 
 

In an open environment, solar radiation is 
universal, solar direct radiation has a strong effect on 
the thermal radiation of flame signal [12]. In the 
infrared detection to flame signal, solar direct 
radiation energy can produce interference on the 
sensitivity of infrared detector, thus it is necessary to 
analyze the solar direct radiation effects on the fire 
[13]. Sun is hot sphere which radius is 

56.960 10 km×  and blackbody spectrum distribution 
approximation 5900 K. Due to the distance from the 
sun to the earth is largely greater than the radius of 
the earth, and the sun light in the space can be 
thought as radiation uniform parallel light, so the 
solar direct radiation energy 

( , )

'
i j

P  absorbed by the 

number of ( , )i j  micro element in flake finite 
element is: 
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( , )

'
( , ) ,( , )i j s s i j s i jP E S Fε= ⋅ ⋅ ⋅ , (16) 

 
where sε  is the absorption rate of target surface to 
the solar radiation; sE  is the sun radiation constant 
and its value is 1353 W/m2; ,( , )s i jF  is the angle 
coefficient of the surface of micro element to the sun 
direct illuminate. Therefore, the main factors 
affecting the sun direct radiation is incident angle of 
sunlight, solar direct radiation energy changes with 
the change of solar radiation angle coefficient in one 
day .So as far as possible to reduce the sunlight 
incident angle coefficient to improve the sensitivity 
of infrared detector. 
 
 
3.2. The Influence of Ground Radiation 
 

Transient flame not only receives solar direct 
radiation, but also affected by the received surface 
radiation. Ground radiation can be divided into the 
solar radiation reflected by the earth and infrared 
radiation of the earth and its atmosphere system. The 
former can be regarded as indirect solar radiation. 
The latter is the heat radiation is produced by itself 
when the earth absorbs solar radiation energy [14]. 
Calculate the above-mentioned radiation energy is 
important, because it will affect the sensitivity of 
infrared detector when radiation energy effect on the 
flame signal. 

The reflection of the earth to the sun radiation can 
be considered to be the surface evenly diffuse 
reflection [15], thus when calculating the reflection 
of the earth to the sun radiation, we can deal with the 
earth as a secondary light source. So the ground 
radiation energy 

( , )

''
i j

P  absorbed by the number of 

( , )i j  surface element in flake finite element is:  

 
 

( , )

''
,( , )i j r s se i jP E Fε ρ= ⋅ ⋅ ⋅ , (17) 

 
where rε  is the target surface absorption rate of the 
earth reflection to solar radiation; ρ  is the earth's 
albedo; ,( , )se i jF  is the angle coefficient of the surface 
of micro element to the ground radiation. 

Infrared radiation of the earth and its atmosphere 
system mainly comes from the earth to absorb that 
part of the solar radiation energy that is covered by 
the earth's surface temperature and cloud cover, 
according to the meteorological satellite data 
acquired from every year, earth radiant existence of 
years on average is 2237 7 W/m± , the blackbody 
spectrum distribution similar to 280 k. For space 
target, can assume that the earth is a uniform thermal 
radiation balance, namely the earth atmosphere 
system absorbed solar radiation equals to the space 
radiation energy, the total radiation intensity of 

illumination qE  of the earth's radiation in the space 
target position is as follows:  

 
 2 2

2 2

4
4 ( ) ( )

q q q q
q

q q

R M R M
E

R h R h
π
π
⋅ ⋅ ⋅

= =
+ +

, (18) 

 
where qR  is the radius of the earth (6378.5 km); h  is 
the height of the target distance from the ground. So 
the ground radiation energy 

( , )

'''
i j

P  absorbed by the 

number of ( , )i j  surface element in flake finite 
element is:  
 

 2
( , ) ,( , )'''

( , ) 2( )
q q q i j q i j

i j
q

R M S F
P

R h
ε ⋅ ⋅ ⋅ ⋅

=
+

, (19) 

 
where qε  is the target surface absorption rate of the 
earth radiation; ,( , )q i jF  is the angle coefficient of the 
surface of micro element to the earth radiation. 

Analyze the above derivation process and result, 
Indirect solar radiation and the earth and its 
atmosphere system radiation  impact of flame signal, 
mainly due to the changes in radiation angle 
coefficient, when increasing the radiation angle 
coefficient, radiation energy produced by these two 
factors will rise and reducing the sensitivity of 
infrared detector. 
 
 
3.3. The Influence of Incident Angles 
 

In the outdoor environment, the emergency fire is 
random, diversity and dispersion [16]. In the whole 
field of optical system of the infrared detection 
system, Flame location is uncertain and presents the 
characteristics of random so the flame not in the main 
axis of the optical system in most cases. The size and 
shape of the flame also has the difference and the 
flame shape differences make the distribution of 
flame thermal radiation energy imbalance [17]. In the 
field of optical system at a time is likely to produce 
several flame signals and their distribution has the 
characteristics of dispersion [18]. For such a flame 
signal, it will reduce the flame radiation energy for 
that deviate from the main optical axis of optical 
system. So it is very meaningful to study the 
radiation energy into the incident angle of optical 
system [19]. 

Assume that the test environment is a uniform 
brightness bright observation. Transient flame 
produced in different locations in the area of the 
infrared detector. The image aperture angle of the 
imaging plane’s image point outside of the axis in the 
infrared detector is smaller than image aperture angle 
on the axis. The illumination of the image point 
outside of the axis is less than on the axis. So it will 
produce the different change of luminous flux on the 
photoelectric detector. 
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Assume that 'E  is the light of imaging plane’s 
image point outside of the axis, '

0E  is the light of 
imaging plane’s image point on the axis, ω  is the 
deviation angle of image outside of the axis, Fig. 3 is 
the optical path.  
 
 

 
 

Fig. 3. Light path diagram. 
 
 

The photometric formula is:  
 

 '
4

'
0

cosE
E

ω= , (20) 

 
The relationship between Optical volume and 

radiant quantity can be converted by the  
following formula:  
 

 ( ) ( )2

1
v m eE K V E d

λ

λ
λ λ λ= ⋅ ⋅∫ , (21) 

 
where vE  is the brightness; eE  is the radial 
brightness; λ  is the wavelength; 1λ  and 2λ are the 
infrared detector wavelength’s upper and lower limits 
respectively; 683 lm WmK = is the absolute spectral 
luminous efficiency value of monochromatic light 
values; ( )V λ as the spectral luminous efficiency 
function. Only select a peak wavelength value 0λ  in 
the response spectrum of the infrared detector, so the 
above formula can be simplified as follow:  
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where '

eE  is the irradiance of the image point outside 
of the axis; '

0eE  is the irradiance of the image point 
on the axis. We can get the radiation energy 
relationship between the image point outside of the 
axis and on the axis from the relationship between 
irradiance and the radiant energy, as follow:  
 

 '
4

'
0

cose

e

P
k

P
ω= ⋅ , (24) 

 

where '
eP  is the radiant energy of the image point 

outside of the axis; '
0eP  is the radiant energy of the 

image point on the axis; k  is a constant. 
According to the formula (14), Off-axis imaging 

point detector output voltage and the axis of the 
imaging points on the relationship between the 
detector output voltages is derived, such as the 
following formula:  
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4

' '
0 0

cose e

e e

V P
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V P
ξ

ω
ξ
⋅
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⋅

, (25) 

 
where '

eV  is the detector output voltage outside the 
axis of imaging point; '

0eV  is the detector output 
voltage on the axis of imaging point. 

We can draw the conclusion based on the above 
analysis. When the flame signal passing the optical 
system but it is not on the main optical axis direction 
of the optical system, so output voltage of infrared 
flame detection system is conform to the attenuation 
relationship in the formulas (25). It indicate that off-
axis imaging deviation angle of flame signal is larger, 
the greater the energy attenuation and the lower the 
sensitivity of infrared detector. 
 
 
4. Simulation 
 

Based on the infrared target detection model is 
established in the second quarter, through the 
simulation, analyze the relationship between the 
various parameters of the system and characteristics 
of the detected infrared target. For the involved 
simulation parameters we use the following 
numerical calculation. Assume that the response rate 
ξ  of the detector is 25 10 V W× , the detection rate 

*D  of the detector is 8 1 2 12 10 cmHz W−× , the 
detector photosensitive surface area dA  is 

22.6 2.6 mm× ; the focal distance f  optical system 
is 50 mm, the aperture D  of optical system is 1.8, 
the transmittance 0τ  of the optical is 0.8; the 
bandwidth f∆  of the system is 500 Hz. The finite 
element length a , wide b  of the transient  
flame is 25 cm.  

At this time, the relationship between the light 
detector output voltage sV , a  and b  as shown in 
Fig. 4. The finite element length a , wide b  of the 
transient flame variation between 1 cm to 25 cm. The 
slope of the graph simulation of curved surface 
rendering is raising trend, when transient flame finite 
element area is gradually increasing, detector output 
voltage with larger amplitude increase. Figure show 
that when the transient flame signals are smaller, 
detector output voltage will decrease sharply, thus 
increasing the detector for transient flame detection 
more difficult. When transient flame fixed volume, 
under the premise of without changing the parameters 
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of detector, in order to improve the detector detect 
ability, need to adjust the optical system parameters 
such as focal length and field of view angle, thus 
reducing the background area and increase the light 
of relative area, achieve the purpose of improving the 
sensitivity of the detector. 
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Fig. 4. The relationship of output voltage with the finite 
element length and width of the transient flame. 

 
 

Shown in Fig. 5, the detection rate *D  of the 
detector variation between 8 1 2 11 10 cmHz W−×  and 

8 1 2 15 10 cmHz W−× , the detector photosensitive 
surface area dA  is changes in the range 

20.4 0.7 mm×  to 26 6 mm× . At this time, the 
relationship between the light detector output voltage 

sV , *D  and dA  as show in the follow:  
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Fig. 5. The relationship of output voltage with detection 
area and detection rate of the infrared detector. 

 
 

Figure in the simulation of curved surface 
concave downward trends, when the infrared flame 
detector when the detection area and the rate of 
increase, the output of the detector voltage drop 

dramatically, falling fast to slow down after a certain 
level. This means that the other parameters 
unchanged, the infrared detector detecting area and 
the detection rate increased at the same time, will 
reduce the performance of detector probe. Infrared 
probe of the detection area and the detection rate, and 
when they will change an another constant, the 
surface first presents the downward trend, showed a 
rising trend after reach the minimum. Therefore 
detection area of the infrared detector and infrared 
detector detection rates are mutually restricted, on the 
premise of other parameters unchanged, fixed 
detection rate selection suitable area, detector 
detecting capability can be effectively improved. 

As shown in Fig. 6, the detector photosensitive 
surface area surface area dA  is changes in the range 

20.4 0.7 mm×  to 26 6 mm× , the bandwidth f∆  of 
the system changes within 10 Hz to 1000 Hz. At this 
time, the relationship between the light detector 
output voltage sV , dA  and f∆  as show in the figure. 

Through the analysis of the changing rule of the 
diagram surface can be obtained, when the detection 
area of the infrared detector and the bandwidth of the 
system increase at the same time, the output of the 
detector voltage increases. When the system 
bandwidth and infrared detector of the detection area 
is lower, the infrared detector to transient flame 
signal detection ability drop, detector sensitivity 
decreases. In the case of external conditions do not 
change, increase the detection area of the infrared 
detector and system bandwidth, can make increase 
the detection sensitivity of detector. 
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Fig. 6. The relationship of output voltage with detection 
area and bandwidth of the infrared detector. 

 
 

As a result, in transient flame signal under the 
premise of a certain size, in order to improve the 
detection of infrared detector ability, need the 
following measures: (1) increase the focal length of 
the optical system, reduce the optical system of the 
viewing angle, so as to reduce the background area, 
relatively increased the transient flame area by 
optical system; (2) the detection rate in infrared 
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detector under the premise of increasing the detection 
area of the infrared detector, at the same time, 
increase system bandwidth. Through such measures 
can in detecting distance transient flame detection, 
effectively improve the detection ability and 
sensitivity of detector. 
 
 
5. Test and Analysis 
 

Through the analysis of the results of the 
simulation calculation, the measures to improve the 
detect ability of infrared detector. Even at the same 
time cooperate with transient signal disposal circuit 
of fire detection system. This effect is shown in 
Fig. 7, Fig. 7(a) is Infrared detector by choosing 
inappropriate focal length and the viewing angle of 
the optical system, the infrared detector to obtain the 
transient flame, its output voltage signal, using the 
integrated operational amplifier constitute general 
amplifier circuit, using high speed data acquisition 
instrument output waveform in figure. As you can see 
in the picture, noise signal is more, to produce a great 
impact on the later data processing, but also seriously 
affect the detection sensitivity of infrared detector.  
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Fig. 7 (a). The influence of the detection signal  
by optical system. 

 
 

Fig. 7(b) is according to actual detection range, 
selection focal length and field of view angle of 
appropriate optical system, the infrared detector 
output voltage signal, and uses the instrument 
amplifier circuit for signal filtering and amplification, 
etc., using high speed data acquisition instrument 
output waveform in figure. Compared with (a) the 
waveform can be clearly observed in addition to a lot 
of noise effects, and probes into the voltage signal 
amplification processing, laid a solid foundation for 
data processing. 

The test select the detection rate *D  is 
8 1 2 15 10 cm(Hz W )−× , the response rate ξ  is 

51.0 10 V W× , the detector photosensitive surface 

area dA  is 26 6 mm× , the transient flame is  
50 meters from infrared detector. Experiment tests 
two different transient flames, the first transient 
flame (a) flake finite area is 225 25 cm×  and the 
second transient flame (b) flake finite area is 

215 15 cm× . Fig. 8 is the change waveform of 
infrared detector output voltage displayed by the 
oscilloscope. In the graph, we can obviously observe 
that the different transient flame area produce the 
difference detection results. 
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Fig. 7 (b). The influence of the detection signal  
by conditioning circuit. 

 
 

Through the analysis of experimental data, when 
other parameters are given fixed values, the detection 
of different finite element area of the transient flame, 
the detector output voltage change at the same time. 
The tendency of the voltage consistent with the 
simulation of surface, simulation result is consistent 
with the change of voltage value. The mathematical 
model derived from the above has been verified its 
feasibility. 

According to section 3.3 of the theory analysis 
and calculation of the transient flame into the optical 
system of the incidence angle is different, will cause 
the angular aperture of image space change, thus 
changing the luminous flux of photoelectric detector 
size. According to the relation ship between the 
irradiance and the radiant energy, was derived 
through further off-axis imaging point and imaging 
point on the axis of the relationship between the 
radiation energy. As shown in Fig. 9(a) is the incident 
angle of impact test schematic diagram, infrared 
detector separately collected three positions of the 
transient flame signal, three locations in the same 
horizontal line, the horizontal line and the surface of 
the detection of infrared detector is a parallel 
relationship, at the same time the distance is 10 
meters. The position "1" is the axis of the main 
optical axis optical system, with the linear distance of 
detection of infrared detector is 10 meters; Position 
"2" with the linear distance of detection of infrared 
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detector is 20 meters, the off-axis like deviation angle 
is 60 °; "3" position with the linear distance of 
detection of infrared detector is 25 meters, the off-
axis like deviation angle is 66.422°. 

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 8. Oscilloscope display signal. 
 
 

The following experiment with the position 
relations, detector parameters are fixed, and other 
external parameters remain the same. As shown in 
Fig. 9(b) is the experimental data, three waveform 
figures are respectively in the three position detection 
for transient flame signal voltage curve. Through the 
analysis of experimental data, three positions taken 
by the transient waveform characteristics of the flame 
signal with a consistent, the attenuation rule of 
voltage composite theory calculation and analysis 
results. Due to three different voltage values of the 
same time, Infrared detector output voltage outside 
the optical axis of image point and infrared detector 
output voltage in the optical axis of the imaging 

points on the value of correlation coefficient k  
through formula (25) can be calculated. Substituting 
the data into the formula, the results of the calculated 
is 14.431k = . When the flame detection system is 
not allowed to detect target, all calculated transient 
flame signal energy is converted into voltage values, 
can make use of formulas (25). If too much energy 
loss so that need to be aimed at the infrared target, to 
increase the detection sensitivity of infrared detector. 
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(b) 
 

Fig. 9. The influence of different incident angle. 
 
 

Apply the curves of numerical fire detector output 
voltage form high speed data acquisition instrument 
changes with time. Analysis the infrared detector 
output voltage by using the high time resolution of 
high speed data acquisition instrument. The 
experimental data and the simulation result are 
consistent. When we Increase the detector’s detection 
range, reduce the transient fire area and increase the 
threshold voltage in the same time, we can also 
guarantee 0s NV V V− ≥ , this improve the sensitivity 
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of the detector effectively. Infrared detector output 
voltage is affected by the transient flame area size, 
and this is consistent with the theoretical analysis. 
Verify the feasibility of transient flame calculation 
method of transient flame contribution to optical 
imaging system. 

 
 

6. Conclusions 
 

Focusing on the problem of fire detector 
sensitivity calculation, this paper presents a 
segmentation processing method of calculating 
transient flame radiation derived from the infrared 
detector using finite element analysis. To obtain the 
contribution of transient fire unit area to the infrared 
detector, the study of calculation method for optical 
imaging system contributes to the transient flame and 
establishes the computing model of the transient fire 
area produced by infrared detector to detect the fire 
area. Also, through calculating the light radiation and 
background radiation, we obtain the energy flux on 
the infrared detector. Last, we analyze the 
environmental factors effect on the flame detection 
by testing the factors affecting the infrared detector 
sensitivity by simulation, and the results verify the 
feasibility of the calculation method. In conclusion, 
this paper provides a calculation model for 
calculating the contribution of transient flame to 
optical image system, and a theory basis for 
improving the transient sensitivity of fire detection 
system. 
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Abstract: Time delay is an important parameter for the characterization of signal propagation of sensors. In 
order to improve the precision of time delay estimation, this article proposes an algorithm based on bispectrum 
interpolation. The algorithm first calculates the characteristic spectrum function on the basis of the bispectrum 
of the two signals. The frequency domain interpolation is done on the characteristic spectrum function. By 
conducting the inverse Fourier transform and the maxima seeking method, the calculation formula for the time 
delay of the two signals is deduced. The simulation test results show that compared with the bispectrum-based 
time delay estimation method, the bispectrum interpolation-based time delay estimation method has improved 
greatly in terms of the estimation precision and temporal resolution. The algorithm has the advantages of high 
precision, small error and strong ability to suppress the correlative Gaussian noise. Copyright © 2013 IFSA. 
 
Keywords: Time delay, Estimation, Cross-correlation, Bispectrum, Interpolation. 
 
 
 
1. Introduction 
 

Time delay estimation is a very important 
research topic in signal processing. It is widely 
applied in radar, sensor, biological sciences, sonar, 
oil exploration, communications, geophysics, 
underwater acoustics, speech signal enhancement and 
other scientific fields [1-3]. The core part of time 
delay estimation is the received target signals. On the 
basis of the known reference signal, the time delay of 
the received signal in relation to the reference signal 
is calculated fast and accurate. 

Correlation analysis is a basic time delay 
estimation method. Time delay estimation methods 
based on correlation analysis include basic 

correlation method and generalized correlation 
method. In the basic delay estimation algorithms, 
the most typical algorithm is cross-correlation 
algorithm, and it is also the base of the second-order 
delay estimation algorithm. The basic correlation 
method is advantaged by its easy realization, but is 
susceptible to noise and required that signal and 
noise should be independent from each other. In 
order to eliminate or reduce the influence of noise 
on the correlation-based time delay estimation, 
Knappy et al proposed a generalized correlation 
method for time delay estimation [4]. This method 
first preprocesses the signal contaminated with 
noise, to improve the SNR. This method could 
better yield the time delay estimation in the case of 
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low SNR. But when the instantaneous correlation 
energy value of the noise exceeds that of the target 
signal, the algorithm would consider the noise as 
valid signal, resulting in error. In general, the 
relevant delay estimation methods assume that the 
noises of the signal model are all Gaussian white 
noise and independent from each other. However, in 
practical applications, noise may be correlated and 
non-Gaussian. In this case, the correlation-based 
methods could not accurately estimate the time 
delay. To solve this problem, researchers have tried 
to use bispectrum-based method for delay 
estimation [5-14]. This method uses shiftinvariance 
property of bispectrum. The performance of 
conventional bispectrum-based signal processing 
method is also worth improving. First, if the input 
SNR is large enough, the bispectrum method will 
introduce specific distortions in the reconstructed 
signal. What’s more, there are many ways to 
improve the performance of bispectrum-based 
signal processing by combining it with robust 
estimation and nonlinear filtering. Nikias and Pan 
proposed the time delay estimation method based on 
third-order statistics [5]. This method could estimate 
the time delay of non-Gaussian signals in an 
unknown Gaussian noise environment. However, 
this method involves the matrix inversion. When the 
inverse matrix is absent, the time delay could not be 
estimated. Hinich employed the Fourier transform 
over the time delay method based on third-order 
statistics to derive the bispectrum-based time delay 
method [6]. Robust estimation was also applied at 
the stage of bispectrum estimate. Both non-adaptive 
and adaptive delay estimation were used instead of 
conventional averaging. The most prominent 
advantage of bispectrum-based method is that it 
completely eliminates Gaussian noise. However, the 
performance of this method is affected by the 
sample. When the sampling frequency of the signal 
is low, the calculated resolution of the correlation 
function is also low. 

In order to improve the time domain resolution, 
this article proposes a bispectrum interpolation-based 
delay estimation algorithm using the third-order 
cumulant. It improves the precision of time delay 
estimation by implementing the frequency domain 
interpolation. This algorithm combines the 
suppression of the correlated noises and refinement 
of frequency domain in bispectrum-based algorithm 
that improve temporal resolution. The experimental 
results show that relative to bispectrum-based 
technique, the precision of time delay estimation 
using bispectrum interpolation-based technique is 
higher, and the error is smaller. 
 
 
2. Methods 
 

Suppose the transmitted signal and the received 
signal to be 1( )x t  and 2 ( )x t  respectively. 
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where s(t) is the original signal without noise. n1(t) 
and n2(t) are the noises superimposed on the two 
signals, and they may be correlated. D is the time 
delay between the two signals. t is the time.  

The classical time delay estimation is based on 
analyzing the cross correlation between 1( )x t  and 

2 ( )x t  as the two signals of interest and the lag that 
corresponds to the maximum value of cross 
correlation is the time delay. The cross correlation 
function for 1( )x t  and 2 ( )x t  is given as 
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In practical applications, noise may be correlated. 

In this case, the correlation-based methods could not 
accurately estimate the time delay. 

Because the noises are correlated, the bispectrum 
algorithm is used for the calculation of time delay. It 
is known that the bispectrum can eliminate the  
correlative noise. 

The third-order self-correlation function  
of 1( )x t  is 
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where 1τ  and 2τ  are time delay variables. 

The third-order correlation functions of 1( )x t  

and 2 ( )x t  is 
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The third-order self-correlation function and 

cross-correlation functions after FFT  transform 
have the following form: 
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Their discrete forms are: 
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As could be seen from the above equation, the 

only difference is a linear phase shift between 

111 1 2( , )B w w  and 121 1 2( , )B w w  in the frequency 
domain. 

Characteristic function:  
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As could be seen from the above equation, the 

maximum value point of ( )g τ  is the time delay D 

between 1( )x t  and 2 ( )x t . 
Given the discrete system, it can be known from 

the sampling theorem that the characteristic function 
g(t) with continuous time domain and limited 
frequency spectrum is sampled with the period of Ts. 
The frequency spectrum G(k) corresponding to the 
sequence g(n) is the periodic repetition of the 
frequency spectrum G(f) of the sequence g(n). The 
repetition interval is equal to the sampling 
frequency fs. As long as the sampling frequency is 
greater than or twice as the highest frequency of the 
signal, g(n) could be recovered based on G(k) with  
no distortion. 

When the sampling frequency is low, the 
calculated correlation function resolution is low. In 
order to improve the resolution of correlation peak, 
there are generally two ways: increasing the sampling 
frequency and the correlation peak interpolation.  

The higher the sampling frequency, the smaller 
the estimation error. But the higher the sampling 
frequency of the chip performance requirements will 
be higher. For example, if requires the estimation 
error of 1ns, clock frequency will need to increase to 
1 GHz. The present digital signal processing chip 
used is difficult to achieve such a high processing 
rate. At the same time, the problem of 
electromagnetic interference will also give circuit 
board layout, material selection, processing brings 
higher requirements.  

Interpolation calculation of the correlation peak, 
such as the use of the least square method or three 
spline interpolation, may not only increase the 

amount of calculation, but also will introduce  
new errors. 

We present an algorithm to improve the 
estimation method of bispectrum interpolation delay 
accuracy by interpolation in frequency domain when 
the sampling rate is low. 

If G(k) is expanded in the frequency domain, it is 
equivalent to expanding the repetition interval of the 
frequency spectrum. The inverse transform of g(n) 
waveform does not change. It would not bring new 
error, but the sampling rate of g(n) could improve at 
the same time. 

Based on the core idea of algorithm for spectrum 
interpolation, i.e. frequency domain zero padding 
could improve the resolution of the time-domain 
waveform in the characteristic function, G(k) 
sequence with sampling length of 2N points is zero 
padded at the spectrum interval of the characteristic 
function. 1 2N N≥  is assumed to construct  
G1(k) sequence. 
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Then we do the inverse Fourier transform on 

G1(k) to get g1(n). It is equivalent to improving the 
sampling rate of the correlation function g (n) to 

1

2 s
N f
N
• . In order to give time delay estimation with 

high precision, the sampling rate of g(k) has to be 
maximized. N1 should be large enough. But this 
directly increases the number of points in the inverse 
Fourier transform, thereby increasing the overall 
computation work. Therefore, the precision and 
computation workload of time delay estimation 
should be balanced depending on the actual 
conditions. 
 
 
3. Experimental Results and Discussion 
 

To verify the effect of the bispectrum 
interpolation-based time delay estimation algorithm, 
the numerical simulation test is performed. The 
algorithm is compared with the cross-correlation and 
bispectrum algorithms. When the signal is a band-
limited signal, and SNR is a constant, the time delay 
is set as 0 s. The number of bispectrum interpolation 
points is N1 = 4N. The experimental results of the 
cross-correlation-based estimation, bispectrum 
interpolation-based method and bispectrum-based 
estimation are shown in Fig. 1. From the figure, it 
could be seen that in the presence of noise, the time 
delay positioning of bispectrum interpolation-based 
algorithm is more accurate, with higher precision 
than the bispectrum-based estimation and cross-
correlation-based estimation.  
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Fig. 1. Comparison of three time delay estimation 
algorithms. 

 
 

N1 = 4N and time delay value set 0.1 and 0.5 s. 
The sampling rate is twice the original rate, and SNR 
is set to be a constant. The calculated time delay is 
shown in Fig. 2 and Fig. 3. As could be seen from 
those figures, bispectrum interpolation-based 
algorithm has high estimation precision for time 
delay positioning. 

Given the initial values of several time delays, the 
time delay estimation results of several methods are 
shown in Table 1 below. It could be seen from Table 
1 that the time delay estimation obtained by IFFT 
operation after bispectrum interpolation is more 
accurate than directly using bispectrum to calculate 
time delay. The time delay errors and relative error 
calculated according to Table 1 under certain SNR 
conditions are shown in Tables 2 and 3. It could be 
known from Tables that when the time delay value 
increases, the measurement precision increases as 
well. The precision of the bispectrum interpolation-
based algorithm of this article is significantly higher 
than that of the other two algorithms. 
The number of interpolations has certain influence on 
the precision of time delay estimation. When the time 
delay value is 0.1, 0.5 and 0.7 s, estimation precisions 
of interpolating different numbers of values are 
shown below in Fig. 4 to Fig. 6. As could be seen 
from those figures, with the interpolation points 
increasing, time delay estimation precision increases 
as well. But when it reaches a certain precision, time 
delay estimation precision would improve slowly. 
Therefore, in the actual situation, the number of 
interpolation points has to be reasonably chosen. 
 
 

4. Conclusions 
 

In the absence of noise or when the noises are not 
correlated, the classic cross correlation-based 
algorithm could have a good positioning precision for 
time delay. But in actual conditions, the noises are 

often correlated. This article uses the bispectrum-
based technique to suppress the influence of 
correlated Gaussian noise and its autocorrelation on 
the entire time delay. The frequency domain 
interpolation of the bispectrum is carried out to refine 
the frequency domain and increase temporal 
resolution, thereby increasing the precision of time 
delay estimation. 
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Fig. 2. Position precision of bispectrum interpolation-based 
time delay estimation at the set time 0.1 s. 
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Fig. 3. Position precision of bispectrum interpolation-based 
time delay estimation at the set time 0.5 s. 

 
 

Table 1. Time delay comparison at different set time. 
 

Set 
Time(s)

Cross-
correlation(s) Bispectrum (s) Bispectral 

interpolation (s)
0.1 0.0978 0.1019 0.1011 
0.2 0.1956 0.2037 0.2023 
0.3 0.3057 0.2944 0.3031 
0.4 0.4071 0.3940 0.4039 
0.5 0.4924 0.4930 0.4952 
0.6 0.6083 0.5927 0.6055 
0.7 0.7094 0.6927 0.7037 
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Table 2. Estimation error comparison at different set time. 
 

Set 
Time(s) 

Cross-
correlation(s) Bispectrum(s) Bispectral  

interpolation(s)
0.1 0.0022 0.0019 0.0011 
0.2 0.0044 0.0037 0.0023 
0.3 0.0057 0.0056 0.0031 
0.4 0.0071 0.0060 0.0039 
0.5 0.0076 0.0070 0.0048 
0.6 0.0083 0.0073 0.0055 
0.7 0.0094 0.0073 0.0037 

 
 

Table 3. Estimation relative error at different set time. 
 

Set 
Time 

(s) 

Cross-
correlation 

(%) 

Bispectrum 
(%) 

Bispectral 
interpolation 

(%) 
0.1 2.20 1.90 1.10 
0.2 2.20  1.85 1.15 
0.3 1.90 1.87 1.03 
0.4 1.78 1.50 0.97 
0.5 1.52 1.40 0.96 
0.6 1.38 1.22 0.92 
0.7 1.34 1.04 0.53 

 
 

 
 

Fig. 4. Time delay estimation of bispectrum interpolation-
based algorithm at set time 0.1 s.  

 
 

 
 

Fig. 5. Time delay estimation of bispectrum interpolation-
based algorithm at set time 0.5 s. 

 
 

Fig. 6. Time delay estimation of bispectrum interpolation-
based algorithm at set time 0.7 s. 
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Abstract: In the thin-film thickness wideband monitoring system based on merit function, because the 
transmittance spectrum curve measured deviates from the designed, merit function becomes divergence, which 
results in the monitoring failure. For improving merit function, beginning from the first layer, the actual optical 
constants of each thin-film layer having been deposited were calculated in real-time by Simulated Annealing 
algorithm in use of the transmittance spectrum curve measured; Then they were used to determine the new layer 
number and the thickness of the layers to be deposited based on the transmittance spectrum curve required of 
coating; Simultaneously the new transmittance spectrum curve designed was achieved and it subtracted the 
absorption curve of the layers having been deposited for obtaining the final transmittance spectrum curve 
designed, so merit function was improved in layer by layer. The experimental result showed that minimum of 
merit function of last layer changed from 0.0983 to 0.0052 after it was improved and the thickness monitoring 
error may be less than 10-2, the precision met the practical requirement. Copyright © 2013 IFSA. 
 
Keywords: Merit function improvement, Actual optical constants, Simulated Annealing algorithm, Absorption 
compensation in layer by layer. 
 
 
 
1. Introduction 
 

The optical thin-film is closely relative to the 
thickness of each layer, in order to acquire the 
satisfying thin-film, the thickness must be monitored 
during the course of deposition. With the increase of 
complexity and precision of the thin-film, the 
conventional monitoring method hasn’t met this 
requirement. Recently the thin-film thickness 
wideband monitoring technology which is visual and 
easy to use gradually becomes mature and begins to 
be applied [1-3]. It monitors the thin film thickness in 
real-time by the way of the merit function which is 

defined as the difference between the spectrum curve 
measured and the spectrum curve designed, when the 
value of the merit function is up to minimum, the 
monitoring process of the layer which is depositing 
terminates. Because the spectrum curve designed 
doesn’t consider the effect of dispersion and 
absorption of the thin film layer or the common 
optical constants are different from the actual optical 
constants due to thin-film deposition processing 
condition, the spectrum curve measured deviates from 
the spectrum curve designed, the merit function 
becomes divergence [4-6]. Aiming at this 
disadvantage, combining thin-film design with 
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manufacture, the actual optical constants of  the layers 
having been deposited were calculated in real-time by 
Simulated Annealing algorithm during the course of 
deposition, then they were used for designing the new 
layer number and the thickness of the layers to be 
deposited. Lastly the new transmittance curves 
designed of the layers to be deposited was corrected in 
layer by layer for eliminating the error produced by 
absorption of layer. By this way, the transmittance 
curve measured of coating was closer to the 
transmittance curve required of coating designed and 
the monitoring precision was improved. 
 
 
2. Monitoring Principle Based on Merit 

Function 
 
2.1. Configuration of Thin-Film 

Thickness Wideband Monitoring 
System 

 
The configuration of thin-film thickness 

wideband monitoring system was shown as Fig. 1. A 
visible beam emitted from light source was 
modulated by a chopper, entered into vacuum 
chamber and irradiated on the monitored chip, the 
transmitted light exited from vacuum chamber, 
through the guided fiber, arrived at the entrance slit 
of the spectrometer. The divergent light passing 
through the slit was collimated by a concave mirror 
and directed onto a grating. The grating dispersed the 
spectral components of the light at slightly varying 
angles, which was then focused by a second concave 
mirror called as the imaging mirror and imaged onto 
the linear CCD. 
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Fig. 1. Schematic diagram of wideband spectrum thin-film 
thickness monitoring system construction. 

 
 

By photoelectric conversion, the output in video 
signal was transmitted into a computer after it was 
processed by A/D conversion circuit, the actual 
spectrum curve being measured was displayed. 
According to merit function, the thin film thickness 
was controlled in real-time, when the value of merit 
function was minimum, the controlling signal sent 

from the computer was delivered to the controlling 
system, which drove the baffle to close, the 
deposition course terminated and thin-film thickness 
achieved the desired target. 
 
 
2.2. Monitoring Principle Based  

on Merit Function 
 

In the range of the spectrum required, by the 
spectrum curve designed, the transmittance Ti(λ, nd) 
of the layer i could be acquired at each wavelength; 
When this layer is deposited, the actual transmittance 
Ti(λ, nidi) could be measured by thin-film thickness 
wideband monitoring system, their difference is 
integrated in the range of the spectrum required to 
acquire merit function, equation is given by 
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where Fi is the value of merit function, i is the ordinal 
number of the thin film layer, λ is monitoring 
wavelength chosen, nd is the optical thickness 
designed of the layer i, nidi is the actual optical 
thickness. Seen from Equation (1), when Fi tends to 
minimum, nidi is close to nd, the deposition process 
finishes [7, 8]. Merit function can be simplified as 
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where τi(λ) is its transmittance designed before the 
layer i is deposited, φ0(λ) and φi(λ) are respectively 
transmitted light energy before the layer i is 
deposited and when the layer i is depositing [7]. 
Because the spectrum characteristic of most coating 
generally doesn’t occur to jump in the range of 
thickness from 2 nm to 3 nm, and the requirement of 
thin-film optical characteristic is relatively high at 
some particular wavelength bands or several 
particular wavelengths, instead of another 
wavelength, Equation (2) is changed into Equation 
(3), it is expressed as  
 

 

( ) ( )
( )1 0

k
i j

i i j i
j j

f
φ λ

τ λ ω
φ λ=

= −∑  (3) 

 
where fi is the value of merit function, k is the number 
of wavelength chosen, λj is some wavelength chosen, 
ωi is weight factor. So the wavelengths chosen are 
determined before controlling, and weight factor 
value, the transmitted light energy before deposition, 
all of τi(λj) are saved into computer, merit function is 
calculated for monitoring according to the 
transmitted light energy during the course  
of deposition. 
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3. Method of Improving Merit Function 
in Real Time 

 
The output of spectrometer was transferred to the 

computer, the actual transmittance was calculated. 
When merit function was up to minimum the 
deposition process terminated. However when the 
coating was designed according to the transmittance 
spectrum required the effect of dispersion and 
absorption of the thin film layer wasn’t considered, 
and the common optical constants used in the coating 
design were different from the actual optical constants 
due to thin-film deposition processing condition, so 
the spectrum curve measured deviated from the 
spectrum curve designed and merit function became 
divergence. In order that merit function could be 
applied to monitor the thin film thickness accurately, 
it should be improved. For compensating dispersion 
of the thin film layer, the actual optical constants of 
each layer having been deposited were calculated on 
the basis of the transmittance measured, then they 
were used for redesigning the layer number and the 
optical thickness of the layers which would be 
deposited, so the new transmittance spectrum curve 
designed of each layer was achieved; For eliminating 
the absorption effect, the new transmittance spectrum 
curve designed of each layer was corrected and the 
final transmittance spectrum curve acted as the 
transmittance spectrum curve designed to improve 
merit function; When the coating was deposited, after 
merit function of each layer was improved in this 
way, it was used to monitor the thin film thickness of 
each layer in real time until merit function was 
minimum. How to calculate the actual optical 
constants which are refractive index n, thickness d 
and extinction coefficient k, how to eliminate 
absorption, the details as following: 
 
 
3.1. Calculation of the Actual  

Optical Constants 
 

The actual optical constants were calculated by 
Simulated Annealing algorithm, utilizing the 
transmittance spectrum curve of the layers which had 
been deposited. This algorithm was ability to search 
in the whole range, and ensured that inversion result 
was optimization value [9, 10]. The following was 
detailed process. 

The transmittance spectrum curve measured was 
used as aim, the optical constants at each wavelength 
were assumed to be known, the spectrum curve fitted 
was calculated by the transmittance mathematical 
modal [11], when the difference of two spectral 
curves was minimum, the assumed optical constants 
were thin film parameters that were solved. In thin-
film thickness wideband monitoring system, because 
the monitoring light irradiated on the sample surface 
in vertical direction, so the transmittance was 
calculated in this case, the transmittance 

mathematical modal of monolayer film was 
expressed as 
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( )( )

0 2
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where n0 was air refractive index, Ng was complex 
refractive index of the substrate, R1 was the 
equivalent upper surface reflectance of the substrate, 
R2 was the equivalent lower surface reflectance of the 
substrate, As was absorption coefficient, B,C were 
obtained by matrix  
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where δ1 is the phase thickness of monolayer film and 
expressed as 
 

 /N d1 1 12δ π λ= , (6) 
 
where N1 is the complex refractive index of 
monolayer film and given by  
 

 N n ik1 1 1= + , (7) 
 
if the coating was multilayer, B and C will be 
expressed as  
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where δ1 is the phase thickness of the layer j and 
given by 
 

 /j j jN d2δ π λ= , (9) 
 
where Nj is the complex refractive index of the layer 
j and expressed as: 
 

 j j jN n ik= +  (10) 
 

By analyzing this mathematical modal, the 
transmittance T=T(n,k,d) is an implicit function of the 
optical constants of n called as refractive index, k 
called as extinction coefficient and d called as 
thickness, so the proper calculation method must be 
chosen for acquiring function solution. The specific 
solving process was as follows: three wavelength 
points were chosen at the transmittance spectrum 
curve, simultaneously their corresponding 
transmittance were obtained, equations were 
established as 
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then the key became solving nonlinear equations. 

Firstly a suitable aim function should be defined 
to determine whether the tentative solution was 
optimal, herein the least square method was used for 
deciding the nearness between the calculated and the 
measured, aim function is set as 
 

 
( ( , , , ) )

i

m

d i m
i

T n k d T∆ 2

1

λ
=

= −∑ , (12) 

 
where Td(λi,n,k,d) and Tm were the transmittance 
calculated and the measured respectively, m was the 
number of wavelengths chosen in the range of 
spectrum. When m was smaller, it represented that 
the calculated is closer to the measured, what need to 
be done was that minimum of aim function ∆ should 
be solved. This solving process was a relatively 
complex global optimization, Simulated Annealing 
algorithm had stronger ability to search in the global 
scope, which assured that the solution was optimal. 

In order to prove the effectiveness of calculating 
the optical constants by Simulated Annealing 
algorithm, the experiment was done. Utilizing 
ZZS700-1/G optical coater, monolayer ZnS was 
deposited on the substrate of quartz glass, the 
transmittance curve measured was shown in Fig. 2. 
Simulated Annealing algorithm was used to calculate 
the optical constants, the concrete steps were 
following: 

Step 1: Setting the initial annealing temperature 
t0=10000, annealing times f=0, the initial values were 
given, of n, k and d, values of n and k lied in the 
required range, d was determined by user; Then 
according to aim function, namely Equation (11), the 
initial aim function value T0(n0,k0,d0) was calculated. 

Step 2: New value production. New value was 
produced by the equation 
 

 1 max min( )j j rX X q X X+ = + × − , (1) 
 
where X represented anyone of parameters of n, k and 
d, Xj  was current value and Xj+1  was new value, qr 
was random number obeying uniform distribution 
from 0 to 1, Xmax,Xmin were respectively maximum 
and minimum of parameters. The range of new 
values must be from Xmin to Xmax, if the new values 
didn’t locate in this range, they must be reproduced 
until the condition was satisfied. 

Step 3: Substituting the new value into aim 
function, the functional value ∆ was achieved, then 
δ∆=∆-∆0; 

Step 4:  Determining whether the new values 
were accepted or not. If δ∆<0, the new values were 
accepted, otherwise they were accepted as probability  

 

exp( / )P tδ= − ∆ , 
 
where t was temperature [12].When accepted, the 
new values were regarded as the initial values and ∆0 
=∆; 

Step 5: When temperature was t, step 2, 3, 4 were 
circulated, the loop stopped until the circulation times 
equaled to Markov chain length or aim function value 
didn’t change for many times [13]. 

Step 6: Temperature t was decreased slowly. 
Step 7: Step 5 and 6 were circulated until 

temperature was low enough or the result satisfied 
convergence condition [14]. 

Step 8: Last values of n, k and d were optimal. 
According to the above steps, the transmittance 

curve fitted was shown as Fig. 2. The optical 
constants fitted were achieved, the thickness of d was 
142.13nm, refractive index function of n(λ) and 
extinction coefficient function of k(λ) were expressed 
as  
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42870.25( ) 2.0612n λ
λ
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The curves of these two functions are shown in Fig. 3 
and Fig. 4. Then by contrast, this monolayer was 
measured by ellipsometer of M-2000UI produced by 
J. A. Woollam company in United States, all results 
were shown in Table 1, where delli was thickness 
measured by ellipsometer, dfit was thickness achieved 
by fitting, nelli600 was the refractive index measured 
by ellipsometer  at the wavelength of 600 nm, nfit600 
was refractive index by fitting  at the wavelength of 
600 nm, kelli600 was extinction coefficient measured 
by ellipsometer at the wavelength of 600 nm, kfit600 
was extinction coefficient by fitting at the wavelength 
of 600 nm. 
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Fig. 2. Comparison of the transmittance curve measured 

with the fitted of ZnS. 
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Fig. 3. Fitting curve of refractive index. 
 
 

 
 

Fig. 4. Fitting curve of extinction coefficient. 
 
 

Table 1. Optical constants achieved of single layer film  
of ZnS by the way of fitting calculation and measurement  

by ellipsometer respectively. 
 

delli(nm) dfit(nm) nelli600 nfit600 

141.8 142.13 2.1705 2.1803 

kelli600 kfit600 Aim function Iteration 
Number 

0.0196 0.0195 0.005231 1800 
 
 

From Fig. 2 and Table 1, it reflected that the 
optical constants of n, k, d could be obtained 
correctly at the same time by Simulated Annealing 
algorithm, so this algorithm was effective and the 
solved value accuracy was high. 

The actual optical constants were achieved, 
then the structure of the layers which would be 
deposited was redesigned. In the course of 
redesigning, the desired transmittance of the coating 
was unchangeable, the fitted actual optical constants 
were also invariable, the layer number and the optical 
thickness of the layers which would be deposited 
could be redesigned, then the new design value was 
used for depositing the next layer. As such, after each 
layer was deposited, its actual optical constants 
would be fitted in real-time to obtain the new 
transmittance spectrum curve designed, the final 
transmittance spectrum curve designed was achieved 
after absorption of each layer was compensated. 

3.2. Method of Absorption Compensation 
 

In thin-film thickness wideband monitoring 
system, besides dispersion which resulted in the 
spectrum curve measured deviation from the 
designed, with the increase of layer thickness, light 
absorption effect on transmittance became heavier 
and heavier, so this factor couldn’t be ignored. 

In terms of energy, when absorption wasn’t 
considered, T′+R′=1, where T′, R′ were respectively 
transmittance and reflectance calculated. When 
considered, T+R+A=1, where T, R were respectively 
transmittance and reflectance measured, A was 
absorption rate of layers [15, 16]. In monitoring 
practice, T was interested and difference of T′ and T 
resulted from absorption, namely 
 

 T T A′ − =  (16) 
 
after each layer was deposited, T′ was known before 
each layer deposited, T could be measured in real-
time. As such, when the first layer finished 
depositing, its absorption A1 could be acquired and 
written as 
 

 T T A
11 1

′ − =  (17) 
 

When the second layer would be deposited, its 
transmittance designed T2′could be corrected in use 
of the first layer absorption A1 to eliminate error,  
that was 
 

 
T A T

12 2− =′ ′′
, (18) 

 
where T2'' was determined as the transmittance 
designed of the second layer after correction. In turn, 
before the layer i would be deposited, the error 
should be eliminated, which resulted from absorption 
of the layers whose number was i-1, according  
to equations: 
 

 
i i iA T T1 1 1− − −= −′′

 (19) 
 
 

 
i i iT A T1−− =′ ′′

 
(20) 

 
where Ti-1'' was transmittance designed of the layer i-
1 after correction, Ti-1 was the transmittance 
measured after the layer i-1 was deposited, Ai-1 was 
absorption of the whole i-1 layers, Ti′ was the 
transmittance designed of the layer i,. Ti'' was the 
transmittance designed of the layer i after correction. 
Ti'' was acquired and acted as the transmittance 
designed of the layer i of merit function, so merit 
function was improved and applied to monitor the 
thin film deposition of the layer i, schematic diagram 
of processing was shown in Fig. 5. Because 
absorption had wavelength selectivity, in that 
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absorption rate didn’t equal at different point of 
wavelength, the correction of transmittance designed 
should be done at each point of wavelength chosen. 
 
 

A
1  

 
(a) Absorption produced by the first layer  

at the wavelength of λj 

 

A
1

A
2

 
 

(b) The final transmittance spectrum curve designed of the 
second layer for monitoring and absorption produced by 

two layers at the wavelength of λj 

 

A
2

A
3

 
 

(c) The final transmittance spectrum curve designed of the 
third layer for monitoring and absorption produced by three 

layers at the wavelength of λj 

 

i
A

1−

i
A

 
 

(d) The final transmittance spectrum curve designed of the 
layer i for monitoring and absorption produced by the 

whole i-1 layers at the wavelength of λj 

 
Fig. 5. Schematic diagram of elimination of absorption 

produced by the layers which had been deposited  
By the way of layer by layer at the wavelength of λj 

Transmittance designed 
                        Transmittance designed after correction 

Transmittance measured 

4. Experiment and Analysis 
 

Material ZnS and SiO2 were deposited alternately 
on the substrate of K9 glass, if merit function wasn’t 
corrected, its minimum of the last layer was 0.0983, 
the spectrum curve measured and the designed were 
shown in Fig. 6, the spectrum curve measured 
obviously deviated from the designed. When the 
method of improving merit function was applied from 
the first layer of the coating, the actual optical 
constants of the layer which had been deposited was 
used for redesigning the transmittance spectrum curve 
designed of the layer which would be deposited 
instead of the common optical constants and the error 
resulted from absorption was eliminated. Minimum of 
merit function of the last layer was 0.0052, the 
spectrum curve measured and the designed were 
shown as Fig. 7, the curve measured well matched 
with the designed, the spectrum curve required of the 
coating was well achieved. This experiment showed 
that monitoring error of thin-film thickness may be 
less than 10-2 and the precision met the practical 
requirement after the transmittance spectrum curve 
designed of merit function was improved in  
layer by layer. 
 
 

 
 

Fig. 6. Final comparative result of the spectrum curve 
designed and measured when merit function  

wasn’t corrected 
           the curve designed                 the curve measured 
 

 
 

Fig.7. Final comparative result of the spectrum curve 
designed and measured after merit function was corrected 

the curve designed                  the curve m    easured  
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5. Conclusions 
 

In thin-film thickness wideband monitoring 
system, merit function was improved by correcting 
the spectrum curve designed in layer by layer in real 
time. Based on the transmittance spectrum curve 
measured, actual refractive index n, extinction 
coefficient k and thickness d of each layer which had 
been deposited were fitted in real-time by Simulated 
Annealing algorithm, then they were used for 
designing the layer number and thickness of the 
layers which would be deposited according to the 
spectrum curve required of the coating, as well as the 
transmittance spectrum curve designed of each layer 
to be deposited was achieved and it subtracted the 
error derived from absorption of the layers which had 
been deposited for acquiring the final transmittance 
spectrum curve designed used in merit function, so 
merit function was improved. By experiment, it 
showed that minimum of merit function of last layer 
changed from 0.0983 to 0.0052, the transmittance 
spectrum curve measured of the coating was closer to 
the transmittance spectrum curve required, 
monitoring error of thin-film thickness may be less 
than 10-2, the precision met the practical requirement.  
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Abstract: In the speed sensorless induction motor drives system, the Rotor Flux based Model Reference 
Adaptive System (RF-MRAS) is the most common strategy. It suffers from parameter sensitivity and flux pure 
integration problems. As a result, it leads to the deterioration of speed estimation. Simultaneously, the traditional 
PI parameters design may cause speed estimation instability or have gross errors in the regenerative mode. To 
overcome above-mentioned problems, a suitable Artificial Neural Networks (ANN) based on Ant Colony 
Optimization (ACO) is presented to replace the reference model of the RF-MRAS. Furthermore, the ANN 
learning by the modified ACO can enhance the ANN convergence speed and avoids the trap of local minimum 
value of algorithm. In the meantime, a fuzzy PI adaptation mechanism is also put forward, so the proportional 
coefficient kp and the integral coefficient ki can be adjusted dynamically to adapt the speed variations. Finally, 
the simulation results suggest that the speed estimation is more accurate in both the dynamic and static process, 
and the stability of speed estimation in regenerative mode was improved. Copyright © 2013 IFSA. 
 
Keywords: Vector control, Speed sensorless, ANN, Modified ACO, Fuzzy PI adaptation mechanism. 
 
 
 
1. Introduction 
 

Nowadays, Field-Oriented Control (FOC) is used 
for high performance variable speed drives. 
Implementation of FOC technique requires the motor 
speed information. Tachogenerators, resolvers, 
incremental or optic encoders are usually used to 
detect the rotor speed. However, these sensors affect 
on reliability, simplicity and ruggedness of induction 
motor drive. The other requirements of these sensors 
are careful mounting and alignment, and special 
attention with electrical noises. Additional space for 
mounting and maintenance is required for speed 
sensor and hence cost and size of the drive system 
will be increased [1]. Therefore, elimination of speed 
sensor reduces the total cost of the drive system. 

Also, in emergency applications the induction motor 
drive must be able to continue its work in the failure 
of speed sensor. Sensorless drive system is more 
versatile due to the absence of the numerous 
problems associated with the speed sensor as some of 
them discussed previously. Therefore, it is 
encouraged to use the sensorless drive where the 
speed is estimated using a control algorithm instead 
of measuring. It should be noted that the speed sensor 
elimination degrades performance of drive system. 
The stability at the low speed operation range and the 
parameter sensitivity can be the main drawbacks of 
sensorless control [2]. 

There are several speed estimation methods that 
are based on different algorithms and most of them 
use dynamic equations of the induction motor. 
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Among several sensorless speed estimation strategies 
[3-5], Model Reference Adaptive System (MRAS) 
has been chosen to be evaluated in this research. The 
main reason behind this choice is so obvious because 
MRAS has been proclaimed as one of the best 
available methods, especially when the motor 
parameters are poorly known or have large variations 
[6-7]. Rotor Flux based Model Reference Adaptive 
System (RF-MRAS) scheme suffers from parameter 
sensitivity and flux pure integration problems which 
may cause DC drift. It leads to the deterioration of 
estimation at low speed [1]. Y. Yusof et al. [8] 
proposed Low-Pass Filters (LPF) with very low cut-
off frequency to replace the pure integrator, but it 
introduces phase and gain errors due to its natural 
delay. Nonlinear feedback integrators for drift and 
DC offset compensation have been proposed in [9]. 

Currently, an integrated research on Artificial 
Neural Networks (ANN) RF-MRAS is still further 
explored [10-11]. The ANN may be used to improve 
the performance of the sensorless drives. The 
applications of ANN in sensorless drives have been 
reviewed in [12]. Generally, the Grads Descend 
Method (GDM) learning algorithms is used to adjust 
the neural network weights and threshold values. In 
[13], the training is performed using the Levevberg-
Marquardt algorithms. An algorithm based on total 
least square for the training of linear neuron has been 
reported in [14] to extract better performance from 
the RF-MRAS. All the methods mentioned above 
have the defects of low convergence of rate, plunging 
into the local minimum easily and bad generalization. 
In this paper, a modified Ant Colony Optimization 
(ACO) training method is proposed. The modified 
ACO algorithms change the neural network learning 
process to stochastic optimization problems. It 
increases the convergence rate, enhance the 
precision, and avoid the local minimum. 

On the other hand, The RF-MRAS make a 
problem related to the strong dependence of the rotor 
time constant rT  which causes a problem of 
adjustment of the adaptation mechanism gains, 
especially with a classical PI [15]. The performance 
of speed estimation is greatly depends on PI block. If 
traditional PI parameters were used, speed estimator 
may become unstable or may have gross errors in 
regenerative mode. It is because of abrupt and 
uncontrolled variation of rotor flux magnitude [13]. 
The instability a phenomenon under regeneration is 
generally found in speed adaptive observers based 
sensorless drive [16-17]. E. Babaei et al. [18] 
proposed a new predictive and adaptive method for 
design of PI block. In [19], the PI controller in the 
adaptation mechanism is replaced by a radial basis 
function neural network. A fictitious quantity is used 
in [20] to overcome instability problem under 
regeneration. In a different approach, Hinkkanen et 
al. [16] modifies the error signal to improve the 
stability in the regenerating mode. The conventional 
PI adaptation mechanism can not provide perfect 
speed estimation because of the fixed parameters. In 

this work we presented a fuzzy PI controller for 
adaptation mechanism in RF-MRAS observer. The 
fuzzy logic controller is used for the on-line tuning of 
the PI adaptation mechanism, then the proportional 
coefficient kp and the integral coefficient ki can be 
adjusted dynamically to adapt the speed variations. It 
improves stability of speed estimation in the 
regenerative mode, as well as enhances the 
robustness under a load torque vibrations. 

In this thesis, firstly, we use a well trained ANN 
based on ACO to replace the reference model of the 
RF-MRAS. The ANN generates accurate rotor flux in 
different command speed. So, the proposed method 
has good speed identification in both the dynamic 
and static respond process. Secondly, a fuzzy PI 
adaptation mechanism is used to advanced the 
stability of speed estimation in regenerative mode, 
and enhances the robustness in the sensorless  
indirect vector control system. And finally, the 
effectiveness of this method is proved by the 
simulation experiments.  
 
 
2. The Principle of RF-MRAS  

Speed Observer 
 

The block diagram of a model based sensorless 
indirect vector control scheme is shown in Fig. 1. 
Based on terminal voltages and currents, the rotor 
speed is estimated through the proposed RF-MRAS. 
The estimated rotor speed is used for coordinate 
transformation and to close the speed loop. 

The basic concept of MRAS is the presence of a 
reference model which determines the desired states 
and an adjustable model which generates the 
estimated values of the states. The error between 
these states is fed to an adaptation mechanism to 
generate an estimated value of the rotor speed which 
is used to adjust the adaptive model. This process 
continues till the error between two outputs tends to 
zero. The structure of the RF-MRAS is shown  
in Fig. 2.  

The building blocks of such RF-MRAS are  
as follows. 

Reference model: The reference model computes 
rotor flux in stationary reference frame using (1).  
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where αsu and βsu  are the α and β components of the 

stator voltage vector; αsi and βsi  are the α and β 

components of the stator current vector; sR  is the 
stator resistance; sL , mL  and rL  are the stator, 
mutual and rotor inductances respectively; σ  is the 
leakage coefficient.  
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Fig. 1. The schematic diagram of sensorless indirect vector control system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. RF-MRAS speed observer. 
 
 

The reference model (1) is based on stator 
equations and is therefore independent of the motor 
speed. Such RF-MRAS is influenced by the variation 
of induction motor parameters (e.g., stator 
resistance). When working at low or zero speed 
operation range the observer performance 
deteriorates due to the integrator drift and initial 
condition problems and sensitivity to current 
measurement noise. Therefore an artificial neural 
network is proposed to replace the conventional 
voltage model flux observer (1) to improve the RF-
MRAS scheme performance.  

Adjustable model: The adjustable model 
computes rotor flux in stationary reference frame 
using (2). 
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where rT  is the rotor time constant, rω̂  is the 
estimated rotor speed.  

The adaptive model (2) is speed-dependant since 
it is derived from the rotor equation in the stationary 
reference frame. 

Error signal processing: The error between the 
two models is: 
 

 
αββα ψψψψψψε rrrrrr ˆˆˆ −=×=  (3) 

 
The error signal ε  is used to drive an adaptation 

mechanism. 
Fuzzy PI adaptation mechanism: In Fig. 2, to 

obtain a stable nonlinear feedback system, the error 
signal ε  and a Fuzzy PI controller are used in the 
adaptation mechanism to generate the estimated 
speed rω̂ . The estimated speed is used as feedback 
for control system. The aim of this mechanism is to 
improve the control and sensorless speed estimation 
of induction motor in high, low speed and also under 
a load torque vibrations. 
 
 
3. ANN for the Computation of Reference 

Model 
 
3.1. The ANN Structure Design and Signal 

Computations 
 

As expressed in (1), it is observed that rψ  is a 
function of αsu , βsu , αsi , and βsi .  
 

 ),,,( βαβαψ ssssr iiuuf=  (4) 
 

The nonlinear function )(⋅f  is unknown to the 
users. However, the inputs and the corresponding 
outputs are known. So, the problem relies on the 
realization of the nonlinear function )(⋅f  through 
input-output mapping. ANN is a well-known tool, 
which may be used for such purpose. To estimate the 
rotor flux in the reference model, a 8-17-2 multilayer 
feedforward neural network is proposed as shown  
in Fig. 3.  
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Fig. 3. Structure of the ANN used in the reference model. 

 
 

To obtain good estimation accuracy, the inputs to 
the network are the present and past values of the α-β 
components of the stator voltage and current in the 
stationary reference frame. This is different from [21] 
which uses only the present samples. Better 
performance can be obtained by increasing the 
number of inputs to include voltage and current 
samples from more than one time step in the past. 
Variable values like present )(kusα , )(kusβ , )(kisα , 

)(kisβ  and one time step in the past )1( −kusα , 

)1( −kusβ , )1( −kisα , )1( −kisβ  are treated as the 
inputs of the ANN.  

Generally speaking, the initial value of q (the 
number of nodes of hidden layer) can be obtained 
according to the empirical formula: q≥2p+1 (p is the 
number of nodes of input layer). Finally we make q 
as 17 through the experiment. The output layer 
consists of two neurons representing the rotor  
flux components. 

The various signals at different stages of the 
network are computed as follows. 

Consider a neuron j in a layer m with n inputs in 
the (m-1) layer, the net input to the neuron is  
given by: 
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(5) 

 
where jkw  is the weight from n inputs in the (m-1) 

layer to the neuron j, kx  is the kth output signal in the 
(m-1) layer to the neuron j, jb  is the threshold of  
the neuron j. 

The neuron output is given by: 
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where )(⋅g  is the activation function or the neuron 
transfer function. Here, we used sigmoidal function 

in the hidden layer neuron, the neuron transfer 
function can be written as: 
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Whereas, linear function is considered for the 

output layer neuron. 
In this paper, a modified ACO training method is 

proposed, because the Grads Descend Method 
(GDM) learning algorithm has the defects of low 
convergence rate, plunging into the local minimum 
easily and bad generalization. The modified ACO 
algorithms changes the neural network learning 
process to stochastic optimization problems. It 
increases the convergence rate, enhance the 
precision, and avoid the local minimum.  
 
 
3.2. Rank-Weight-Based Ant Colony 

Optimization (ACOrw) 
 

The basic thought of ACOrw is: ranking the 
routes got after each ant achieved once circulation 
according to their length. The contribution of each 
ant regenerating the pheromone depends on the 
length of the routes got in the process of circulation. 
The shorter of the route, the more contribution of the 
ant makes. This is to regenerate the weight 
coefficient according to the changes of the 
pheromone concentration of the best No.k, basing on 
ant circumference system model. In this way, each 
ant makes contribution in the global regenerate 
strategy. After less iterative times, the same better 
solution can be found. This method can save the 
computation time greatly, and this is very 
advantageous for searching the solutions of large-
scale problem. 

The basic formulas of ACO are shown as follow: 
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where )(tPk

r  is the transfer probability of ant No. k 
at t time at route NL ; )(tjτ  is the pheromone 

quantity released by ant at t time at route NL ; 

)(tk
jτ∆  is the pheromone variety of ant No. k at t 

time at route NL ; NL  is the is the distance between 
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two points; ρ  is pheromone volatility coefficient; Q  
is constant, which is used to the adjustment speed of 
pheromone. 

Based on the basic ACO, the modified formulas 
of ACOrw is: 
 

 
N

kk
j LQt /)( ⋅=∆ λτ  (12) 

 
Here, kλ is the weight coefficient of ant No. k. 

 
 
3.3. Neural Network of ACOrw 
 

The ACOrw is a global optimization algorithm. It 
used the thought of global regenerate and the weight 
coefficient. So we use it to train the weights and 
thresholds value of neural networks to avoid some 
shortcomings of ANN algorithm. Its basic thought is: 
supposing that there are m parameters in ANN, that 
mean they contain all possible weights and thresholds 
value, and there are M ants in ant colony. First, set up 

iq  (1≤i≤m) (to be optimized), the parameter of ANN, 
to be m random nonzero value, and form set qiI . 
Each ant chooses a group of weights and the 
threshold value in the set, supposing that the ant k of 
the group chooses the parameters independently 
under the prompting of pheromone concentration and 
the transfer probability. After all of the ants achieved 
choosing the parameters, they reach the food source. 
Then, regenerate the pheromone concentration and 
the parameters of the set. The modified formulas are 
shown as follow: 
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where )( qi

k
j Iτ∆  is the change of the pheromone 

concentration that ant k chooses No. j element in set 
qiI ; Q  is constant, which is used to the adjustment 

speed of pheromone; ke  is the output error of the 
ANN (here it replaces the routes passed by the ants in 
ACO), sO  is the actual output of the ANN, lO  is the 

expectation output of the ANN; kλ  is the weight 
coefficient of ant No. k.  

The realization procedures of the algorithm were 
shown as below: 

Step 1. Initialize BP network structure：deciding 
the number of neurons in the input layer, hidden layer 
and output layer. 

Step 2. Initialize pheromone concentration, 
individual optimum value and global optimum value. 

Step 3. Compute the transfer probability of each 
ant by the optimization function. 

Step 4. According to the transfer probability 
replace individual optimum value and global 
optimum value. 

Step 5. Sort all of the routes and replace each ant 
pheromone concentration. 

Step 6. Whether the algorithm error reach 
supposed precision or max iterations? 

When the algorithm error achieves anticipated 
precision, all of the ants converge on the same route, 
or reach the assigned iterative times, thus the 
searching is finished; Otherwise returns to step (3), 
and the iterative process may be continued. 

To generate the input and output training datas, 
the vector controlled induction motor running at 
different speed commands and subjected to various 
load torques is simulated. 4800 groups of data were 
obtained and are used to train the ANN. When the 
largest training times is 2000, and the smallest 
allowable error is 0.005. The training is performed 
off-line using GDM learning algorithms and 
modified ACO algorithms. 

The experimental result shows that GDM can not 
reach the smallest allowable error 0.005 when the 
networks are trained 2000 times. However, modified 
ACO meets the error requirement after training 258 
times. Experiments show the quick convergent rate 
and good precision of modified ACO algorithms. 

The well-trained ANN is used in the reference 
model of the RF-MRAS to compute accurate rotor 
flux under all operating conditions. This will benefit 
from the following advantages: fault tolerance, noise 
immunity and fast processing speed. 
 
 
4. Fuzzy PI Adaptation Mechanism 
 
4.1. Structure of the Fuzzy PI Adaptation 

Mechanism 
 

In the previous Fig. 2, the error between two 
models is the input of a Fuzzy PI adaptation 
mechanism which output is the estimated rotor speed. 
This estimated speed is used to adjust the  
adaptive model.  

In the induction motor drives system, the stator 
resistance of motor may change with the temperature 
variation up to 50 %, motor magnetizing inductance 
varies with the magnetic operating point and becomes 
nonlinear near the saturation level. Furthermore, the 
load torque and inertia may change due to 
mechanical disturbances. Nonlinearity also arises in 
the drive system due to voltage and current limits of 
the power converter.  

For above reasons, it is difficult to build an 
accurate mathematical model of induction motor. So 
the conventional PI adaptation mechanism can not 
provide perfect speed estimation performance 
because of the fixed parameters. In this article, a 
fuzzy logic controller is used for the on-line tuning of 
the PI adaptation mechanism shown in Fig. 4. 
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Fig. 4. Fuzzy PI adaptation mechanism. 
 
 

In the induction motor drives system, the discrete 
expression of the PI adaptation mechanism is shown 
as in: 
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where T  is the sampling period, )(kε  is the error 
signal between two models, pk is the proportional 

coefficient, ik  is the integral coefficient, rω̂  is the 
estimated speed. Equation (15) shows that the 

rω̂ value can be easily acquired, by dynamically 
adjusting pk  and ik  according to the input  
error signal. 

The fuzzy logic control process consists of three 
different stages: fuzzification, fuzzy inference and 
defuzzification. During the fuzzification stage, 
definite values of the input variables are converted 
through the membership functions and fuzzy sets into 
fuzzy values. Then, the fuzzified input values are 
evaluated through the control IF-THEN rules and the 
control output is generated. fuzzy output is then 
converted back to definite values through 
defuzzification method.  

In this work the fuzzy logic controller is a 
Mamdani type, the error between the two models ε  
and rate change of error dtd /ε  are regarded as two 
input variables. The gain of proportional and integral 
coefficient pk∆ , ik∆  as output variables. The 

adequate choice of εk , εdk , 1uk  and 2uk  permits to 
adapt the estimation. 

The Fuzzy inference is a system with 2-input, 2-
output. The input variables of Fuzzy inference are the 
error E  and the rate change of error EC . And the 
output variables pK∆  and iK∆  are corrected value 
based on a set of rules. Then the proportional 
coefficient pk and integral coefficient ik  can be 
obtained by the following formula: 
 

 ppp kkk ∆+= 0  (16) 
 

 iii kkk ∆+= 0 , (17) 
 
where the 0pk  and 0ik are the reference values which 
already adjusted. Through experiments, the PI 
parameters of the adaptation mechanism obtained: 

0pk =4997, 0ik =1.98.  
As showing in Fig. 4, the error signal )(kε  is 

fuzzified into E , the rate change of the error signal 
dtkd /)(ε  is fuzzified into EC . In Fig. 5, seven 

membership functions were used to describe both of 
the inputs, and the corresponding fuzzy subsets are: 
NB (negative big), NM (negative medium), NS 
(negative small), ZE (zero), PS (positive small), PM 
(positive medium) and PB (positive big).  
 
 
 
 
 
 
 
 
 
 

Fig. 5. Membership function of the inputs. 
 
 

The output variables pk∆  and ik∆  are fuzzified 

into pK∆  and iK∆  respectively. They both include  
7 fuzzy subsets: NB (negative big), NM (negative 
medium), NS (negative small), ZE (zero), PS 
(positive small), PM (positive medium) and PB 
(positive big), and their membership functions are 
shown as the Fig. 6, respectively. 
 
 
 
 
 
 
 
 

 
(a) membership function of ∆Kp 

 
 
 
 
 
 
 

(b) membership function of ∆Ki 
 

Fig. 6. Membership function of the outputs. 
 
 
4.2. Rules of the Fuzzy Logic Controller 
 

Fuzzy control rules are regarded as the core of the 
whole fuzzy control. According to the error signal E  
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and its rate of change EC , the principles about the 
fuzzy PI adaptation mechanism are list as follows: 

1) When E  takes a relatively big number, a big 
number should also be assigned to pK∆  in order to 

accelerate the system response, but iK∆  must take a 
minimal number or even zero in order to prevent 
integral saturation and distinct speed overshooting; 

2) When E  takes a moderate number, pK∆  must 

take a relatively small number and iK∆  take a 
moderate one, in order to decrease the overshoot and 
ensure the swift speed response; 

3) When E  takes a relatively small number, the 
system usually run in steady state, thus a moderate 

pK∆  and a big iK∆  should be assigned to decrease 
static error and ensure the stability of the system. 

According to the error signal E  and its rate of 
change EC , fuzzy control rules of pK∆  and iK∆  
can be acquired as shown in Table 1 and Table 2.  
 
 

Table 1. Control rules of pK∆ . 

 
E EC NB NM NS ZE PS PM PB 

NB PB PB PM PM PS ZE ZE 
NM PB PB PM PS PS ZE NS 
NS PM PM PM PS ZE NS NS 
ZE PM PM PS ZE NS NM NM
PS PS PS ZE NS NS NM NM
PM PS ZE NS NM NM NM NB 
PB ZE ZE NM NM NM NB NB 

 
 

Table 2. Control rules of iK∆ . 

 
E EC NB NM NS ZE PS PM PB 

NB NB NB NM NM NS ZE ZE 
NM NB NB NM NS NS ZE ZE 
NS NB NM NS NS ZE PS PS 
ZE NM NM NS ZE PS PM PM
PS NM NS ZE PS PS PM PB 
PM ZE ZE PS PS PM PB PB 
PB ZE ZE PS PM PM PB PB 

 
 
5. System Simulation Results 
 

In this section, the software Matlab is used to 
simulate the whole system to examine the 
performance of speed identification with the 
proposed method. Through a lot of experiments, the 
parameters of modified ACO used in the simulation 
experiments are as followings:  

40=M , 6.0=ρ , 5.0=λ , with 0.005  
supposed precision. 

For a induction motor, with the  
following parameters: 

kWPn 2.2= , VUn 380= , Hzfn 50= , 

Ω= 435.0sR , Ω= 816.0rR , mHLL rs 08.2== , 

mHLm 4.69= , 218.0 mkgJ ⋅= , 2=p .  
The following several cases include different 

speed command, operating in the regenerating mode. 
Simultaneously, the disturbance of the load is 
considered. The estimated speed and real speed 
curves of the method are given, and the 
electromagnetic torque and rotor flux curves are  
also presented. 
 
 
5.1. Dynamic and Static Characteristics 
 

What is shown from Fig. 7 to Fig. 9 are the 
simulation results of a staircase type speed command. 
The command speed *

rω  is changed from 0 to 
1200 r/min through 0→600→1200 r/min. Induction 
motor is suddenly loaded with 90 N·m at t=0.55 sec, 
and unloading at t=0.8 sec. 

Fig. 7(a) is the comparison between real speed 
and estimated speed. It is noticed that both of them 
are closely following. Fig. 7(b) is the speed error 
curve.  
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(b) Speed error curve 
 

Fig. 7. The estimated speed with the proposed method. 
 
 

By analyzing the waveforms, although there are 
errors always in the dynamic process, the maximal 
speed error does not exceed 8.2 %, and the estimated 
speed can rapidly track the real speed. When reached 
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a speed of 600 r/min or 1200 r/min, the estimated 
speed is very precise in steady state. Small deviation 
between the real speed and estimated speed is noticed 
only in the instant loaded at t=0.55 sec. When 
removing the load t=0.8 sec, the estimated speed is in 
good accordance with the real speed. The dynamic 
and static performance of the RF-MRAS is improved 
because of the reference model is replaced by the 
well trained ANN. The well trained ANN can 
generate more accurate rotor flux in different 
command speed. As a result, the proposed method 
has high accurate in both the dynamic and static 
operating. It also has good robustness under a load 
torque vibrations, because of using the fuzzy PI 
controller for adaptation mechanism.  

Fig. 8 is the electromagnetic torque curve. In the 
dynamic and loaded process, the torque keeps 
balance. Although there are tiny amplitude vibrates in 
the process, the electromagnetic torque is matched 
with the load torque. Fig. 9 is the variations of rotor 
flux magnitude in stationary reference frame. It 
shows that when motor is loaded, the rotor flux value 
varies in the stable states. 
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Fig. 8. Electromagnetic torque. 
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Fig. 9. Variations of rotor flux. 
 
 
5.2. Stability in the Regenerative Mode 
 

What is shown from Fig. 10 to Fig. 12 are the 
simulation results of command speed *

rω  change 
from 650 r/min to -650 r/min at t=0.35 sec.  

Fig. 10(a) is the comparison between the real 
speed and estimated speed. Fig. 10(b) is the speed 

error curve. It is observed that the estimated speed 
follows the real speed with good accuracy. In the 
dynamic process, the zero crossing has taken place at 
t=0.48 sec, and the estimated speed error does not 
exceed -5 r/min. The results reveal satisfactory 
performance around zero crossing. The performance 
is improved because of the fuzzy PI adaptation 
mechanism is used, and the well trained ANN can 
generate more accurate rotor flux. As a result, the 
proposed method has stable speed estimation 
performance in the regenerative mode. 
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(a) Real and estimated speed 
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(b) Speed error curve 
 

Fig. 10. The estimated speed with the proposed method. 
 
 

Fig. 11 is the electromagnetic torque curve. When 
the command speed *

rω  change from positive to 
negative, the electromagnetic torque is matched with 
it. Fig. 12 is the variations of rotor flux magnitude 
curve. The curve reveals that the drive enters into the 
regenerative mode stability. 
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Fig. 11. Electromagnetic torque. 
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Fig. 12. Variations of rotor flux. 
 
 
6. Conclusions 
 

In the speed-sensorless induction motor drives 
system, the RF-MRAS is suffers from parameter 
sensitivity and flux pure integration problems. At the 
same time, the traditional PI parameters design may 
cause speed estimation instability especially in the 
regenerative mode. In this paper, a suitable ANN 
based on ACO is presented to replace the reference 
model of the RF-MRAS. As a result, the speed 
estimation is more accurate in both the dynamic and 
static process. Furthermore, a fuzzy PI adaptation 
mechanism is used to advance the stability of speed 
estimation in the regenerative mode, as well as 
enhances the robustness of the system. 

Further research should focus on some new 
evolutionary computing approaches to optimize the 
ANN parameters, such as artificial fish swarm 
algorithm, particle swarm optimization, and so on. 
Simultaneously, the evolutionary computation should 
be combined with other intelligent control method to 
solve some practical problems. 
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1. Introduction 
 

A typical commercial/military aircraft consists of 
a number of safety-critical systems, such as aircraft 
engine control system, aircraft flight control systems, 
aircraft cabin environmental control system, 
structural and engine health monitoring systems. 
These systems demand a large number of real-time 
sensors and actuators for their optimal operation. 
Current systems are based on a centralized 
architecture in which all the sensors and actuators are 
individually connected to the engine controller. These 
point-to-point connections have a high obsolescence 
cost as well as a high maintenance cost [1, 2]. In 
recent decades, with the rapid development of 
computer, network and communication technology, 

aircraft manufacturers desire to consider replacing 
point-to-point nodes connections with faster and low-
cost avionics networks to reduce aircraft weight, 
system installation, integration, reconfiguration, 
assembly and maintenance costs as well as improving 
airborne system performance, system flexibility and 
resources sharing [3-5]. 

Currently, widespread applications of avionics 
networks for the connection of onboard devices of 
the aircraft can be observed throughout flight control 
systems. Avionics networks provide numerous 
physical and logical configurations for avionics 
architecture, data packets, protocols, message traffic, 
etc. In avionics networks, three fundamental 
approaches to controlling bus access are used: 
contention resolution (CAN, Ethernet, AFDX), time 
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slot allocation (ARINC 629, ARINC 659/SAFEbus, 
TTP), and token passing (FDDI, AS 4074, LTPB). 
Some protocols use mixed approaches. No matter 
what protocols are used, the adoption of avionics 
networks however, introduce potential issues, such as 
random time delays, stochastic packet dropouts and 
packet disorder, which may degrade a system’s 
performance and even cause system instability [6].  

The network-induced delay is the most serious 
challenge which contains sensor-to-controller delay, 
controller-to-actuator delay, and the controller 
computational delay. Sensor-to-controller delay and 
controller-to-actuator delay will depend on the 
network protocol and can be either constant, time 
varying or random in nature. As a new control 
system, only a few studies research on networked 
flight control system (NFCS) to solve network-
induced issues [7-9]. However, Research on 
Networked control systems (NCS) has achieved a 
significant amount of results. How to solve the 
network induced issues of random time delay and 
packet dropout to guarantee the system stability and 
performance is the hot research point in literature. 
Different models are developed for NCS to study 
stability criteria or stabilizing controller design. A 
discrete-time modeling approach is employed for 
network delays in [10]. An augmented state vector 
method is used for NCS modeling over random time 
delays in [11]. NSCs with packet dropouts are 
modeled as discrete Markov jump system in [12]. 
Time delays are considered as perturbations of the 
whole feedback control system in [13]. Queuing 
strategy method is developed to deal with time delay 
in [14, 15]. Optimal gain is calculated by modeling 
NCS as a switched system in [16].  

To adapt the results above to solve the network-
induced delay issue of the NFCS, we first model the 
NFCS as a switched linear system with infinite 
switching rules, which is compose of a continuous-
time plant, a discrete-time controller and the 
communication channels. Linear matrix inequality 
(LMI) method is adopted to design a stabilizing 
controller for NFCS and an LMI optimization 
problem is formulated to find the bound of the decay 
rate for the switched linear system which indicates 
the stability performance of NFCS controller. A 
“gridding” approach [17] is introduced to convert 
infinite switching rules into finite ones to guarantee 
the feasibility of proposed LMIs.  

The remainder of this paper is organized as 
follows. Section 2 gives problem formulation. In 
section 3, Stability of the newly developed model is 
analyzed and an approximately stabilizing controller 
is designed. In section 4, Stability performance is 
analyzed and the bound of decay rate is found by 
solving an LMI optimization problem. Simulations 
and Results are present in section 5 and conclusions 
are given in section 6. 

Notation: The notation used throughout the paper 
is fairly standard. TA  represents the transpose of 
matrix A , the notation 0( 0)P P> <  means that P is 

positive definite (negative definite), I and 0  
represent identity matrices and zero matrices with 
appropriate dimensions, respectively. * denotes the 
entries of matrices implied by symmetry. Matrices, if 
not explicitly stated, are assumed to have  
appropriate dimensions. 
 
 
2. Problem Formulation 
 

To describe a flight dynamics system controlled 
via a network, a typical abstract mathematical model 
combined with the characteristics of the networked 
control system is considered in this paper. A single-
input single-output dynamic plant is described by 
 

 ( ) ( ) ( )x t Ax t Bu t= + , (1) 
 
where ( ) nx t ∈R is the state vector, ( ) pu t ∈R is the 
input vector. A and B are constant matrices of 
appropriate dimensions. 

The framework of networked flight control 
system is shown in Fig. 1, which is a feedback 
control system closed via a shared band limited 
digital communication network, which connect 
sensor nodes, actuator nodes and controller nodes 
together. Actuator accepts the digital signal from 
sensor via some feedback calculating by controller. 
 
 

 
 

Fig. 1. The framework of networked flight control system. 
 
 

Data collisions and communication failure will 
inevitably happen because of limited capacity of 
transmission channel. Based on the characteristics of 
the flight control bus, the following assumptions 
about the data transmission process and the network 
are made:  

Assumption 1: Sensor is time-driven, the 
sampling period is T . Actuator and controller are 
event-driven. 

Assumption 2: The total transmission delay 
induced by the communication network from sensor 
to actuator is less than one sampling period but  
time-varying. 

Assumption 3: All control and measurement 
information in the network is sent in a single packet. 
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Assumption 4: Between two implemented control 
signals, actuator operates in a zero order hold  
(ZOH) fashion. 

Assumption 5: No packet losses occur in the 
communication network. 

Packet transmission conditions via network are 
shown in Fig. 2. Define kt as the arrival time at the 
actuator of the thk sampled packet from sensor, and 
assume that total transmission delay from sensor to 
actuator of the thk  sampled packet is kτ . Then 
during the time interval 1[ , )k kt t + . 
 
 

 
 

Fig. 2. Packet transmission conditions via network. 
 
 

The feedback controller can be described as 
 

 1( ) ( ) ( ) ( ),k k ku t u k K x k t t tτ += = ≤ <  (2) 
 
with 1kt +  being the next packet arrival instant of the 
ZOH after kt . 

Note that the total network induced time delay of 
each sampled packet is time-varying. Thus, the state-
feedback control gains in (3) are not constant but 
varying with every updating interval 1[ , )k kt t − to 
ensure the stability of the time varying  
sampled system.  

Sampling with the constant sampling period 
T gives the discrete-time NFCS with the total time 
delay from sensor to actuator as follows: 
 

0 1( 1) ( ) ( ) ( ) ( ) ( 1)k kx k x k u k u kτ τ+ = Φ +Γ +Γ − , (3) 
 
where ATeΦ = , 

0 10
( ) , ( )k

k

T TAs As
k k T

e dsB e dsB
τ

τ
τ τ

−

−
Γ = Γ =∫ ∫ .  

The random time delay determines the time-
varying input matrices 0 ( )kτΓ and 1( )kτΓ , so the 
system (3) is a time-varying discrete dynamic system. 
To deal with the time-varying part of system (3), let 
us introduce a new matrix variable ( )kF τ  to 
transform system (3) into a discrete linear system 
with parameter uncertainty as follows: 

 
/ 2

0 0 0
/ 2 ( / 2)

0 0

( ) k k

k

T T TAs As
k

T As A T As

e ds B e ds B

e ds B e e ds B

τ τ

τ

τ
− − −∆

−∆

Γ = ⋅ = ⋅

= ⋅ + ⋅

∫ ∫
∫ ∫

 (4) 

1 /2

( / 2)

/ 2 0

( )

( )

k k

k

T TAs As
k T T T

T As A T As

T

e ds B e ds B

e ds B e e ds B

τ τ

τ

τ
− − −∆

−∆

Γ = ⋅ = ⋅

= ⋅ + ⋅ −

∫ ∫

∫ ∫
 (5) 

 

,
2 2 2k k k
T T Tτ τ τ= + ∆ − ≤ ∆ ≤  (6) 

 

define 
/2 /2

0 10 /2
, ,

T TAs As AT

T
e Bds e Bds D eΓ = Γ = =∫ ∫ , 

0
( ) k As

KF e Bds
τ

τ
−

= ∫ , 0E B= , 1E B= , then, the time-

varying input matrices 0 ( )kτΓ and 1( )kτΓ  in (3) can 
be written as 
 

0 0 0

1 1 1

( ) ( )
( ) ( )

k k

k k

DF E
DF E

τ τ
τ τ

Γ = Γ +

Γ = Γ +
 (7) 

 
where ( ) ( )T

k kF F Iτ τ ≤ . 
Let us introduce a new augmented 

state [ ]1( ) ( ) ( ) T
k kz k x i u i −= . Therefore, from (2), (3) 

and (7), we can get the following augmented closed-
loop system 
 

( 1) ( )kz k z k+ = Ψ , (8) 
 
where 
 

0 0 1 1( ) ( ) ( )
( ) 0

k k k
k

k

DF E K DF E
K

τ τ τ
τ

Φ +Γ + Γ +⎡ ⎤
Ψ = ⎢ ⎥

⎣ ⎦
 (9) 

 
It can be seen that the newly generated augmented 

model is a discrete switched linear system with 
infinite switching rules. Therefore, the problem of 
stabilizing control for NCS is changed into the 
stabilization problem of discrete switched  
linear system. 

Based on the analysis above, we will discuss 
questions below in the following sections: 

Q1) Sufficient conditions for asymptotic stability: 
Is it possible to specify conditions such  
that the autonomous switched system is  
asymptotically stable? 

Q2) Asymptotical controller design: If the answer 
to Q1 is yes, how to obtain the control law for the 
autonomous switched system? 

Q3) Sufficient conditions for exponential stability 
with some decay rate: Is it possible to specify 
conditions such that the autonomous switched system 
is exponentially stable with some decay rate? 

Q4) Decay rate: Can a bound of the decay rate of 
the autonomous switched system be found? And what 
is the bound? 

 
 

3. Asymptotical Stability Analysis  
and Controller Design 

 
As in the discrete switched linear system (8), 

continuously varying time delay kτ leads to the 
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infinite switching rules. To obtain the control law for 
the autonomous switched system, the formulation of 
an LMI optimization problem must be set for a finite 
set of switching rules. In order to solve the problem, 
every sampling period of the time axis is partitioned 
into equidistant small time intervals. Suppose the 
split number is N , then the length of the split 
interval 0T T N= and the value of time delay kτ can 
be redefined as follows: 
 

00

0 0 00

0 0

0 0

2 ,
2 , 2

( 1) 2 ,
( 1)

k

k

k

k

T kT kT T
T T kT T kT T

N T T
kT N T kT NT

τ
τ

τ

τ

≤ < +⎧
⎪ + + ≤ < +⎪⎪= ⎨
⎪ − +⎪
⎪ + − ≤ < +⎩

 (10) 

 
Then continuously varying time delay kτ  is 

quantized into a finite set. Let us define a compact set 
I where switching rules of (8) lie in, then we can 
get {1, 2,3..., }I N= . Denote ˆ

iA as the switching rule 
determined by kτ , then, augmented system (8) can be 
written into a discrete switched system 
 

ˆ( 1) ( ),iz k A z k i I+ = ∀ ∈ , (11) 
 
where  
 

0 0 1 1

0
i i i

i
i

DF E K DF E
A

K
Φ+Γ + Γ +⎡ ⎤

= ⎢ ⎥
⎣ ⎦

 (12) 

 
Considering the switching nature of our system 

(11), LMI-based quadratic Lyapunov function for 
asymptotic stability is introduced to check system 
stability and design stabilizing controller. 

Theorem 1: If there exists N  symmetric positive 
definite matrices 1 2, , , NP P P… satisfying  
 

ˆ
0, ( , )ˆ

T
i i j

j i j

P A P
i j I

P A P

⎡ ⎤
⎢ ⎥ > ∀ ∈
⎢ ⎥⎣ ⎦

 (13) 

 
then the system (11) is asymptotically stable. 

Proof: Choose the following form of the 
Lyapunov function: 
 

( ) ( ) ( )T
iV k z k Pz k=  (14) 

 
the difference of Lyapunov function is given by  
 

( 1) ( )
( 1) ( 1) ( ) ( )

ˆ ˆ( ) ( ) ( ) ( )
ˆ ˆ( )( ) ( )

T T
j i

T T T
i j i i

T T
i j i i

V V k V k
z k P z k z k Pz k

z k A P A z k z k Pz k

z k A P A P z k

∆ = + −

= + + −

= −

= −

 (15) 

 
according to the Schur complement formula, (10) is 
equivalent to 
 

ˆ ˆ 0T
i i j iP A P A− >  (16) 

 
thus, if condition (10) holds, then 0V∆ < , which 
implies that system (11) is asymptotically stable.  

The following part will study the design of 
stabilizing controller for NCS. Let us denote the 
following matrixes: 
 

[ ]

1 1

0 0

,
0 0

,

0

i i
i

i i
i

i i

DF E
A

DF E K
B

I

K K

Φ Γ +⎡ ⎤
= ⎢ ⎥
⎣ ⎦
Γ +⎡ ⎤

= ⎢ ⎥
⎣ ⎦

=

 (17) 

 
Then, system (11) can be rewritten into the 

following form: 
 

( 1) ( ) ( )i i iz k A B K z k+ = +  (18) 
 

Theorem 2: If there exists symmetric positive 
definite matrices iG and iV , matrices iR ( i I∀ ∈ ) 
satisfying  
 

,0

,1

0
* 0

0, ,
* * 0
* * *

T T T T T
i i i i i i

T T
i i i

j

j

G G R R
V V

i j I
G

V

⎡ ⎤Φ + Γ
⎢ ⎥Γ⎢ ⎥ > ∀ ∈⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 (19) 

 
Then the state feedback control given by (2) with 

 
1,i i iK R G i I−= ∈  (20) 

 
stabilizes asymptotically the system (11). 

Proof: Assume that there exist symmetric positive 
definite matrices iG and iV , matrices iR ( i I∀ ∈ ) 
such that (19) is satisfied. From (20) we get  
 

,i i iR K G i I= ∈  (21) 
 
replacing iR in (19) by i iK G , we can get 
 

,0

,1

0 ( )
* 0

0,
* * 0
* * *

,

T T T T
i i i i i i i

T T
i i i

j

j

G G K G K
V V

G
V

i j I

⎡ ⎤Φ + Γ
⎢ ⎥Γ⎢ ⎥ >⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦
∀ ∈

 (22) 

 
applying the Schur complement formula, we get 
 

,0 ,1

1
,0 ,1

0

0

0, ( , )

T
i i i i i i

i i i

j i i i i

j i

i

i

G G K
V V K

G K
V K

G
i j I

V

−

Φ +Γ Γ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
−⎢ ⎥ ⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦ ⎣ ⎦

⎡ Φ +Γ Γ ⎤⎡ ⎤ ⎡ ⎤
⎢ ⎥⎢ ⎥ ⎢ ⎥
⎣ ⎦⎣ ⎦ ⎣ ⎦

⎡ ⎤
> ∀ ∈⎢ ⎥

⎣ ⎦

 
(23) 
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let us denote 
 

1
i

i
i

G
P

V

−
⎡ ⎤

= ⎢ ⎥
⎣ ⎦

 (24) 

 
and notice that 
 

[ ]

,0 ,1

,1 ,0

0

0
0 0

i i i i

i

i i i
i

i i i

K
K

K
I

A B K

Φ +Γ Γ⎡ ⎤
⎢ ⎥
⎣ ⎦

Φ Γ Γ⎡ ⎤ ⎡ ⎤
= +⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦

= +

 
(25) 

 
then replacing related item in (23) by(24) (25), pre-
multiply and post-multiply 1

iP− , respectively, then we 
can get 
 

1( ) ( ) 0,

( , )

T
i j i j i i j j k j k kP P A P B K P P A P B K

i j I

−− + + >

∀ ∈
 (26) 

 
by applying the Schur complement formula, we get 
 

( )
0,

( )

( , )

T
i i i i j

j i i i j

P A B K P
P A B K P

i j I

⎡ ⎤+
>⎢ ⎥

+⎢ ⎥⎣ ⎦
∀ ∈

 (27) 

 
thus, Theorem 1 indicates the sufficient condition for 
asymptotic stability of closed-loop NCS (11). 
 
 
4. Exponential Stability and the Bound  

of Decay Rate 
 

Theorem 3: For given scalar ( 1)α α > , if there 
exists N symmetric positive definite matrices 

1 2, , , NP P P… satisfying 
 

ˆ
0, ( , )ˆ

T
i i j

j i j

P A P
i j I

P A P

α

α

⎡ ⎤
⎢ ⎥ > ∀ ∈
⎢ ⎥⎣ ⎦

 (28) 

 
Then the closed-loop NCS (11) is exponentially 

stable with a decay rateα . 
Proof: Choose the following form of the 

Lyapunov function: 
 

( ) ( ) ( )T
iV k z k Pz k=  (29) 

 
define ( ) ( )kk z kζ α= and choose another  
Lyapunov function: 
 

( ) ( ) ( )T
iW k k P kζ ζ=  (30) 

 
then the difference for ( )W k  is given by  

2( 1) 2

2( 1) 2

2 2

( 1) ( )
( 1) ( 1) ( 1) ( ) ( )

( 1) ( 1) ( 1) ( ) ( )
ˆ ˆ( ) ( ) ( ) ( )
ˆ ˆ( )( ) ( )

T T
j i

k T k T
j i

k T T k T
i j i i

k T T
i j i i

W W k W k
k P k k k P k

z k P k z k z k Pz k

z k A P A z k z k Pz k

z k A P A P z k

ζ ζ ζ ζ

α α

α α

α α

+

+

∆ = + −

= + + + −

= + + + −

= −

= −

 
(31) 

 
according to the Schur complement formula, (23) is 
equivalent to 
 

2 ˆ ˆ 0T
i i j iP A P Aα− >  (32) 

 
then we can obtain that 0W∆ < , which implies 

( ) (0)W k W< . Thus we have 
 

2 2 2( ) ( ) (0) (0)k k kV k W k W Vα α α− − −= < =  (33) 
 
by the result of theorem 1in [33], we can come to the 
conclusion that the closed-loop NCS (11) is 
exponentially stable with a decay rate α . This 
completes the proof. 

Now we will discuss how to get the controller 
gain for a given decay rate. 

Theorem 4: For given scalar ( 1)α α > , If there 
exists symmetric positive definite matrices iG and iV , 
matrices iR ( i I∀ ∈ ) satisfying  
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0
* 0

0,
* * 0
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T T T T T
i i i i i i

T T
i i i

j

j

G G R R
V V
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V

i j I

α α α
α

⎡ ⎤Φ + Γ
⎢ ⎥Γ⎢ ⎥ >⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦
∀ ∈

 (34) 

 
Then the state feedback control given by (3) with 

 
1,i i iK R G i I−= ∈  (35) 

 
exponentially stabilizing the system (5) with decay 
rate α . 

Proof:  Replacing ˆ
iA  in Theorem 3 by i i iA B K+  

and substitute (14) respectively for , ,i i iA B K , we can 
easily obtain the conclusion of Theorem 4. 

Theorem 4 indicates that if we find feasible 
solution to (25), we can obtain the control law for a 
given decay rate. But what is the maximum value of 
decay rate? To obtain the bound of the decay rate, we 
should consider the following optimization  
LMI problem: 

Maximize α   
Subject to 
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> > α > ∀ ∈

 (36) 
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In order to use Matlab LMI control toolbox 
setting up LMI problem (33), a remedy should be 
given to convert (33) into a generalized LMI 
optimizing problem like the following form: 

Minimize λ   
Subject to 

 
( ) ( ), ( ) 0, ( ) ( )C x D x B x A x B x< > < λ  (37) 

 
Pre-multiply and post-multiply 

{ , ,1 * ,1 * }diag I I I Iα α  by (33), we can get 
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1 0* * 0
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⎢ ⎥Γ⎢ ⎥
⎢ ⎥ >⎢ ⎥

α⎢ ⎥
⎢ ⎥
⎢ ⎥α⎣ ⎦

 (38) 

 
Replacing (1 / ) jGα  by iY , (1/ ) jVα  by iZ and 

then replacing (1/ ) iYα  by iM , (1/ ) iZα by iN  , and 
defining 1/µ = α , optimization LMI problem (33) 
can be converted into: 

Minimize µ  
Subject to 

 

,0

,1

0
* 0

0
* * 0
* * *
, , , 0

,
,

T T T T T
i i i i i i

T T
i i i

i

i

i i i i

i i i i

i i i i

G G R R
V V

M
N

G V M N
Y G M Y
Z V N Z

⎡ ⎤Φ + Γ
⎢ ⎥Γ⎢ ⎥ >
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

>
< µ < µ

< µ < µ

 (39) 

 
By solving the optimization LMI problem (36), 

we can obtain the bound of decay rate. 
 
5. Design Example 
 

Consider the following longitudinal motion 
equation of aircraft: 
 

( ) ( ) ( )x t Ax t Bu t= +  (40) 
 

-1.5  -8.65 0
-1.5 

0.5
, 5.6

1 0
 -0.38 0

0 0
A B

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥= =⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

, (41) 

 
where [ ]x q a θ= , q  is the pitch angular rate, a  
is the attack angle, θ  is the pitch angle, eu ξ= , eξ  is 
the elevating rudder deflection angle. Suppose the 
sampling period is 8 ms and the length of gridded 
equidistant small interval 0T is 2 ms , the values of 

possible time delays are 
1 2 3 41 , 3 , 5 , 7ms ms ms msτ τ τ τ= = = = . To obtain 

feedback gains, we can use the Matlab LMI Control 
Toolbox to solve the LMI feasible problem presented 
in (19). Table 1 shows the feedback controller gains 
based on the switching rules. 
 
 

Table. 1. Switching mode related feedback  
controller gains. 

 

1 1msτ =  [ ]1 -17.9144  -17.5080  -18.0312K =  

2 3msτ =  [ ]2 -20.5357  -20.0698  -20.6695K =  

3 5msτ =  [ ]3 -17.0806  -16.6931  -17.1919K =  

4 7msτ =  [ ]4 27.2913  -26.6722  -27.4692K =  
 
 

Fig. 3 shows the state trajectory of aircraft 
longitudinal motion with the feedback control law 
proposed in this paper. We can see that the mode 
dependent control law effectively solved the time 
delay problem of networked flight control system, 
which guarantee the asymptotical stability of the 
system. Fig. 4 shows how the decay rate impacts the 
stabilizing performance of networked flight control 
system. We can see that decay rate determines the 
setting time of the state trajectory towards constant 
value which is the system stable state. The larger the 
decay rate is, the shorter time the system needs to 
reach the stable state with better  
stabilizing performance.  
 
 

 
 

Fig. 3. The state trajectory of aircraft longitudinal motion. 
 
 

 
 

Fig. 4. Stabilizing performance of the system  
with decay rate. 
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6. Conclusions 
 

The multitude of embedded sensors, controllers 
and actuators found on aircraft need to communicate 
with each other to collect information, transmit 
control signal and monitor system condition. Rapid 
developments of computer, network and 
communication technology result in progressive 
forward of a number of new and existing data buses 
used in flight control systems. In this paper, we study 
the stability problem of networked flight control 
system with random time delays and analysis control 
performance based on the decay rate. An augmented 
state vector is introduced to successfully convert 
NFCS into a discrete-time switched linear system. 
Sufficient conditions for asymptotical stability and 
exponential stability of proposed NFCS model are 
given. To solve the LMIs for obtaining feedback 
gains and the bound of decay rate, the “gridding 
approach” is adopted to guarantee LMI set up for a 
discrete switched system with finite switching rules. 
Numerical examples illustrate the effectiveness of the 
proposed strategy for the asymptotical stabilizing and 
exponential stabilizing controller over NFCS, finally 
the control performance with decay rate is analyzed 
based on the simulation results.  
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Abstract: Today’s production process will produce large amounts of data, which is stored in the database but 
not always stored in the file. EXCEL and OpenDokumentCalc-file are typical data files of such approach. In 
order to be able to access both types of documents, developing two plug-in implementations is the task of this 
paper. Develop two plug-in implementations for Advisory Data Modeling (ADM), each of which can import 
and export the appropriate file type. Find the characteristics of each file type by analyzing the used files, and 
then compare the two file types. Clarify the implementation and testing of the plug-in implementations, and 
explains further application performance in Advisory Data Modeling (ADM). Copyright © 2013 IFSA. 
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1. Introductions 
 

In requirements of the fact that shorter production 
time and higher quality, the used technology needs 
better adaptability. Modern enterprises adopt high-
performance processing and analysis tools to 
complete the production process monitoring,  
and to identify deficiencies and potential for 
improvement [1]. 

ADM (Advisory Data Modeling) is a software 
package used to identify static and dynamic process, 
as well as provide technical advice and time series 
storage. The goal of ADM is to focus on analysis of 
process optimization and process automation during 
the experiment (identification of improving potential, 
designation and controlling of the regulator 
established model) [2]. All analysis of the process 
based on the use of corresponding data materials. All 
internal temporary files of ADM are binary format 
[3]. The data in file or database to be processed 

should be imported through the data interface, and 
the internal temporary files should also be exported. 

Currently, several file types, such as XLS, ODS, 
XLSX, could not be processed through the current 
data interface of ADM [4]. In order to be able to 
access two file types of EXCEL and 
OpenDokumentCalc, the task of this paper is to 
develop two plug-in implementations for the ADM, 
each of which can import and export the appropriate 
file type. 
 
 
2. ADM Introduction 
 
2.1. The objective of ADM tool 
 

In recent years, ADM, as a signal process analysis 
and modeling of integrated analysis environment, 
already done a lot of modeling and analysis of 
measured values used to provide advisory functions 
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in the WUST [5]. ADM is designed for analysis of 
experiment process. The analytical method ADM 
uses is not simply a collection of popular algorithms, 
but it gets a further analysis significant information 
through the signal contains feature attributes and the 
corresponding appropriate mathematical statistical 
methods to give suggestions. The following Fig. 1 
shows characteristics of ADM tool. 
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Fig. 1. ADM menu. 
 
 
2.2. Building ADM Toolkit 
 

ADM Toolkit is component-based. As shown in 
Fig. 2, it has several important components 
corresponding to the target [6]. 
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Fig. 2. ADM components. 
 
 

Linux, Windows und MacOS: ADM Toolkit can 
run on different operating systems. 

Database and file interface: As a data interface, 
ADM uses both simple text file format and the 
database. XLS and ODS file formats will also be 
usable through this study.  

Data Processing: ADM introduces the necessary 
data preprocessing functions (DVV). Prior to the 
analysis and evaluation, a single variable will be 
pretreated by the DVV, which includes an abnormal 
value processing, signal filtering (such as: mean 
filter), the dead time correction, further analysis of 
the selection constraints, through the graphical 
visualization, and the whole process will  
be described. 

Memory function: Description of the problem (the 
data source description), analyzed and described, 
analyzed and described (which analysis is executed, 
the result of step, etc.) and the data preprocessing 
described, are stored in memory. 

Consulting components: Mark the most effective 
application methods to analysts with colored arrows. 
Color Description is as follows. Green: 
Recommended; Yellow: possibilities; Red: 
prohibition; Black: already pointed out, can be 
repeated Green: recommended; Yellow: possibilities; 
Red: prohibition; Black: already pointed out, can  
be repeated. 

Graphics module: Display icons, implemented as 
a separate component. 

Online help: Supports all steps of the analytical 
method, and provides a single brief description as 
well as methods for the analysis of background notes. 

Each of the above components can be 
implemented individually or interact with other 
components through their own interface [7]. 
 
 
3. File Format Description 
 

DM data interface is compatible with two file 
formats of the database access (*. Cvs and *. Nc) [8]. 
But this is clearly not enough, because Excel files 
and Open Document-Table spreadsheet file is being 
more and more widely adopted [9]. 

The document should be developed as input and 
output interface is shown in Fig. 3. 
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Fig. 3. Data import-export interface. 
 
 

The task is to integrate XLS-and ODS-module 
within the data interface. Each module will be 
encapsulated with input and output ports between its 
own file (XLS or ODS) and TMP files (Xlinear.tmp). 
 
 
4. Design and Implementation 
 

Before using the ADM, the first thing is to select 
a file, and then select the function to determine how 
ADM visualizes, preprocesses, analyzes and outputs. 
The available desired measurement point is selected 
through data visualization window. Finally, click 
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"OK" button, the data import process will be 
executed. The most important thing is that name and 
data of the measuring point will be read and stored 
separately. The name is stored in a list, so that the 
data can be further processed through the test point’s 
name in the list. The data is written as a double-
precision number in TMP-file. 
 
 
4.1. Structure of File Export-Import Plug-in 

 
File import and export plug-in is one of currently 

six ADM plug-in types, as the input and output file 
interface, completing the file data import and export. 

Important structural elements are as following: 
GetFiletype - Check the file extension 
ExportData - The data export of ADM 
ImportData - File data entry in ADM 
GetImportDataMst -  Load Test Point Name 
GetImportDataMst2 - In order to select the test 

point data, loading the measuring point name as a 
target of measurement point list 

IsFileValid - Before importing the file, test 
whether the file meets the requirements. 

These functions must be implemented for each 
file module. 
 
 
4.2. TMP Files Processing 
 

Measuring the number of test points in 
Xlinear.tmp file as a given data interface parameter, 
so that each line of TMP files can be read and 
written. Subsequent code fragment illustrates  
this point. 
 
 
4.3. XLS Data Module 
 

XLS data module must meet the plug-in structure 
as shown in Fig. 4. By calling functions in XLS data 
module, processing functions, such as to achieve the 
XLS file, import, export, test access point name and 
file checksums, has been implemented. 
 
 

 
 

Fig. 4. XLS Data module. 
 
 

First, the test point name is achieved and stored in 
the list by calling the function 
"AdmDatenXlsSearchFileMst" or 
"AdmDatenXlsSearchFileMst2". After the name 

selected by user, the test point data is imported by 
calling "AdmDatenXlsImport ()". The test point list 
of names already exists when it exports. Similarly, 
after selecting the names of measurement points, the 
function "AdmDatenCreateXls ()" will be called to 
export the selected data. 

XLS Data import. 
XLS data import is achieved through function 

"AdmDatenXlsImport ()".Measurement data and the 
measuring point name exists in workbook stream in 
which each record needs to be read. In order to 
correctly read the subsequent data length and data, 
identification of a record must be searched first. To 
read the next identification mark, the file pointer is 
moved to the right location through the data length. 

Data import process begins via the XLS file test. 
When record of XLS BOF (beginning of file) is 
detected, the data will be read further, or the data 
import process will be terminated. If the data import 
process is completed correctly, a book structure will 
generate for XLS file. After BOF in the first record is 
identified, the global branch will start reading. 
Measuring point name is acquired and stored by 
reading SST (shared string table) recorded in a string 
list. When EOF (end of file) appears, reading of the 
global branch ends. Subsequent occurrences records 
of EOF indicate whether it is a BOF of a branch 
record. If it is BOF, the table branch will be read, or 
do XLS file table will not be read and the import 
process will terminate. In order to store tables’ 
information, for each sheet sub stream, a structure 
and a sheet-object must be defined. Cell's data exits 
in RK-, MullRK-, or Number-Record, and be stored 
in a Cell structure. Cell structure appears in a Sheet 
structure, and it will be stored again in the book 
structure. After the Workbook-Streams are read, each 
line of the selected data will be written to the TMP 
file. Detailed XLS data import process is shown  
in Fig. 5. 

XLS Data export.  
XLS data export is achieved through the 

AdmDatenCreateXls () function of TPLUGIN_ 
FILEFORMAT-Struktur. For the convenience of 
generating a new XLS file, a BasicXLS file is stored 
in ADM, which can be easily copied without any 
changes of XLS file information and the recording 
position, or find the file sectors. First, the number of 
XLS file lines is replaced by the number of lines 
which TMP files calculates. If the row number is 
greater than 65335, the data export process will be 
aborted, Otherwise XLS file stored in ADM will be 
read, and the location of the records will be changed, 
such as the SST-, EXTSST-, BOUNDSHEET-, 
INDEX-, COLINFS-and DIMENSION-Record 
(record) will be calculated. Afterward, TMP file data 
content and measuring point names in the list of XLS 
file as ROW-, LABELSST-und NUMBER-Record 
are recorded with a certain serial number. Since the 
EOF record is not necessarily at the end of a 512-byte 
sectors workbook-stream, the unused bytes must be 
filled with zeros. Data formats can not be changed 
and should be accessed from BasicXLS-file. 
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SummeryInformation-Sektor and Document-
SummeryInfomation-Sektor, which contains only 
standardized and additional file information, copied 
directly to the new XLS user information is written at 
this time, which is control data. XLS header file is 
copied intact, but must the stored Sektor-index be 
changed. If not all Sektor-IDs of Bigblock-Pointer 
Stream can be stored in XLS header files, the other 
Sektor-IDs will be written after the 

DocumentSummeryInformation Stream, and then be 
written in BigBlockPointer-Stream. If all Sektor-Ids 
header files can be stored in XLS, only 
BigBlockPointer Stream will be written after 
Document-SummeryInformation Stream. When XLS 
data export process ends, a few XLS root information 
must be calculated and written to the new XLS file. 
Complete XLS data export process is shown in 
Fig. 6. 

 
 

 
 

Fig. 5. XLS Data import Process. 
 
 

 
 

Fig. 6. XLS Data export Process. 
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4.4. ODS Data Module 
 

ODS data module must meet 
TPLUGIN_FILEFORMAT-Struktur, and it contains 
its own function as XLS data modules. Fig. 7 below 
shows the function that ODS data module stores in 
the plug-in architecture (Plugin-struktur). 
 
 

 
 

Fig. 7. ODS Data module. 
 
 

ODS Data import. 
ODS file is an XML file that contains a variety of 

other object ZIP files. "Content.xml" file contains all 
tabular data which is read through the XML database 
"LibXML2". "Content.xml" file contains all through 
the XML database "LibXML2" read tabular data. 
Extraction of "content.xml" file from ODS is same as 
XML-file import. First, measuring point name must 
be read from an XML file. Then, the selected column 

must be found from measuring point names stored in 
AdmDatenpool. Data is read from the XML file line 
by line and written to the TMP file directly. The 
following Fig. 8 shows the detailed data  
import process. 

ODS Data export. 
There is also a basic document 

"basicOdsFile.ods" for ODS data export which is 
stored in the ADM kit, so that content.xml and 
meta.xml can be easily changed. In fact, the double-
precision value and the measurement point name 
should be inserted in the XML.Doc structure of 
"content.xml", and then be compressed. But when a 
complex table with 65536 * 256 Cells is exported, it 
needs a large storage space since the XMLDoc 
structure is too large. To avoid this problem from 
occurring, it generates a text file named with 
content.xml, and contains an empty table of 
XMLDoc-text structure information. Then in order to 
make each line or XMLRow tabular information 
directly saved in a text file, a text file insertion point 
is set. To make XMLDoc always contains only one 
XMLRow, XMLRow Elemente stored in a text file 
should be removed immediately. Because XMLNode 
Elemente not only contains a row of data, but also 
contains structural information such as the "parent 
element", "sub-element", the next element, etc. When 
data of TMP files is stored in a text file, in order to 
complete XML structure, the information after 
insertion point is copied again in a text document. 

 
 

 
 

Fig.8. ODS Data import Process. 
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Then in order to change the number of Cell in the 
file's, "meta.xml" in ODS files is read and changed. 
Compression function is used to compress a new text 
file "content.xml", and integrate the changed 
information in new ODS document. Detailed ODS 
data export process is shown in Fig. 9. To save more 
storage space, TXT file in XML format is simplified. 

Usually XML-Cell structure contains twice 
Doubledaten-information. One exits as an attribute 
"office: value" of the XML-Cell and the other in the 
child elements of XML-Cell "<text:p/>". After 
deletion of the <text:p/> elements, the newly 
generated text file "content.xml" was narrowed 
400 MB. 

 
 

 
 

Fig. 9. ODS Data Export Process. 
 
 
4.5. Summary 
 

XLS data records, such as RK, MULRk, 
LabelSST and NUMBER, (cell) cell location 
information, import implementation is relatively 
easy. All data records are obtained and read, and the 
table contents are stored in the Book-Struktur. Later, 
these records are selected and imported through the 
structure data. XLS data export is very complex 
because of the need to change a lot of absolute 
Stream-Positionen, compared with Stream-Offset or 
SektorIDs. 

Implemention of ODS data import is easier than 
XLS data, because XML files inside can be easily 
read through XML-Parser, without the need to care 
about the data location in the XML file. In achieving 
ODS data export, if you want to export 65,536 rows 
and 256 columns of the complete table, it will 
involve storage space issues. To avoid this problem, 
each row of data is no longer saved as XML-Doc-
Struktur, but saved as a TXT file directly. 
Furthermore, in order to save storage space 400 MB 
for uncompressed content.xml-file, structure of TXT 
file XML-Struktur is simplified. 

5. Test 
 

Software test is an indispensable part for software 
development finding errors. Based on the test file, 
ADM data interface file module has been tested. 
 
 
5.1. Functions Test 
 

Demand of ADM characteristic functions, such as 
correctness and completeness, is tested exhaustively. 
Test files contain data of 20 rows and 3 columns. The 
test is as follows: 

Data import of XLS- and ODS-files into ADM 
Data export of XLS- and ODS-files  
Data re-import of the exported XLS- and  

ODS-files 
Open the exported Excel, XLS- and ODS- files  

of OpenOffice  
First, import a table file in XLS-or ODS- format 

without error data. Then check call visualization 
results to see whether the selected data is correctly 
imported.  If all data is imported correctly, these data 
will be re-exported and compare with the imported 
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data.  In addition, the exported data will be imported 
again, and opened with Excel and OpenOffice. As an 
ultimate test, a table XLS file with 65,536 rows and 
256 columns is also tested using the above method. 
There is no problem of the result, but the operation 
processing time is relatively long. Through this 
function test, it is sure that the two file modules 
achieve the intended function. 
 
 
5.2. Fault Test 
 

The purpose of software test is not to make 
mistakes appear, but to point out that the 
corresponding error message can be processed. 
Several errors may occur in data import are  
as follows: 

Blank cell. 
Type error of data cell.  
Overflow boundary error (too large number of 

columns and rows). 
Wrong date (if the date is 1970.01.01. ago). 
The above error will be individually tested in the 

test file to ensure that the misplaced information is 
correct. Blank cell error is defined as belonging to a 
selected empty cell data. When the XLS data record 
is not RK, MULRK, NUMBER, FORMULA or 
LABELSST, or when the ODS data type is not 
STRING, FLOAT or DATA, the error appears. The 
maximum table of XLS file is 65536 rows and 256 
columns, while the maximum size of OpenOffice 
ODS table is 65536 rows and 1024. When the 
exported data exceeds the rows or columns number 
of corresponding file (XLS file or ODS files), an 
overflow error occurs. If the imported date is earlier 
than 1970.01.01, a wrong date will appear. Fault test 
is to ensure that the specified error reporting will  
be displayed. 
 
 
6. Conclusions and Future 
 

This paper aims to achieve XLS-and ODS-two 
file interface module, and then introduce ADM and 
file formats. XLS file has a complex binary format 
file structure, and each record can be read. ODS file 
is a collection of different XML files and Objekt, 
compressed into a single file with ZIP-Format. The 
table data in XML-Format can be read and written by 
XML-Parser. For the file module development 
process, the following points should be noted: 

XLS file format has a complex structure, but 
execution time is shorter in the import and  
export process.  

ODS file format has a simple XML file structure, 
but the import and export process takes more time 
and memory. 

In the future, a new module will be developed and 
applied to XLSX and XLSB files [10]. The existing 
ODS module will be improved to adapt the new 
version of the ODS-Format. XLSX module can refer 
to the ODS module. For XLSB-Format, a new file 
module must be developed, because the file and 
record structure is completely different from the XLS 
and XLSX. For the new version of ODS, it only 
needs to increase the maximum number of rows and 
columns in the existing modules to meet  
the requirements. 
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Abstract: Micro-Doppler signature produced by micro-motion contains movement and structure information 
which is useful for radar classification and recognition. In order to recognize the wheeled vehicle and the 
tracked vehicle in ground battle, the motion dynamics and echo models of the scattering point on wheeled 
vehicle and tracked vehicle are set up respectively. Then the micro-Doppler features of them are quantitatively 
analyzed. Furthermore, the smoothed pseudo Winger-Ville distribution method is proposed for extracting micro-
Doppler modulation. Finally, simulation results demonstrate the correctness of the theoretic analysis and the 
validity of the extraction method. Copyright © 2013 IFSA. 
 
Keywords: Micro-motion, Micro-Doppler, Tracked vehicle, Wheeled vehicle, Time-frequency analysis. 
 
 
 
1. Introduction 
 

Micro-motion refers that a radar target or any 
structure on the target undergoes the small motion 
dynamics in addition to the bulk motion, such as 
mechanical vibrations, rotations and acceleration 
motion. If the target or any structural component of 
the target has the micro-motion, the micro-motion 
will induce additional frequency modulation on the 
returned signal and generates side bands about the 
Doppler shifted frequency of the transmitted signal 
due to the bulk motion. The additional Doppler 
modulation is called the micro-Doppler effect, which 
describes the instantaneous Doppler produced by 
micro-motion and reflects instantaneous 
characteristics of frequency [1-4]. In recent years, the 
research of micro-motion and micro-Doppler 
extracting method are widely investigated. 

A more accurate model of micro motion 
description and effective extraction of the micro 
Doppler features can be used to derive micro-motion 

parameters of the target, which has broad application 
prospects in military and civil fields. So, micro-
motion analysis and extraction of micro-Doppler 
have become a research focus for many scholars and 
widely been used in target detection, classification 
and recognition [5-13]. 

In the ground battlefield, it is very important for 
destroying timely enemy targets to identify the 
wheeled vehicle and the tracked vehicle in long-
range. In section 2, we develop the motion dynamics 
and echo models for analyzing quantitatively micro-
Doppler effect of the scattering point on wheeled 
vehicle and tracked vehicle in single frequency. In 
section 3, we briefly introduce high-resolution time-
frequency transforms for analyzing time-varying 
frequency spectrum and extracting micro-Doppler 
modulation method by smoothed pseudo Winger-
Ville distribution. In section 4, simulation studies will 
demonstrate the correctness of the theoretic analysis 
and the validity of the extraction method. In 
section 5, the conclusion is given. 

Article number P_1505

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 326-331 

 327

2. Micro Motion Model and Micro-
Doppler Features Analysis 

 
2.1. The Model and Micro-Doppler Features 

of the Wheeled Vehicle 
 

As shown in Fig. 1, it is the schematic graph of 
the wheel and the radar, in which the radius of the 
wheel is r meters and the radar is stationary and 
located at 0(0,0, )R R of space coordinate system 

( ), ,O X Y Z . The wheel has a rotation angular 
velocity ω  rod /s with respect to the center of the 
wheel in the plane XOY . Therefore, the velocity v  
of the tracked vehicle is approximately rω m/s along 
X axes. 
 
 

'P

P

R

r

2 rπ

 
 

Fig. 1. Schematic diagram of the radar and the wheel. 
 
 

Assume at time 0=t , the point scatterer P  on 
the wheel is located at (0,0,0)P in the space 

coordinate system ( ), ,O X Y Z . At time t  the point 

scatterer P  will move to '( ( ), ( ), ( ))P x t y t z t . 
Thus the trace of the point 'P  is approximately 
cycloid and the location function of 'P  will be 
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Then, the instantaneous distance ( )R t  form the 

radar to the point 'P  is  
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If the radar transmits a sinusoidal waveform with 
a carrier frequency f , the baseband of the signal 
returned from the point scatterer P  is a function  
of ( )R t  
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where ( , , )x y zρ  is the reflectivity function of the 
point scatterer P described in the target coordinates 
( , , )x y z , c  is the speed of the EM wave 
propagation, and the phase of the baseband signal is  
 

 2 ( )( ( )) 2 R tR t f
c

πΦ =  (4) 

 
By taking the time derivative of the phase, the 

Doppler frequency shift ( )Wf t  induced by the 
target’s motion can be derived as 
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Note that r vω = , hence  
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2

2 2
0

2( ) cos
2

W
f vf t t t t

c R r
ω= −

+
 (6) 

 
Eq. (6) shows that micro-Doppler frequency 

induced by the wheel varies with time. It is affected 
by linear and sinusoidal modulation. This will 
provide a theoretical basis for target motion 
parameter estimation by extracting micro-Doppler.  
 
 
2.2. The Model and Micro-Doppler Features 

of the Tracked Vehicle 
 

As shown in Fig. 2, it is the schematic graph of 
the track and the radar, in which the radius of the 
wheel is r  meters and the wheelbase from the front 
wheel to the last one is l  meters. The radar is 
stationary and located at 0(0,0, )R R of space 

coordinate system ( ), ,O X Y Z . The wheel has a 
rotation angular velocity ω  rod /s with respect to the 
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center of the wheel in the plane XOY . Therefore, the 
velocity v  of the tracked vehicle is approximately 

rω m/s along X axes. Assume at time 0=t , the 
point scatterer P  on the tracked vehicle is located 
at (0,0,0)P in the space coordinate system 

( ), ,O X Y Z . At time t  the point scatterer P  will 

move to '( ( ), ( ), ( ))P x t y t z t . Thus, when the point 
scatterer P  returns to the same position of the track, 
the total time will be 2 2T l rπ ω ω= + and the 
total horizontal distance will be 2 2s r lπ= + .  
 
 

lr
P

R

'P
'P 'P

2 2r lπ +

 
 

Fig. 2. Schematic diagram of the radar and the track. 
 
 

Then, at time t , the location of 'P  will be 
1）When kT t kT π ω≤ ≤ + ， 0,1, 2,3,k = ， 

then 
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2）When 2kT t kT l wrπ ω π ω+ < ≤ + + , 
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3）When 

2kT l wr t kT Tπ ω+ + < ≤ + ， 0,1, 2,3,k = , 
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The range ( )R t  from the radar at R  to the 

scatterer at 'P can be derived as 
1）When kT t kT π ω≤ ≤ + , 0,1, 2,3,k = , 

denote 1t t kT= − , then 
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2）When 2kT t kT l wrπ ω π ω+ < ≤ + + , 

0,1, 2,3,k = , denote 2t t kT π ω= − − , then 
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3）When 2kT l wr t kT Tπ ω+ + < ≤ + , 

0,1, 2,3,k = , denote 3 2t t kT l rω= − − , 
then 
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If the radar transmits a sinusoidal waveform with 
a carrier frequency f , the baseband of the signal 
returned from the point scatterer P  is a function of 

( )R t  and equivalent to formula (3).  
According to the discussion in Section 2.1, the 

micro-Doppler frequency shift ( )Tf t  induced by the 
track is approximately  

1) When kT t kT π ω≤ ≤ + , 0,1, 2,3,k = , 

denote 1t t kT= − , then 
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3）When 2kT l wr t kT Tπ ω+ + < ≤ + , 

0,1, 2,3,k = , denote 3 2t t kT l rω= − − , 
then 
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Eq. (13-15) shows that the micro-Doppler 

frequency shift induced by track is a time-varying 
frequency. The changing rule of that is a three-
piecewise function, the first and the third pieces are 
complex modulations of linear and sinusoidal, the 
second piece shows a linear modulation. The three-
piecewise function is just corresponding to the three 
different positions of scattering point movement. 

Comparison of Eq. (6) and Eq. (13-15), we can 
see that micro-Doppler features induced by the wheel 
and the track have significantly different 
characteristics. These different characteristics will 
provide theoretical foundation for identifying and 
recognizing ground moving target. 
 
 
3. Extracting Method of Micro-Doppler 

Frequency  
 

As pointed out in the last section, micro-Doppler 
frequency induced by micro motion varies with time. 
In order to analyze time-varying frequency, the 
Fourier transform is not suitable because it cannot 
provide time-dependent frequency information; the 
joint time-frequency analysis is more effective 
method to describe a signal simultaneously in the 
time and frequency domains. It has been used for 
decades for analyzing the time-varying frequency 
spectrum. It is designed to localize the energy 

distribution of a given signal in the two-dimensional 
time and frequency domains. The common time-
frequency distributions [1, 14] include Short Time 
Fourier Transform (STFT), wavelet analysis, Gabor 
transform, Wigner-Vill Distribution (WVD), Pseudo 
Wigner-Ville distribution (PWVD), Smoothed 
Pseudo Wigner-Ville distribution (SPWV), and so 
on. In all the time-frequency distributions above have 
advantages and disadvantages in extracting micro-
Doppler, for example, STFT can well distinguish 
multi-component signals, but it cannot satisfy the 
high time-frequency resolution. Although WVD has 
good time-frequency resolution, it has very serious 
cross-term interference for multi-component signals. 
The SPWV distribution can simultaneously solve 
resolution and cross-term interference problems. The 
SPWV distribution can be expressed as 
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The SPWV distribution has extremely high time-

frequency resolution and excellent time-frequency 
gathered. So, using the SPWV distribution, micro-
Doppler frequency can be effectively extracted from 
the echo signal. 
 
 
4. Simulation 
 
4.1. Simulation Results of the Wheel 
 

Geometry of radar and target is shown in Fig. 1. 
The radar operating at X band is located at the point 

(0 , 0 , 3 0 0 0 )R m  of space coordinate system 

( ), ,O X Y Z , in which the carrier frequency of the 
radar is f=3 GHz. The radius of the wheel is 

0.5r =  m and the velocity v  of the tracked vehicle 
is 90v =  km/h along the X axes, this amount to 
saying 50ω =  rod/s. At the time t = 0, the point 
scatterer P  is located at (0,0,0)P .  

Fig. 3 shows the SPWV time-frequency spectrum 
of the received echo. Fig. 4 is the theoretical curve of 
time-frequency. From Fig. 3, we can see that the 
spectrum is varying with time. Comparing Fig. 3 and 
Fig. 4, we can see that the simulation results and 
theoretical results are complete agreement. 
 
 
4.2. Simulation Results of the Track 
 

Geometry of radar and target is shown in Fig. 2. 
The radar operating at X band is located at the point 

(0 , 0 , 3 0 0 0 )R m of space coordinate system 

( ), ,O X Y Z , in which the carrier frequency of the 
radar is 3 GHzf = . The radius of the wheel is 
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0.5r =  m and the wheelbase of the front wheel and 
the last wheel is 3l =  m, and the velocity v  of the 
tracked vehicle is 90v =  km/h along the X axes, this 
amount to saying 50ω =  rod/s. At the time t = 0, 
the point scatterer P  on the tracked vehicle is 
located at (0,0,0)P .  

Fig. 5 shows the SPWV time-frequency spectrum 
of the received echo. Fig. 6 is the theoretical curve of 
time-frequency. From Fig. 6 we can see the micro-

Doppler frequency is obviously influenced by the 
linear and sinusoidal modulation. Comparing Fig. 5 
and Fig. 6, we can see that the simulation results are 
in good agreement with the calculated values. 

Fig. 3 and Fig. 5 show that micro-Doppler 
features induced by the wheel and the track have 
significantly different characteristics, which is in 
good agreement with the theoretical results. 
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Fig. 3. Time-frequency Spectrum of the echo. 
 

 
Fig. 4. The theoretical curve of time-frequency. 
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Fig. 5. Time-frequency Spectrum of the echo. 
 

Fig. 6. The theoretical curve of time-frequency. 
 
 

5. Conclusion 
 

The echo phase of micro-motion radar target 
contains micro-motion information of the target, thus, 
correct establishing micro-motion model and 
effective extracting micro-Doppler effect are the 
primary problem of getting target information and 
target identification accurately. This article develops 
the motion dynamics and echo models for analyzing 
quantitatively micro-Doppler effect of the scattering 
point on wheeled vehicle and tracked vehicle in 
single frequency, and briefly introduces high-
resolution time-frequency transforms for analyzing 
time-varying frequency spectrum and extracting 

micro-Doppler modulation method by smoothed 
pseudo Winger-Ville distribution. Simulation results 
demonstrate that theoretic analysis is correct and 
micro-Doppler frequency can be effectively extracted 
from the echo signal by using the SPWV distribution. 
This work will provide theoretical foundation of 
detecting and identifying ground moving target. 
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Abstract: The sparse optimization method is an effective technological approach to solve information detection 
and spectrum sensing in hydrology information monitoring sensor network and it is at the frontier domain of 
water data collection and transmission field in home and abroad. By combining sparse optimization with 
distributed hydrology information monitoring and based on the theoretical framework of sparse optimization of 
distributed water level monitoring, the paper puts forward the distributed sparse optimization monitoring method 
of water environment information, which expands the new application of sparse optimization in distributed 
network on one hand. On the other hand, it points out the reconstruction method of joint sparse signals based on 
the block coordinate descent method. Simulation experiment shows that the proposed method can converge 
quickly to the approximate optimal solution and has a good robustness for calculation error caused by inaccurate 
average and other uncertain factors in the network. Copyright © 2013 IFSA. 
 
Keywords: Hydrology information, Sparse representation, Distributed data collection, Optimization algorithm, 
Wireless sensor networks. 
 
 
 
1. Introduction 
 

Hydrology information monitoring is to measure 
and analyze surface water, groundwater, atmospheric 
precipitation, water deposits, water pollution and so 
on, including their level, flow, temperature, 
precipitation, ice regime, evaporation, pollution 
source, pollutants and other monitoring contents. At 
present, water regime monitoring has become an 
important technological support to predicate natural 

water disaster, control pollution and to govern 
hydrology information.  

In recent years, China has established various 
monitoring points, monitoring stations, monitoring 
networks and other infrastructures, forming a 
monitoring system oriented by monitoring station – 
telemetry communication network – center station. 
At the same time, wireless sensors network (WSN) 
have also been applied to hydrology information 
monitoring gradually. On the basis to establish 
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sparse optimization theory of hydrology 
information, people have also conducted analysis of 
distributed hydrology information collection and 
transmission. Due to the range of hydrological 
monitoring area is usually large and wide, and there 
are a large number of the sensor nodes. The sensor 
nodes are deployed intensive, the energy of each 
node is limited, and the work environment is 
complex and changeable, the monitoring area is 
irregular. All of these will bring a certain impact on 
acquiring and transmitting information for wireless 
sensor networks. Therefore, current technology and 
method are facing with two main problems that 
need to be solved: 

1) Difficult to detect, express and restore 
regional hydrology information comprehensively  
and accurately.  

2) Difficult to make efficient use of limited 
transmission spectrum resources.  

These two problems on one hand show the 
complexity of acquisition of water information [1-2]. 
On the other hand they also reflect that there still 
exists great gap in monitoring accuracy, coverage, 
real-time performance and continuity. Therefore, new 
technology and method are needed to improve and 
perfect the overall performance of hydrology 
information monitoring system.  

Due to the great need of robustness and real-time 
performance for multi-source information 
acquisition, distributed network, which is similar to 
hydrology information monitoring network, also 
faces sparse optimization problems. For example, 
event detection in wireless sensor network and fault 
location in multi-source sensor network can be 
molded as recovering a sparse vector in distributed 
network [3-8]; Spectrum sensing in cognitive radio 
system can be molded as recovering a set of joint 
sparse vectors or a low-rank matrix in distributed 
network [9-10]; Abnormality monitoring system in 
the Internet can be molded as recovering 
simultaneously a sparse matrix and a low-rank matrix 
in distributed network [11-12]; Data mining in 
computer network, however, involves more complex 
sparse optimization problems. Therefore, distributed 
sparse optimization problems attract more and more 
researchers of different fields [13-21]. Based on 
distributed monitoring characteristics of water data, 
the paper studies sparse optimization problems of 
data collection and transmission in distributed 
network.  

In section 2, the paper establishes the theoretical 
framework of sparse optimization problems of 
distributed hydrology information monitoring 
system. Based on this theoretical framework, the 
section 3 points out monitoring method of 
distributed sparse optimization; The section 4, based 
on block coordinate descent method, discusses 
reconstruction of cognitive radio joint sparse 
signals, and expand the new application of sparse 
optimization in distributed network. The section 5 is 
the conclusion part. 

2. Theoretical Framework of Distributed 
Hydrology Information Monitoring 
 
The combination of distributed optimization 

algorithm and sparse optimization algorithm is the 
result of practical application requirements. With the 
rapid development of compression sensing and sparse 
signal processing, there appear more and more new 
sparse optimization algorithms and theories. For 
distributed network, the analysis of distributed 
implementation of current centralized sparse 
optimization algorithm can not only expand the new 
application of sparse optimization, but also enrich 
sparse optimization algorithm and theory. Physical 
framework of distributed hydrology information 
monitoring system is shown in Fig. 1. 

Because the system is mainly based on telemetry 
system, collection and transmission of hydrology 
information can be divided into five levels:  

The main center station – remote communication 
network formed by sub-center stations that is wide 
area network (WAN); 

Data transmission between main center station 
and remote sensing satellite; 

Telemetry network between sub-center stations or 
message switching relaying stations and  
monitoring stations; 

Interconnection of instruments and equipments at 
monitoring station level (including sensors); 

Wireless sensor network under monitoring  
station level. 

In physical framework of distributed hydrology 
information monitoring system, wireless sensor 
network, as the front sensing end of monitoring 
station, forms hydrology information telemetry 
wireless sensor network (HITWSN). HITWSN 
consists of several sensor nodes and a sink-node. 
Sensor node is configured with many hydrology 
information sensors with different accuracy, 
including heterogeneous sensors (such as water level, 
rainfall precipitation, and flow), water quality sensors 
(such as PH sensor, dissolved oxygen sensor, 
chlorophyll a sensor, blue algae sensor, conductivity 
sensor and so on) and other meteorological sensors 
(such as wind speed sensor, temperature and 
humidity sensor, light sensor and so on). 

Sensor nodes are deployed in the target hydrology 
information. Each node forms wireless network in 
self-organizing and multi-hop way to sense, collect 
and transmit water environment information which is 
in the geographical area covered by network. Sink-
node is responsible for collecting this water 
environment information and transmitting the 
information to telemetry station. Then the telemetry 
station will store and transmit the information to sub-
center stations after the pretreatment. In addition, a 
sink-node is also responsible for telemetry station’s 
parsing and release of command given by WETWSN. 
In some areas where infrastructures are relatively 
weak, nodes can use battery or other environment 
energy, such as solar energy, to supply power.  
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Fig. 1. Physical framework of distributed hydrology information monitoring system. 
 
 

In this way, a wide range of hydrology 
information monitoring can be achieved without 
constructing and extending a lot of permanent fixed 
telemetry stations and other infrastructures. Sensors 
with different accuracy deployed at each sensor node 
can help collect information and improve anti-
destroying ability of the system.  

Moreover, due to the wireless deployment of 
sensor equipment, a lot of labor and infrastructure 
costs can be saved, thus making it is easy to maintain 
and deploy. At the same time, with the development 
and performance improvement of sensor technology, 
sensors of the system can be updated timely and 
deployed in large numbers.  

But in practical application, nodes in WETWSN 
must depend on information exchange between 
neighbor nodes and use local data to independently 
calculate the solution, resulting in optimization 
variables with sparse structure. However, the 
current distributed optimization algorithm usually 
does not consider the sparse structure of 
optimization variables and is with low calculation 
efficiency. A lot of efficient sparse optimization 
algorithms rely on centralized center to do 
centralized calculations. Then this kind of algorithm 
is not suitable for distributed network.  

Therefore, based on hydrology information 
monitoring characteristics, the paper points out sparse 
optimization algorithm aimed at solving sparse 
optimization problems of data collecting and 
transmitting in WETWSN, including recovery 
algorithm of sparse signals in wireless sensor 
network and recovery algorithm of joint sparse 
signals in cognitive radio network. 
 

3. Reconstruction of Sparse Signals 
Based on Distributed Linear  
Bregman Method 

 
Consider the application of event monitoring of 

wireless sensor network. Assume there are L sensor 
nodes in monitoring area we want to monitor the 
positions and intensity of abnormal events. In order 
to overcome the difficulties caused by the unknown 
quantity of abnormal events, one common method is 
to select N nodes in monitoring area as the candidate 
positions of abnormal positions.  

Define a N×1 vector x, in which the jth elements is 
jx , which presents the events intensity of the j 

candidate position. If there is no abnormal event in 
this position, then 0jx = . The measurement result bi 
of the ith sensor node is affected by all events, which 
can be usually approximate to a linear 
equation i ib A x= .  

Measurement results of all sensors constitute a 
measurement vector b Ax= , in which  

[ ]1 2; ;...; LA A A A=  is a measurement equation. If the 
practical events number K is far less than the 
candidate position number N, then x is sparse.  

Therefore, events monitoring problem can be 
converted into a problem of solving normalized  
least squares.  
 

 2
1

1min
2

Ax b xρ− + , (1) 
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where ρ is the weighting factor. The most common 
distributed solving method of the above normalized 
least squares is alternating direction multiplier 
method. In alternating direction multiplier method, 
each node I only needs local measurement matrix and 
results to estimate x through the information 
exchange with the neighbor node. In each iteration, 
however, each node must be accurate to solve a 
normalized least square problem with the same size, 
which, therefore, is not suitable for application in 
wireless sensor network.  

The paper discusses the application of efficient 
centralized sparse signal recovery algorithm of linear 
Bregman method in events monitoring of wireless 
sensor network.  An equivalent problem of solving 
normalized least squares for Linear Bregman method 
is as follows: 
 

 2
1

1min
2

x x
a

+    .st Ax b= , (2) 

 
where α is the weighting factor. The duality of the 
equivalent problem is smooth, therefore, the dual 
gradient method can be used efficiently to solve the 
problem. Define dual variables as P, dual gradient y, 
step length of k time h(k), and contracting operation 
Shrink, the updated expression of dual variables and 
original variables of linear Bregman method can be 
expressed as: 
 

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

( 1) ( ( 1),1)

T

T

y k aAShrink A p k b
p k p k h k y k

x k aShrink A p k

+ = −

+ = − +

+ = +

 (3) 

 
In fact, linearization Bregman method can do 

parallel computing. Set the corresponding dual 
variable of the ith node as ip , the dual gradient iy , 
the estimation of x(i), then we can get the following 
parallel computing: 
 

 
( )

1

( )

1

1 ( ( ),1)

( 1) ( ) ( ) ( 1)

( 1) ( ( ),1)

L
T

i i i i i
i

i i i
L

i T
i i

i

y k aA Shrink A p k b

p k p k h k y k

x k aShrink A p k

=

=

+ = −

+ = − +

+ =

∑

∑

 (4) 

 
When calculating the estimation of the dual 

gradient and original variables, each node needs to 
use the sum of T

i iA P  owned by all local nodes. So the 
high-efficient computing can not be achieved in 
distributed network.  

Based on communication with neighbor nodes, 
the paper tends to calculate imprecise sum of T

i iA P , 
which can be converted into an imprecise average 
problem in network. Fig. 2 shows the comparison 
between centralized linear Bregman and distributed 
linear Bregman when L=40 nodes, N=100 candidate 
positions, and K=2 events, in which longitudinal axis 

represents the number of iterations and horizontal 
axis represents the error between the calculation 
result and optimal solution. Due to the robustness of 
the gradient method, distributed linear Bregman can 
overcome the error caused by imprecise average 
problem effectively and converge to the approximate 
optimal solution. 
 
 

 
 

Fig. 2. Comparison between centralized linear Bregman 
(CLB) and distributed linear Bregman (DLB). 

 
 

Distributed linear Bregman method is very 
simple. In this method, each node needs only the 
simple arithmetic without the need of solving 
normalized least square problems in alternating 
direction method. Therefore, this kind of method is 
very suitable for practical application of wireless 
sensor networks (WSNs). 
 
 
4. Reconstruction of Joint Sparse Signal 

Based on Distributed Block Coordinate 
Descent Method 

 
In cognitive radio network, cognitive radio nodes 

help to sense surrounding spectrum occupancy 
situation so as to determine the current available 
frequencies and improve spectrum utilization rate. 
Suppose that there are L cognitive radio nodes and 
the sensed spectrum can be divided into N bands. 
Define the spectrum occupancy situation of the ith 
node as a N×1 vector, the jth element of x(i), in which 
x(i) represents the strength of the band j of the 
position where the ith node locates. Spectrum 
occupancy vectors of all nodes form a spectrum 
occupancy matrix [ ](1), (2),..., ( )x x x x L= . Due to the 
current low spectrum occupancy rate, the non-zero 
line number K is far less than the total number N. In 
addition, spectrum occupancy situation of all nodes 
are similar. Therefore, if there are non-zero elements 
in certain line, other elements in this line are also 
non-zero ones. So spectrum occupancy situation is 
jointly sparse. Spectrum occupancy vector of node i 
can be measured with linear measurement equation 
b(i)=A(i)x(i), in which A(i) is a measurement matrix 
and b(i) are measurement results. Cognitive radio 
network helps to recovery this matrix with the 
knowledge that the spectrum occupancy matrix is 
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jointly sparse. This problem can be molded as 21L  
model minimization problem. 

 
 

 
2 2

1 1 1

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

L N L

j
i j i

A i x i b i x iρ
= = =

− +∑ ∑ ∑  (5) 

 
where ρ is the weighting factor and takes compromise 
between least squares (the first item) and model items 
(the second item). 21L  model in spectrum occupancy 
matrix X is defined as the sum of 2-norms in its line.  

In minimization problem of 21L  model, smooth 
least squares for each column of X are separable, 
while unsmooth items for each column of X are 
separable. In order to solve this problem efficiently, 
block coordinate descent method is approximate to 
least squares so as to make approximate 21L  
minimization problems for each line are separable 
and have simple explicit solutions. The approximate 
problem of the kth time is: 
 

2 2

1 1 1

( 1)

1arg min ( ) ( )( ) ( ( ))
2

L N L

j
i j i

X k

x i p i k x iρ
β = = =

+ =

− +∑ ∑ ∑
 (6) 

 
where β is the weighting factor and ( )( )p i k  neighbor 
node, which can be calculated with A(i) and ( )( )x i k . 
Define neighbor node matrix as 

[ ](1), (2),..., ( )p p p p L=  and the jth line of X and P 
respectively ix  and ip . Explicit solution of the 
above problem can be: 
 

 ( )
( 1) ( ( ) , )

( )
j

j j
j

p k
x k Shrink p k

p k
ρβ+ =  (7) 

 
The above centralized block coordinate descent 

method needs all nodes only in calculating 2-norm in 
each line of neighbor node matrix ( )P k . All other 
steps can be done in local nodes.  

The paper discusses the implementation of block 
coordinate descent in distributed cognitive radio 
network. The main idea is to calculate imprecisely 2-
norms in each line of neighbor matrix ( )P k . Because 
2-norm refers to square calculation and root 
calculation, this problem can also be converted into 
an imprecise average problem. Fig. 3 shows the 
comparison between centralized block coordinate 
descent and distributed block coordinate descent 
when L=50 nodes, N=20 frequencies and occupied 
frequency K=2, in which longitudinal axis represents 
the number of iteration and horizontal axis represents 
the error between the calculation result and optimal 
solution. We can see that distributed block coordinate 
descent method can converge quickly to the 
approximate optimal solution and has a similar speed 
with centralized block coordinate descent method. 
Block coordinate descent method always solves an 

approximate problem in each iteration. Therefore, it 
has great robustness for calculating error caused by 
imprecise average and other uncertain factors in the 
network. 

 
 

 
 

Fig. 3. Comparison between centralized block coordinate 
descent (CBCD) and distributed block coordinate  

descent (DBCD). 
 
 
5. Conclusions 
 

In the hydrology information acquisition 
technology, traditional manual observations as well 
as the conventional sensing technology has been 
widely applied. For example, the water level 
measurement technology, hydrological information 
involved in water science, water temperature in the 
flow, water quality and other hydrological elements, 
by observation, measurement, test, circuit automatic 
hydrographic survey and other conventional method 
of quantitative observation and analysis and 
published. However, if the arrival in the harsh 
environment or human should not be regions, 
especially in some unexpected event region to obtain 
flood information, means to obtain the hydrological 
information has some disadvantages, such as 
equipment deployment is not convenient, difficult 
maintenance etc. Wireless sensor network technology 
developed in recent years which can meet the 
environmental monitoring and information 
acquisition requirements. Hydrological wireless 
sensor network is a kind of advanced hydrologic real-
time data collection, transmission, analysis and 
processing system, it application of sensor 
technology, modern communication technology and 
computer technology, real-time acquisition of 
rainfall, water level, flow to complete various 
hydrological parameters, and analyzed the 
processing, flood control, water supply, power 
generation to achieve optimal scheduling, improve 
the utilization of water resources, with significant 
economic and social benefits. 

Combining sparse optimization with distributed 
hydrology information monitoring, the paper 
analyzes deeply the problem of reconstruction of 
sparse signals in distributed monitoring system. At 
the beginning, it puts forward the theoretical 
framework of distributed hydrology information 
sparse optimization. Based on this framework, the 
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paper on one hand points out sparse optimization 
monitoring method of hydrology information and 
expand the new application of sparse optimization in 
distributed network. On the other hand it puts 
forward the reconstruction method of joint sparse 
signals based on distributed block coordinate descent. 
Simulation experiment shows that when the scope 
and number of node data of distributed network 
increases, distributed optimization will face the 
problem of heavy communication burden and weak 
robustness. Distributed network structure is more 
suitable for networking collection and processing of 
hydrology information. The method put forward in 
the paper can converge quickly to the approximate 
optimal solutions and has great robustness for 
calculating errors caused by imprecise average and 
other uncertain factors in the network, which not only 
provides theoretical basis for design and analysis of 
distributed sparse optimization algorithm of 
hydrology information, but also has  
guiding significance for general distributed 
optimization problems. 
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Abstract: In view of people's increasing demand for location-aware service, high-accuracy indoor localization 
has been considered the top priority of location-based service (LBS), therefore, the compact and cost-effective 
ZigBee technology with low power dissipation will undoubtedly be taken as one of the options for indoor 
localization within small area. As the accuracy cannot satisfy the application requirement, traditional 
localization ZigBee-based algorithm is abandoned gradually. This paper proposes a novel ZigBee-based indoor 
fingerprint localization algorithm and optimizes it through back propagation neural network (BPNN) 
interpolation method. Simulation result shows that this algorithm can significantly reduce the number of 
fingerprints and improve localization accuracy. Copyright © 2013 IFSA. 
 
Keywords: Location fingerprint, ZigBee, BPNN, Location-aware. 
 
 
 
1. Introduction 
 

Among many military, industrial and consumer 
applications, such as battlefield surveillance, robotic 
land-mine detection, industrial monitoring and 
control, health monitoring, environmental 
monitoring, traffic regulation, the location 
information plays an important role in understanding 
the application context. An ideal wireless positioning 
system should be flexible and robust to the required 
transmission quality (Quality of Service) [1-3]. 
Furthermore, modern localization systems should 
have a low-cost and power conservation. The 
accurate, robust and reliable localization algorithm is 
necessary [4-6]. Therefore, the compact and cost-
effective ZigBee technology with low power 
dissipation will undoubtedly be taken as one of the 

options for indoor localization within small area 
[7, 8]. There is multipath fading, diffraction and other 
phenomena to influence the localization accuracy  
[9-11]. In order to achieve higher localization 
accuracy, it's necessary to acquire more data during 
offline stage, which will inevitably bring about 
significant increase in workload and calculation load 
of location algorithm at such stage. BPNN, as a 
typical feed forward neural network, boasts a number 
of excellent features and capacities such as massive 
parallel processing capability, distributed information 
storage, extraordinary fault tolerance and robustness, 
outstanding adaptive capacity and perfect self-
learning capacity. To find an effective way to obtain 
location fingerprint constitutes the most difficult 
challenge to offline stage [12-15]. This paper will 
discuss about ZigBee-based indoor fingerprint 
localization, proposes a spatial correlation based 
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BPNN interpolation algorithm for creation of 
fingerprint database to improve this algorithm so as 
to enhance the indoor localization accuracy. 

The remainder of this paper is organized as 
follows: We overview the fingerprint-based 
localization algorithm in Section 2. In Section 3, we 
review BPNN algorithm. Section 4 discusses BPNN 
interpolation localization based on ZigBee in detail, 
Section 5 gives simulation results and analyzes, 
Section 6 makes a conclusion and outlines the future 
work. 
 
 
2. Overview of Fingerprint-Based 

Localization 
 

Location fingerprint refers to the special 
relationship between a specific location and some 
certain measurable physical stimulation (i.e. received 
signal strength). Location fingerprint-based 
localization method is normally divided into two 
stages, i.e. offline stage and localization stage. As for 
offline stage, a series of test reference points are set 
up in coverage area of LBS; at each reference point, 
the signal strength samples receiving several wireless 
access points (AP) are captured to create signal 
coverage diagram for coverage area, also known as 
the signal space. The received signal strength vector 
at each reference point is the location fingerprint of 
such point. By reason that it's necessary to carry out 
actual measurement of multiple reference points at 
offline stage, the workload significantly increases 
with the expansion of coverage area; as for 
localization stage, in case of any need for 
localization, AP signals received by client would be 
sampled in real time at localization stage. The 
matching between client-side location and the 
location in signal coverage diagram is realized for 
localization through application of specific signal 
space to search matching algorithm based on signal 
coverage diagram or signal coverage model. 
Deterministic method is a principal method in 
location fingerprint, which measure and save the 
mean value of received signal strength within certain 
sampling period at offline stage, and then to judge the 
matching between two signal strength values through 
neighbor matching algorithm at localization stage. 
 
 
2.1. Localization by Deterministic Method 
 

Detailed localization process by deterministic 
method: at offline stage, a series of test reference 
points are set up in coverage area of LBS; at each 
reference point, the signal strength samples receiving 
several APs are captured to create signal fingerprint 
database for coverage area. Signal fingerprint 
database keeps the information about signal sample. 
Deterministic method is considered deterministic 
because such information as the average and 
maximum values of signal sample other than the 
signal strength probability is stored; at localization 

stage, client-side signal is subjected to real-time 
sampling based on signal coverage diagram 
established at offline stage, and then the localization 
is realized through the matching between client-side 
location and the location in signal coverage diagram 
by application of specific signal space to search 
matching algorithm [16]. We establish 6 ZigBee 
fixed points, therefore the signal strength sample 
vector can be expressed as: ),...,,( 621 xxxr= . A train 
of samples would be obtained after a period of 
sampling. For the sake of simplicity and high 
efficiency, the signal coverage diagram only stores 

the mean sample )...( '
6

'
2

'
1 xxxravg =  of 

received signal strength at each reference point. 
Besides of mean sample of signal strength, it's also 
important to record the location coordinates of such 
reference point, which can be expressed as  
formula (1): 
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(1) 

 
where ii yx ,  means the location coordinates of 

reference point; 621 ..., xxx  represents the mean 
vector element value of received signal strength; N 
represents the number of AP. In case of any need for 
localization, it's possible to detect AP signal in 
ZigBee environment through wireless network card 
of client and get more than one received signal 
strength sample within a relatively short period of 
time. Similarly to the offline stage, it's possible to 
obtain the mean sample of received signal strength at 
client side. Furthermore, such samples can be 
matched with signal strength samples in signal 
coverage diagram at offline stage using neighbor 
matching algorithm.  

 
 

2.2. K-nearest Neighbor Matching Algorithm 
 
Neighbor matching algorithm can be classified 

into nearest neighbor in signal space (NNSS) 
matching algorithm and k-nearest neighbor search 
(KNNS) matching algorithm. In essence, both 
algorithms take reference points with less significant 
difference as reference points near client after 
determining the difference between the strength of 
signal received at client side and the received signal 
strength at reference point stored in signal coverage 
diagram. Furthermore, nearest neighbor matching 
algorithm is used for localization by directly taking 
the neighbor coordinates as client's actual estimated 
location, while K neighbor matching algorithm is 
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used to determine the actual estimated location of 
client after certain processing of coordinates of more 
than one neighbor. K neighbor matching algorithm 
takes into account a number of possible neighbors, 
and thus boasts better robustness when compared 
with the nearest neighbor [17, 18].  

To be specific, it's possible to express the 
difference between the received signal strength at 
client side and the received signal strength at 
reference point stored in signal coverage diagram by 
determining the distance jD  of received signal 
strength vector and the storage vector of some certain 
reference point in signal coverage diagram. The 
expression is as follows: 
 

 
p

pN

i
iij xx

N
/1

1

' )(1D ∑
=

−=
 

(2) 

 
Wherein, N stands for the number of AP; '

ix  means 
the element of received signal strength vector; ix  
represents the element of stored vector. When p=1, 

1D  is referred to as the Manhattan distance; when 

p=2, 2D  is referred to as Euclidean distance. The 

latter, i.e. the Euclidean distance 2D , is more often 
taken as reference criterion during the course of 
study. At this point, the equation above further 
evolves into formula (3).  
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3. BPNN Algorithm 
 

BP network for location fingerprint localization is 
composed of input layer, hidden layer and output 
layer [19-21], which as shown in Fig. 1. Input layer 
has 8-dimensional vector composed of signal 
strengths (RSSI) of 6 APs received at measurement 
node and their respective location coordinates (x, y). 
 
 

 

 
Fig. 1. BPNN fingerprint location model. 

Input vector: 
 

],,6,5,4,3,2,1[ YXRSSIRSSIRSSIRSSIRSSIRSSIP =  
(4) 

 
The number of neurons at hidden layer can be 

figured out with empirical equation, i.e. 
TN 22 log≥ , wherein 2N  is the number of 

neurons at hidden layer, while T represents the 
dimension of training sample. Increase of the number 
of neurons at hidden layer helps to improve 
localization accuracy yet bring about heavier 
calculation load. In view of the fact that this paper 
uses a relatively small number of samples and 
attaches more importance to accuracy, 18 neurons are 
selected at hidden layer. The transfer function at 
hidden layer is sigmoid function )tanh()(1 xxf = , 
of which the input value can be arbitrary value, while 
the output value can be between -1 and +1. 

The output layer is composed of 9 neurons and 
employs linear transfer function Purelin, i.e. 

kxxf =)(2  whose output is the interpolation of 
fingerprint database. The output vector is given 
formula (5).  
 

 ]1,1,6,5,4,3,2,1[ YXRRRRRRO =  (5) 
 

Learning algorithm for BP network is as follows: 
assuming that the input layer is P, the number of 
input neurons is r, there are s1 neurons at hidden 
layer, the corresponding activation function is 1f , 
there are s2 neurons at output layer, the 
corresponding activation function is 2f , the output is 

A, and the target vector is T. ijw  represents the 
connection weight between input layer and hidden 
layer, while kjw  represents the connection weight 
between hidden layer and output layer. 

The output of the ith neuron at hidden layer: 
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Output of the Kth neuron at output layer: 
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Definition error function: 
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Determine the weight variation and the 

backpropagation of error using gradient-descent 
algorithm; the change in the weight of output layer is 
proportional to the negative gradient of error function 
against the weight of output layer: 
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The weight of output layer is updated according 

to formula (10):  
 

 )()()1( twtwtw kikiki ∆+=+  (10) 
 

Change in the weight of hidden layer is 
proportional to the negative gradient of error function 
against the weight of hidden layer:  
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The weight of hidden layer is updated according 
to formula (12):  
 

 )()()1( twtwtw ijijij ∆+=+
 (12) 

 
 
4. BPNN Interpolation Localization 

Based on ZigBee 
 

Wireless signal space propagation model shows 
that the RSSI value exhibits strong spatial correlation 
with an obvious and continuous variation tendency. 
In other words, the RSSI values received by client 
with neighboring space from wireless signals 
transmitted by fixed ZigBee nodes at a number of 
spatial locations are close to each other. Where the 
spatial distance between test points is below some 
certain threshold, the RSS value of test points would 
almost be the same. From this point of view, it's 
important to establish a fine-grained location 
fingerprint database when there are a relatively small 
number of measurements by obtaining the RSSI 
vector of adjacent location through BPNN 
interpolation based on the measured RSSI value of 
adjacent client on grid and the spatial correlation 
characteristics of RSSI value. In this way, it's 
possible to slash the workload at offline stage without 
impairing online matching precision. 
 
 
4.1. Input Layer 
 

Input neurons can only broadcast input vector to 
hidden layer so that each component of input vector 
can be transferred to each neuron at next layer 
according to certain weight. BPNN takes the RSSI 
vector ]6,5,4,3,2,1[ RRRRRR  received by client and 
the location coordinate [ ]YX ,  of such client as a 
sample in interpolation. In order to realize bi-
directional signal transmission, 2 vectors in each 
sample are juxtaposed to compose an  
n+2-dimensional vector ],,6,5,4,3,2,1[ yxrrrrrr  as 
both input X and the ideal output thereof; therefore, 

such network can achieve the identical 
transformation of all samples in the best case. Thus, 
the input layer would have (n+2) neuron nodes, and 
according to BPNN structure, the output layer should 
also have (n+2) nodes, whose output vector Y should 
be ]1,1,6,5,4,3,2,1[ YXRRRRRR . 
 
 
4.2. Hidden Layer 
 

The number of neuron nodes at this layer 
indicates the number of partitioning of input samples. 
The more nodes this layer has, the more precise the 
partitioning would be, and the higher the accuracy of 
output result would be. In the most extreme case, 
each sample is seen as a separate category, and this 
may lead to more time-consuming algorithm. From 
this point of view, it's important to make a trade-off 
between accuracy and training time. According to the 
requirements of localization algorithm, it's believed 
that the number of nodes at hidden layer is related to 
the indoor area of plane. In other words, the indoor 
plane can be divided into several blocks of equal size; 
due to the spatial correlation, the RSSI vector and 
location coordinate vector of client in each block 
would exhibit similarity, and each block serves as a 
category. Nodes are fully connected between input 
layer & hidden layer and between hidden layer & 
output layer. The weight of each edge is expressed as 

ijw , wherein "i" means the node number of input 
layer, and "j" stands for the node number of hidden 
layer. Assuming that the hidden layer has "n" 
node(s), all weights between input layer and hidden 
layer can be expressed by vectors as formula (13). 
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4.3. Output Layer 
 

This layer has (n+2) nodes of which each is fully 
connected with nodes at hidden layer. The weight of 
each edge is expressed as jkV , wherein "j" means the 
node number of hidden layer, and "k" stands for the 
node number of output layer. Thus, the weight vector 
between these two layers can be expressed as: 
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(14) 

The specific localization steps as shown in Fig. 2: 
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Fig. 2. The flow of BPNN Interpolation localization  

based on ZigBee. 
 
 
5. Simulation Experiment 
 

For data acquisition, we employed the ZigBee 
chip CC2530 as my experiment hardware module, 
which is system on chip (SOC) scheme produced by 
Texas Instruments (TI), comply with IEEE 802.15.4 
standard. The experiment testbed comprises 6 AP 
nodes, one coordinator, one hub and one mobile 
node. Coordinator fulfill channel allocation, network 
configuration, and establish a wireless LAN at our 
experiment site. The AP nodes offer the coordinates 
reference. The hub is responsible for packet relay. 
Our experimental scenario make up of four areas, 
including a studio, a conference room, two offices. 
Fig. 3 shows the plans of experimental scenarios and 
their network segmentations, respectively. A 
sufficient number of test points are used to determine 
the signal strength at the seven APs so as to establish 
a model fingerprint database. 
 
 

 

 
Fig. 3. Plan of experimental scenario. 

 
 

In order to evaluate the algorithm presented in 
section 4, the localization result of original sampling 
database is compared with the database localization 
result obtained through interpolation below. It’s 

possible to get more signal fingerprints by writing 
BPNN interpolation program with Matlab. In order to 
show the algorithm's validity, we compare the 
original algorithm without BPNN interpolation 
sampling and our algorithm with the BPNN 
interpolation; each algorithm is divided into 6 
different phase by mobile node granularity. The test 
points are respectively 52, 104, 208, 416, 832 and 
1646. 
 
 

 
 

Fig. 4.  Error comparison between with  
and without BPNN interpolation . 

 
 

As shown in Fig. 4, when there are 52, 104, 208, 
416, 832 and 1646 test points, the location distance 
error of BPNN interpolation algorithm is 4.0, 3.2, 2, 
9, 3.0 and 2.7, respectively, all of which are lower 
than that of the method without BPNN interpolation. 
This means NPNN interpolation algorithm is a 
effective method that helps to significantly improve 
localization accuracy. 
 
 
6. Conclusions 
 

The paper proposes ZigBee-based BPNN 
interpolation fingerprint localization on the basis of 
intensive study on fingerprint localization and BPNN. 
It is observed from the comparison between the 
localization results of two algorithms (i.e. without 
and without BPNN interpolation) that BPNN 
interpolation algorithm is a practical indoor wireless 
location algorithm, which can help to effectively 
improve the localization accuracy. Moreover, the 
compact and cost-effective ZigBee with low power 
dissipation also provides a satisfactory option for 
small-area Wireless LAN localization with low cost 
and low power dissipation. However, there are some 
issues need to solve in the future, such as the wireless 
network topology optimization, protocol cross 
optimization, energy-saving MAC, the channel 
allocation tactics, the security problem also is  urgent. 
For the algorithm, the multi-algorithm fusion is a 
good alternative.  
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Abstract: In view of the phenomenon of common infrared or laser scanning barcode in the market, a method of 
scanning barcode through the camera is proposed. The MB9F506 is used as the main control chip, whose kernel 
is the popular Cortex-M3 kernel. 30-megapixel digital image information of barcode is collected by using an 
OV7670 camera. This color image is changed into black and white image through binarization methods. The 
barcode is decoded by the barcode decoding algorithm. 4.3-inch liquid crystal display (LCD) screen with 
SSD1963 as the core chip is drive. Digital image of barcode and its value are respectively displayed on the LCD 
screen. The results prove that the system has some features such as simple operation, high stability, fast 
response, high technical content, widely application, and so on. Copyright © 2013 IFSA. 
 
Keywords: ARM, Camera, Barcode. 
 
 
 
1. Introduction 
 

At the present stage, the barcode scanning product 
is very much from the market procurement of 
barcode scanning devices [1-4]. It can be divided into 
three categories: handheld scanner, drum scanner and 
platform scanner based on the scanning device 
operation method. With the rapid development of 
embedded technology [5-15], because infrared or 
laser scanning barcode on the market at present is not 
convenient for each user input the commodity 
information in the hand, a method of scanning the 
barcode by the mobile phone camera is proposed. It 
changes barcode scanning mode from the current 
laser or infrared scanning into ordinary camera 
scanning, and can be embedded into any mobile 

phone with a camera. Thus, it is convenient for every 
user in commodity classification, management, and 
record. It can make everyone easy input each kind of 
commodity information, and has a broad 
development prospects in the field such as preventing 
fake and shoddy goods, combating smuggling, ensure 
food production date and shelf life, and so on. 
 
 
2. The Overall Design of the System 
 
2.1. The Overall Block Diagram  

of Hardware System 
 

The hardware of the system is divided into three 
modules: camera module, main control module and 
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touch screen module. The relationship between each 
module is complicated. The overall block diagram of 
hardware system is shown in Fig. 1. The main control 
module is the core of the whole system. Because the 
designed system will be applied to the mobile phone 
terminal, the choice of MCU must be based on 
popular smart phone MCU to select. Cortex-M3 is 
one of the ARM processor series [16-24]. The ARM 
Cortex-M3 processor is the industry-leading 32-bit 
processor for highly deterministic real-time 
applications, delivering robust computational 
performance, exceptional system response to events 
while meeting the challenges of low dynamic and 
static power constraints. It is highly configurable 
enabling a wide range of implementations from those 
requiring memory protection and powerful trace 
technology to cost sensitive devices requiring 
minimal area. A broad range of devices include 
microcontrollers, automotive body systems, industrial 
control systems and wireless networking and sensors. 
It uses the Cortex-M3 core Fujitsu series MB9F506 
which has abundant resources, fast speed, the cheap 
price, and so on. The camera module is based on the 
Omnivision OV7670 color camera [25]. 
 
 

 
 

Fig. 1. The overall block diagram of hardware system. 
 
 

The communication between master control 
module and each module can be seen from Fig. 1. 
Firstly, the main control module sends a command to 
the camera receive in order to receive image 
information. Secondly, after it receives the image 
information, the main control module sends a 
command and the image information to the touch 
screen module. Lastly, the touch screen receives the 
image information and displays it. 
 
 
2.2. The Overall Block Diagram of the 

Software System 
 

The software of the system is divided into four 
parts: system operation, camera driver, touch screen 
driver and barcode decoding algorithm. The internal 
operations of every part is not visible, but a clear 
communication interfaces with other modules is 
leaved. The overall block diagram of software system 
is shown in Fig. 2. 

  
 

Fig. 2. The overall block diagram of software system. 
 
 

The camera driver is responsible for the control of 
the camera operation. It sets various parameters of 
camera based on the command from system 
operation, and transfers effective video information 
to the barcode decoding algorithm. The touch screen 
driver is responsible for the control of the touch 
screen. It provides for touch screen hardware to 
display information based on the needs of the system 
operation and eventually accepts effective digital 
information from barcode decoding algorithm. 
Barcode decoding algorithm is responsible for 
transfer information from camera driving to effective 
digital information according to the barcode  
coding rules. 
 
 
3. Schematic and PCB Design of the 

System 
 
3.1. Schematic Design of the System 
 

The design of video barcode scanning lies in the 
ARM core board design, the LCD screen interface 
design, and camera interface design.MB9F506 has 
120 pins in the ARM core board. The minimum 
system which only needs to configure the high-speed 
and low-speed oscillator can be normal operation. Of 
course, the normal filtering is essential. Because the 
information about the LCD screen and camera is 
more, the design of its interface and circuit does not 
go into details. 
 
 
3.2. PCB Design of the System 
 

It is completely impossible to achieve function, if 
circuit boards are not made. Because the system is 
not super-100 M high-speed system, we use the 
Altium Designer software for PCB design. This 
software has some advantages such as simple 
operation, high production efficiency, high 
flexibility, and so on. The PCB design diagram is 
shown in Fig. 3. 
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Fig. 3. The PCB design diagram. 
 
 
4. The Software Design of the System 
 
4.1. The Software Design of the LCD Module 
 

A 4.3-inch LCD screen is used whose resolution 
is 480*272 according to system requirement. The 
core control chip of LCD screen is the SSD1963 
LCD. Writing LCD driver is important for LCD 
display. The underlying driver interfaces directly 
with hardware, so the operation such as initializing, 
drawing point, setting window, and so on is realized. 
While the top layer interfaces with application, the 
operation such as drawing line, drawing point, 
drawing circle, drawing button, and so on is realized. 
The basic operation is an assignment operator for a 
pixel point in the underlying operations. This 
assignment format of LCD pixels is RGB565 format. 
For example, pure red is 0xf800 in RGB565, and its 
(R,G,B) value is (255,0,0). We only need to program 
according to the timing requirements of SSD1963 by 
understand the single pixel assignment value method. 
 
 
4.2. The Software Design  

of the Camera Module 
 

The camera driver need to reference the OV7670 
read and write timing. MCU is allowed to read data 
from FIFO only completing the output of a frame 
data in the camera. When we read the data from FIFO 
each time, we must put the data pointer to 0 in the 
FIFO. Camera data read timing diagram is shown  
in Fig. 4.  
 
 

 
 

Fig. 4. Camera data read timing diagram. 

VSYNC is frame synchronization data, whose 
falling edge represents the end of a frame output. 
WEN is write enable, whose high level represents 
allowing the camera to write data to the FIFO. OE is 
read enable, whose low level represents allowing 
ARM to write data to the FIFO. RRST is read reset, 
whose data pointer is back to 0 after the low level is 
more than one cycle. RCLK is read clock. ARM can 
determine the current reading data which is a pixel 
data according to the clock. D0-D7 is data bus. The 
length of read data every time is 8 bit. Two 
consecutive read data form the RGB565 information. 
 
 
4.3. Barcode Decoding Algorithm 
 

We design barcode decoding algorithm based on 
the barcode encoding and the natural resources of the 
system. The decoding algorithm flow chart is shown 
in Fig. 5. 
 
 

 
 

Fig. 5. The decoding algorithm flow chart. 
 
 

When the camera is at the barcode, we hold down 
the key. After ARM receives external trigger request 
key, ARM carries out barcode decoding program. 
Firstly, the 300 pixels are loaded into memory and 
binaries, and the binarization data is got. Secondly, 
the binarization data is analyzed and processed, and 
95 barcode data is got. Lastly, the barcode data is 
decoded according to encoding rules. If it is right, the 
barcode is displayed in LCD. Otherwise, barcode 
pixels are regained by key, and the above operation  
is performed. 
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5. Combined Testing and Verification 
 

We combine all software modules. The whole 
system software flow chart shown in Fig. 6 is 
designed. We can write embedded software program 
based on the whole system software flow chart, and 
then test on the hardware. Lastly, the decoded 
correctly barcode value is shown in Fig. 7. 

It can be seen clearly from the Fig. 6 that the 
demodulated number and the value of camera 
barcode are respectively 787040177893, 
787115272959, 787121029714, 787121007002, 
787509900048 and 787509900024. The results show 
that the system can decode the barcode. 

 

 
 

Fig. 6. The whole system software flow chart. 
 
 

    
 

    
 

    
 

Fig. 7. The decoded barcode value. 
 
 

6. Conclusion 
 

The design of the video barcode scanning can 
quickly and easily obtain barcode value. The value of 
the barcode can be shown when the barcode put the 
camera above. It provides another kind of quick and 
convenient way for the commodity barcode input. At 
the same time, the cost will be reduced further. The 
results prove that the system has some features such 
as simple operation, high stability, fast response, high 
technical content, widely application, and so on. 
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Abstract: In order to solve the problem of tracking instability and poor synchronization, the tracking model in 
orbit object dynamic tracking system is established by using controllable rotating platform, the basic principles 
of the orbital object tracking is analyzed and the dynamic tracking algorithm is studied; the geometry tracking 
algorithm of turntable angle and orbit objects synchronous tracking are analyzed in the object motion, the track 
logic function of corresponding point is derived; the improved PID control algorithm and influence factor ware 
analyzed. Through the test and analysis, the Mean Shift tracking algorithm is improved, its application in orbit-
style dynamic object tracking is analyzed, object retrieval center position is determined by using its nuclear 
density estimation and tracking image frame image relationship to reach the dynamic object tracking purposes. 
The results show that the improved method can overcome the instability of unable to synchronize tracking with 
low contrast and other problem, which is proposed to be feasible in orbit object dynamic tracking system. 
Copyright © 2013 IFSA. 
 
Keywords: Object, Control, Tracking, Mean Shift algorithm, Interference. 
 
 
 
1. Introduction 
 

In object test system, dynamic object tracking 
parameter measurements have become the important 
indicators of the weapon system’s verification, 
stereotypes and production, especially with the 
development of high-speed weapons, instant tracking 
parameters of high-speed projectile object are the 
information need to focus on in weapon object, such 
as the projectile’s the activation status, accelerated 
state, deceleration state and so on [1-5]. Today, in the 
trajectory tracking aspect of high-speed orbit objects, 
it is too many using the way to carry out by multiple 
wide-angle lenses to obtain image. This will bring 
some new problems: first, the cost is high; second, 
how to process the data of lens intersections; third, in 

lens edge image produce the distortion, especially the 
latter two factors have significant affection on the 
validity of the test data [6]. Object tracking based on 
vision is widely used in video surveillance, image 
compression, 3D reconstruction, robotics and other 
fields [7-9], because of the sudden movement of 
objects, external manifestations change of object or 
background, the non-rigid structure of object, the 
block between objects, the block between object and 
the background, and the camera movement make it 
difficult to achieve the real-time object tracking. The 
tracking and controlling algorithm based on Mean 
Shift is proposed for high-speed dynamic object 
tracking problem according to object tracking theory. 
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2. Tracking Principle and Controlling 
Algorithm 

 
2.1. Tracking Principle 
 

Dynamic object tracking system is make up of 
launch startup device, tracking controlling platform, 
optical system, controlling device, collection device, 
tracking image and disposing computer, and so on.  

The image tracking of object is mainly based on 
the optical system, in the certain known conditions, 
using geometry relation of object and image, the 
mathematical functions of the object side and the 
image side can be determined. By using of imaging 
relationships of the optical system under the dynamic 
object to measure the speed parameters of moving 
objects, the mathematical model of camera rotation 
angle and orbital object motion process is 
established. In geometrical optics system, since any 
movement of the space object can be abstracted as 
linear motion of three-axis and the rotation around 
three-axis [10-12], according to the movement 
characteristics of orbital object, the object motion can 
be simplified as a two-dimensional movement in flat 
space. The two-dimensional movement of orbital 
object tracking can be described as shown in Fig. 1, it 
is assumed that A is the start point of object 
movement, B is the stop point, and O  is the 
observation position of tracking system. 
 
 

O

A

s
is1is +B H 1is −i ns +1i ns + +

 
 

Fig. 1. Schematic of orbital object tracking. 
 
 

The orbital dynamic object’s parameters are 
mainly about to find out the dynamic changes of 
measured object on the rail during the discharge 
process, the optical tracking system is placed on the 
side of the rail for real-time object monitoring. The 
optical tracking system is mainly composed of 
imaging optical lens, tracking aircraft, launch 
controlling device and monitoring platform. 1L  is the 
distance of between the tracking platform and the 
starting point of the object movement, 2L  is the 
distance of between the tracking platform and the 
ending point of the object movement, in Fig. 1, 

iθ , 1iθ +  and 1i nθ + +  are the control angle uniform 
change of the tracking platform, which correspond to 

the respective time moment, 1is + , is , 1is −  and 

1i ns + +  are the displacement of the uniform change of 
control platform in the orbit around the observation 
point, OH  is the perpendicular to the  
vertical trajectory. 

In the system, when the camera center horizontal 
is parallel or coincident to the main movement of the 
object, by simplifying or ignoring the minor 
movement influence, the object movement can be 
considered linear one of one-dimensional. Camera as 
the image capture device is an optical device, in 
accordance with principle of optical imaging. In 
order to real-time monitoring of the object dynamic 
process, optical tracking system must move 
synchronously with the moving object. In a certain 
period of time, if the image of the object is always in 
a small area, it can be identified that the object is in 
sync with platform at this time, which is certain 
proportional relationship of platform’s rotation angle 
and high-speed object’s displacement on the rail in 
unit time.  

If the speed of object movement is v , in the 
premise of the known theoretical trajectory, the 
theoretical trajectory is divided into a number of units 
of displacement by the same time, which is the time-
division trajectory in the s  distance on the rail. is  is 
the displacement of before or after each point 
trajectory, s is the total length. 

It is assumed that in each unit time t∆ , the 
theoretical rotation angle composite of object and 
observation points is iθ , then during the entire 

trajectory, the total angle is θ  that the tracking 
system needs to rotate.  

To meet the track conditions, it just need to 
determine the theoretical angle corresponded to the 
angle of tracking platform in each unit time to track 
the image of ballistic object in the corresponding 
moment, monitoring the image of the object’s 
corresponding time on the rail, the corresponding 
parameters message is provided by the  
image processing. 
 
 
2.2. Controlling Algorithm 
 

The tracking controlling platform is the core of 
the object tracking, it is needed to rationally calculate 
the controlling of the tracking platform in order to 
accurately track and lock the object’s center location 
in the field of image view. Optical imaging system is 
the image forming device loaded in the tracking 
platform [13], in order to make the optical imaging 
field contain dynamic object, the requirements of 
tracking platform’s real-time are high. Therefore the 
controlling of the tracking platform must be cautious. 
If the controlling commands are changed or the 
controlling program is disabled, it will make the 
whole tracking system failed. In the system, if 
tracking platform’s rotation rate is too large, it may 
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miss the tracking object; conversely, if the tracking 
platform’s rotation rate is too small, it may lose the 
object’s information because of not keeping pace 
with tracked object, which result in the system failure 
tracking. Therefore, it must be set a reasonable 
rotation strategy for tracking platform in order to 
effectively improve the tracking capture  
rate of target.  

In the controlling system, the tracking platform is 
controlled by the DSP-processing chip [13-15], and 
the integral separation PID controlling algorithm is 
used to track the entire tracking path, the controlling 
flow is shown in Fig. 2. 
 
 

 
 

Fig. 2. Principle diagram of object tracking  
controlling system. 

 

In the controlling flow, according to the given 
object tracking starting position, preset speed 
parameters, and the target pre-processing algorithms, 
DSP controlling module control drive tracking 
turntable, by using optical imaging system the target 
image of the path is tracked, in accordance with the 
detection and recognition technology, the target 
image is analyzed, based on feature of target, the 
locating center is chosen to complete the  
system tracking. 

Integral separation PID controlling algorithm can 
rectify the system, it introduces integral separation 
algorithm, which maintaining the integral action and 
reduces the overshoot, so that the controlling 
performance has greatly improved. Assuming 
integral separation PID algorithm’s integral 
separation threshold is 0E , its controlling system can 
be expressed by Fig. 3. 

 

 
 
 

(1 ) /sTe s− ( )G s
T T T

T
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Fig. 3. Controlling system. 
 
 

When 0( )e kT E≤ , while the deviation 

( )e kT  is relatively small, the integral separation 
PID controlling algorithm can ensure the system’s 
controlling precision. When 0( )e kT E> , while 

the deviation ( )e kT  is relatively more, the integral 
separation PID controlling algorithm can 
significantly reduce the overshoot [12]. Integral 
separation PID controlling algorithm can be 
expressed by formula (1). 
 

0
( ) ( ) ( ) [ ( ) ( )]

k

p l i d
j

u kT K e kT K K e jT K e kT e kT T
−

= + + − −∑ , 

(1) 
 
where pK  is the proportional coefficient, lK  is the 
logic coefficient, and its logic relationship is shown 
by formula (2). 
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 (2) 

 

In the control system, the influence of Kp has two 
major aspects, the firstly, Kp can affect the dynamic 
characteristic, if Kp is increased, the system is highly 
responsive; if Kp is too large, the vibration of system 
is increased, adjusting system will spend a lot of 
time, if Kp is maximum, the system tends to unstable. 
Contrarily, Kp is smallest, the system is slow 
responsive. The secondly, Kp can affect the 
stabilization characteristic, in the case the system is 
steady, if Kp is increased, the system can reduce the 
steady state error and increase the precision, but the 
system can not eliminate the steady state error. 
 
 
3. The Principle of Optic Imaging  

on Object Tracking 
 

In order to track simultaneity infrared object, we 
must set up whole optic imaging framework, thus the 
object should be in the imaging field. Optical image 
system on object tracking can be show by Fig. 4. 

In Fig. 4, u  is object distance, f  is focus of 

lens, if 'u  is image distance, according to the optical 
image system principle, 'u  equal to f , 'L  is the 
length of the imaging area, L  is the view size. β  is 
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the half field of the optic lens. The value of β  can 
be obtained by the formula (3). 
 
 

A

B
'A

'B

lens
f

u

β
L'L

object

 
 

Fig. 4. Optical imaging system on object tracking. 
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where AB  is the length of moving object, ' 'A B  is 
the image length of AB . If the velocity of moving 
object is v , we can calculate their relation base on 
optical image principle and detrude the  
dynamic parameter. 
 
 
4. Tracking Algorithms of Object 

Tracking 
 

To reduce the calculation amount to meet the real-
time requirements, first to quantify the gray value of 
the infrared object [16, 17], assuming that the object 
tracking point is y , the detection area is the 
rectangle where the center is y  and the window 
width is h , position of the pixel in the region is in 
terms of 1...{ }i i nx = , and its value is quantized values 

of m, which the function 2( ) : {1... }b R m→i , is 

the pixel gray index mapping of ix . In order to 
obtain the characteristics amount of the dynamic 
object, in this paper, the Mean Shift object tracking 
algorithm is used, which mainly use the statistical 
distribution of gray and texture features to describe 
the object, and track the target by gradient descent of 
the mean shift vector. 

Assuming the center of the target area is 0x , there 

are n pixels expressed by 1...{ }i i nx = , the number of 
feature-values is m . Then the probability density of 
the object model’s feature-value u  is shown by 
formula (4). 
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where ( )k x  is the outline function of the kernel 
function, since the influence of occlusion or the 
background, the pixels near the center of the target 
model are more reliable than the foreign ones, ( )k x  
gives a large weight to the center pixel and a little 
one away from the center. The role of the function 

( )k x  is to eliminate the influence of different sizes 
of the calculation object, and normalize the object 
expressing as ovals to a unit circle. xδ（ ） is a 
function of Delta, [ ( ) ]ib x rδ − ’s overall effects is 
to determine whether the gray value of the pixel x  in 
the object area belongs to the u  feature-value. C  is 
the gray value belongs to the a standardized constant 

coefficient, which makes 
1

1
m

u
u

q
−

=∑ , then, kernel 

density estimation expressions based on the outline 
function of the kernel function is shown  
by formula (5). 
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The area which may be contained the moving 

object in the second frame and each subsequent 
frame is called the candidate area, it’s the center 
coordinates is y and also is the center coordinates of 
the kernel function. The pixel of in the candidate 
model area is expressed as 1...{ }

ji i nx = , the probability 

density of feature-value 1....u m=  in the candidate 
model area is shown by formula (6). 
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Similarity function describes the degree of 

similarity between the object model and the object 
candidates, Bhattacharyya coefficient is used as the 
similarity function, and it is expressed by formula (7). 
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= ⋅∑ , (7) 

 
where the value of ( )yρ  is between 0 and 1. The 

larger the value of ( )yρ , which means that the more 
similar the two models, if the candidate model which 
is calculated by the different candidate areas in the 
current frame make the ( )yρ  maximum, it is the 
position of the object in this frame. 

In order to make the maximum of ( )yρ , 

positioned the center of the object position 0y  in the 
previous frame as the center of the object in the 
current frame, and begin to find the optimal matching 
destination from this point, its center is 0y . First 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 349-356 

 353

calculate Taylor expansion at the object candidate 
model 0( )yρ , find out the maximum of ( )yρ  to 
determine the location of the object point. In order to 
determine the target location, and completes the 
purpose of tracking, Mean Shift method is started 
from 0y and in the direction based on biggest 
changes of gray-scale between two models move.  

 
 

5. Random Interference Analysis  
in Tracking System 

 
5.1. Probability Distribution Function  

and Probability Density Function  
of Random Variables 

 
Assumed that the stochastic process ( )X t  is 

sampled at the moment kt t= , every function of the 

sample forms a random variable ( )k kX X t= , then, 
according to the defined of random variables’ 
probability distribution functions, the probability 
distribution function of kX  is shown by formula (8). 
 

 ( ) ( )[ ]kkk xtXPxF ≤=  (8) 
 
where kx  is the value of random variable kX , P  
represents the probability. If the first derivative of 

kx  to the random variable on the probability 

distribution function [18, 19] ( )kF x  exist, then 
probability density function of the random variable 

kX  is shown by formula (9). 
 

 ( ) ( )
k

k
k dx

xdF
xp =  (9) 

 
 
5.2. Probability Distribution Function  

and Probability Density Function  
of Stochastic Processes 

 
If the sampling time kt  is derived to the whole 

point of the timeline, then the one-dimensional 
probability distribution function of random process 

( )X t  at any time can be obtained by formula (10). 
 

 ( ) ( )[ ]xtXPxF ≤=  (10) 
 

The corresponding probability density function is 
shown by formula (11). 
 

 ( ) ( )
dx

xdFxp =  (11) 

 

Considering the random sampling process at two 
moments 1t  and 2t , two random variables 1X  and 

2X  can be got. The joint distribution functions 

between two random variables 1X  and 2X  at the 

moment 1t , 2t  are defined by formula (12). 
 

 ( ) [ ]1 2 1 2 1 1 2 2, ; , ,F x x t t P X x X x= ≤ ≤  (12) 
 

Defined that the joint probability density function 
between 1X  and 2X  is shown by formula (13). 
 

 
( ) ( )2

1 2 1 2
1 2 1 2

1 2

, ; ,
, ; ,

F x x t t
p x x t t

x x
∂

=
∂ ∂

 (13) 

 
 
5.3. Numerical Characteristics  

of Random Process 
 

Assumed that random process ( )X t  fixed N 

moments kt t= ( )1,2, ,k n=  on the timeline, 

the value of k  is 1, 2,...,n , then the mathematical 
expectation of the random process is shown by 
formula (14). 
 

 ( )[ ] ( ) ( )∫
∞

∞−
== dxtxxptmtXE x ,  (14) 

 

For discrete random sequence ( )X n , the mean 
is shown as formula (15). 
 

 ( ) ( )[ ] ( )dxnxxpnxEnmx ∫
∞

∞−
== ,  (15) 

 
The variance of the random process is used to 

describe the deviation from the mean level of random 
process. It’s expressed by formula (16). 
 

 ( ) ( )[ ]{ } ( )[ ] ( )ttXDtmtXE xx
22 σ==−

 

( ) ( ) ( )
2

,xX t m t p x t dt
∞

−∞
= −⎡ ⎤⎣ ⎦∫  

(16) 

 
Then the self-correlation function of the random 

process is on behalf of the intrinsic link of the value 
at any two moments. Continuous random process 

( )X t ’s correlation function is shown by 
formula (17). 
 

 ( ) ( ) ( )[ ]2121, tXtXEttRx =
 

( ) 212121221 ,;, dxdxttxxPxx∫ ∫
∞

∞−

∞

∞−
=  

(17) 

 

The random sequence ( )X t ’s self-correlation 
function is shown by formula (18). 
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 ( ) ( ) ( ),xR n m E X n X m= ⎡ ⎤⎣ ⎦  (18) 
 

Self-covariance of random process is defined by 
formula (19): 

 
( ) ( ) ( )[ ] ( ) ( )[ ]{ }22211121 , tmtXtmtXEEttCov −−=

( ) ( ) ( )2121 , tmtmttR xxx ==  

(19) 
 
Consequently, if ( ) ( ) ( )2 1 2 1 2 1 1 2 2, ; , , ,P x x t t P x t P x t= , 

The random process ( )X t  is statistically 

independent at the moments 1t  and 2t , if 

( )1 2, 0xR t t = , then they are orthogonal at the 

moments, if ( )1 2, 0COV t t = , then they are unrelated 
at the moments. 
 
 
6. Experiment and Analysis 
 

In order to verify the tracking timeliness of the 
entire tracking path, using high-precision angle 
encoders as the contrast real-time reading angle in 
control turntable [20, 21], the tracking effect is to 
determine base on the deviation between Theoretical 
ballistic speed and measured projectile velocity. 
Table 1 to Table 3 is the part of data measured in a 
particular experiment and the results based on the 
analysis of data and images. Tracking platform 
rotation angle controlling unit time is set to 0.3 s, 
Table 1 shows the data of the initial dynamic state, 
Table 2 shows the data of the middle section dynamic 
state and Table 3 shows the data of close to the end 
of the segment state, speed error is the difference 
between the theoretical and measured speed. 
 
 

Table 1. The test data of the initial dynamic state. 
 

Theory desired 
angle (°) 

Measured angle 
reading (°) 

Speed error 
(%) 

0.108 0.110 1.92 
0.198 0.207 1.63 
1.809 2.012 4.21 
2.988 3.451 5.08 
2.361 2.488 3.34 
3.382 4.009 6.15 
4.091 4.118 3.98 

 
 
Table 2. The test data of the middle section dynamic state. 

 
Theory desired 

angle (°) 
Measured angle 

reading (°) 
Speed error 

(%) 
20.812 20.997 4.87 
24.677 24.566 4.78 
30.756 30.908 5.49 
35.871 36.083 5.37 
38.070 38.573 3.81 
40.237 41.244 2.76 
41.240 41.889 3.16 

Table 3. The test data of close to the end of the  
segment state. 

 
Theory desired 

angle (°) 
Measured angle 

reading (°) 
Speed error 

(%) 
59.461 59.608 5.74 
60.608 60.573 3.88 
65.543 64.998 3.63 
68.803 68.089 4.89 
70.341 70.945 3.45 
72.306 72.017 4.85 
74.087 74.334 2.98 

 
 

Table 4, Table 5 and Table 6 is the part of data 
measured in another particular experiment and the 
results based on the analysis of data and images. 
Tracking platform rotation angle controlling unit time 
is set to 0.5 s, based upon the initial segment, middle 
segment and end segment of each point’s tracking 
status data analysis, Table 4 shows the data of the 
initial dynamic state, Table 5 shows the data of the 
middle section dynamic state and Table 6 shows the 
data of close to the end of the segment state, speed 
error of each point position is the difference between 
the theoretical and measured speed. 
 
 

Table 4. The test data of the initial dynamic state. 
 

Theory desired 
angle (°) 

Measured angle 
reading (°) 

Speed error 
(%) 

1.381 1.407 2.55 
1.455 1.568 2.78 
2.744 2.808 3.16 
2.766 3.076 2.85 
3.672 4.099 3.62 

 
 
Table 5. The test data of the middle section dynamic state. 

 
Theory desired 

angle (°) 
Measured angle 

reading (°) 
Speed error 

(%) 
45.232 46.008 3.22 
46.897 47.043 2.29 
50.902 49.917 3.56 
51.937 52.011 2.57 
53.228 55.402 3.71 

 
 

Table 6. The test data of close to the end  
of the segment state. 

 
Theory desired 

angle (°) 
Measured angle 

reading (°) 
Speed error 

(%) 
80.823 81.887 3.04 
82.728 82.831 5.26 
84.605 85.184 3.35 
86.767 87.581 3.73 
87.941 88.509 2.45 

 
 
It can be shown from the data analysis of Table 1 

to Table 6 that the tracking system has more error in 
the initial state because of the rotating platform’s 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 349-356 

 355

jitter and other effects, and has less error and it ‘s 
tracking is more stable in the middle section state. 

According to the tracking geometric algorithms of 
tracking turntable, it is need to find the location angle 

iθ  of each point between object and tracking 
turntable center and the changes of object images’ 
center pixel location in the unit time t∆ , Table 7 and 
Table 8 show the position change of object in the 
imaging in two different intervals section image 
processing, it can be seen from the change results of 
imaging pixel position that the center position has a 
clear float in the horizontal direction, while the center 
position has small changes in the vertical direction. 
Reflected in a uniform unit time, the tracking system 
has the structural design errors and control errors, so 
that the object center is not in a fixed area but has 
floating around with the different distance from 
object to the optical tracking system, but in the entire 
tracking system, the center locked point of the image 
tracking is in the effective field of view. 
 
 

Table 7. The location data of angle variable and object 
image center pixel. 

 

Angle iθ  (°) Horizontal x  
(pixel) 

Vertical y  
(pixel) 

11.027 348 588 
11.891 362 527 
12.825 719 602 
12.991 944 571 
13.074 467 528 

 
 

Table 8. The location data of angle variable and object 
image center pixel. 

 

Angle iθ  (°) Horizontal x  
(pixel) 

Vertical y  
(pixel) 

56.755 102 476 
57.089 116 587 
57.725 562 483 
58.293 898 497 
60.842 794 588 

 
 
7. Conclusion 
 

According to the needs of the tracking object, 
based on the orbital tracking platform, and the optical 
imaging and reserve trajectory, object tracking 
trajectory is deduced and the high-speed moving 
object is tracked according to segment; combining 
Mean Shift tracking method, using improved Mean 
Shift tracking algorithm to track the object in real-
time, this method overcomes the phenomenon that 
the traditional Mean Shift tracking method is 
ineffective under the low contrast of object. 
Meanwhile, the system through accurately angle 
measurement devices and image analysis processing, 
can be used to verify the velocity parameters of high 
speed object. According to the experimental data, the 

tracking measure which is used in the paper is 
feasible, the system provides a theoretical basis for 
remote object tracking. 
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Abstract: This paper describes the application of an important tool which can capture shifting information from 
pilots’ visual attention data. In order to investigate the shifting information, the shifting state space is defined by 
visual tracking, visual interference and visual dormancy. Using this analysis, the movement of pilots’ visual 
attention can be completely measured. The results that the forecast of the probability shifting model is 
coincident with the fact suggest the use of the model as a powerful technique for measuring the movement of 
pilots’ visual attention. Furthermore, the link between visual attention and driving experience or sexual 
distinction are also discussed in the probability shifting model. Copyright © 2013 IFSA 
 
Keywords: Shifting state space, Probability shifting model, Visual attention, Movement, Pilots. 
 
 
 
1. Introduction 
 

This paper addresses the task of providing the 
ground work for a logically formulated and 
computationally motivated model of attention in 
visual perception. Attention that moves was first 
experimentally investigated by Helmholtz who found 
that one can read a letter in periphery presented 
briefly enough to prevent eye movements if he 
attended the location of the letter. However, intensive 
research such as movement models and algorithms 
has been generated by the research of machine vision 
over the last several decades on account of their 
importance to the machine vision application 
including surveillance, driver assistance and artificial 
robot system. Although a lot of outstanding model 
and modified algorithms are proposed [1, 2], most of 

them are dependent on special assumption and some 
of them is not adaptable to difficult and changeable 
environments in different video sequences. 

In spite of this, previous work addressed several 
aspects of human visual attention, including 
generation of autonomic scan paths of eye gaze 
movements, aspects of secondary and covert 
attention, and of exogenous and endogenous 
attention. Moreover, Scholl provides a detailed 
discussion of the issues involved, highlighting the 
difficulties in defining what should constitute an 
object relative to attention and raising the question as 
to whether notions of objects are formed pre-
attentively or post-attentively [3]. In part visual 
attention is task or activity dependent, controlled by 
higher level cognitive processes that select what is to 
be viewed preferentially according to the current role, 
for instance, as indicated by visual search tasks [4, 5]. 
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According to the findings in psychology, selective 
visual attention acts like a filter to select the useful 
information out of the deluge information of the 
image what is the nature’s answer to computational 
difficult and changeable environments [6]. On the 
early selection process, human visual attention is 
attracted by the salient objects based on innate 
principles obtained through evolution and shifts 
between them. And on the late selection process, 
human brain may adopt a need-based approach that 
uses task specification and learning knowledge to 
detect the desired object [7]. 

Some phenomenon has always been to provide 
explanations for the characteristics of biological. 
Reynolds et al proposed a quantification of the biased 
competition model [8, 9]. Subsequently, Lee and 
Maunsell appeared a normalization model, the 
normalization model of attentional modulation, 
showing how attention changes the gain of responses 
to individual stimuli and why attentional modulation 
is more than a gain change when multiple stimuli are 
present in a receptive field [10].  

However, a model of visual attention shifting 
addresses the observed or predicted behavior of 
human and non-human primate visual attention. 
Models, from mathematical, psychological to 
biological, explain or predict some or all of visual 
attentive behavior [11-18]. It is necessary to measure 
the visual tracking, visual interference, and visual 
dormancy for understanding the movement  
of visual attention. 

Consequently, this paper presents a novel 
probability shifting model to measure the movement 
of pilots’ visual attention for dealing with these 
troubles. In probability shifting model, the shifting 
state space is defining by state vector such as visual 
tracking, visual interference and visual dormancy. 
The probability of three state vectors are all 
investigated to measure the movement  
of visual attention. 

The rest of the paper is organized as follows. 
Section 2 gives the overview and derivation of the 
probability shifting model. Essential experiment and 
analysis of probability shifting model are detailed in 
section 3. Section 4 presents the important conclusion 
of this paper. 
 
 
2. Probability Shifting Model 
 

Measuring the movements of attention is not as 
easy as measuring eye movements and the proposed 
probability shifting model tries to use the three 
essential processes of selective attention to gain more 
information about the direction of estimation when 
target disappears in the scene. A brief description of 
the proposed probability shifting model algorithm is 
given in this section. 

For convenience, the shifting state space of pilots’ 
visual attention is defining by visual tracking, visual 
interference and visual dormancy, where visual 
tracking show that driving information is disposing, 

visual interference indicate that disposing of driving 
information is void by unrelated information., visual 
dormancy mean that disposing of driving information 
is void owing to physical and psychological trouble. 
In order to make derivation convenient, we set the 
state space denoted by: 

 
},,{ CBA=Ω , 

 
where Ω is the whole attention event, A  is the event 
of visual tracking, B  is the event of visual 
interference, and C  is the event of visual dormancy. 
 
 
2.1. Shifting State Probability 
 

Previous research had found that the movement of 
visual attention follows the exponential  
behavior [19, 20]: 
 

 t
i

ietG λ−−=1)( ,  

 

where 
1

i
it

λ = , it is the mean of duration at state 

vector i , ,i A B= , and C . 
Therefore, the shifting probability between 

A  and A  is derived as follows: 
 

})()({)(, AtXAttXPtP AA ==∆+=∆  
 }{ tTP A ∆>=  
 )(1 tGA−=  
 )(1 ttA ∆+∆−= ολ  
 

where the random variable ( )X t denote the state 
vector of visual attention at i , ,i A B= , and C . 

The shifting probability between A  and B  is 
expressed as )(, tP BA ∆  and shifting probability 

between A  and C  is expressed as )(, tP CA ∆ . 
Based on the maximum likelihood estimator 

(MLE), the shifting probability from A  to B  or C  
is actually in proportion to the mean of duration at 
state vector i , Bi = , and C . 

On the other hand, the shifting probability 
satisfies following conditions 

 
)(1)()( ,,, tPtPtP AACABA ∆−=∆+∆  

 
Therefore,  
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The shifting probability between A , B and 

C are roughly analogous: 
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Further, the shifting matrix can be calculated. 

 
 
2.2. Model and Problem Solving 
 

Based on the theory of Markov process, the 
differential equation is obtained by Eq. 1: 

 
 [ ])(),(),( tptptp CBA ′′′  

[ ]Htptptp CBA )(),(),(= , 
(2) 

 
where H  is the shifting state matrix obtained from 
section 2.1. 

This probability satisfies following conditions. 
1) for each attention event in state space Ω , 
 

1,,0 ≤≤ CBA ppp . 
 
2) for the whole attention eventΩ , 
 

1)( =ΩP . 
 
3) for mutually exclusive attention event, 
 

, ,, ,

( ) i
i A B Ci A B C

P i p
==

= ∑∪ . 

 
Let the initial condition, 
 

 [ ] [ ]0,1,1)0(),0(),0( =CBA ppp ,  
 

And then, Laplace transform is employed for 
solving probability shifting model.  
 
 
3. Factor Analysis 
 

More than 60 percent of all aircraft accidents are 
concerned to pilot error. Identifying when equipment 
and procedures do not fully support the operational 
needs of pilots is critical to reducing error and 
improving flight safety [21]. Therefore, to develop 
new flight deck technologies that have traditionally 
followed a design process more focused on 
component functionality and technical performance 
than pilot usage and operability is  
especially important. 

For a number of tasks, the pilots’ visual attention 
is divided between tracking one or more vehicles and 
scanning the environment for information. Serious 
piloting errors and accidents are rare events and the 
low-probability of occurrence makes the study of 
pilot error difficult to investigation.  

For contributing to counter these errors and 
accidents, we simplify these troubles as follows. 
Pilots’ visual attention is conveyed by state vector 
such as visual tracking, visual interference and  
visual dormancy.  

In this paper we present a method for making 
short-term predictions about the visual attention 
shifting. The motivation to develope a method for 
anticipating where to look is rooted in the need for 
visual attention in virtual pilots. 

Next, the pilots’ visual attention data are used to 
illustrate the performance of the probability  
shifting model. 

There are so many factors affect the pilot in the 
aircraft flying, but the experience and sex play an 
important role. For investigating the effect of driving 
experience and sexual distinction on pilots’ visual 
attention, the volunteer is split up into two groups for 
this experiment. Firstly, the experiment is launched 
between male pilots and female pilots. And then, 
similar experiment is launched between experienced 
pilots and inexperienced pilots. 
 
 
4. Analyze to Driving Experience 
 

For the purposes of researching the effect of 
driving experience on pilots’ visual attention, the 
probability of visual tracking, visual interference and 
visual dormancy for different experienced and 
inexperienced pilots are calculated. 
 
 
4.1. Experiment 1: Experienced Pilots 
 

Fig. 1 illustrates the probability of state vector 
including visual tracking, visual interference and 
visual dormancy for experienced pilots. We observe 
that the probability of visual tracking is far larger 
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than the sum of visual interference and  
visual dormancy. 

For experienced pilots, the probability of visual 
tracking (black) 95.0>Ap  in 50 minutes. The 

probability of visual interference (red) Bp  and visual 

dormancy (blue) Cp  are very little by comparison. 
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Fig. 1. The probability of visual tracking (black), visual 
interference (red) and visual dormancy (blue)  

for experienced pilots. 
 
 
4.2. Experiment 2: Inexperienced Pilots 
 

Fig. 2 illustrates the probability of visual tracking, 
visual interference and visual dormancy for 
inexperienced pilots. The cited experimental curves 
analogously with the probability of  
experienced pilots. 
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Fig. 2. The probability of visual tracking (black), visual 
interference (red) and visual dormancy (blue) for 

inexperienced pilots. 
 

Despite similar signs of the probability for visual 
tracking, visual interference and visual dormancy 
between inexperienced pilots and experienced pilots 
when 50<t  minutes, the probability of visual 
interference for inexperienced pilots is greater than it 
for experienced pilots when 150>t  minutes. This 
shows that the capacity of resisting disturbance is 
becoming stronger and stronger with experience. 
 
 
5. Analyze to Sexual Distinction 
 

For the purposes of researching the effect of 
sexual distinction on pilots’ visual attention, the 
probability of visual tracking, visual interference and 
visual dormancy for different sex pilots are calculated. 
 
 
5.1. Experiment 3: Male Pilots 
 

The probability of state vector including visual 
tracking, visual interference and visual dormancy for 
male pilots is shown in Fig. 3. That the probability of 
visual tracking is far larger than the sum of visual 
interference and visual dormancy is in keeping with 
the real conditions. 

For male pilots, the probability of visual tracking 
(black) 95.0>Ap  in 60 minutes, on the contrary, 

the probability of visual interference (red) Bp  and 

visual dormancy (blue) Cp  are less than 02.0 . 
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Fig. 3. The probability of visual tracking (black), visual 
interference (red) and visual dormancy (blue) for male 

pilots. 
 
 
5.2. Experiment 4: Female Pilots 
 

For researching the visual attention of female 
pilots’ visual attention, the probability of visual 
tracking, visual interference and visual dormancy for 
female pilots are displayed in Fig. 4. Apparently, the 
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probability of visual tracking (black) 
95.0>Ap about 50 minutes, which is less than the 

probability of male pilots. 
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Fig.  4. The probability of visual tracking (black), visual 
interference (red) and visual dormancy (blue)  

for female pilots. 
 
 

By comparing Fig. 3 and Fig. 4, we can find that 
the probability of visual tracking, visual interference 
and visual dormancy of female pilots are similar to 
male pilots. The forecast of the probability shifting 
model is coincident with the fact. The results of this 
section suggest the use of the probability shifting 
model as a powerful technique for measuring the 
movement of pilots’ visual attention. 
 
 
4. Conclusions 
 

The probability shifting model is applied to the 
pilots’ visual attention data in order to investigate the 
movement of visual attention. It is found that shifting 
model can provide very useful information about 
possible movement of pilots’ visual attention. 

Moreover, we can find that the forecast of the 
model agree with the actual facts by investigating the 
effect of driving experience and sexual distinction on 
pilots’ visual attention. It might be seen that the 
method presented in the paper is of practicality and 
reliability. In conclusion, we have reported here on 
exploratory results that demonstrate effective and 
potential usefulness of probability-based techniques. 
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Abstract: LabVIEW is a figural virtual instrument program language, which has powerful digital signal 
processing function. As traditional tools such as MATLAB and Simulink are inconvenient to produce 
application systems. In order to solve the complex programming problem of adaptive filters, the Least Mean 
Square (LMS) and Recursive Least Square (RLS) algorithms based adaptive filters are designed based on 
adaptive filter toolkit of LabVIEW 2011. The parameters which can affect these two algorithms are carried on 
the analysis to filters' sensitivity. The simulation results show the function comprehensive characteristic of the 
adaptive filters with the good man- machine interface. It can be convenient for engineers to develop efficiently, 
So, the system developed in this paper has good practical engineering value. Copyright © 2013 IFSA. 
 
Keywords: LabVIEW, Adaptive filter, LMS algorithm, RLS algorithm. 
 
 
 
1. Introduction 
 

Adaptive filter is an optimal filtering method, 
which is developed on the basis of the linear filters, 
such as the Wiener filter at the end of 1950's. This 
filter can achieve the best value through making the 
automatic adjustment parameters of adaptive filtering 
system. And in the design, little or no prior 
knowledge is required about the signal and noise [1]. 
Therefore, the adaptive filtering theory has the wide 
range of applications such as communication, remote 
sensing and telemetry, automatic control, radar and 
electronic jamming, pattern recognition, noise 
cancellation, channel equalization, echo cancellation, 
speech signal processing, biomedical and other 
aspects of access. 

The core of the adaptive filter is the adaptive 
algorithms. At present, the realization of the adaptive 
filter is used by MATLAB, Simulink, DSP, FPGA 
and so on. Although this method can effectively 
realize the function of filtering, but the disadvantage 
is more complex programming and not friendly 

interface. At the same time, it is difficult to achieve 
the filter in practical engineering applications. Based 
on the mixed language programming of MATLAB 
and LabVIEW, the design of adaptive filter needs to 
use the MATLAB script node to invoke the 
complicated procedure. When the filter has higher 
accuracy requirements, the program will become 
quite complex, and it is not conducive to the rapid 
and effective design of adaptive filter [1].  

Aiming at the shortcoming in the design of 
adaptive filter, This paper will use the toolkit of 
adaptive filter in LabVIEW 2011, which has realized 
the value of engineering application based on  the 
least mean square(LMS) algorithm and recursive 
least square algorithm (RLS) of two kinds of adaptive 
filter. Its design is simpler in structure, and has good 
man-machine interface, which can be easily adjusted 
according to different requirements. It adapts to the 
actual signal analysis and processing for different 
occasions, and can bring very big convenient for the 
most optimal solution to the problem of research or 
engineering design. 
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2. Software of LabVIEW 
 

LabVIEW is the abbreviation of Laboratory 
Virtual Instrument Engineering Workbench and is the 
graphical programming software which is launched 
by National Instruments Corp. LabVIEW is a 
graphical development environment which can 
produce the best code with compiler, and the 
operating speed equals to the compiled C or C++ 
program. It has the modular characteristics, which 
facilitates the reusability of the program. The knack 
of LabVIEW that it uses a graphical programming 
language to create the source in the block diagram. 
The diagram of program takes the place of the 
traditional code. So it is convenient and intuitive 
interface [2]. LabVIEW gives full play to the 
advantages of graphical language, which can greatly 
short of the virtual instrument development cycle, 
and eliminate the complex process of the virtual 
instrument programming [3]. 
 
 
3. The Principle and Algorithm  

of Adaptive Filter 
 
3.1. The Principle of Adaptive Filter 
 

The block diagram of adaptive digital filter is 
shown in Fig. 1. It is mainly composed of digital 
filter of adjustable parameters (also known as 
adaptive processor) and the adaptive filtering 
algorithm. The digital filter of adjustable parameters 
is FIR digital filter or IIR digital filter, and also is a 
lattice digital filter. The adaptive filter is divided into 
the linear adaptive filter and the nonlinear adaptive 
filter, where the nonlinear adaptive filter has better 
ability in signal processing, but the computation is 
complex, which is greatly limited in the practical 
engineering application. Therefore, the linear 
adaptive filter is more common in practical 
application. It has the advantages of simple structure 
and easy calculation algorithm. 

In Fig. 1, x (n) represents the input of n moments, 
the output signal y(n) is generates by digital filter of 
adjustable parameters, so y (n) and the reference 
signal d (n) are compared to generate an error signal 
e (n). The error signal e (n) controls the impulse 
response of adaptive digital filter, which can be 
automatically controlled according to the e (n) value, 
and the input x (n+1) of the next moment (n+1) is 
suitable and in order to make the output y (n+1) is 
closer to d (n+l), until the error signal e (n) reaches to 
the minimum value, the y(n) is the best 
approximation of d (n), which enables the system to 
fully adapt to the two external added signals. The 
input signal x (n) and d(n) can be determined or 
random signal, and can also be a stationary random 
process or non - stationary random process [4]. 

The difference of adaptive filter and other filter is 
impulse response or filtering parameter which is 
changed with the external signal changes. The 

convergence time requires the period of automatic 
adjustment to achieve the best filtering effect. 
Adaptive filter has an algorithm according to the 
input, output, and parameter values, which modifies 
the filter parameters according to certain rules, so that 
it can effectively track the change of external signals. 
Therefore, an important aspect of the study on the 
adaptive filter theory is adaptive algorithm. 
 
 

 
 

Fig. 1. The block diagram of adaptive digital filter. 
 
 
3.2. The Algorithm of Adaptive Filter 
 

The least mean square (LMS) and the recursive 
least square (RLS) are two basic algorithms of 
adaptive filter [4]. 
 
 
3.2.1. The Algorithm of the Least Mean 

Square (LMS) 
 

In 1976 Widrow et al proposed the adaptive 
filtering algorithm of  LMS, and due to the use of a 
special gradient estimation method, it avoids the 
disadvantages brought by general gradient estimation. 
Assuming the noise signal s (n) is zero, then the 
expected signal: 
 

 ( ) ( ) ( )Td n h n x n=  (1) 
 

The estimation signal is described below. 
 

 ( ) ( ) ( )Ty n w n x n=  (2) 
 

Form (1) and (2), where x(n) is the input vector of 
the adaptive filter and 

[ ]( ) ( ), ( 1),..., ( +1)x n x n x n x n L= − − ; h(n) is the 
vector of the unknown system impact response and 

[ ]0 1 1( ) ( ), ( ),..., ( ) T
Lh n h n h n h n−= ; ( )w n  is the 

coefficient vector and 
[ ]0 1 1( ) ( ), ( ),..., ( ) T

Lw n w n w n w n−= ;d(n) is the 

expected signal and '( ) ( ) ( )d n d n s n= + . When 

the S (n) is zero, then ' ( ) ( )d n d n= . Where e(n) is 
the error signal and  
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 ( ) ( ) ( ) ( ) ( ) ( )Te n d n y n d n w n x n= − = −  (3) 
 

The objective function is described below. 
 

 2 2( ) [ ( )] [( ( ) ( ) ( )) ]TJ n E e n E d n w n x n= = −  (4) 
 

For simplicity, usually in the definition of the 
objective function, the mean square error is replaced 
by the square error, which can prove that the error 
square is the unbiased estimate of mean square error. 
The objective function is also described below. 
 

 
2 ( )e nJ

∧

=  (5) 

 
The objective function can be obtained by 

derivation. 
 

 2[ ( )]( ) 2 ( ) ( )
[ ( )]
e nn x n e n
w nJ

∧ ∂
= = −
∂∇ , (6) 

 
where it is available by the steepest descent method: 
 

( 1) ( ) [ ( )] ( ) 2 ( ) ( )w n w n n w n x n e nJµ µ
∧

+ = + − = +∇ (7) 
 

Form (7) is the iterative formula of LMS 
algorithm, where n=1, 2, 3, … is time series; x (n) 
represents the input of n moments; e (n) is the output 
error signal and the output signal of the system; 

( )w n  is the weight vector of adaptive filter in n time. 
 
 
3.2.2. The Algorithm of the Recursive Least 

Square (RLS) 
 

Least square (LS) algorithm was as early as put 
forward by Gauss in 1795. But the computing amount 
of LS is big, therefore the recursive least square (RLS) 
algorithm is used in adaptive filtering, which is a 
recursive method for optimal solution of the 
algorithm, because RLS algorithm is better easily 
than LS and it is widely applied. In 1994, Sayed and 
Kailath established the relationship between Kalman 
filter and RLS algorithm, which proved that the RLS 
algorithm is actually a special case of the Kalman 
filter, and had the further understandings of the RLS 
algorithm. The large number of research results of 
Kalman filter can be applied to adaptive filtering, 
which played an important role in adaptive filtering 
technology [4]. 

RLS is a kind of least squares method of the most 
commonly fast algorithm. It is described below. 
Initialization is below: 
 

 1(0) , (0) 0P I wδ −= =  (8) 
 

On each sampling point of 1, 2,...n = for 
iteration: 

1

1

1 1

( 1) ( )( )
1 ( ) ( 1) ( )

( ) ( ) ( ) ( 1)
( ) ( 1) ( ) ( )
( ) ( 1) ( ) ( ) ( 1)

T

T

T

P n x nk n
x n P n x n

e n d n x n w n
w n w n k n e n
P n P n k n x n P n

λ
λ

λ λ

−

−

− −

−
=

+ −

= − −
= − +

= − − −

 
(9) 

 
Form (9), during the initialization, δ  is the small 

positive integer which is to ensure that the matrix is 
nonsingular and prevents the inverse of the matrix 
overflow. 
 
 
4. The Design and Implementation of 

Adaptive Filter Based on LabVIEW 
 

The toolkit of adaptive filter is provided in 
LabVIEW 2011, which has been designed by using 
various algorithms function VI and it can be very 
convenient to design the adaptive filter system which 
has practical engineering value. This method which is 
based on the graphical programming does not need 
complex programming, at the same time it can be 
more convenient and flexible to allow users to 
quickly develop adaptive filter. This paper gives the 
examples of adaptive filter which are based on the 
algorithms of LMS and RLS in LabVIEW 2011. 

If the input simulation signal is set to the Sine 
wave signal which is superimposed by Gaussian 
white noise: 
 

 
0( ) sin(2 ) ( )x n A f n v nπ= +  (10) 

 
Form (10), where A  is the amplitude of Sine 

wave signal, 0f  is frequency of the signal, ( )v n  is 
Gaussian white noise with the mean value of zero, n  
is the length of the input signal, and σ  is the 
amplitude of noise. Where the initial values 
are 2.0A = , 0 10f Hz= , 0.1σ = .  

The reference input signal is a sine wave signal, 
and it is described below. 
 

 
0( ) sin(2 )x n A f nπ=  (11) 

 
Form (11), where the initial values are 

2.0A = , 0 10f Hz= .  
In addition to the RLS algorithm in the initial 

value, it is (0) 0x = .  
The rest is similar with the LMS algorithm which 

(0) 0w =  is initial value of the weight vector. The 
parameters of the filter can be set on the front panel, 
such as the length, the iteration step  
and forgetting factor.  

This paper gives the design of block diagram 
based on LabVIEW of graphical programming 
language. Through the input parameters are adjusted 
on front panel so that the filter output effect achieves 
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the best effect. Fig. 2 and Fig. 3 show respectively 
the adaptive filters’ design and implementation of the 
above conditions based on the algorithms of LMS 
and RLS.  

These experimental parameters are described 
below: the length of filter=128, step =0.0008, 
forgetting factor =0.995. From the simulation of Fig. 
2 and Fig. 3 can show that the output effect of filter is 
more effective and the system's error is smaller. 

 
 

5. The Parameters' Analysis  
of Algorithms of LMS and RLS 

 
5.1. The Parameters' Analysis of LMS 

Algorithm 
 

1) Where µ  is the step factor. The theoretical 
range of µ  is 

max

10 µ λ< < to keep the stability of 

the system. Where maxλ  is the biggest feature value 
of correlation matrix R. When µ  is smaller, the 
system is more stable and offset is smaller, so the 
adaptive time will be longer. So in considering the 
accuracy requirements, the user selects the 
appropriate step size factor to reduce the adaptive 
time [5]. 

2) In LMS algorithm, the fixed step size µ  has 
the decisive impact on the performance of algorithm. 
It is used to describe the error adjustment according 
to the factor coefficients of digital filter. The 
convergence speed and the steady-state 
misadjustment size depend on the step size µ . For 
constant of µ , adaptive convergence speed and 
steady-state misadjustment size is a pair of 
contradiction. Getting a faster convergence speed can 
be increased the value of µ , but this will lead to 
increases of imbalance quantity. 

 
 

 
 

(a) The front panel of adaptive filter based on LMS algorithm. 
 
 

 
 

(b) The block diagram of adaptive filter based on LMS algorithm. 
 

Fig. 2. The design and implementation of adaptive filter based on LMS algorithm. 
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(a) The front panel of adaptive filter based on RLS algorithm. 
 

 
 

(b) The block diagram of adaptive filter based on RLS algorithm. 
 

Fig. 3. The design and implementation of adaptive filter based on RLS algorithm. 
 
 
If it wants to meet the requirements of the 
misalignment, the convergence process will be 
restricted. The convergence speed and steady-state 
misadjustment's error are two indicators which can 
not have both. The previous research on the 
performance of LMS algorithm has been made a lot 
of work, but it is still an important research topic. 
 
 
5.2. The Parameters' Analysis  

of RLS Algorithm 
 

1) RLS is an iterative algorithm for each step in 
the adaptive iteration requires. It is based on the least 
square criterion as the basis, the least squares 
criterion LS (Least Square) is to make a range of 

error square, i.e. 
1

2 ( )
k m

i k
e n

+ −

=
∑  is the minimum. The 

basic idea of least squares algorithm is to make the 
weighted least square error signal by adjusting the 
coefficients of filter. 

2) The forgetting factor is smaller, then the time-
varying parameters of the tracking ability are stronger, 
but also more sensitive to noise. In the design of filter, 
selecting the appropriate value of forgetting factor is 
very important. So some documents require that the 
value is 0.95 0.995forgetting factor≤ ≤  [6, 7]. 

3) The aspect of initial convergence speed, RLS 
algorithm is faster than LMS algorithm, and 
execution algorithm is more stability. But the 
computation of data is larger and more complex, at 
the same time the amount of storage required is larger, 
and timely effect is poor. If using the computer to 
store the mass data processing can bring  
greater convenience. 
 
 
6. Conclusion 
 

1) In this paper, it has achieved the design of 
adaptive filter based on LMS and RLS algorithm by 
using the toolkit of adaptive filter in LabVIEW 2011. 
Comparing to MATLAB, DSP, FPGA and other 
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software, the operation of adaptive filter in LabVIEW 
2011 has good man-machine interface, and saves a 
lot of time for the engineering and technical 
personnel. 

2) The simulation results show that the effect of 
filtering is good and strong practicability. In the 
design of LMS and RLS adaptive filter, this paper 
uses the signals which are superimposed by 
sinusoidal signal and Gaussian white noise. It can 
also choose other types of noise, and has good 
filtering effect. 

3) But in the actual engineering application, the 
test environment is different so that the actual signal 
filtering is also different. The engineering and 
technical personnel choose the filter according to the 
actual situation of the parameters to achieve the 
filtering requirements. At the same time comparing 
with the traditional analysis method, it has obvious 
advantages in accuracy and operability etc. 
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Abstract: In order to achieve the best filtering performance and make the filter automatically adjust its 
coefficients with the changing of its working environment, we need to use adaptive filter technique. To 
overcome the contradiction of traditional LMS algorithm between convergence speed, convergence accuracy 
and the selection of step-size, a novel variable step-size & variable parameters adaptive filter algorithm based on 
modified hyperbolic tangent function was proposed, whose theory and process were worked out and the design 
principle of adjusting factors were given. Theory and simulation results verified the convergence properties and 
superiorities of this algorithm under different circumstances. Copyright © 2013 IFSA. 
 
Keywords: Adaptive filter, Variable step-size LMS algorithm, LabVIEW. 
 
 
 
1. Introduction 
 

The least mean square (LMS) adaptive algorithm 
has been used in numerous applications for its 
outstanding advantages. But the fixed step-size LMS 
has a tradeoff between the rate of convergence and 
the steady-state mean square error. To overcome this 
contradiction, numerous variable step-size LMS 
algorithms were proposed in papers [1-10]. These 
algorithms were all based on Sigmoid function and 
corresponding to the principle of variable step-
size (VSS), they can achieve a better convergence 
performance and a faster tracking behavior when 
compared to other algorithms whereas their stabilities 
were bad and computational costs were too big. So in 
this paper, we proposed a more general VSSLMS 
based on Hyperbolic tangent function and the 
combination of fixed and variable step-size. The step-
size of this algorithm can vary with the instantaneous 
estimation error and the energy of input signal for it 

was adjusted by the mean value of the sum of 
gradient vector and the self-correlation of the 
instantaneous estimation error. It can eliminate the 
influences of the measurement noises; overcome the 
defects that the step-size would decline quickly and 
the initial convergence speed was too slow in the 
above algorithms. Theory and simulation results 
verified that our algorithm has lower steady-state 
MSE or misadjustment, faster convergence speed, 
lesser computational cost, better stability, simpler 
structure and better tracking ability. 
 
 
2. Algorithm Formulation  

and its Performance Analysis 
 

Based on the theories of LMS and the principle of 
VSS, we address the conflict with the following step-
size adjustment scheme: 
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 ( ) ( ) tanh( ( ) ( ) )µ β α= mkn n n F n  (1) 
 
where denotes abs. ( )α n  controls the shape of step-
size, ( )β n  controls the range of step-size, they are all 
functions vary with ( )e n . To figure out ( )F n , ( )α n  
and ( )β n , we must first introduce the theories of 
LMS as follows: 
 

 ( ) ( ) ( )Hy n n n= w x  (2) 
 

 ( ) ( ) ( )e n d n y n= −  (3) 
 

 ( ) ( ) ( ) ( )H
od n n n v n= +w x  (4) 

 
 *( 1) ( ) ( ) ( ) ( )µ+ = +n n n e n nw w x  (5) 

 
The schematic diagram of LMS was shown in 

Fig. 1 where ( ) [ ( ),..., ( 1)]Hn x n x n N= − +x  is the tap-
delayed input vector at n  moment. 

0 1 1( ) [ ( ), ( ),..., ( )]H
Nn w n w n w n−=w  is the corresponding 

weight vector consisting of the coefficients of the 
adaptive filter. ( )d n  represents the desired response 
consisting of system output plus the measurement 
noise. ( )y n  is the output signal. ( )e n  is the 
instantaneous estimation error. ( )v n  denotes 
measurement noise statistically independent of 

( )nx . ( )o nw  is the optimal Wiener solution. All 
signals above can be complex. N  denotes the length 
of adaptive filter. H denotes conjugate transpose. 
*denotes complex conjugate. Letters written in bold 
means that the signal is a vector. 
 
 

 
 

Fig. 1. Schematic diagram of adaptive filter. 
 
 

From (2),(3) and (4) we have: 
 

 ( ) ( ) [ ( ) ( )] ( )= − −H H
oe n v n n n nw w x  (6) 

 

Considering ( ) ( ) ( )H H
on n n= −ρ w w  and 2

vσ  as the 
power of measurement noise, we get: 

 
 

* 2

[ ( ) ( )] 0
[ ( ) ( )] ( )v

E n v m
E v n v m n mσ δ

=

= −

x
 (7) 

 

Then: 
 

2 2

2 2

[ ( )] [ ( ) ( ) ( ) ( )]

[ ( ) ( 1)] [ ( ) ( ) ( 1) ( 1)]
[ ( ) ( 1) ( )] [ ( ) ( 1)] [ ( )]
[ ( ) ( )] [ ( ) ( ) ( )]

H H
v

H H

H H

E e n E n n n n

E e n e n E n n n n
E e n e n e n E e n e n E e n
E e n n E n n n

σ= +

− = − −

− + = − +

= −

ρ x x ρ

ρ x x ρ

x ρ x x

 (8) 

 
The convergence in mean sense of a system can 

be represented by [ ( )]E nµ . So according to Eq. (8), if 
we introduce ( )e n  or the positive integer power of 

( )e n  in ( )nµ , the system would be very sensitive to 
measurement noise ( )v n . If we introduce ( ) ( 1)e n e n −  
only, the system would not be so sensitive to ( )v n , 
but the self-correlation of ( )e n  would getting smaller 
as the length of filter getting longer, this would surely 
smaller the step-size, slow down the convergence 
speed and deteriorate the performance of the 
algorithm in limited time.  

If we introduce 2( ) ( 1) ( )e n e n e n− + , the 
performance in higher order system would be 
improved, but it would be still affected by ( )v n . 
From paper [11] we know that the steepest drop 
direction of adaptive LMS algorithm is 

( ) 2 ( ) ( )J n e n n−∇ = x , make ( ) 0∇ =J n , we can get the 
optimal solution of ( )nw . Furthermore, the optimal 
Wiener solution is ( ) ( )e n nx , from Eq. (8)we know 

[ ( ) ( )]E e n nx  is insensitive to ( )v n . So we introduce 
( ) ( )e n nx  to adjust step-size in this paper. Actually, 

the cross-correlation of ( )nx  and ( )e n is stronger 
than the self-correlation of ( )e n , hence, the step-size 
would not decrease sharply in high order system. 
Besides, this expression can stronger the tracking 
ability for it considers input signal in variable step-
size formula. In this paper, we adopt the average 
value of the sum of Gradient vector to update step-
size. This formula can avoid the weight vector from 
fluctuating when the amplitude of input signal is too 
high or fluctuate significantly, so it can improve the 
performance of the algorithm. 

Based on the analyses above, we can get the 
formula of ( )nα , ( )nβ and ( )F n in Eq. (1) as 
follows: ( )nα  uses the quotient form of ( )e n , this is 
mainly because it is proportional to ( )e n  and we 
should ensure smaller ( )nα  as far as possible to 
avoid the step-size oversizing along with ( )F n . 

( )nβ  uses the recursive form of the self-correlation 
of ( )e n to restrain the effect of independent 
measurement noise further. Besides, when the 
algorithm converging to optimal value, the self-
correlation of ( )e n  will getting smaller to smaller the 
steady-state error: 

 
 1

0
( ) ( )

( )

N

i
e n x n i

F n
N

−

=

−
=
∑

 (9) 
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 ( )( )
( 1)

( ) ( 1) (1 ) ( ) ( 1)

e nn
e n

n r n r e n e n

α

β β

=
−

= − + − −

 (10) 

 
When ( 1)−e n in (10) equals zero, ( )nα  approach 

to ∞ , this would enforce tanh( )∞  approach to 1. So 
in this case, the algorithm would not unsteady but 
could reflect the real state of the system more 
accurately. r is a constant approach to 1, it controls 

( )nβ , 0 1r< < , in this paper, 0.98r = . 
Considering the design principle of the two 

adjusting factors m  and k  in (10). m controls the 
shape of the function, we can make the step-size vary 
slowly in steady-state by changing its value. When 

( ) 1F n < , the step-size would get larger as the value 
of m  getting smaller. So, if the value of m is too 
large, the step-size might equals zero even if the 
system have not steady, this would surely bigger the 
steady-state error. If the value of m is too small, the 
step-size would be too big even if ( )e n is tiny, still, 
this would bigger the steady-state maladjustment 
error and interfere the convergence performance of 
the system. When ( ) 1F n > , the functions of m is 
opposite to ( ) 1F n < . Factor k controls the varying 
speed of the step-size via adjusting ( )nα . The 
functions of k  when ( ) 1nα < and ( ) 1nα >  are 
corresponding to the functions of m  when ( ) 1F n <  
and ( ) 1F n > . So, the choosing of m  and k  should 
considering the following two occasions: Bigger m  
and k  if we need higher convergence speed; Smaller 
m  and k  if we need higher convergence accuracy. 

To overcome the defect that the initial 
convergence speed was too slow, we use the 
combination of fixed and variable step-size, that is, at 
the first l  sampling points, we make the step-size a 
constant between 0.1 to 1, then at the following 
sampling points use Eq. (1) to update step-size. 

The algorithm of this paper is combined by (1), 
(9) and (10). Theoretically, the new algorithm uses 
fixed step-size at the first l  sampling points, it can 
achieve a faster initial convergence speed and smaller 
initial estimation error; The algorithm has little 
computational cost and simple structure for it was 
adjusted by Hyperbolic tangent function; ( )e n  and 
the average value of Gradients vector make the step-
size of the algorithm getting smaller along with the 
convergence progress and would not decrease sharply 
in high order system, this is corresponding to the 
principle of variable step-size: speed up the rate of 
convergence using large step-size at the initial stages, 
and reduce the estimation error with small step-size 
in steady-state; The algorithm is able to reduce its 
sensitivity to the measurement noise ( )v n  and keep in 
good performances in low SNR environment for it 
was adjusted by factors independent to ( )v n ; The 
algorithm is able to response the variation of the 
input signals and the whole system no matter in 

stationary or nonstationary environment for it was 
adjusted by Gradients vector. 
 
 
3. Simulation Results in LabVIEW 
 

This section presents four examples to 
corroborate the analytic results derived in this paper. 
The algorithm was applied to noise cancelation and it 
was simulated in LabVIEW for real-time 
applications. In the examples, algorithms in paper 
[5], paper [12] and NLMS were compared to 
demonstrate that our algorithm can lead to better 
performances no matter in Low SNR, abrupt system 
variation or abrupt input signal variation 
environments. Besides, the design principles of 
adjusting factors m  and k  are also given below. 

To begin with, let us describe the experimental 
setup and parameter settings: 10=N , (0) 0β = , 

0.98r = ; Initial weight vector (0) [0,0,...,0]H=w ; 
Input signal ( ) sin( ) ( )= +n n a nx , where ( )a n  is zero-
mean, white Gaussian noise to be removed and sin( )n  
is the standard unit sine signal; Desired response 

( ) sin( )=d n n  where sin( )n  is corresponding to the 
sin( )n in ( )nx ; The results were obtained by 
averaging 200 ensemble trials with 1000=n  each 
trial. Our algorithm is called VVLMS here. The 
experimental parameter settings of paper [5] and [12] 
are the same with paper [5] and [12], the step-size in 
NLMS here is 0.002. 

Example 1. Design. principle of adjusting factors 
m  and k . 

Under the simulation environment above, ( )F n  
is at a level of 10-3, so the step-size would decrease 
following the increase of m , but if m is too large, the 
step-size might equals zero even if the system have 
not steady, this would surely bigger the steady-state 
error as the curve show in Fig. 2 when 15=m . Too 
small m  would interfere the fluctuation of the weight 
vector, then interfere the performance of the system 
as the curve show in Fig. 3 when 0.05=m . These are 
consistent with our analytic results. Here we take the 
optimal 2=m  considering both the fluctuation of the 
weight vector and the MSE. 

The functions of different k  to the system can be 
neglected under the environment above when m  is 
fixed (figure not shown). Here we take 0.05k =  to 
give consideration to both little and large ( )nα . 

Example 2. The performances of the algorithms 
with an abrupt input signal variation. 

Fig. 4 shows the learning curves of our algorithm 
and the three other algorithms with an abrupt input 
signal variation at iteration 500 that the input signal 
changes to a triangle wave with 0.2 as its amplitude. 
The variance of ( )a n  is 0.2. Here we take 50=l , 
then when 50<n  in our algorithm, we make 

( ) 0.1µ =n . It can be seen that our algorithm already 
converge at iteration 50. When the input signal 
changes at iteration 500, the algorithms in Fig. 4 can 
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all adaptive converge with the variance of the 
environment, and the tracking speed of our algorithm 
is obviously faster than the other algorithms at 
iteration 500. Fig. 5 shows the average of the weight 
vector of the algorithms, the more evident the 
fluctuation of the weight vector, the worse 
performances of the algorithm. It can be easily seen 
that our weight vector is the most smooth whereas the 
weight vector of paper [5] fluctuates significantly and 
the weight vector of NLMS can’t converge to optimal 
solution. Combine Fig. 4 and Fig. 5 we notice that 
our algorithm can achieve a better convergence 
performance when compared with other algorithms. 

Example 3. The performances of the algorithms 
with an abrupt system variation 

Fig. 6 shows the learning curves of our algorithm 
and the three other algorithms with an abrupt system 
variation at iteration 500 that the weight vector that 
has already identified turn back to zero again. Fig. 7 
shows the average of the weight vector of the 
algorithms. Combine Fig. 6 and Fig. 7, following the 
analyze procedure in example 2 we know that our 
algorithm can achieve a stronger robustness and a 
better convergence performance when compared with 
other algorithms under these simulation conditions. 
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Fig. 2. Comparison of MSE with differernt m . 
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Fig. 3. Comparison of weight vector with differernt m . 
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Fig. 4. Comparison of MSE with an abrupt input  
signal variation. 
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Fig. 5. Comparison of weight vector with an abrupt input 
signal variation. 
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Fig. 6. Comparison of MSE with an abrupt system 
variation. 

 
Example 4. The performances of the algorithms 

with Low SNR. 
The variance of ( )a n  is 0.8 here. Other 

simulation conditions remain unchanged. Fig. 8 
shows the filtering results of the algorithms, it can be 
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easily seen that our algorithm can still converge to 
the desired response approximately whereas other 
algorithms may diverge and can’t converge to the 
desired response. Keep lowing SNR, our algorithm 
still have incomparable convergence performance. 

In practical applications, we can filter the input 
signals repeatly if their amplitude is too big. 
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Fig. 7. Comparison of weight vector with an abrupt  
system variation. 
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Fig. 8. Comparison of the filtering results with Low SNR. 
 
 
4. Conclusions 
 

This work presented a new variable step-
size&variable parameter adaptive filter algorithm 
based on the nonlinear relation between the step-size 
and the average value of the sum of gradient vector. 
Unlike many existing approaches, we adjust the 
variable step-size by Hyperbolic tangent function and 
the mean value of the sum of gradient vector, then the 

step-size would adaptively decrease following the 
convergence progress and can abruptly increase when 
there is an abrupt system or input signal variation. 
The algorithm is very insensitive to measurement 
noise and has little computational cost and simple 
structure. The analytic and simulation results verified 
that our algorithm has faster initial convergence 
speed, lower steady-state MSE or misadjustment, 
faster convergence and tracking speed, lesser 
computational cost and stronger robustness. 
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Abstract: The diverse functional surface of petroleum equipment can be derived from the combination and 
matching of different modules so as to enhance the flexibility of the system. Each unit in petroleum equipment 
system is essentially a functional module, but each single assembly or subsystem is unable to meet the group 
wartime oil needs, the generation and expansion ability of the petroleum supply system can be realized through 
task clustering and function grouping with the module. The clustering and planning method of petroleum 
equipment modular application and task driven by function interface of petroleum equipment system module 
based on neural network is studied. Copyright © 2013 IFSA. 
 
Keywords: Petroleum equipment, Clustering, Neural network. 
 
 
 
1. Introduction 
 

The method of modularization are put forward 
since the last century 60's, with unique advantages in 
solving complex problems, it has become an effective 
method to balance the complexity and uncertainty. 
Modularization generally refers to the planning and 
organization of product or system with modular 
concept. The diverse functional surface can be 
derived from the combination and matching of 
different modules so as to enhance the flexibility of 
the system [1], therefore, the modular application of 
equipment system is a strategy of flexible form, the 
flexible ability of the system cope with changing 
complex restraints fast and flexibly through a 
combination of existing modules or new modules. 

2. Function Oriented Petroleum 
Equipment System Module Planning 

 
People have summarized the petroleum 

equipment system through a lot of petroleum supply 
practice over a long period. The summarization is 
also a kind of modular division in view of 
modularization. For example, classified according to 
the system function structure, the petroleum 
equipment consists of oil storage equipment, oil 
transportation equipment, oil refueling equipment  
and the technical support equipment; classified 
according to the system structure [2-4], the oil 
equipment consists of the ground forces common oil 
equipment system, aviation special oil equipment 
system and surface ships special oil equipment 
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system. In fact, regardless of the classification, oil 
equipment system is essentially an interrelated 
combination with a number of components and an 
organic whole with a specific function.  
The oil equipment should be classified according  
to their function. 
 
 
2.1. Analysis of Oil Equipment Correlation 
 

Each in oil equipment system is essentially a 
functional module, but each single assembly or 
subsystem is unable to meet the combat group 
wartime oil needs, the gradually generation and 
expansion of the oil supply system ability can be 
realized through task clustering and function 
grouping with the module. Modularized cluster of the 
oil equipment system is based on the coupling 
function, and its function assembly is based on task 
related. The relevance of equipment function and task 
is analyzed as below. Table 1 gives the quantitative 
standards of the relevance. 
 
 

Table 1. The quantitative standards of the relevance. 
 

Value Illustration 
9 high degree of correlation 
6 Moderate correlation 
3 Low degree of correlation 
0 No correlation or negligible correlation 

 
 

The expression of each function unit equipment 
system related to correlation matrix is shown  
in Table 2. 

Each element in Table 2 is a device or subsystem 
respectively, and the data in the cell matrix is the 
coupling between function and task of the element. 
Each row represents the completion of function and 
task need other equipment’s support, each column 
represents their support on other equipment for 
completing function and task, Row collection such as 
AF represents the effect of A equipment to support 
the function of the system, column collection such as 
BR represents the effect of B equipment to support 
the function of the system. 
 
 
2.2. The Module Clustering  

of Petroleum Equipment 
 

The correlated matrix for petroleum equipment is 
shown in Table 3. Where A-metal tank, B-group 
refueling vehicle, C-refueling Trailer, D-pipe laying, 
E-large oil depot, F- small oil depot. 

Task relevance is seeking equipment’s task set, 
which is obtained in Table 4. The ranks of the 
quantization value in Table 4 reflects the information 
in the tasks and functions of these types of 
equipment, the row and column collection value 
reflects the status of an equipment or equipment 

subsystem in the whole equipment system, the value 
is greater, the integration of corresponding 
application module demand higher. 
 
 
Table 2. Correlated matrix of petroleum equipment system. 
 
 A B C D E ∑ 

A – (B, A) (C, A) (D, A) (E, A) 
B (A, B) – (C, B) (D, B) (E, B) 
C (A, C) (B, C) – (D, C) (E, C) 
D (A, D) (B, D) (C, D) – (E, D) 
E (A, E) (B, E) (C, E) (D, E) – 

AF 
BF 
… 
 
EF 

∑ AR BR  ……… … ER  

 
 

Table 3. Correlation matrix of typical  
equipment quantization. 

 
 A B C D E ∑ 

A – (0, 0) (0, 0) (0, 0) (0, 0) 0 
B (0, 4) – (0, 0) (0, 0) (4, 1) 9 
C (4, 4) (0, 0) – (0, 0) (4, 1) 13 
D (0, 4) (0, 0) (0, 0) – (7, 7) 18 
E (7, 7) (4, 4) (4, 4) (7, 1) – 38 
∑ 30 8 8 8 24  

 
 

Table 4. Petroleum equipment information table  
faced tasks. 

 
 A B C D E 
∑row 
information  0 9 13 18 38 

∑column 
information 30 8 8 8 24 

Summation 30 17 21 26 62 
Proportion 0 1.125 1.625 2.25 1.58 

 
 

Module clustering results based on active task 
support and passive task support is shown in Table 3. 
Sorting BCDEA is based on the mission support, 
aggregation classification is (B, C), (D, E), A, sorting 
ABCDE is based on task dependent, aggregation 
classification is A, (B, C), (D, E). If the equipment 
correlation degree in support and rely is further 
considered and the row and column ratio is adopted, 
the sorting is ABCED, aggregation classification is 
A, (B, C), (E, D). Thus, no matter what is the ranking 
method, equipment clustering result is highly 
consistency based on tasks and functions, For 
example, in this case, we can see that the A (metal 
tank) has considerable independence, while B (Group 
refueling vehicle) and C (6 tube trailer), D (pipe 
laying) and E (battle field depot) have more tight 
clustering relationship. By this quantification means, 
the implementation of equipment cluster has not only 
good consistency, but also strong rationality. 
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3. Module Equipment System Strategy 
Based on LVQ Neural Network 
 

LVQ neural network learning algorithm is a 
"reward and punishment" iterative algorithm, it is 
composed of input layer, competition layer and 
output layer, the input layer is composed of 8 
elements of oil equipment module on battlefield 
using grade such as the oil equipment module 
operation function, performance, flexibility, 
reliability, the degree of information, environment 
adaptability, maintainability and matching ability, the 
sample input dimension is 8. The output layer is 
divided into 3 classes, the campaign class, tactics 
class and team attack class. The node of competition 
layer is 21. Because the 8 input parameters have 
different impact on oil equipment battlefield use 
level, a correction factor is added between the input 
layer and the competitive layer considering the 
different weight, the correction factor weight is: 
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where A1, A2, A3, A4, A5, A6, A7, A8 each represents 
the correction factor of the oil equipment module 
operation function, performance, flexibility, 
reliability, the degree of information, environment 
adaptability, maintainability and matching ability. 

The improved algorithm based on LVQ with 
adaptive learning rate adjustment technology is used 
in this article to improve the utilization rate of 
competitive neurons, the oil equipment combination 
efficiency and shorten the training speed. Method of 
oil equipment clustering algorithm based on LVQ 
neural network process is shown in Fig. 1. We select 
200 kinds of oil equipment module in the oil 
equipment module library for training and testing, 
assume that the input vectors of LVQ network input 
layer is X= (X1, X2,., X8), connection weight matrix 
between the input layer and the competition layer is 

),,,( 1
8

1
2

1
1

1
iiiij WWWW = . Where 1

ijW is the 
connection weights between the competition layer 
neuron I and the input layer neuron  
j(i=l, 2, P, j=l, 2, …, 8, P is the number of 
competitive neurons). The output vector of 
competitive layer is V= (V1, V2,…,Vp). Connection 
weight matrix between competition layer and output 
layer is: ),,,( 22

2
2
1

2
kpkkkr WWWW = , where 2

krW  is 
the connection weights between the output layer 
neuron k and the competition layer neuron  

r(k=l, 2, N, r=l,2, …, P, N is the number of neurons 
in the output layer). Each neuron in competition layer 
study through the prototype vectors, and classify the 
input space. The class derived from competition layer 
learning is called subclass [5], the class derived 
through output layer learning is called the target 
class, that is, the campaign class, tactics class and 
team attack class. 
 
 

 
 

Fig. 1. Module system based on LVQ neural network 
process strategy algorithm. 

 
 

The LVQ learning algorithm is as follows: 
The first step: set variables and parameters. 
(1) The input vector and the target vector. 
The input parameters of oil equipment module 

is 8, which are X1(the oil equipment module 
operation function), X2 (performance), 
X3 (flexibility), X4 (reliability), X5 (the degree of 
information), X6 (environment adaptability), 
X7 (maintainability), X8 (matching ability). The 200 
oil equipment battlefield using are divided into 3 
classes (the campaign class, tactics class and team 
attack class), so the target vector is 200×3 vectors, 
where each column has a single "1"and the rest  
are "0". 

X(t)=[x1(t), x2(t), …, x8(t)] is the input 
vectors(training samples). 

(2) The weight coefficient vector and  
learning rate. 

Wil(t)=[wi1(t), Wi2(t), …, Wi8(t)]T is the weight 
vector, i=1,2, …, 8. Where t is the number of 
iterations, T is the total number of iterations, N is an 
input layer nodes. M is the number of nodes in  
the output. 

The function of learning rate is 
)/1)(0()( Ttt −=ηη . 

The second step: initialize the weight vector and 
learning rate. 

In the initial state, all neurons have the same 
weights of wi(0), which is the middle of these 
vectors. The learning rate reflects the adjustment of 
weight in the learning process. The initial value 

)0(η is set to 0.1, the threshold 0>ε . 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 374-378 

 377

The third step: the input samples training. 
The distance between the input vector and the 

weight vector is calculated to find the weight vector 
which has minimum distance (the Euclidean distance 
minimum standards is use here such as formula (1)), 
so the winning neuron C is found out and the neuron 
competition process is realized. 
 

iC WXWX −=− min , I=1, 2, …, M (1) 
 

The fourth step: the selection of error and network 
structure 

The initial value of expectation error is set to 0.1, 
the learning function is LVQ1 and the max training 
step is set to 1000. The error level can be gained after 
20 iterations training. In order to reduce the training 
error, the number of hidden layer nodes and training 
time need to increase. 

The fifth step: determine whether the 
classification is correct. 

The weight vector of winning neurons is adjusted 
according to the following rules: 

If 
Ci WX LL = , then

 

WC(t+1)=WC(t)+η(t)[X-WC(t)] (2) 
 

If 
Ci WX LL ≠ , then 

 
 WC(t+1)=WC(t)-η(t)[X-WC(t)] (3) 

 
For other neurons, their weights keep invariant. 
The sixth step: adjust the learning rate η(t)  
The rate η(t) is a very important parameter of 

LVQ learning algorithm (T), which affects the 
stability and convergence speed of the algorithm. We 
use adaptive learning rate definition method, large 
value of η(t) is adopted at the initial moment and 
then linearly or nonlinearly decrease the value to 
zero. The weight of neural network has rapid 
convergence at the beginning and has relatively 
stable guarantee at the end. Thus the use of adaptive 
learning rate has faster convergence rate and higher 
stability than the constant learning rate. 

The seventh step: judge the iteration number 
exceed T or not. 

The iteration number is calculated, if t ≤ T then 
go to the third step, otherwise the end of the iteration 
process. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Schematic diagram of petroleum equipment system usage. 

  
Through the experiment (shown in Fig. 2), the 

recognition rate of training sample of neural network 
is above 95 %, which indicate that the strategy of 
module oil equipment system based on LVQ neural 
network play a crucial role on the use of oil 
equipment module. 

With the module clustering and planning faced 
task and function, the task and function element in 
module has close relation and has relatively weak 
relation with elements of other modules. Ship 
specification and package information in the module, 
task and function module closely together, and 
elements of other units in the relationship is the 
different correlation due to different levels of 
modularity, the task and function abstraction, hide 
the elements of complexity, the task and function 
interfaces to interact, thus ensures that each 
individual (single loaded or subsystems) 

independence and improve the integrity of the system 
to complete the task and integration. 

 
 

4. Conclusion 
 

In this paper, through the quantitative 
construction and correlated mission matrix of 
petroleum equipment, the clustering and planning 
method of petroleum equipment system modular 
application is provided, task and function modules 
based on Association package, task driven by 
function interface equipment system module by 
module equipment system, LVQ neural network by 
the strategy of using modular method promote 
generation mode of logistics oil equipment support 
force. Through the modular analysis of equipment 
system, new ideas and methods in the using 

     Equipment system module parallel application 

Module 1 
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combination 
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petroleum equipment level is provided on the 
development of equipment. 
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Abstract: The structural parameter optimization model of binocular stereo vision sensor was first built using the 
optimum regression design to improve its measurement precision in this study. Then, the optimization model 
was solved by Fruit Fly Optimization Algorithm (FOA). The measurement precision of binocular stereo visual 
sensor has been greatly improved through FOA optimization. Thus, it can obtain better results than traditional 
methods. Copyright © 2013 IFSA. 
 
Keywords: Binocular stereo visual sensor, Fruit fly algorithm, Optimum regression design, Population size, 
Iterative times. 
 
 
 
1. Introduction 
 

Visual sensor has been more widely used with the 
continuous development of computer vision 
technology. Stereo visual sensor especially has many 
advantages such as intuitive principle, simple 
structure, and easy use, high measurement precision 
and high speed. Thus, it has been extensively used in 
industrial inspection, target identification, work piece 
positioning, robot guidance and other fields [1].  

Binocular stereo visual sensor is usually 
composed of two cameras located in the same plane 
with certain angle between them. Moreover, their 
structural parameters have a direct effect on 
measurement precision. The structure building of 
most binocular stereo visual sensors selects structural 
parameters on the basis of people's experience, and 
there are few theoretical bases [2].  

The structure-parameter optimization model of 
binocular stereo visual sensor was first built using 
optimal regression design in this study to improve 

such sensor measurement precision. Then, the 
optimization model was solved by FOA to improve 
the measurement precision of binocular stereo  
visual sensor.  
 
 
2. Parameters of Binocular Stereo  

Visual Sensor 
 

Binocular stereo visual sensor is composed of two 
CCD cameras, shown in Fig. 1. The two cameras 
were horizontally placed across each other. The o and 
o' are the perspective centers of two cameras, 
respectively, and the origin of coordinates was set as 
o. The projection of spatial point p (x, y, z) was p' in 
the plane xoz. The image coordinates of left and right 
cameras were O1X1Y1 and O2X2Y2, respectively. Line 
through the center O1 of left image plane and the lens 
center o was the optical axis O1o of camera on the 
left side. Line through the center O2 of right image 
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plane and the lens center o' was the optical axis O2o' 
of camera on the right side. The angles between 
optical axes of two cameras and baseline were α0 and 
β0, respectively. The connecting line oo' of two 
cameras lens centers was the baseline, and baseline 
distance was recorded as B. The focal lengths of 
cameras are f1 and were f2, respectively, and the 
vertical distance between measured object to baseline 
was H [3].  
 
 

 
 

Fig.1. Structure of binocular stereo visual sensor. 
 
 

The structural parameters of binocular visual 
sensor included followings according to the above 
analysis: They are angles between two camera optical 
axes and baseline, baseline distance, effective focal 
lengths of cameras and vertical distance between 
measured object and baseline. Moreover, they are not 
independent variables, but there is a certain constraint 
among them [4]. Two cameras are symmetrically 
placed in this study, and the angles of optical axes of 

two cameras and the baseline are the same, i.e. 
α0=β0=α. The focal lengths of two cameras are fixed 
values, and there is f1=f2=25 mm. Therefore, 
parameters needing optimization are: the angles 
between camera optical axes and baseline, baseline 
distance and vertical distance from measured object 
to baseline.  
 
 
3. Optimum Regression Design Model 
 

The structure analysis on binocular stereo vision 
sensor shows that three parameters need optimization, 
so 311-A scheme in the optimum regression design 
was used for the experiment. The different assigned 
values of three factors (i.e. parameters x1, x2 and x3) 
divided into 11 groups to form 11 experiments in the 
scheme. The assigned values of the three parameters 
were determined using coded values in each 
experiment [5-8]. The coded values of optimum 
regression design: 311-A program are shown Table 1. 

Linear coding substitution was performed in 
accordance with the coded values of three factors x1, 
x2 and x3 for experimental parameter values. 
Moreover, the regression relationship of dependent 
variable y to independent variables was transformed 
into the coded value relationship of y to x1, x2 and 
x3. Thus, the regression equation of y with x1, x2 and 
x3 [9-13] was established:  

 
 3 3

2
0

=1 < =1

y= + + +j j ij i j jj j
j i j j

b b x b x x b x∑ ∑ ∑  (1) 

 
where b0 is the constant term; bj is the regression 
coefficient of one degree term; bij is the regression 
coefficient of interaction term; bjj is the regression 
coefficient of quadratic term.  

 
 

Table 1. Coded values of optimum design. 
 

No. Factor 1 2 3 4 5 6 7 8 9 10 11 
X1 0 0 -1.414 1.414 -1.414 1.414 2 -2 0 0 0 
X2 0 0 -1.414 -1.414 1.414 1.414 0 0 2 -2 0 
X3 2 -2 1 1 1 1 -1 -1 -1 -1 0 

 
 
4. Parameter Model Building of 

Binocular Stereo Visual Sensor 
 

Angle α between camera optical axis and baseline, 
baseline distance B and distance H from measured 
object to baseline were taken as experimental factors 
in this study. The height measuring value of gauge 
block with a height of 9 mm was taken as 
experimental index. The assigned value range of each 
parameter was determined according to the used 
binocular stereo visual sensor as follows: B: 
34~46 cm; H: 28.5~34.5 cm; α: 56°~60°.  

The value of B was denoted by x1, H value was 
denoted by x2, α value was denoted by x3. The 
regression equation between the measuring height of 
gauge block and the structural parameters of sensor 
was established according to the experimental design 
data in literature [14]: 
 

1 2 3

2 2 2
1 2 3 1 2 1 3 2 3

y=8.607+0.121 +0.007 +0.036 -

0.106 -0.218 +0.004 +0.039 -0.059 +0.058

x x x

x x x x x x x x x
 

(2) 
 

Data in Table 1 were substituted into the 
regression equation to make regression effect 
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verification after was created, and 2 2
0.05< (10)χ χ  was 

obtained. Therefore, the regression effect of created 
regression equation is remarkable, which means that 
the regression equation can reflect variation between 
B, H, α and y. 
 
 
5. Structure Parameter Optimization  

of FOA Binocular Sensor 
 
5.1. FOA Overview 
 

FOA is a new, evolutionary computation method 
proposed by Taiwan's young teachers: Pan Wenchao 
in 2011 [11]. The olfactory and visual superiority of 
fruit fly is shown in Fig. 2. Fruit fly uses its own keen 
vision to find food and companions' gathered position 
and finally fly towards food position after searching 
food sources in the air. Therefore, this method 
considers that fruit fly first searches the approximate 
location of food by olfactory and then determines the 
correct position of the food by vision. The method is 
a new, global optimization method deduced on the 
basis of the foraging behavior of fruit fly.  
 
 

 
 

Fig. 2. Iterative search of food by fruit fly population. 
 
 
5.2. FOA Steps 
 

FOA can be divided into seven steps, and the 
concrete steps are as follows: 

1) Fig. 1 shows the location initialization of fruit 
fly populations, and the result is Init X_axis;  
Init Y_axis;  

2) The random search distance of drosophila 
individual can be obtained by the following formula 
after the search direction xRV  and yRV  are set:  

 
 _ xXi Init X axis RV= +  

_ yYi Init Y axis RV= +  
(3) 

 

3) The position of food is unknown. Therefore, it 
is necessary to estimate the distance Disti between 
the current position of drosophila individual and 
origin and then calculate flavor concentration 
determination value Si. Moreover, the determination 
value of taste concentration is equal to the reciprocal 
of the distance.  

 
 2 2Disti Xi Yi= +  

1/Si Disti=  
(4) 

 
4) Taste-concentration determination value is 

substituted into taste-concentration determination 
function to calculate the current position taste 
concentration of this drosophila individual.  

 
 ( )Smelli Function Si=  (5) 

 
5) The best taste concentration of fruit fly 

population can be obtained by the following formula: 
 

 [ ] max( )bestSmell bestIndex Smelli=  (6) 
 
6) The best taste concentration value in drosophila 

population and the x-coordinate and y-coordinate 
corresponding to concentration are retained. 
Moreover, drosophila population locates food source 
through their own vision and then fly to the location 
of the food source.  

 
 Smellbest bestSmell=  

_ ( )X axis X bestIndex=  
_ ( )Y axis Y bestIndex=  

(7) 

 
7) Iterative optimization begins. Iterative  

steps (2)-(5) are repeated, and whether taste 
concentration is better than the previous iterative 
taste concentration is determined. If it is right, then  
step (6) is performed.  
 
 
5.3. Establishing Structural Parameter 

Optimization Model 
 
The smaller the difference between measured 

value and true value is in the measurement, the 
higher the measurement precision is. Therefore, the 
function was established with the difference square of 
measuring height value y and actual height value h 
(h=9 mm) of gauge block as objective. The following 
optimization model was established with the assigned 
value ranges of three parameters as constraints: 

 
2

1 2 3

2 2 2 2
1 2 3 1 2 1 3 2 3

min Z=(y-h) =(8.607+0.121 +0.007 +0.036 -

0.106 -0.218 +0.004 +0.039 -0.059 +0.058 -9)

x x x

x x x x x x x x x
 

(8) 
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5.4. Optimization Based on FOA 
 

FOA optimization procedure was compiled using 
Matlab software. The corresponding parameters were 
set: population size was 20, and the number of 
iteration was 1000.  

The optimal results were obtained by simulation. 
x1=0.0665, x2=0.2876, x3=0.9917, and the 
convergence picture of solved results is shown  
in Fig. 3.  
 
 

 
 

Fig. 3. Convergence process of fitness function. 
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Fig. 4. Optimal path of fruit fly algorithm. 
 
 
Then, the optimum coded value was transformed 

into specific parameters, and the optimal combination 
of parameters is B=41.168, H=31.777 and α=57.86°. 

The structure parameters of visual sensor were 
adjusted according to the combinations of parameter 
values optimized by fruit fly algorithm, and 
verification experiment was done. The measured 
height value of gauge block was 8.901, and the 
measurement precision is greatly improved compared 
to that in the reference [14]. 
 
 
6. Conclusion 
 

The structural optimization model of binocular 
stereo visual sensor was first built using the optimum 
regression design to improve the measurement 
precision of this visual sensor. Then, the structural 
optimization model was optimized using FOA to 
obtain the optimal solution. The measurement 
precision of binocular stereo visual sensor has been 
greatly improved through FOA optimization. 
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Abstract: In allusion to harmonic and voltage flicker in microgrid, the local mean decomposition algorithm is 
adopted to analyze harmonic and voltage flicker in power system. Complex original signals can be decomposed 
into a number of PF (product function) component, each layer of PF is composed of the envelope signal and 
frequency modulation function, which contains all the instantaneous amplitude and instantaneous frequency 
information. Further combinations can get the original signal time frequency distribution. Using the LMD to 
detect the harmonic signal and the multiple frequency voltage flicker signal in microgrid, The simulation results 
show that this Algorithm can adaptively decompose the signal and highlight the local characteristics of PF data, 
the method can be accurate analysis of multi frequency harmonic distortion signal, interharmonic signal and 
multiple frequency voltage flicker signal. Simulation waveform is not only influenced by "end effect" of small 
effect, and the instantaneous frequency is always positive. According to the actual analysis of a transformer with 
multi-frequency signal power in a microgrid system, using LMD algorithm and HHT algorithm, The result 
further prove the correctness of the proposed method, which provides the theoretical fundamental in a new way 
for the electrical energy detection in power system. Copyright © 2013 IFSA. 
 
Keywords: Local mean decomposition, Harmonic, Voltage flicker, Power quality detection, Microgrid. 
 
 
 
1. Introduction 
 

The development of new energy and renewable 
energy is an inevitable choice to solve the 
contradiction between China's energy shortage, 
energy utilization and environmental protection. 
Renewable energy, including wind energy, solar 
energy, ocean energy, biomass, geothermal-based 
distributed micro grid technology is one of the 
development directions of the electric power industry 
in the 21st century. Microgrid (microgrid, MG): 
distributed power, energy storage devices, energy 
conversion device, load and monitoring, protection 
device pool from generation and distribution system, 

and this autonomous system is able to achieve self-
control, protection and management [1-2].  

With the expansion of the depth and range of 
applications of microgrid work research, micro-grid 
power quality problems is getting more and more 
people’s attention. Harmonics can be divided into 
steady-state harmonic and time-varying harmonic, 
and there are many studies for the steady-state 
harmonic detection method [3-4]. Microgrid 
harmonic disturbance signal and inter-harmonic 
signal is non-linear, non-stationary signals. Fourier 
transform can not handle non-linear, non-stationary 
signals, spectral leakage and fence phenomena  
also exist between treatments harmonic  
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shortcomings [5-7]; Analysis of non-linear, non-
stationary signals wavelet theory has many 
limitations, must construct divide strict and energy 
concentration wavelet basis; HHT power quality 
detection methods achieved good results, but the 
decomposition of the modal experience using a cubic 
spline interpolation fitting the envelope signal is easy 
to appear envelope, owe envelope phenomenon; HHT 
in the excessive number of "screening" led to the end 
effect of pollution throughout the data segment and 
the instantaneous frequency based HHT time 
frequency analysis methods often appear to be 
negative is a physical phenomena which is difficult to 
explain [8-9]. 

Jonathan Smith proposed a new adaptive time-
frequency analysis method local mean decomposition 
(local mean decomposition LMD) in 2005 [10]. LMD 
time-frequency analysis method is to decompose the 
original signal into a series of product function group 
(the Product Function, PF), the layers PF by the 
envelope signal and pure FM signal is composed of 
two parts, they contain all of the instantaneous 
amplitude and instantaneous frequency information, 
the further combination when you can get the original 
signal frequency distribution. The LMD method has 
been successfully applied to the detection of EEG, 
the instantaneous frequency of the signal extraction 
and mechanical fault diagnosis [11-12]. This is the 
first time local mean decomposition (LMD) applied 
to the power system micro grid harmonic disturbance 
signal and inter-harmonic signal detection, by 
simulation experiment verify the effectiveness  
of the method. 
 
 
2. Local Mean Decomposition Principle 
 
2.1. Local Mean Decomposition Algorithm 
 

Local mean decomposition can decompose any 
complicated signal into a number of the PF 
component which has a certain physical meaning 
and, each PF component by the plain envelope signal 
and FM signal integrated. For a signal x(t), the 
decomposition step is as follows [13-14]: 

a) To determine the signal x(t) of all local 
extreme point ni. 

b) Through each extremum point ni, calculate any 
two adjacent local extreme point mean mi and the 
value of the envelope estimate ai 
 

 mi=(ni+ ni+1)/2 (1) 
 

 ai=| ni-ni+1|/2 (2) 
 

Connect the adjacent local mean point mi and 
mi+1 with broken line, and then conduct smooth 
handling by using the moving average method to get 
the local mean function m11(t). Connect each adjacent 
envelope estimate values ai and ai+1 with broken line, 
and then conduct smooth handling by using the 

moving average method to get the envelope estimate 
function a11(t). 

c) Separate the local mean function m11(t) from 
the original signal x(t), and obtain the signal H11(t):  
 

 h11(t)=x(t)-m11(t) (3) 
 

d) Divide h11(t) by the envelope estimate function 
a11(t), Get the FM signal s11(t): 
 

 s11(t)=h11(t)/a11(t) (4) 
 

Determine whether the s11(t) is a pure FM signal, 
the determination condition is to repeat the above 
steps for s11(t), get the envelope estimation function 
a12(t) satisfies the a12(t)=1, and if not satisfy 
described and s11(t) is not a pure FM signal and then 
repeat n times until s1n(t) is a pure FM signal, i.e. 
s1n(t) the envelope of the estimation functions satisfy  
a1(n +1)(t)=1, so: 
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Conditions for iterative terminated: 

 
 1)(lim 1

n
=

∞→
ta n  (7) 

 
In practical application, in order to avoid 

excessive decomposition number, we can set a 
disturbance ∆, the iteration will end when  
1-∆≤a1n(t) ≤1+∆. 

e) Multiply the iterative process envelope 
estimation function, get the envelope signal a1(t): 
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f) Obtain the formula (8) in the envelope signal  

a1(t) and pure FM signal s1n(t) multiplied, to obtain 
the original signal x(t), as a PF component: 
 

 PF1(t)= a1(t) s1n(t) (9) 
 

The first PF component contains the highest 
frequency component of the original signal. 

g) Separate PF1(T) from the original signal x(t) to 
get u1(t) as a new data to repeat the above steps, the 
cycle k times until uk(t) is a monotonic function  
so far. 
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As can be seen from the above steps, the original 

signal can be reconstructed by uk(t) and all PF 
components, i.e.: 
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2.2. Based on the Instantaneous Frequency  

of the LMD Strike 
 

By formula (11), the signal is decomposed into a 
number of PF component and, each PF components 
represented by the pure envelope signal a(t) and pure 
FM function s(t)=cosφ(t), its frequency f can be pure 
FM function s(t) directly solve, namely: 
 

 φ(t)=arcos(s(t)) (12) 
 

Expand the formula (12) and the derivative can be 
calculated the instantaneous frequency of s(t), the 
corresponding component of the instantaneous 
frequency of the PF. s(t) values between ±1, if s(t) 
value is approximately equal to ±1, ±1 instead 
because it is derived by the derivative of the cosine 
function of the instantaneous frequency of the PF. 
This method of obtaining frequency is intuitive and 
simple, referred to as "direct method", and compared 
to the method of the instantaneous frequency of HHT 
transform strike to strike the instantaneous  
frequency of the "direct method" is always a positive  
value, does not appear HHT negative  
frequencies phenomenon. 
 
 
3. Detection and Analysis Based  

on the LMD Microgrid Harmonics  
and Voltage Flicker Signal 

 
3.1. Causes of Micro-Grid Harmonics  

and Voltage Flicker 
 

Fig. 1 is a typical micro-grid structure diagram, 
photovoltaic, fuel cell and micro turbine power 
electronics connected to the alternating current (AC) 
busbar through interface micro network, small wind 
turbine is directly connected to the micro grid. Micro-
network system uses a hierarchical control strategy, 
and allows micro-network as part of the distributed 
power grid supply to large power grids. Micro grid 
through the point of common coupling (point of 
common coupling PCC) connects the main grid. 

 
 

Fig. 1. Structure of typical micro-grid. 
 
 

Harmonics generated in the micro grid is a 
harmonic of the generated harmonics and micro-
network within the power electronic components by 
the distributed power generation system includes 
many distributed power itself. Micro-grids contain 
nonlinear load and a lot of power electronic 
equipment, these deflector charged with the 
important task of load switching and power transfer, 
but its operation will cause the grid voltage and 
current waveform distortion, cause harmonics and 
inter-harmonics pollution. Nonlinear load current of 
amplitude, phase, and waveform changes, and 
contains a large number of harmonics and inter-
harmonics ingredients. For wind turbines, the 
volatility of the fans to contribute Fans to contribute 
due to changes in wind speed and wind turbine tower 
shadow, the fluctuation precisely in to be able to 
generate the voltage flicker the frequency range 
(below 25 Hz). Power transient disturbance and 
continued volatility are easily caused, resulting in 
voltage fluctuation and flicker. Motor, rolling mill, 
electric arc furnace, electric locomotives belong 
impact load, at run time, such as the load will make 
the grid voltage is unstable, resulting in a slow or 
rapid voltage fluctuation. Such impact load 
characteristics vary, thereby generating the flicker 
also varies. 
 
 
3.2. Micro-Grid Harmonic Signal Detection 
 

Analysis the PCC point harmonic current signal 
x(t) of the micro grid [15]. Harmonic of PCC point 
and inter-harmonic current signal mathematical 
expression as follows: 
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The current waveform of the signal x(t) is shown 

in Fig. 2, the sampling frequency is 3200 Hz, 
disturbance quantity ∆=0.001. To verify the 
advantages of the LMD, the endpoint is not doing the 
processing; The LMD correlation waveform analysis 
is shown in Fig. 3. 
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Fig. 2. Micro-grid time-varying inter harmonic signal. 
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(a) Inter harmonic signal frequency. 
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(b) Inter harmonic signal amplitude. 
 

Fig. 3. Inter-harmonic time frequency signal analysis  
in microgrid based on LMD. 

 
 

Fig. 3(a) shows that the inter-harmonic 
frequencies in the 0-0.2 s 110 Hz ,0.2-0.3 s as 
240 Hz, 0.3-0.4 s for 400 Hz; Fig. 3(b) shows that the 
harmonic amplitude 0-0.2 s 1.2 V, 0.2-0.3 s to 0.7 V, 
0.3-0.4 s for 0.5 V. And compare literature [23] the 
HHT obtained experimental waveform can find that 
even if the endpoint LMD analysis inter harmonic is 
not be processed, the decomposition of the waveform 
end effect is small, the reason LMD decomposition 
signal average slip fitting envelope, avoid a HHT 
cubic interpolation prone to over-the envelope or owe 
envelope phenomenon; Minus the envelope function 
"screening" than an intrinsic mode process and HHT, 
LMD get a PF component divided by the envelope 
function "screening". The number is significantly 
larger than the HHT get an intrinsic mode 
"screening" the number of components is less 
"Screening" the fewer the number, the less light the 
endpoint effect inward pollution data. 
 
 
3.3. Microgrid Voltage Flicker  

Signal Detection 
 

Microgrid with wind turbines and impact loads 
such as motors, rolling mill, electric arc furnace, 
electric locomotive, will cause the micro grid voltage 

flicker, usually the voltage fluctuations in the 
frequency range 0.01~35 Hz. Voltage flicker signal 
can be expressed as: 
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where A0 is the frequency fundamental voltage 
amplitude; Am constitute the amplitude of the 
harmonics of the flicker signal; ω frequency angular 
frequency; ωm to constitute the angular frequency of 

the flicker signal harmonics, ( ) ( )∑
=

=
k

m
mm tAtv

1

cos ω  is 

flicker envelope signal. 
Fig. 4(a) is a multifrequency voltage flicker 

waveform of a signal, the corresponding  
expression is: 
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This article through strike a signal maximum 

point of the envelope of v(t), then its LMD analysis, 
the sampling frequency of 3200 Hz, the frequency 
and amplitude of the flicker signal finally obtained. 

LMD decomposition of the PF1, PF2 and PF3 are 
respectively, the PF component LMD decomposition 
is arranged in descending order of the local 
frequency, Fig. 4(c) shows that, the microgrid voltage 
flicker signal frequency is 20 Hz, 10 Hz, 5 Hz, 
Fig. 4(d) shows that, the amplitude of micro grid 
voltage flicker signal are 2 V, 1 V, 1.2 V, can be seen 
that the LMD decomposition can be efficiently 
extracted out of the multi-frequency voltage in the 
output voltage of a flicker signal, the successful 
realization of the disturbance signal component of the 
frequency and amplitude of the decomposition, 
exploded waveform can be found from Fig. 4 the 
instantaneous frequency obtained by the LMD 
method is very accurate, and strike the frequency is 
positive, continuous, having a physical meaning of a 
time varying frequency, no negative frequency 
unexplained. 
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Fig. 4(a). Voltage flicker time-frequency signal analysis  
in microgrid based on LMD – multifrequency voltage 

flicker signal. 
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Fig. 4(b). Voltage flicker time-frequency signal analysis  
in microgrid based on LMD – envelope signal of the 

voltage flicker signal. 
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Fig. 4(c). Voltage flicker time-frequency signal analysis  
in microgrid based on LMD – frequency. 
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Fig. 4. Voltage flicker time-frequency signal analysis  
in microgrid based on LMD – amplitude function  

of PF component. 
 
 
4. Experimental Verification 
 

Fig. 5(a) shows, x(t) is multiple frequency 
harmonic distortion signal of power transformer in a 
microgrid system. Sampling frequency is 3200 Hz, 
∆=0.001, to filter the high frequency noise signal, the 
PF component using LMD algorithm separated as 
shown in Fig. 5(a), the frequency were separated 
from high to low order using the LMD algorithm; the 
corresponding instantaneous amplitude function 
waveform and instantaneous frequency function 
waveform is shown in Fig. 5(b), 5(c) based on HHT 
and LMD. Compared with HHT algorithm, 
simulation results show that LMD algorithm is better 
than HHT algorithm in the parameter fluctuation of 
transient characteristic parameter detection, the 
detection accuracy and the end effect. 

The steady frequency of each PF component by 
the least squares fitting were 250.06 Hz, 106.50 Hz, 
50.04 Hz and 25.01 Hz, the multi frequency 
harmonic signal in the transformer with 5th harmonic, 

fundamental harmonic and inter-harmonic. In 
addition, under the same conditions, the LMD 
algorithm running 1.143692 s, HHT running 
1.962869 s, the running speed of LMD  
is greatly improved. 
 
 

 
 

(a) PF component 
 

 
 

(b) Instantaneous frequency 
 

 
 

(c) Instantaneous amplitude 
 

Fig. 5. Analysis results of the multi-frequency harmonic 
signal in transformer. 

 
 
5. Conclusions 
 

Micro-grids contain a large number of power 
electronics components and shock loading harmonics 
and voltage flicker. This article is the first time to use 
the LMD method of microgrid mutations, non-
smooth inter-harmonic signal and multi-frequency 
voltage flicker harmonic signal analysis, this method 
can be seen from the simulation results adaptive 
signal gradual decomposition, the PF component 
obtained in the decomposition projecting the local 
characteristics of the data, and can effectively 
determine the micro-grid disturbance occurred and 
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the recovery time as well as the amplitude and 
frequency of the disturbance signal. And the resulting 
waveform is less affected by "end effect", because 
the integral calculation is not required, having a small 
amount of computation, speed, etc., the more 
important is the instantaneous frequency of the strike 
with the LMD method are positive. Valid theoretical 
basis and a new approach for power quality detection 
are supplied. 
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Abstract: The essence of the faults of the aircraft IDG (Integrated Drive Generator) is the change of its internal 
structure parameters. In this paper, mathematical models of the exciter and the main generator in aircraft IDG 
are constructed and the relationship between the parameter change and the faults can be observed directly 
through the mathematical models. The mathematical models are simulated in MATLAB/Simulink. After 
modifying certain fault parameters, the relevant fault waveform of aircraft IDG can be acquired.  
Copyright © 2013 IFSA. 
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1. Introduction 
 

IDG (Integrated Drive Generator) is the onboard 
electrical power of civil aviation transport aircraft, 
which has a widely installed in modern age. It is 
composed of a three brushless AC synchronous 
generator and a constant speed drive unit. The 
constant speed drive unit changes the time-variable 
speed of the aircraft engine into the constant speed by 
the differential gear and inputs the constant speed to 
aircraft generator shaft. The permanent magnet 
generator, excitation generator, rotating rectifier and 
main generator was installed on the same spindle. 

They are also connected to the aviation engine shaft, 
constituting the three aviation brushless alternator. 
And then the driving engine outputs alternating 
current (AC) [1]. 

The PMGs magnetic field is provided by the 
permanent magnets. It generates an alternating 
current, and through the rectifier device the current is 
rectified into DC as the excitation current for the 
exciter. The exciter generates an alternating current 
in the exciter magnetic field, which is transferred into 
DC as the main generator excitation current by 
rotating rectifier mounted in the spindle. The main 
generator acquires excitation current for excitation 
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magnetic field, and induces a 120/208 V, 400 Hz 
three-phase AC in the stator armature. The AC is 
eventually outputted into terminal transport aircraft 
grid through the main generator output terminal [2]. 
As the generator has no brush or slip ring, the exciter 
is designed as a rotating-armature synchronous 
generator in order for the brushless control. And the 
main generator is designed as a rotating-pole 
synchronous generator. 
 
 
2. Mathematics Model of Aircraft IDG 
 

When the aircraft generator operates in steady 
state, the exciter and main generator is connected by 
the rotating rectifier, which has six diodes and six 
working state. It is assumed that all of the diodes are 
ideal switches in the model, that the circuit is 
considered as the passage when diode is biased 
forward and as open-circuit when diode is biased 
reversely. For example, when Va>Vb and Vb>Vc, 
the diodes D1 and D6 are biased forward and the 
other are biased reversely, and the model state in this 

case is called state AB. The voltage relationship of 
six states is shown in Table 1. 
 
 

Table 1. Rotating rectifier working states list. 
 

State
Forward Biased 

Diodes 
Reverse Biased 

Diodes 
AB D1D6 Left 
AC D1D2 Left 
BC D3D2 Left 
BA D3D4 Left 
CA D5D4 Left 
CB D5D6 Left 

 
 

The status of the whole system is discrete when 
diodes are off and is continuous when is operating in 
one of the six states. The continuous state of the 
aircraft generator is only studied in this paper. 
Provided that the generator is running continuously in 
state AB. In this case, winding A and winding B ars 
connected to a passage while the winding C is 
not [3], as it is shown in Fig. 1. 

 
 

 
 

Fig. 1. Steady-state circuit of generator in state AB. 
 
 

In the figure above, the exciter and the main 
generator are connected through the conducted DaT 
and DbB, forming a complete loop. Apply the KVL 
law to this circuit, and you can get the following 
relationship [4]: 
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The mathematical equation of main generator is 

represented as formula (1), and formula (2) describes 
the exciter mathematical equation. The "Fd" is the 
parameters of the exciter. The "Kq, kd" marks 
damper winding parameters. As the exciter of aircraft 
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IDG is an undamped generator, damper winding 
parameters are not included in exciter parameters. 
Meanwhile, the main generator has only two sets of 
damper winding, which is also different from the 
ordinary synchronous generator. The kinematic 
equation of the generator rotor is represented as 

equation (3), among which eT  and êT  respectively 

represent the electromagnetic torque of the main 
generator and the exciter. They can be calculated 
according to the torque formula: 
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There are 12 state variables in equation (1), (2) 

and (3), including the angular velocity and the 
angular displacement, which are shown as the 
following vectors:  
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As Ψ= Li, you can obtain: 
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Take the equation (7) into (1) and (2), and you 

can find that: 
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Each variable in the equation (7) is a vector, 

where L is a matrix composed of the self-inductance 
and mutual-inductance of the main generator and 
exciter. Combined with the formula (4), the formula 
(8) can formulate the mathematical model of aircraft 
IDG [5]. 
 
 
3. System Faults and Parameter Faults 
 

After early observation of the generator failure, 
the primary cause of the generator electrical fault is 
the change of certain internal parameters in the 
generator. Therefore, the faults can be diagnosed by 

observing the changes of the internal parameters in 
the generator. Meanwhile, according to the different 
results of such generators faults, the generator 
electrical faults can be divided into two major 
categories: system faults and parametric faults. 

The system faults refer to the electrical failure 
causing structure change of the generator internal 
electrical system. It can be classified as follows:  

1) The phase fault, that is ground faults of single 
phase winding, which forms a new loop from 
winding to the ground, creating additional current 
component and making loop voltage equal to 0.  

2) The external-phase fault, that is ground faults 
of multiple-phase winding, which change the 
structure of the generator internal electrical system. 

The parameter faults refer to the electrical faults, 
which do not change the generator internal electrical 
system structure, however, just change certain 
structural parameters [3]. It has also two cases: First, 
the existing ratings of generator parameters are 
changed, which leads to change of certain electrical 
variables. Second, the parameters themselves are 
changed and new physical parameters are introduced 
due to electro-magnetic induction, which add new 
electrical variables, leading to imbalance running in 
the system, and then the faults take place. The 
internal physical parameters of generator are shown 
in Table 2. 
 
 

Table 2. Physical parameters of aircraft IDG. 
 

Parameter Description 
r Average air-gap radius 
l Air-gap axial length of generator 

1,2 
Mechanical geometry parameters of 
generator 

Ns Turns of stator winding 
Nfd Turns of excitation winding 
Nkq Turns of q-axis damper winding 
Nkd Turns of d-axis damper winding 
Lls Leakage flux of stator winding 
Llf Leakage flux of field winding 
Llkq Leakage flux of q-axis damper winding 
Llkd Leakage flux of d-axis damper winding 
ra Winding resistance of a-phase stator 
rb Winding resistance of b-phase stator 
rc Winding resistance of c-phase stator 
rfd Field winding resistance 
rkd d-axis damper winding resistance 
rkq q-axis damper winding resistance 

 
 

It should be noted that physical parameters of 
synchronous generators shown in Table 2 hold 
meaning only when the generator is in normal 
operation, as the normal operating state of generator 
is assumed to be symmetric operation. Meanwhile, it 
is also assumed that all the winding turns is NS, and 
there is self-inductance of the stator windings and 
mutual-inductance with the other windings. When 
fault symptoms occur, however, parameters of 
different windings have changed inevitably and 
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cannot be represented by the same parameter size. 
For example, as a-phase winding gets a fault, fault 
parameters shown in Table 3 will be introduced and 
the original self-inductance of winding will be 
changed. It is worth noting that the inherent 
mechanical geometry parameters of generator-r, L, 
α1, α2, etc. will not be changed when the electrical 
faults of windings occur. 
 
 

Table 3. New parameters introduced for a-phase  
winding fault. 

 
Parameter Description 

Nsa Equivalent turns of a-phase winding 

Lsafd 
Mutual inductance of a-phase winding 
and excitation winding 

Lsakd 
Mutual inductance of a-phase winding 
and d-axis damper winding 

Lsakq 
Mutual inductance of a-phase winding 
and q-axis damper winding 

Lsas 
Mutual inductance of a-phase winding 
and b/c-phase damper winding 

 
 

In most cases, the parameter faults and the system 
faults are not mutually independent. For example, an 
obvious parameters fault of winding occurs due to a 
short-circuit fault of several turns of coil, while the 
generator’s normal operation may not be interrupted 

according to the margin designed for the synchronous 
generator. However, if the generator operates with 
fault in a long-term, making the core of the generator 
winding overheated, the winding-grounded system 
fault will occur. In this case, it will interrupt the 
normal operation of the generator, even make it 
damaged. Therefore, the parameter fault is a pre-
incentive of system fault and an initial 
characterization of change of some certain structural 
parameters before system fault occurs. The 
parameters that can describe the system fault 
symptoms are collectively known as the fault 
parameters. As can be seen from the above, it is only 
necessary to input a small amount of testing and 
maintenance costs to guarantee the long-term normal 
operation of the generator, if the change of the fault 
parameters can be diagnosed before system fault 
occurs and then the trend of a certain type of fault  
is determined. 
 
 

4. Simulation 
 
4.1. Construction of Simulation Models  
 

According to analysis of the structure of the 
aircraft IDG, the Simulink model [7] is shown  
in Fig. 2. 

 
 

 
 

Fig. 2. Simulink model of the aircraft IDG.

 

 
 

In the figure above, a three-phase rotating rectifier 
(3-phase Bridge) is between the exciter and the main 
generator. The load is a three-phase resistance-
balance load (Three-phase Parallel RLC Branch), 
whose internal options can be selected for a 
comprehensive load by a certain ratio of RCL. The 
PID module is used for exciter regulation. The three-
phase short-circuiter and timer are used in 
combination. The generator short-circuit time is pre-

set and then its sudden short-circuit fault of internal 
winding during simulation can be observed. In 
aircraft IDG, the exciter is an armature-rotating 
synchronous generator and the main generator a pole-
rotating synchronous generator, whose structures are 
basically of the same, except that the exciter has no 
damper winding. The electrical module and the 
mechanical module compose the main generator 
module. The electrical module is shown in Fig. 3. 
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Fig. 3. Electrical module of the main generator. 
 
 

The electrical module of main generator is 
composed of the current module, the mutual-
inductance calculation module and the coordinate 
transformation module. The current and mutual-
inductance calculation module is the key parts of the 
electrical module, even the whole generator. The 
fluxes are input into the module, and the mutual-
inductance and dq-axis current of each winding are 

outputted. The Simulink model of the current and 
mutual-inductance calculation module is shown  
in Fig. 4. 

The principle of Park transform is used in 
coordinate conversion module. The three-phase 
voltage-current can be transformed into dq0 
coordinates and vice versa. The module is shown  
in Fig. 5. 

 
 

 
 

Fig. 4. Current and mutual-inductance calculation module.  



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 390-399 

 395

 
 

Fig. 5. Current and mutual-inductance calculation module. 
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The mechanical characteristics module of aircraft 

IDG is shown in Fig. 6. 
 
 

 
 

Fig. 6. Mechanical characteristics module of aircraft IDG. 
 
 

The mechanical characteristics module of the 
main generator is constructed based on the motion 
equations of the rotor. The input is the rotating speed 
in radians and the outputs are the angular speed of 
rotor, the angular displacement and the 
electromagnetic torque. 
 
 
4.2. The Initial Parameter Setting 
 

All the initial parameters of the generator 
Simulink model are shown in Table 4. 

According to the basic parameters of the aviation 
generator, such as the rated voltage, rated current, 
rated frequency, the pole pair number and the rotating 
speed, simulation parameters such as the resistance of 
three-phase winding, the resistance of field winding 
and the inductance can be determined. However, the 
initial parameters of system must be set correctly in 
order to ensure the simulation running from a steady 
state during the dynamic simulation of power system 
based on MATLAB. If there is no initial setting or 
the setting is unreasonable, the system will operate in 
an unstable state in a long term, making the 
simulation results distorted and the simulation 

meaningless. A solution is the Power GUI in 
MATLAB PSB unit, which has a function of steady 
flow calculation and setting initial value. The option 
"Load Flow and Machine Initialization" is used to 
run with the new load, drawing the steady-state value 
of the prime mover, the excitation system and the 
synchronous generator under this load. Input the 
mechanical power, the excitation voltage, the 
terminal voltage and the stator current in steady state 
into the appropriate boxes as the initial value of the 
system, and then the setting of steady-state initial 
value is completed. 
 
 

Table 4. Initial physical parameters settings of the 
Simulink model of aircraft IDG. 

 
Para-
meter

Description Value 

Lls Self-inductance of stator winding 0.004527 H 
Lmd Mutual-inductance of d-axis winding 0.1086 H 
Lmq Mutual-inductance of q-axis winding 0.05175 H 

Llkq 
Self-inductance of q-axis damper 
winding 

0.01015 H 

Llfd Self-inductance of field winding 0.01132 H 

Llkd 
Self-inductance of q-axis damper 
winding 

0.007334 H 

ra Resistance of a-phase stator winding 1.62  
rb Resistance of b-phase stator winding 1.62  
rc Resistance of c-phase stator winding 1.62  
rkq Resistance of q-axis damper winding 7.772  
rfd Resistance of field winding 7.6  
rkd Resistance of d-axis damper winding 3.142  
Ns Turns of stator winding 100 
Nfd Turns of field winding 100 
Nkq Turns of q-axis damper winding 100 
Nkd Turns of d-axis damper winding 100 
D Damping coefficient 0.009 kg.m2.s-1 
J Instantaneous inertia 0.0093 kg.m2 

 
 

When the module based on MATLAB / Simulink 
is running, it is necessary to adjust parameters and 
assign values specifically, according to the actual 
memory of the PC, the operational performance and 
the software version [8]. The actual parameter 
assignment page of aircraft IDG based on 
MATLAB/Simulink simulation is shown in Fig. 7. 

 
 

 
 

Fig. 7. Initialization of parameter assignment  
of the main generator. 
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As can be seen, the power of the main generator 
is 31 KVA, and the outputted rated voltage is closed 
to 115 V, and the frequency maintains at 400 Hz, a 
slight change with the initial setting. The resistance 
of no-load excitation winding is 7.6 ohms. According 
to provisions of CMM manuals [9], it is normal that 
the resistance of no-load excitation winding remains 
at 6.7 to 9.0 ohm. 
 
 
4.3. No-Fault Simulation 
 

The following is no-fault simulation of the 
Simulink model of the aircraft IDG. The duration is  
2 seconds.  

The initial parameter is set according to the 
requirements of generator steady-state operation, and 
the three-phase balanced resistive load is added. The 
output waveforms of the generator are shown in the 
following diagrams. 

As is shown in Fig. 8, after the voltage-buildup 
process of the generator, the steady-state output 
reaches the effective value of 115 V (line voltage 
about 150 V), and the voltage-buildup time is  
0.8–1 s. 
 
 

 
 

Fig. 8. Three-phase output of the main generator stator. 
 
 

After being zoomed in, the three-phase output 
voltage waveform of the aircraft generator is shown 
in Fig. 9. As can be seen, the output waveform is a 
stable three-phase sinusoidal AC voltage. The 
frequency is 400 Hz. 

 
 

 
 

Fig. 9. The enlarged three-phase output of the main 
generator stator. 

 

The stator-side currents of the main generator, 
including the three-phase output current and the 
excitation current waveform diagrams are shown in 
Fig. 10. 

The damper winding current is shown in Fig. 11. 
The three-phase output current non-rated current, as 
the load is not rated. The excitation current is 
increasing from 0 to 1.65 A steadily, matching the 
CMM manual requirement that the excitation current 
does not exceed 1.9 A [9]. The dq-axis damper 
winding current increases significantly in the 
beginning, and then reduces to zero gradually. 
 
 

 
 

Fig. 10. The stator current and the excitation current of the 
main generator. 

 
 

 
 
Fig. 11. The damper winding current of the main generator. 
 
 
4.4. The Fault Simulation of Sudden Increase 

of the Field Winding Resistance 
 

The original value of Rfd 7.6 Ω is increased to 
10 Ω. The internal parameters of the existing 
components in MATLAB/Simulink cannot be 
modified due to its characteristics. As the change of 
the field winding resistance results in the change of 
the excitation current of the main generator, it can be 
simulated by modifying the external excitation 
current. Meanwhile, it can be seen from experiments 
that the excitation module interferes with the 
characteristic details of the fault obviously, so 
remove it and the voltage regulating process by 
regulator for this change can be well observed. The 
Simulink simulation diagram of this system is shown 
in Fig. 12. The change of the output waveform is 
shown in Fig. 13. 
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Fig. 12. The Simulink diagram of the whole generator when the excitation fails. 
 
 

 
 

Fig. 13. The three-phase output of the main generator stator 
when the excitation fails. 

 
 

As can be seen, the moment a fault occurs, the 
voltage output begins to distort but returns to normal 
after a while. This is because the excitation regulating 
module of the system adjusts the excitation current to 
the required values. The degree of distortion of the 
voltage waveform can be observed clearly in Fig. 14. 
 
 

 
 

Fig. 14. The enlarged three-phase output of the main 
generator stator. 

 
 

Similar fault waveforms can also be found in the 
current of the main generator, as is shown in Fig. 15 
and Fig. 16. The excitation current can be clearly 

seen in Fig. 15. The current of the damper winding is 
shown in Fig. 16, in which an opposite spike is 
generated during the fault. 
 
 

 
 

Fig. 15. The stator current and excitation current of the 
main generator when the excitation fails. 

 
 

 
 

Fig. 16. The current of the damper winding of the main 
generator when the excitation fails. 

 
 

4.5. The Simulation of Short-Circuit Fault 
 

The high level is triggered at t=1.4 s and is cutoff 
at t=1.8 s by setting the timer. The timer and the 
circuit breaker (Three-phase Fault) are used in 
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combination. When the high level is triggered by the 
timer, the circuit breaker starts to work. The two 
phases – a and b of the generator is set at short-circuit 
by the circuit breaker at the same time. The three-
phase voltage waveform output by the stator when 
the two phases – a and b are at short-circuit is shown 
in Fig. 17. Its enlarged diagram is shown in Fig. 18. 
 
 

 
 

Fig. 17. The three-phase voltage waveform output  
by the stator when the two phases – a and b  

are at short-circuit. 
 
 

 
 

Fig. 18. The enlarged diagram of Fig. 17. 
 
 

As can be seen from the Fig. 4-17, the three-phase 
output changes drastically when fault occurs. 
Although it is a two-phase short circuit, the output of 
the third phase will also change. When the fault 
ceases, the generator outputs voltage normally again 
after a voltage-buildup process. 

The current waveform of stator winding and the 
excitation winding distorts severely when the two-
phase short circuit fault of the generator occurs, as is 
shown in Fig. 19. The current waveform of the 
damping winding is shown in Fig. 20. 

As can be seen from Fig. 20, when the short-
circuit fault occurs in generator, the current of 
damper winding no longer just fluctuates slightly in 
one direction while generates a electromagnetic 
response in a high frequency instead.  

According to above fault simulations, the internal 
complex winding structure in aircraft IDG leads to 
various electrical phenomena. The three-phase output 
of the main generator stator terminal can not fully 
reflect the specific level and the exactly damaged 
parts of the fault sometimes. Therefore, some other 
waveforms of fault parameters, such as the excitation 

current and the damping current, need observation to 
determine the condition of the fault. 

 
 

 
 

Fig. 19. The current waveform of stator winding  
and the excitation winding when the two-phase  

short circuit fault occurs. 
 
 

 
 

Fig. 20. The current waveform of the damping winding 
when the two-phase short-circuit fault occurs. 

 
 
5. Conclusion 
 

In this paper, the characteristics of the phase-field 
mathematical model of the aircraft IDG is studied 
and the overall structures of the exciter and the main 
generator are constructed, making a more accurate 
description of the running state of the aircraft IDG 
with asymmetric fault. The normal operation, the 
excitation failure and the phase-to-phase short-circuit 
fault are simulated by the mathematical model in 
MATLAB/Simulink. It turned out that the running 
status of aircraft IDG can be accurately described in 
this model. The simulation results and the actual 
ground testing system aircraft IDG can be combined 
in further studies, composing the automatic testing 
system of internal faults for the aircraft IDG, and this 
can be optimized in practical application. 
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Abstract: To enhance the aircraft wire detection rate of fault detecting and locating accuracy, a comprehensive 
portable test system for wire fault diagnosis using reflectometry was presented to detecting and locating fault 
location. The hardware system consists of DSP control core, pulse transmitter circuit, signal acquisition circuit 
and LCD circuit, and in this system, a pulse was launched and a reflected signal was received. After the 
threshold de-noising to the reflected signal based on wavelet decomposition, the exactly fault type and location 
of the wire was determined by least squares method. The experimental results indicate that this system can 
detect and locate the aircraft wire faults accurately. Copyright © 2013 IFSA. 
 
Keywords: Portable, DSP control core, Wire fault diagnosis, De-noising, Least squares method. 
 
 
 
1. Introduction 
 

Wiring is a critical system in aircraft, now 
electrical wiring and interconnected systems have 
become a major area of research and development for 
aircraft. Aircraft wiring integrity and safety related 
issues are known to be very serious and have 
received a great deal interest after several tragic 
mishaps and hundreds of thousands of lost mission 
hours [1]. Much of this wires is routed behind panels 
or wrapped in special protective jackets, and is not 
accessible even during heavy maintenance when 
most of the panels are removed. Also, the wire 
system replacement is very expensive, and a typical 
aircraft wire replacement will cost $ 1,000,000 to 
$ 5,000,000, the fault of the aircraft wire is always 
considered difficult to be detected. It is estimated that 
1.8 million people was engaged in the maintenance of 
aircraft wire each year in the United States, so the 
choice of the fast and portable test instrument for 

aircraft wire fault detection is particularly 
necessary [2]. Therefore, this paper aims to design a 
DSP-based aircraft wire fault tester system. This 
system adopts the principle of time domain 
reflectometry, processes the reflected signal using 
wavelet noise reduction and the method of least 
squares, and gets the fault position and fault type. 
Eventually the result will display on the LCD screen. 
This system can help maintenance personnel find out 
the fault type and location quickly, and  
immediately improve the efficiency of aircraft 
maintenance personnel. 

This paper is organized as follows: in Section II, 
modeling of the normal and faulty aircraft electric 
wire based on RLCG method is presented. Section III 
describes the hardware for detecting and locating 
system. The wavelet transform technology based 
fault signal noise reduction and the least squares 
method based fault location estimation is analyzed in 
Section IV, and experiment results are presented in 
Section V. The paper is concluded in Section VI. 
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2. Wire Fault Diagnose Principle 
 

Aircraft electric power wire can be modeled as a 
transmission line with distributed resistance, 
inductance, shunt capacitance and shunt 
conductance [3]. An RLCG based wire model is 
developed in Fig. 1. Es and i represent the current 
and voltage that are measured. The R, L, C, G are the 
resistance, inductance, shunt capacitance and shunt 
conductance of the wire per meter  
length, respectively. 
 
 

 
Fig. 1. An RLCG based wire model. 

 
 

The two-port electrical networks shown in Fig. 2 
can be represented as follows: 
 

 ( , ) ( , )( , )

( , ) ( , )( , )

u x t i x ti x t r L
x t

i x t u x tu x t g C
x t

∂ ∂⎧− = +⎪ ∂ ∂⎨ ∂ ∂⎪− = +
∂ ∂⎩  

(1) 

 
The formulae of electrical networks are expressed 

in complex form 
 

 
1 2

0 1 2

( )

( ) 1 ( )

j x j xU x A e A e
j x j xI x Z A e A e

α α

α α

−⎧⎪ = +
⎨ −= −⎪⎩ ,

 (2) 

 
where w LCα =  , 0Z L C= . 

Equations (2) can be rewritten as: 
 

 {U U U
I I I

+ −

+ −

= +
= + ,

 (3) 

 
where U+ is the complex amplitude of injected signal, 
U- is the complex amplitude of  
reflected signal. 

Where 0 0
U U

Z Z
I I
+ −

+ −

= = −， , the minus in the front 

imply there is an opposite direction between the real 
current and the reference current. 

The reflection coefficient can be defined as 
 

 / /U U I Iρ − + − += = −  (4) 
 

For the wire model in Fig. 1, there are several test 
technologies that can be used to pinpoint the location 
of wiring faults. Some of the most publicized 

methods are: time domain reflectometry (TDR) [4], 
frequency domain reflectometry (FDR) [5], pulse 
arrested spark discharge (PASD) [6], multi-carrier 
reflectometry (MCR) [7], spread spectrum time 
domain reflectometry (SSTDR) [8]. In this paper, the 
TDR principle of time domain reflectometry was 
used as the theoretical basis. If a high frequency 
signal was injected to the test wire, a reflected signal 
is received but there exist a delay time correlated to 
the fault type between the injected and  
reflected signals. 

When the fault type is short circuit fault, the line 
impedance Z=0, and the reflection coefficient ρ =-1, 
the voltage at the fault point is given as 

 
0U U U U Uρ+ − + += + = + =  

 
When the fault type is open circuit fault, the line 

impedance Z=∞, and the reflection coefficient ρ =1, 
the voltage at the fault point is given as 

 
2U U U U U Uρ+ − + + += + = + =  

 
The voltage waveforms of short circuit and open 

circuit fault as shown in Fig. 2. 
 
 

0 500 1000 1500 2000 2500
-5

0

5

10

15

20

25

30

Point number(Points)

V
ol

ta
ge

(V
)

 
 

(a) Short circuit voltage waveforms. 
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(b) Open circuit voltage waveforms. 
 

Fig. 2. The voltage waveforms of short circuit  
and open circuit fault. 

 
 

This method, with high accuracy, is mainly used 
to measure short-circuit fault and open fault. If the 
propagation velocity of the pulse in the wire is 
known, then the wire fault type and position can be 
achieved by measuring the delay time between the 
injected wave and the reflected wave. The formula is 
given as 
 

 
2 2

v t c tL
ε

× ×
= =

× , 
(5) 
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where v is the transmission speed of the electrical 
signal in the medium, t is the delay time between the 
injected pulse and the reflected pulse; L is the 
distance between the fault point and test point; c is 
the speed of light, about 3×108 m/s; ε is the relative 
dielectric constant, which is changing with the 
transmission medium. When ε is smaller, the 
propagation velocity of the signal will be faster  
in the medium. 
 
 
3. Hardware for Wire Fault Detecting 

and Locating System 
 

The hardware system consists of DSP core, low-
voltage narrow pulse transmitter circuit, high-speed 
A/D acquisition circuit, interface conversion circuit, 

small size LCD screen, a small keyboard and power 
supply system. The block diagram is shown in Fig. 3. 

The method of fault information processing of 
this system will send pulse signals to the wire and 
collected the reflected signals by the AD, and select 
2500 discrete points from collection points as the 
processed signal which contains fault feature of wire. 
 
 
4. Software for Wire Fault Detecting  

and Locating System 
 
4.1. General Overview of the Software Design 
 

The main functions of the aircraft wire diagnose 
system software are: the launch of the low-voltage 
pulse signal, the acquisition of the reflected signal 
wire, fault location, data display and etc. 

 
 

 

 
Fig. 3. The comprehensive diagram of aircraft wire testing system. 

 
 

The software can be divided into: System 
initialization module, low-voltage pulse transmitter 
module, data acquisition module, data processing 
module and LCD module. The main program flow 
chart is shown on Fig. 4 (a). 
 
 

 
 

Fig. 4 (a) The main program flow chart  
of the testing system. 

 
 

Fig. 4 (b). The entire workflow of the main program. 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 400-407 

 403

4.2. Fault Signal Noise Reduction 
 

The main difficulty influencing the diagnosis 
accuracy is to extract the fault feature of wire. Due to 
the existence of strong background noise, the signal 
of wire containing fault information is too weak to 
identify. At present, the wavelet analysis is widely 
used due to its good denoising and filtering 
characteristic [9, 10]. Different from other time 
frequency analysis technology, wavelet analysis has 
good localized capability in the time and frequency 
plane. Through wavelet transformation, the signal 
processing effect is similar to filtering through a band 
pass filter. As a result, the high frequency noise 
components, low frequency fault characteristic and 
resonance modulation components can be  
divided individually. 

The wavelet noise reduction algorithms can be 
efficiently implemented in TMS320VC5509A. The 
TMS320VC5509A fixed-point digital signal 
processor (DSP) is based on the TMS320C55xDSP 
generation CPU processor core. The C55xDSP 
architecture achieves high performance and low 
power through increased parallelism and total focus 
on reduction in power dissipation, wavelet noise 
reduction algorithms can be efficiently implemented. 
The DSP-based wavelet noise reduction flow chart is 
shown in Fig. 5. 
 
 

 

 
Fig. 5. The wavelet denoising flowchart DSP-based. 

 
 

The basic principle of discrete wavelet transform 
can be explained through the following, a one-
dimensional signal model with additive noise  
is given as 
 

 , 0,1,..., 1n n nX S e n Nσ= + = − , (6) 
 
where Xn is the signal containing noise, Sn is the 
original signal, en is the Gaussian white noise, and σ  
is the deviation of the noise signal. Actually, the real 
signal Sn which is described by the wavelet packet 

coefficients can be received from the noise signal Xn, 
and the wavelet packet coefficients is correlated to 
the signal energy, the coefficients is bigger, the 
energy is stronger. Also there are different 
characteristics in the relationship of wavelet 
transform coefficient and scale when the original 
signal and the random noise are transformed on the 
different scale, so the wavelet components which 
were dominated by the noise can be filtered and the 
wavelet components which were dominated by the 
original signal was retained, finally  
the original signal was acquired by wavelet 
reconstruction algorithm. 

Suppose ( )n n
j jf t U∈ , then ( )n

jf t  can be 
described in: 
 

 2,( ) 2 (2 )
jn j n j

j l nl Z
f t d U t l− −

∈
= −∑  

(7) 
 

( )n
jf t   can be decomposed into 2

1( )n
jf t+   and 

2 1
1 ( )n

jf t+
+ , the formula is given as: 

 
 1,2 ,

2

1,2 ,
2

j n j n
l k l kk
j n j n

l k l kk

c h c

d g d

+
−

+
−

⎧ =⎪
⎨

=⎪⎩

∑
∑ , 

(8) 

 
where c is the low frequency component of the 
original signal, h is the impulse response of c; d is the 
high frequency component of the original signal, and 
g is the impulse response of c. In this paper, db10 
was selected as the wavelet basis function, so the 
wavelet coefficients corresponding to the high-pass 
filter is: 
 

g[]=[0.3687144,0.8129331,-0.1523958, 
-0.4512983,0.0709618,0.0338541] 

 
The wavelet coefficients corresponding to the 

low-pass filter is: 
 
h[]=[-0.4852975,0.8166415,-0.4801027, 

-0.1545779,0.0812496,0.0382582] 
 
where g and h are the one dimensional array whose 
size is 6. The integer variable m is defined as the 
wavelet coefficient, and the one dimensional array 
sca with single precision, whose length is m+1, was 
used to store the data length of each wavelet 
decomposition. The sampling length is 2048 in this 
paper, so sca(0)=2048, and c{sca[k-1]}~c{sca[k]-1} 
is the kth layer low frequency smoothing signal after  
wavelet decomposition.  

The 2048 original discrete data are stored in the 
c[0]~c[2047].We can get the first set of data c [2048] 
in the first layer of low-frequency signal by 
performing multiply-accumulate c[0]~c[5] with the 
six coefficients of the scaling function h, and we get 
c[2047] by performing multiply-accumulate 
c[2]~c[7] with the six coefficients of the scaling 
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function h. And so on we can get 
c[2046]~c[2045]…separately. 

Since the length of the signal data of the low layer 
is always half of the upper layer, the first layer of 
low-frequency signal is stored in 
c[2048]~c[2048+1024] after data decomposition. 
Similarly, d is also the one-dimensional array of 
single-precision, so we can get d[2048]~d[2047]… 
separately. By the above method, we can knew that 
the first layer of high-frequency signal is stored in 
d[2048]~d[2048+1024].The flow chart after wavelet 
decomposition and the threshold processing based on 
DSP is shown in Fig. 6. 
 
 

 

 
Fig. 6. Flow chart of wavelet decomposition and the 

threshold processing. 
 
 

The reconfigurable algorithm of 2
1( )n

jf t+ , 
2 1

1 ( )n
jf t+
+ , ( )n

jf t  is: 
 

 , 1,2 1,2 1
22

( )j n j n j n
l k l k kk l k

d h c g d+ + +
−−

= +∑  (9) 
 
Estimated wavelet coefficients can be obtained 

after the signal decomposition and each scale 

threshold quantization of the high-frequency 
coefficients. So we reconstruct the one-dimensional 
wavelet reconstruction of the underlying low-
frequency coefficients of wavelet decomposition and 
layers of high-frequency coefficients. The flowchart 
of wavelet reconstruction based on DSP  
is shown Fig. 7. 

Since signal sampling system is sensitive to 
environment change and the noise signal, the wavelet 
de-noising algorithm was applied to the sampling 
signal. The original signal waveform and the de-
noising signal were shown in Fig. 8. It was obviously 
that there is random noise disturbance overlaying on 
the original signal. 
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Fig. 7. Wavelet reconstruction flowchart based on DSP. 

 
 

4.3. Fault Position Information Processing 
Wire Faults Detecting and Locating 

 
After wavelet de-noising, the next step is to 

determine the fault type and position according to the 
type of the reflected waveform. In this paper, by 
using the moving least-squares method [11], the 
fitting curve and the extreme point of fitting curve 
was obtained. 

In a subdomain of the fitting area, a fitting 
function f(x) can be given as: 
 

 
1

( ) ( ) ( ) ( ) ( )m T
i ii

f x x p x p x xα α
=

= =∑  
(10) 
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Fig. 8. The original signal and de-noising signal waveform. 

 
 
where 1 2( ) [ ( ), ( ), , ( )]T

mx x x xα α α α= Λ  is the 
coefficient to be solved, which is the function about 
x. And 1 2( ) [ ( ), ( ), , ( )]T

mp x p x p x p x= Λ  is the basis 
function of fitting function, which is a k-order perfect 
polynomial, and m is the number of items of the  
base function. 

We can calculate the moving least squares (MLS) 
fitting function: 
 

 
1

( ) ( ) ( )
kn k

ii i
f x x y O x yφ

=
= =∑  

(11) 

 
where ( )kO x  is the shape function and k is  
the order:  
 

 1
1 2( ) , , , ( ) ( ) ( )k k k k T

nO x p x A x B xφ φ φ −⎡ ⎤= Λ =⎣ ⎦
 

(12) 

 
 

1
( ) ( ) ( ) ( )n T

i i ii
A x w x x p x p x

=
= −∑  

(13) 
 

  (14) 
 

1 1 2 2( ) [ ( ) ( ), ( ) ( ), , ( ) ( )]n nB x w x x p x w x x p x w x x p x= − − Λ −
(14) 

 
 

1 2[ , , , ]T
ny y y y= Λ  (15) 

 
When k=0, p(x)={1}, whose shape function is: 

 
 

1

( )
( )

( )
shepard i

n
jj

w x x
O x

w x x
=

−
=

=∑  
(16) 

 
Whether p(x) is polynomial or not, it can be see 

f(x), in formula (15), is not the polynomial. When 
,r Sp C w C∈ ∈ , fitting function min( , )r sf C∈ . 

Moving least squares weighting function 
( )iw x x− is non-negative, monotone decreasing with 

2ix x−  increasing. We should choose smooth 
weight function, for this will affect the continuity of 
fitting function. In this paper, the spline function was 

chosen as the weight function, is x x= − , 
max

ss
s

= , 

then cubic spline article weighting function can be 
given as formula (17): 
 

 2 3

2 3

2 14 4 ( )
3 2

4 4 1( ) 4 ( 1)
3 3 2

0( 1)

s s s

w s s s s

s

⎧ − + ≤⎪
⎪
⎪= − − ≤ ≤⎨
⎪

>⎪
⎪⎩  

(17) 

 
To make A(x) is reversible in formula (13), there 

will need enough nodes in the affected area. When 
the base function using in formula (10) is a linear 
basis function, two non-overlapping nodes at least 
should be included in the affected area of curve 
fitting. And in surface fitting, three nodes, not in the 
same straight line, should be included in the affected 
area at least. 

The moving least squares used to curve fitting 
includes the following steps: gridding the fitting area 
first, then calculating node values on the grid points 
according to formula (15), connecting each grid node 
together at last, and getting the fitting curve. 

By moving least squares, the 2500 discrete can be 
described by fitted curve, and the extreme points A, 
B, C, and D can be obtained by derivative the fitting 
curve synthesis repeatedly. 

In accordance with the time value of the extreme 
points, we can calculate the difference time between 
the incident wave and the reflected wave, and get the 
fault position information according to the difference 
time. A typical wire fault waveform is shown  
in Fig. 9. 

Time difference can be drawn based on the four 
points identified: 

 
 

2 2
D C B At t t t

t
− −

∆ = −
 

(18) 

 
Then the fault position can be calculated by 

formula (5). 
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Fig. 9. A typical wire fault waveform  

and the extreme points. 
 

5. Experiments and Results Analysis 
 

Under laboratory conditions, we tested the 5 m, 
15 m, 50 m wire, the waveform is shown in Fig. 10, 
Fig. 11, Fig. 12 respectively. The tested data of  
10 groups is shown in Table 1. Experiment results 
indicate that max measuring error of 5 m, 15 m, 50 m 
by using the aircraft wire faults detecting  
and locating system is 3.00 %, 1.67 %,  
1.54 % respectively. 
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Fig. 10 (a). Short circuit voltage waveform of 5 m. 
 
 

 
Fig. 10 (b). Open circuit voltage waveform of 5 m. 

 

0 500 1000 1500 2000 2500
-5

0

5

10

15

20

25

30

Time(1E-10s)

V
ol

ta
ge

(V
)

 0 500 1000 1500 2000 2500
-40

-30

-20

-10

0

10

20

30

Time(1E-10s)

V
ol

ta
ge

(V
)

 
 

Fig. 11 (a). Short circuit voltage waveform of 10 m. 
 
 

 
Fig. 11 (b). Open circuit voltage waveform of 10 m. 
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(a) Short circuit voltage waveforms. 
 

(b) Open circuit voltage waveforms. 
 

Fig. 12. The waveform of 10 m. 
 
 

Table 1. The tested data of different length wire. 
 

Actual 
location 

(m) 

Short circuit fault 
ten times measuring location (m) 

Open circuit fault 
ten times measuring location  (m) 

Max  measurement 
error 

5.06 4.93 4.97 5.15 5.01 5.02 4.86 5.12 4.99 5 3.00 % (short) 
5 

5.04 4.89 4.98 5.02 5.05 5.04 4.97 4.98 5.05 5.05 2.80 % (open) 
15.25 14.89 15.03 14.83 14.76 14.97 15.08 15.06 14.82 15.02 1.53 % (short) 

15 
14.99 15.11 14.95 15.02 15.19 14.89 15.14 14.23 15.17 14.98 1.67 % (open) 
50.14 49.99 50.14 49.87 49.32 49.23 50.32 50.1 49.92 49.86 1.30 % (short) 

50 
50.65 49.88 50.26 49.27 50.03 50.11 50.07 50.31 49.68 50.12 1.54 % (open) 
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6. Conclusion 
 

In this paper, a DSP-based aircraft wire fault 
tester system was introduced. First, the test system is 
designed to be portable, to avoid disadvantage of the 
bulky and not easy to carry, which gives the aircraft 
testing and maintenance of a great deal of 
convenience. Second, the tester system is less power 
consumption, and energy saving without the need for 
an external power supply. Also the tester is high 
degree of intelligence system, and the step for the 
detection process is relatively simple, which greatly 
improves the efficiency and accuracy of the  
wire maintenance. 
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Abstract: To improve the reliability of the motion control system for an autonomous underwater vehicle (AUV), 
sensor fault tolerant control based on replace control was talked about. This paper analyzed the decoupling 
controller and the sensor system firstly, and proposed a fault tolerant control strategy based on the ideas of 
replacing the fault sensor outputs by the sliding-mode observer outputs (also called replace control). For the 
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1. Introduction 
 

Autonomous Underwater Vehicle (AUV), 
because of the importance in business and military 
and many challenges in technology, more and more 
scientists and technicians take it seriously, and have 
carried out a lot of research work. 

Fig. 1 shows the whole flow chart of the AUV 
control system. Planning system produces the AUV 
location information during the next time, Controller 
calculates the force and moment by comparing 
planning information of planning system and 
information of sensor after measuring, and then 
obtains the voltage of each thruster by the thrust 
allocation. Finally, sensors send the AUV message 
during the next time to the controller, thus forming a 
complete feedback control system. 

 
 

Fig. 1. Motion control system of the AUV. 
 
 

In the control system, sensors provide the actual 
information for the AUV. If the sensors break down 
during the use, its outputs will no longer reflect the 
real value, it may lead to paralysis of the entire 
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system. In order to guarantee the AUV successfully 
complete its mission, there is need to build a sensor 
fault-tolerant control system for monitoring and 
diagnosis and treatment. 

Fault-tolerant control system mainly includes 
three parts: fault detection, fault location and fault 
handling (fault-tolerant control). At present, there are 
many fault processing methods, such as the method 
based on the analytical model or based on artificial 
intelligence. In this paper, considering the hardware 
redundancy of sensors in actual work is not large, 
output observer is proposed to instead the fault sensor 
outputs of fault-tolerant control method and fault 
handling strategy. This strategy doesn't need to 
increase additional sensors, it also can be called 
replace control strategy. 
 
 
2. Decoupling Control 
 

Decoupling control is of great significance in 
industrial process control. Industrial processes 
usually don't want the change of a setted value to 
cause big swings in other controlled variables. The 
system after decoupling is better than the general 
multivariable systems, no matter from setting or 
reliability. Therefore, when designing the controller, 
we should avoid the mutual coupling. 

For AUVs, the motion for all degrees of freedom 
(DOF) is coupled to each other. It is difficult to 
qualitatively describe and express the coupling. In 
order to avoid the difficulties of mutual coupling, we 
consider decoupling for each DOF, and design a 
controller (the controller for each DOF is the 
nonlinear function of the deviation and the deviation 
change rate) on each DOF. Here, we adopt a novel, 
simple and practical control method – S surface 
control. The structure of the controller is simple and 
the quantity of input is little, it is suitable for 
nonlinear system. The controller combines the ideas 
of fuzzy control with PID control, and it is not only 
simplified the controller design, but also can 
guarantee the effect of control, which has been 
adopted successfully in real sea test of AUV. 

Let`s design a S surface controller on each DOF 
for the AUV: 
 

 ( )1 2( )2.0 / 1.0 1.0i i i ik e k e
i iu e u− −= + − + ∆  (1) 

 
 i i if K u=   ( i=1,2…,6 ), (2) 

 
where ie and ie  are the input information of i DOF 
(deviation and the deviation change rate, normalized 
processed), iu  is the control output of i DOF, 1ik  and 

2ik  corresponding to the control parameters of 
deviation and rate of change respectively, and the 
changing velocity of the corresponding DOF can be 
changed. if  is the magnitude of the required force, 
Ki is proportion coefficient, i=1, 2, …, 6, represents 

six DOF for the AUV motion: surge, sway, heave, 
yaw, pitch, roll. iu∆  is magnitude of the interference 
force obtained by the adaptive ways (normalization). 
Adaptive ways are as follows: 
a) Determine whether the rate of the AUV motion 

on DOF i is less than a set threshold, If it is, turn 
to (b), if not, to (c). 

b) Give the deviation value of this DOF a setted of 
array, at the same time, add 1 to the setted count 
value. When the count value reaches a 
predetermined value, turn to (d). 

c) Put the value of array forward one bit, and the 
count value minus 1, turn to (a). 

d) Weighted average the value of the array, use the 
mean value of the offset to calculate the 
deviation of control output. The output of 
adaptive adjustment controller, In order to 
eliminate the fixed deviation, and set the count 
value and array to zero, then carry out the  
next cycle. 

Then we have designed a six DOF controller. The 
controller of each DOF presents the control output, 
based on the current deviation and the rate of 
deviation change. But the input of the controller 
depends on the differences and change rate between 
the output of planning device and the measurement  
of sensors. 
 
 
3. Sensor System 
 

In this paper, a certain kind of AUV developed by 
Harbin engineering university led as research object. 
The installation of the sensors is shown in Table 1 
below. The sound and light visual sensors  
(6012 imaging sonar, 3D imaging sonar and TV) of 
the AUV mainly are used for the tracking and 
recognition of underwater target, the impact on AUV 
motion control is not big. GPS signals are used for 
positioning correction when the AUV is long-
endurance. For this paper, the replace control 
research of AUV is mainly aimed at the sensors 
which can affect the robot’s position, such as fiber 
optic gyro, Doppler velocimeter (DVL), positioning 
sonar, altimeter sonar and depth gauge. 

There are three forms when the AUV sensors 
break down, that is, (1) the outputs information of 
sensors remain unchanged; (2) the outputs 
information of sensors jump within a certain time or 
period; (3) the outputs information of sensors shock 
on the timeline. Generally speaking, the first two 
kinds of failures may happen on fiber optic gyro, 
Doppler velocimeter, altimeter sonar and depth 
gauge; all three kinds of failures are likely to happen 
on positioning sonar. For the third kind of failure of 
positioning sonar, we adopt linear smoothing method 
for processing and succeed on sea trials. For the first 
kind of failure, we monitor it by adopting the method 
of cumulating the amount of sampling period during 
which the change rate of data keeps continuously 
constant; for the second kind of failure, we monitor it 
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by adopting the method of extracting of mutations in 
the signal through wavelet analysis; Replace control 
method is used for troubleshooting. 

As can be seen from the table, the AUV is 
equipped with all kinds of sensors without hardware 
redundancy. Therefore, it is difficult to realize fault 
repair by using the method of information fusion.  
 

 
Table 1. The configuration of the sensor AUV. 

 
Type of 
sensors Sensors State parameters of 

measuring 

Inertia Fiber optic 
gyroscope 

Heading angleψ  
pitch angleθ  
rolling angleφ  

Doppler 
velocimeters 

Longitudinal velocity 
u  transverse velocity 
v vertical velocity w  

Sonar altimeter Distance from the 
bottom of the sea 

Short base line 
positioning sonar 

Plane coordinates of 
AUV in the sonar 
array 

6012 imaging 
sonar 

The distance d  and 
direction Ω  of 
underwater targets or 
obstacle 

Ultrasonic 
wave 

3D imaging sonar Acoustic image of 
underwater targets 

Pressure Depthometer Submerged depth 
Radio GPS Longitude, latitude 

Optics TV Optical image of 
underwater targets 

 
 
4. Replace Control of Sensors 
 
4.1. The Fault Assumption of Sensors 
 

The replace control of sensors is based on the 
following assumptions: 
a) Only one sensor malfunctions; 
b) Thruster does not malfunction; 
c) Replace control is carried out based on which 

kind of fault happened on which sensor that has 
been diagnosed. 

 
 
4.2. Sliding-mode Observer 
 

When the AUV woks in complicated marine 
environment of high pressure and poor visibility, 
there are many uncertain factors. Sliding-mode 
observer has good robustness for the system 
uncertainty. Thus, we introduce the concept of sliding 
mode to the fault processing of control system. 
 
 
 

4.2.1. The Motion Equation of the AUV 
 
In the condition where the gravity and buoyancy 

has been balanced and external disturbances have 
been ignored, the space motion equation of the AUV 
in five DOF can be expressed as: 

 
 ( )vis t= +MX F X F , (3) 

 
where M  is the mass matrix, including the additional 
mass and additional moment of inertia; X , X and X  
represent the displacement matrix, velocity matrix 
and (angle) acceleration matrix respectively; tF  is 
the force matrix of thruster; visF  is the viscous 
hydrodynamic matrix. 

For easy analysis, type (3) into the realization 
form of corresponding space state. Make 

1x = X , 2x = X . Then the system can be expressed as 
the following space state equation: 

 
 

1 2
1

2 2[ ( ) ]vis t

x x
x x−

=⎧
⎨ = +⎩ M F F

, (4) 

 
where 1−M is the inverse matrix of M . 
 
 
4.2.2. The Design of Sliding-Mode Observer 
 

To the state space equations of the AUV 
represented in (4), we design a nonlinear sliding 
mode observer as follows: 

 
 

1 2 1 1 1

1
2 2 2 1 1

ˆ ˆ ˆtanh( )

ˆ ˆ[ ( ) ] tanh( )vis t

x x x x

x x x x

η

η−

⎧ = + −⎪
⎨

= + + −⎪⎩ M F F
 (5) 

 
where, 1̂x  and 2x̂  respectively represent the 
estimates of state vector 1x  and 2x , that is the AUV 
velocity and the estimates of the acceleration; 

1 11 12 15diag( , , , )η λ λ λ=  is positively steady 
opposite angle gain matrix that to be designed; 

2 21 22 25diag( , , , )η λ λ λ=  is positively steady 
feedback gain matrice that to be designed. 

In (5), we use tangent function tanh( )•  instead 
of symbolic function sgn( )•  that used in 
conventional sliding mode observer. The purpose of 
doing this is to eliminate the chattering of sliding 
mode observer 

Define the error vector of observer: 
 

 
1 1 1

2 2 2

ˆ
ˆ

e x x
e x x

= −⎧
⎨ = −⎩

 (6) 

 
According to the equation (2) and (3), we can 

calculate the error output equation of observer: 
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1 2 1 1

2 2 1

tanh( )
tanh( )

e e e
e e

η
η

= −⎧
⎨ = −⎩

 (7) 

 
We can know that by reasonable selection of gain 

matrix 1η  and 2η , it can make 1 1 0Te e < , that is 
sliding mode observer meets the attractive conditions. 
This means that the sliding residual error 1e  can 
converge to the vicinity of sliding surface and has 
zero mean value. Thus 1 0e → , 1 0e → . 

There are 10 outputs for the sliding mode 
observer. û , v̂ , ŵ , q̂ , r̂  can be obtained directly from 
the observer. The other 5 observed quantities 
( x̂ , ŷ , ẑ , θ̂ , ϕ̂ ) can be obtained through the time 
integral of velocity gained by observer. The 
acceleration required in the study is obtained through 
velocity difference. Thus, we set up an sliding mode 
observer for the AUV. Then we can achieve the 
replace control about Doppler velocimeter, fiber-
optic gyro (DVL), sonar altimeter, positioning sonar  
and depthometer. 
 
 
4.3. Replace Control 
 

The first kind of fault of sensors is a kind of fault 
that can't be repaired for the actual configuration of 
the AUV. If the outputs are used in feedback control, 
it can lead to the control out of the AUV and even 
paralysis of the system. The second kind of fault of 
sensors can lead to instability of AUV motion. But 
when both kinds of faults happened, the outputs of 
the observer are still valid in a certain time. 
Therefore, we can replace the outputs of sensors in 
the feedback control. The principle of replace control 
is shown in Fig. 2 below. 
 
 

 
 

Fig. 2. The principle of replace control. 
 
 
5. Fault Diagnosis for Sensors and Fault 

Tolerant Control System 
 

In this paper, we mainly demonstrate the replace 
control model and method of the AUV sensors. To 
maintain the integrity and systemic, it is necessary to 
describe the operating process of fault diagnosis for 
sensors and fault tolerant control system. 

As shown in Fig. 3, the fault monitoring module 
checks whether the sensor malfunctions, the module 
of level analysis of fault judges the type of fault, the 
extent of the fault and the handling measures. For the 
third type of fault of positioning sonar, we perform a 
single process. If the position sensor has jump fault in 
a certain time in the second type of fault, then we 
need to use replace control during the period of jump 
fault, in order to maintain the stability of control 
system. If the position sensor has the first type of 
fault, the module of level analysis of fault will assess 
the current task. We can know whether completion 
time of automatic buoyancy task is in the range of 
tolerance (it depends on the maximum time that the 
error accumulation determined by test can withstand) 
of replace control. If within the range, we can use 
replace control, then take appropriate task; if not. We 
can judge that the AUV has serious fault that is 
unable to resist. At this point, the module of level 
analysis of fault will assess the risk level of current 
task. if the risk level is high, it will take buffer tasks 
within the range of tolerance of replace control. For 
example, keep away from obstacles task, then the 
AUV can discards excess load and starts the 
buoyancy device (Referred to as “the task of saving 
itself”). If the risk level is low, it will execute the task 
of saving itself directly. 
 
 

 
 

Fig. 3. Sensor fault diagnosis and fault tolerant  
control system. 

 
 

It should be noted that buffer task is a short-time 
moving task which is carried out when the fault 
unable to resist is detected. It can lead the state of 
AUV motion to the stop, even to be far away from 
the danger. In this way, it can avoid loss caused by 
sudden failure of sensors when the AUV is in 
dangerous environment. At the same time, for the 
risk level and execution time of task, the mission 
planning module will allocate task in real-time when 
the AUV is moving underwater. It will also estimate 
the execution time of current task according to the 
state of the current task and information of path 
planner and set up risk level for the current task. For 
example, for the long-endurance mission of AUV, if 
it met obstacles, then the path planner will divide the 
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long-endurance mission into task of before avoiding 
obstacles, task of avoiding obstacles and task of after 
avoiding obstacles. It will also estimate the execution 
time of current task and set the risk level of task of 
avoiding obstacles to be the highest.  

Particularly, for local task of avoiding obstacles, 
because we can't accurately estimate the time it takes, 
once sensors have the first type of fault, we need to 
take the buffer operation that is performing replace 
control while timing. If keeping away from the 
obstacles is realized within the scope of permissible 
time of replace control, AUV will carry out save 
itself task in the safest situation. If the AUV is 
stopped when it is not away from obstacles within the 
time scape, at this time , the state of AUV motion has 
nearly stopped and it is also a relatively safe time to 
save itself. 
 
 
6. Simulation Results 
 
6.1. Handling Simulation of the First  

Type of Fault 
 

The simulation is divided into two parts. We take 
an example that the AUV completes the task of 
avoiding obstacles met in the long-endurance mission 
by using Doppler velocimeter and optical fiber gyro 
control, and Doppler velocimeter has the first type of 
card fault (the outputs of Doppler velocimeter are 
suddenly constant in a certain point). 

Simulation one is to determine the maximum 
withstanding time of error accumulation of replace 
control in simulation test. Simulation two is the 
processing strategy of fault when the AUV is doing 
the task of avoiding obstacles. Simulation one is 
shown in Fig. 4, set the AUV to be from starting 
point (0,0,0) passing point (5,5,π/4), point (10,5,π/2), 
point (10,0,π), to the target point (0,0,3π/2) (Three 
coordinates respectively is the x coordinate, y 
coordinate and heading angle ψ). The simulation time 
is nearly 10 minutes. The simulation is in 0.5 s for a 
beat and the fault happened in the 320th beat. The 
time detected is 325 beats and replace control lasted 
for nearly 7 minutes. Judging from the results of 
simulation, the effects of replace control are better in 
this period of time. Judging from the results of 
simulation, the effects of replace control are better in 
this period of time. We have done many times 
simulation tests to determine the during time of 
replace control. Here the time limit we use  
is 5 minutes. 

Simulation two is shown in Fig. 5. The execution 
time of task of avoiding obstacles sets for 5 minutes 
in replace control. The 6021 collision avoidance 
sonar is installed in front of the AUV and the 
scanning range only can be 90 degrees. Therefore, 
buffer task is setted to stop after the task of avoiding 
obstacles is carred for 5 minutes under  
replace control. 

 
 
 

 
 
 

 
 

Fig. 4. Handling simulation of the first type of fault. 
 
 

 
 

Fig. 5. Simulation of obstacle avoidance strategy. 
 
 

In Fig. 5, point A is the place where fault 
happened; point G1 is the terminal point of local 
planning when there are no faults; point G2 is the 
place where the AUV stopped after buffer task when 
faults happened; point G3 is the place where the 
AUV hit obstacles without buffer task; point O is 
starting point.  

As can be seen, if we ordered the AUV to stop 
controlling and save itself instead of taking replace 
control when the Doppler velocimeter had the first 
type of fault, the AUV will hit the obstacles due to 
the AUV large inertia. However, if we took replace 
control, the AUV would stop after taking buffer task 
to avoid obstacles for 5 minutes. After the buffer 
task, the AUV state was nearly static, and now the 
AUV can save itself safely. In addition, for the 
settings of buffer task, if the scan range of the AUV 
sonar installed is wide, the methods of buffer task can 
be more and more reasonable. 
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6.2. Handling Simulation of the Second  
Type of Fault 

 
Wavelet analysis technology can detect the 

singularity and irregular jump of signal, and replace 
control mainly processes the random jump parts of 
sensor faults. We analysis the effects of replace 
control according to the data of fiber optic gyroscope 
in a sea test. From Fig. 6, we can see that outputs of 
heading angle of fiber optic gyroscope jumps in 
several beats. However, during the time of jump 
fault, we replaced the jump data of heading angle by 
the outputs of observer in order to maintain the 
stability of the AUV motion. 
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Fig. 6. Handling simulation of the second type of fault. 
 
 
7. Conclusions 
 

For the first type of fault of sensors, because of 
the AUV sensor configuration, we are unable to 
repair the deadly fault. But we can minimize the 
dangers of the fatal fault by taking the strategy of 
replace control, and even can guarantee that the AUV 
completes the tasks successfully. For the irregular 
jump fault in a period of the second type of fault, we 
can take replace control within the time of jump fault. 
Therefore, when the existing AUV sensor 
configuration is not under the redundant situation, we 
don't need additional sensors. We can take some 
fault-tolerant control strategies, in order to guarantee 

that the AUV can complete the tasks successfully or 
securely save itself when the sensors malfunction. 
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Abstract: The maximum economic speed is hard to exceed 400 km/h when high-speed trains run in the 
atmosphere. ETT (Evacuated Tube Transportation) will be the perfect fast vehicle on land. Taking high speed 
train set as a model, using Pro/E, the parameterized model of ETT was established. Analyzing the train actual 
boundary condition, based on FLUENT software and the turbulence model, considering multi – field coupling 
condition which involved the outer flow field, the aerodynamic drag field and velocity field, the numerical 
simulation and computation was finished. Furthermore, the laws of many parameters affect air – resistance and 
aero – lift were researched. By use of fuzzy multi – criteria evaluation model, the main parameters of system 
were optimized. The works can provide the feasibility basis for ETT. Copyright © 2013 IFSA. 
 
Keywords: ETT, Aerodynamics, Multi-field coupling, Optimization design. 
 
 
 
1. Introduction 
 

With people demand for high speed transportation 
is more and more, the increasing shortage of such 
resources as oil, coal, it is very necessary to develop 
the high speed, environmental protection and 
efficient ground transport for the future society 
development. The fundamental limit factor of the top 
economic speed is the dense atmosphere, and 
overcoming aerodynamic drag is the main difficulty. 
Research showed that the aerodynamic resistance is 
directly proportional to the square of the speed. The 
aerodynamic resistance will be more than 80 % of all 
resistance as a vehicle travels running above 
400 km/h [1]. 

ETT as the next generation vehicle, in theory, on 
the ground, it can achieve the same effect as an 

aircraft flying at an attitude of about 10,000 meters. 
However, because of the limits of technical and 
economic conditions, the less related research, and 
ETT aerodynamic problems, at present, there are two 
main ideas about ETT abroad. The one is the ETT 
system of Company et3.com in the United States and 
the other is Switzerland ultra-high-speed subway 
(Swiss metro). Company Et3.corn only introduced 
the overall idea of ETT. Swiss metro engineering 
research contains high speed vehicle and its 
aerodynamics, the vacuum is limited to 0.1 bars and 
the running speed is 400-500 km/h. Domestic scholar 
only Zhang Yao-ping, Zhou Xiao, Yao Ying-feng, et 
al., carried out the numerical analysis of aerodynamic 
drag [2]. They haven’t analyzed multi – fields 
coupling of the ETT system, also haven’t optimized 
parameter. This paper mainly just carried out the 
researches. 

Article number P_1521
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2. Aerodynamics Analysis 
 

Based on Pro/E, to take high-speed train for 
model reference, the system parametric model was 
built. Under the condition of multi – fields coupling, 
using the FLUENT software to simulate air flow, the 
aerodynamic numerical simulation analysis of train 
was completed. And the paper researched the laws of 
such parameters as the atmospheric pressure in 
evacuated tube, travel speed, the locomotive's 
geometry and train- tube dimension ratio affect air – 
resistance and aero – lift. 
 
 
2.1. Parameterized Modeling of the System 
 

ETT train aerodynamic performance is bound up 
with the train apparent structure. The train streamline 
part and body transition curvature directly affect the 
aerodynamic performance. Good head surface design 
can effectively reduce the air resistance, pressure 
wave and aerodynamic noise at run time [3]. Because 
the real detail of bottom and outside surface of train 
is complex, in order to simplify the calculation, the 
train model is appropriately simplified on the premise 
of no affecting the result [4]. This paper used three 
trains model to simulate and analyze, i.e. a section 
head train (17.5 m), a middle train (25 m) and a tail 
train (17.5 m). ETT system’s physical model was 
established under Pro/E (Fig. 1). It can provide 
analysis model for the next step study on such system 
parameter as the tube blocking ratio and body 
curvature impacting on system’s aerodynamics under 
the coupling ultra high speed air flow field with 
aerodynamic drag field. 
 
 

 
 

Fig. 1. Parametric modeling of ETT. 
 
 
2.2. Meshing and Building  

the Boundary Conditions 
 

The paper supposed that train has smooth 
geometry, didn’t consider the wheels, the rails and 
the sleepers, and simplified ballast bed into smooth 
and flat. Under the conditions not to affect the 
flowing near the train, select the limited length to 
instead of infinitely long evacuated tube, at the same 
time satisfy enough far distance from the boundary of 

the calculation area to the train surface, that made the 
air flow had little impact on the flow of the regional 
boundary when the train is running. The paper 
established an evacuated tube of 120 m, and the each 
distance is 30 m both the head and the tail train far 
from the import and export boundary of  
evacuated tube. 

To import the ETT system model into the ICEM 
CFD and to mesh the train and evacuated tub, to 
define entrance speed, export evacuated pressure in 
calculation region in tube and the boundary 
conditions of ETT (Fig. 2). By use of unstructured 
tetrahedral to mesh ETT, at the same time, check the 
mesh quality in order to meeting the computing 
requirements, at last, software CFD can output 
meshing file of ETT [5]. 
 
 

 
 

Fig. 2. Boundary conditions of system. 
 
 
2.3. To Establish and Calculate the Steady 

Turbulent Model 
 
2.3.1. To Establish the Steady  

Turbulent Model 
 

The air flow field around train has obvious the 
turbulent flow characteristic such as boundary layer 
separating, wake flow. Turbulence is a kind of highly 
complex and unsteady 3-D flow with the track of 
rambling, mutual crisscrossing, rapidly changing and 
irregular rotation with time. The various physical 
parameters, such as speed, pressure, etc., have 
random changes with time and space. Currently, in 
engineering calculation of turbulent flow, the 
numerical calculation uses mainly Reynolds 
averaging method. In order to reduce amount of 
calculation, the calculation only considers the large 
scale average flow and closed turbulence model [6]. 

Due to that high Reynolds number flow field 
calculation is difficult to converge, and this paper 
adopts different running speed and tube pressure and 
different Mach number under various working 
conditions. Therefore not to take into account the 
compressibility of air, and all state was dealt with as 
incompressible. The basic control equations for 
incompressible flow as formula (1):  
 

 
0=

∂
∂

i

i

x
u  (1) 

 

where iu  is the flow field speed around the train, and 
respectively represent velocity components of three 
directions along the coordinate x, y, z; ix  
respectively represent the three coordinate directions.  
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The law of momentum conservation is also the 
fundamental law which all flow system must be 
complied with. The law can be expressed as: the fluid 
momentum’s change rate to time is equal to the sum 
of the outside forces to effect on small element, 
expression is:  
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where iu  or ju  respectively represent the velocity 

component of flow field along the x, y, z; ix  or jx  
respectively represent the three coordinate directions. 
ρ  is air density; p  is pressure; µ  is kinematic 
viscosity coefficient; t  is time.  

The airflow’s Reynolds number is greater than 
510  in vacuum tube. So its inner flow field can be 

calculated by use of ε−k  turbulence model. This 
model is the most widely used in turbulence models. 
Two transfer equations allow determining 
independently the velocity and turbulence scale. 
Standard ε−k  model is semi-empirical model 
which was established by the turbulent kinetic energy 
k  and its dissipation term ε . Among them, the 
equation k  is a precise equation, and equation ε  
derived from empirical formulas. The ε−k  
turbulence model is a kind of eddy viscosity model 
[7]. It distinguishes mainly from Baldwin-Lomax 
algebraic model lying in the turbulent viscosity 
coefficient which includes some historical effects.  

Equation k  for the turbulent kinetic energy:  
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Equation ε for the turbulence consumption rate:  
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Among them, µ  is the laminar viscosity 

coefficient; 1 1.44C = , 2 1.92C = , 1.0kσ = , 

1.3εσ = , and they are respectively the empirical 

constant. And turbulent viscosity coefficient tµ  can 

be expressed as the function equation of k  and ε : 
 

 
ε
ρµ µ

2kCt = , (5) 

 

where tµ  is the turbulent viscosity coefficient; k  is 
the turbulent kinetic energy; ε  is the turbulent 
dissipation rate; µC  is turbulent flow constant and it 
usually takes 09.0=µC .  

To build a set of enclosed equations by use of the 
continuous equation, Reynolds equation, turbulent 
viscosity coefficient equation, equation k  and 
equation ε , combine with certain initial boundary 
conditions, the actual problem can be  numerically 
simulated. 
 
 
2.3.2. Calculation and Analysis 
 

First of all, to set the solving controller, due to 
application scope of pressure solver covering from 
low pressure incompressible flow to the compression 
stream, also less needed memory, flexible solving 
process, convergence rate being much higher than 
that in the density solver, so the solving was based on 
the pressure solution.  

Fluid was selected air material; solid train 
material was selected aluminum alloy. Because it is 
difficult to research train running high speed in the 
tube, thus it assumed that trains were still at a 
standstill in the tube, and by using of air relatively 
flowing to instead of train travel in the tube.  

Tube pressure is the key issues to decide system 
parameters, and it is directly related to speed. Flying 
in the high altitude of 9000 – 12000 m, the air 
pressure is about 20 – 30 kpa, and 1000 km/h is the 
most economic speed. Air resistance will increase 
with the speed increasing, but decrease with the 
pressure decreasing. If train speed was selected for 
600 – 1000 km/h, tube pressure should be around 10 
kpa. The pressure is the same as that in 10000 – 
15000 m high altitude. I.e. the high altitude condition 
can be created on the ground. In China, the ETT 
strategic orientate to 600 – 1000 km/h ground traffic 
[1]. So this article take 800 km/h as entrance air 
velocity, and the export gauge pressure was set to 0. 
The initial tube pressure was set as 0.2 bars. It was 
assumed that the tube wall and train for smooth 
surface. Entrance and export’s turbulent kinetic 
energy k  and turbulence dissipation rate ε  was set 
as: )/s(m1 22=k , 2 21 (m /s )ε = . 

Solving condition monitor was set. Governing 
equations were discretized with second order 
upstream scheme. With pressure – correction 
algorithm (SIMPLE), to choose the steady state 
solution, ETT system was numerically studied. By 
observing to aerodynamic resistance curves and the 
convergence conditions of train lift curves, the finally 
calculate results of steady state can be gotten. 
 
 
3. Results Analysis 
 
3.1. Aerodynamic Drag Analysis in the Outer 

Flow Field 
 

After calculation of Fluent fluid model, head 
curvature can be gotten 0.15, blocking ratio is 0.1, the 
speed rate is 800 km/h. The train head surface stress 
distribution nephogram and the rear surface pressure 
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distribution nephogram under the condition of tube 
pressure of 0.2 bars were shown as follow (Fig. 3, 
Fig. 4): 
 
 

 
 

Fig. 3. Head surface stress nephogram. 
 
 

 
 

Fig. 4. Rear surface stress nephogram. 
 
 

It can be found from Fig. 3 and Fig. 4 that the 
pressure gradient of head part is obvious. And the 
pressure at the end of this part is the biggest in the 
train. On its upside and two sides, pressure values 
were decreased from positive to negative. On the top 
and side cambered surface of the transiting regions 
from the head to body are pale green areas. They 
have the maximum pressure changes, and the peak of 
negative pressure. This is mainly due to the transition 
curvature changes which are from the head to body. 
It makes the fluid flow faster, and sharp reduces 
pressure in this area.  

At the middle train, its body, middle and tail, roof 
and side wall surface are basically negative air 
pressure. The pressure of middle train has small 
absolute value; also, the pressure variation is not 
obvious. Near the head and wake of tail train, due to 
the influence of the flow around, the absolute value 
of pressure is slightly larger, but the pressure changes 
is small, isobar is sparse. And pressure gradient is 
small. Head of tail train has a small positive pressure, 
which is due to the influence of air viscosity and tail 
vortex. The analysis results show that the simplified 
model is rationality. 

3.2. Analysis of Velocity Streamlines  
in the Outer Flow Field 

 
The velocity vector distributions of the train 

symmetry plane are shown in Fig. 5 and Fig. 6. The 
train front nose is the stagnation point; the pressure 
reaches the maximum and velocity is low. Along the 
train surface, air velocity increases gradually. In the 
negative pressure zones of head and tail, air velocity 
reaches the maximum value; the pressure change 
reaches the maximum. And there have obvious 
negative pressure. The pressure, speed is relatively 
stable in the middle of the train surface. At the end of 
the train, the eddy turbulence was generated due to 
high speed, and it caused negative vacuum in the 
front and rear of the train, i.e., there exists pressure 
difference.  
 
 

 
 

Fig. 5. Velocity streamlines in the outer flow field  
of head train. 

 
 

 
 

Fig. 6. Velocity streamlines in the outer flow field  
of tail train. 

 
 

4. Optimization Design and Analysis 
 
4.1. Impact Analysis of System  

Physical Model 
 

From Fig. 3 and Fig. 4, it can be found that 
transition curvatures of the body have great influence 
on the aerodynamic performance of the train. By 
modifying the parameters of train physical model, to 
design 5 groups of different body transition 
curvatures, and by analyzing the corresponding 
aerodynamic performance, it can be gotten that the 
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change laws of train aerodynamic drag and the 
aerodynamic lift with the body transition curvature 
changes (Fig. 7), so as to better choose a reasonable 
train model.  
 
 

 
 

Fig. 7. The change laws of train aerodynamic drag and the 
aerodynamic lift with the body transition curvature 

changes. 
 
 

Fig. 7 shows that the train aerodynamic drag 
increases slightly with the increase of body transition 
curvature. However, the influence on train 
aerodynamic lift is small. It can be seen, at the time 
of choose train model, this impact on the 
aerodynamic drag should be appropriately 
considered. In order to reduce the aerodynamic drag 
of the train, this paper selected train model which 
body transition curvature is 0.15. 
 
 
4.2. Impact Analysis of Train – Tube 

Dimension Ratio 
 

Train – tube dimension ratio means the ratio of 
train cross-sectional area to the tube sectional area. In 
previous preliminary computation of flow field, train 
– tube dimension ratio was assumed as 0.1. Through 
adjusting tube diameter, the size of the ratio can be 
changed. Also by selecting five different sets of train 
– tube dimension ratio, analyzing the train 
aerodynamic performance, it can gotten that the 
aerodynamic lift change laws with the changes of 
train – tube dimension ratio. Based on this, the 
appropriate ratio can be selected. 

It can be seen from the Fig. 8, when the train – 
tube dimension ratio is less than 0.1, the changes of 
train aerodynamic drag and lift are flat. However 
when the ratio is bigger than 0.1, the forces are 
enlargement and changes are rapid. Comprehensive 
considering the economy and applicability, the train – 
tube dimension ratio of ETT is chosen as 0.1.  
 
 

 
 

Fig. 8. Aerodynamic lift change laws with the changes of 
train – tube Dimension Ratio. 

4.3. Impact Analysis of Velocity,  
Tube Pressure 

 
This article used the ANSYS Workbench 

platform, analyzed the influence factors and laws of 
the velocity and tube pressure of ETT. Considering 
computer hardware level, the train speed is given as 
600–1000 km/h, tube pressure is in the range of 
1013.5–3039.5 Pa. Computer selects automatically 
ten samples to calculate, the analysis results of ten 
sets of data are shown below in Fig. 9.  
 
 

 
 

Fig. 9. The analysis result s of velocity, pressure  
and resistance. 

 
 

By the nonparametric regression model, the laws 
of the tube pressure and train speed impacting on 
train aerodynamic drag is as follow (Fig. 10 and  
Fig. 11): 
 
 

 
 

Fig. 10. Train aerodynamic drag change laws  
with the tube pressure changes. 

 
 

 
 

Fig. 11. Train aerodynamic drag change laws  
with the speed changes. 

 
 

From Fig. 10, it can be seen that the train 
aerodynamic drag is the square relationship with the 
tube pressure. With the increase of the pressure, the 
air becomes dense, train aerodynamic drag increase 
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rapidly. Fig. 11 also shows the train aerodynamic 
drag is the square relationship with the speed. This is 
consistent with actual situation [8].  
 
 
4.4. Optimization Model and Results 
 

Aerodynamic drag is the main resistance during 
train running. It is mainly because of the friction and 
the pressure difference between trains and air. And 
the pressure difference is connected with the value of 
the aerodynamic lift. The greater the aerodynamic lift 
is, the greater the drag of pressure difference is. Train 
speed and the vacuum degree of ETT system will 
directly affect the train aerodynamic drag and 
aerodynamic lift. Using the workbench, under both 
the friction and the pressure difference, the balance 
chart of three relations was established which include 
speed, vacuum degree and aerodynamic  
drag (Fig. 12).  
 
 

 
 

Fig. 12. The balance chart of speed, vacuum degree, 
aerodynamic drag.  

 
 

The x-axis represents the train speed, the y-axis 
represents vacuum degree in tube, z-axis represents 
the train aerodynamic drag. Green squares in the 
chart represent the best feasibility area. 

Fuzzy multi-criteria is an evaluation method 
which apply fuzzy mathematical into multi-criteria 
evaluation. Because of the complexity of the actual 
engineering problems, adding to multi-field coupling 
ETT is necessary to consider such fuzzy information, 
as the fuzzy speed, the fuzzy material, the fuzzy 
boundary conditions, the system fuzziness itself, etc. 
In the process of multi-objective optimization, firstly, 
to find out the optimal solution of sub-targets 
constraints, and to blur each sub-goal function by use 
of the optimal solutions, then to calculate the 
intersection, the intersection is the optimal solution of 
multi-objective optimization problem.  

Through fuzzy multi-criteria evaluation method, 
based on the optimum space filling model and 
nonparametric regression model, to establish the 
approximate relationship between the objective 
function and design variables, take maximum train 
speed, minimum train aerodynamic drag and 
maximum aerodynamic lift as main goal, set speed 
and vacuum range as the constraint conditions, the 

system fuzzy multi-criteria evaluation mathematic 
optimization model was built. In the model, the train 
speed and tube vacuum were set for fuzzy 
constraints, and train resistance and aerodynamic lift 
for design variables [9]. 
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Among them, 1x  and 2x  are the design variables, 
and indicate respectively the aerodynamic resistance 
and lift; ( )f X  is objective function of train speed; 

l
xM  and u

xM  are upper and lower limit of tube 
vacuum degree; Tilde (~) indicates that the formula 
contains fuzzy information. 

This paper used the optimization design tool 
which was including two modules both Response 
Surface and Goal Driven Optimization. Because 
space filling model was very suitable for the occasion 
which contained no random error and emphasized the 
deviation of control system test, this paper selected 
the best space filling design.  

The three sets of solutions had been obtained, 
which targets included maximum train speed, 
minimum train aerodynamic drag and maximum 
aerodynamic lift. It could be also seen from the 
Fig. 13, candidate A is the optimal solution, vacuum 
optimization results is 1077.1 Pa, train running speed 
is 987.7 km/h, the aerodynamic drag of the train is 
5302.2 N, and the aerodynamic lift is 793.2 N. 

In order to verify the optimal solutions, a set of 
optimization result was re-substituted into the Fluent 
for flow field calculation. The aerodynamic drag of 
train is 5213.6 N; the aerodynamic lift is 680.17 N. 
The numerical results were approximate with that of 
the optimization model. It indicates that the model  
is reasonable.  
 
 

 
 

Fig. 13. The optimization results.  
 
 
5. Conclusion 
 

As ETT system parametric modeling, Pro/E 
facilitates the study of model parameters impacting 
on train speed and the aerodynamic drag under multi-
field coupling. It improves convenience for quick 
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determining reasonable parameter design of  
ETT system.  

Based on the standard k ε−  turbulence model, 
internal turbulence flow field in ETT system were 
simulated and calculated those can be gotten: (1) The 
aerodynamic resistance increases with the increase of 
transition curvature of streamlined body. And in 
according to the comparative analysis, when the 
transition curvature is 0.15, the economy and 
applicability are better. (2) It can not be ignored that 
the train – tube dimension ratio impact on the train 
resistance. The resistance grows linear with train – 
tube dimension ratio increase. Since the change range 
of train cross-sectional area is small, it can only 
increase the tube section to reduce the growing, 
which will increase the project cost, affect its 
operating costs. (3) Train aerodynamic drag and lift 
increase rapidly with the increases of train speed. 
Similarly, it will be also increased with the tube 
pressure increases quickly.  

Using the fuzzy multi-criteria evaluation, building 
the mathematical optimization model, based on the 
best space filling model and nonparametric 
regression model, the objective function is 
established. The optimal scheme is: train running 
speed is 987.7 km/h, tube vacuum degree is 
1077.1 Pa, the aerodynamic drag is 5213.6 N, and the 
aerodynamic lift is 680.17 N.  
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Abstract: Based on wavelet packet and extended Kalman filter (EKF) training RBF neural network method, a 
method for the fault diagnosis of railway rolling bearing is proposed in this paper. The wavelet packet and 
RBFNN are introduced. The wavelet packet is used to translate raw vibration signals of a railway rolling bearing 
into time-scale representation. Then, the wavelet packet energy eigenvector is constructed, next, those wavelet 
packet energy eigenvectors as fault samples for training RBF neural network. To ameliorate the algorithm, EKF 
is exploited to optimize the algorithm so as to determine the best values for “network connection weight”, 
finally the fault patterns of the railway rolling bearings are identified. The results show that the proposed method 
is superior to the RBF neural network in extracting the fault characteristics of roller bearings. This method is 
effective and can be used for automotive recognition to rotary machine faults. Copyright © 2013 IFSA. 
 
Keywords: Wavelet packet, Extended Kalman filter, RBF neural network, Railway rolling bearing, Fault 
diagnosis. 
 
 
 
1. Introduction 
 

The rolling bearings are among the most used 
elements in the railway sector, it is a critical 
component and required to carry heavy loads and 
operated at high efficiency and reliability. A fault in a 
rolling bearing may cause breakdown train vehicle, 
and serious consequences may arise due to the fault. 
Therefore, fault diagnosis of rolling element bearings 
is very important to safe operation of railway systems.  
Fault detection techniques such as vibration, acoustic, 
oil debris and thermal-based symptom analyses have 

been developed dealing with gears, bearings and 
shafts [1-4]. Among them the analysis of the fault –
induced vibration signal is one of the most widely 
used techniques for rolling element bearing 
diagnosis [5]. 

Over the past years, various methods have been 
developed for identifying faults in vibration signals, 
such as the short-time Fourier transform (STFT) [6], 
wavelet transform [7], cumulant spectrum [8], neural 
network [9], Genetic algorithm [10], Bayesian 
classifier [11], etc. Wavelet packet, which is 
extension from wavelet theory, has several particular 
advantages in comparison with scalar wavelet on 

Article number P_1522

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 421-426 

 422

image fusion. At the same time neural networks have 
become a popular tool in the fault diagnosis due to 
their fault tolerance and their capacity for self-
organization. So an intelligent diagnosis method for 
railway rolling bearings is proposed on the basis of 
wavelet packet and EKF training RBF neural network. 
The result shows that the proposed method has the 
superior performance in extracting characteristics of 
vibration signals. It can implement better in diagnosis 
of railway rolling bearing. 

The contents of this paper are organized in the 
following way. Section 2 presents a brief overview of 
the wavelet transform and wavelet packet analysis. In 
section 3, wavelet packet energy eigenvector is 
introduced. RBFNN and EKF training RBF neural 
network are proposed in section 4. The performance 
of the proposed method is validated using bearing 
vibration signals in section 5. Finally, the conclusions 
of this paper are given in section 6. 
 
 
2. Wavelet Packet Transform 
 

As an extension of the standard wavelets, wavelet 
packet represent a generalization of multi-resolution 
analysis and use the entire family of subband 
decomposition to generate an over complete 
representation of signals [12]. 

The continuous wavelet packet is described as: 
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where )(xf  represents a signal, and )(
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scaled and shifted function of mother  
wavelet function. 

The discrete wavelet packet is defined by [13]: 
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where )()(0 ttu φ=  and )()(1 ttu ϕ=  are the scaling 
and mother wavelet function, respectively. And h  is 
low pass filter, g  is high pass filter. The algorithm of 
discrete WPT is represented by 
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The reconstruction formula is 
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In the first level, the signal is decomposed into 

two subbands: low frequency sub-bands and high 
frequency sub-bands. In the next level, the low 
frequency sub-bands are decomposed into lower and 
higher frequency parts. In the meanwhile, the high 
frequency sub-bands are also decomposed into lower 
and higher frequency parts. The same decomposition 
goes on repeatedly. The wavelet packet tree of Fig. 1 
illustrates such a decomposition. 
 
 

1a 1d

2aa 2da 2ad 2dd

3aaa 3daa 3ada 3dda  3aad  3dad  3add  3ddd
 

 
Fig. 1. Wavelet packet decomposition tree down  

to resolution level 3. 
 
 
3. Wavelet Packet Energy  

Vector Algorithm 
 

1) The wavelet packet is adopted to decompose 
the signal of railway rolling bearings. 

2) Reconstruct the coefficients of frequency bands. 
For example, 31S  represents the reconstructed signal 
at the 3th layer of the 1th node. 

3) The total energy of each band [14] 
 

 
∑∫ ==

n

jkjj xdttSE
1

22

33 )( , (6) 

 
where ),2,1;7,,1,0( nkjx jk …… ==  represents 
amplitude of the reconstructed signal. 

4) Construct the wavelet packet energy 
eigenvector. 

The definition of all the energy of signal: 
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A band of relative wavelet packet energy: 
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The definition of relative wavelet packet energy 

feature vector: 
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4. RBF Neural Network and EKF 

Training RBF Neural Network 
 
4.1. RBF Neural Network 
 

The radial basis function (RBF) neural network is 
a type of feed forward neural network that learns 
using a supervised training technique. RBF neural 
network is embedded in a three layers neural network, 
where each hidden unit implements a radial activated 
function. The input units implement the data input to 
the network. The output units implement a weighted 
sum of hidden unit outputs. The input into a RBF 
network is non-linear while the output is linear. Due 
to their non-linear approximation properties, RBF 
networks are able to model the complex mappings, 
which perception neural network can only be 
modeled by means of multiple intermediary  
layers [15]. 

The RBF neural networks typically have three 
layers: an input layer, a hidden layer and an output 
layer. The network structure of an RBF neural 
network is shown in Fig. 2. 
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Fig. 2. The structure of RBF neural network. 
 
 
4.2. RBF Neural Network 
 

For nonlinear discrete-time system, the state 
space expression is as follows [16]. 
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If nonlinear state space in equation (10) is 

sufficiently smooth, )( kf θ  and )( kh θ can be 

expanded to Taylor series around the estimate k̂θ . 
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Neglect the higher-order term in equation (11), 

the following equation is obtained: 
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4.3. RBF Neural Network 
 

For RBF neural network, the processed state 
space in which Kalman filter can be used is shown as 
follows [17]. 
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Based on the recursive equations of Kalman filter, 

the state estimate θ  can be calculated. 
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where kθ  is the state estimate at the time, )( 1−kh θ  

is the network output at the time 1−k , kG  is the 

Kalman gain, kP  is the state estimate error variance. 

 
 
5. Experimental and Analysis 
 
5.1. The Process of Wavelet Packet 
 

The three-layer wavelet packet is used to translate 
raw vibration signals of a railway rolling bearing into 
time-scale representation. Fig. 3(a)–Fig. 5 (a) are 
time domain of the signal, Fig. 3 (b)–Fig. 5(b) are the 
fault signal decomposed with three-layer wavelet 
packet. Then, the wavelet packet energy eigenvector 
is constructed, those feature vectors are divided into 
two groups: the training group and the testing group. 
The training data is listed in Table 1. It is used to 
train the EKF-RBF neural network. The testing data 
is listed in Table 2. It is used to examine the trained 
EKF-RBF neural network. 
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Fig. 3(a). The time domain of normal signal. 

 
Fig. 3(b). The rolling fault signal decomposed  

with wavelet packet. 
 

 
 

 
Fig. 4(a). The time domain of rolling fault signal. 

 
Fig. 4(b). The outer ring fault signal decomposed  

with wavelet packet. 
 

 
 

 
 

 
Fig. 5(a). The time domain of inner ring fault signal. 

 
Fig. 5(b). The inner ring fault signal decomposed  

with wavelet packet. 
 

 
5.2. The Process of Neural Network 
 

1) Constructed EKF-RBF neural network  
using MATLAB. 

The network architecture used for fault diagnosis 
consists of 8 inputs corresponding to the 8 different 
ranges of the frequency spectrum of a fault signal, 
3 outputs corresponding to 3 respective signals, such 
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as normal signal, rolling fault signal and inner ring 
fault signal. 

2) Testing the trained EKF-RBF neural network. 
After trained the network, the testing group is 

used to examine the trained EKF-RBF neural 
network.  

The outputs of the examination sample are listed 
in Table 3. From the outputs of the examination 
sample, we can see that it is so close to the 
corresponding ideal outputs of the examination 
sample. So this method can diagnose the kind of 
railway rolling bearing faults. 

 
 

Table 1. Sample data of bearing operation. 
 

No. Feature samples Fault status Fault vector 
1. 0.9576 0.0069 0.0020 0.0078 0.0012 0.0008 0.0002 0.0004 normal signal (1 0 0) 
2. 0.9689 0.0089 0.0021 0.0068 0.0007 0.0003 0.0015 0.0003 normal signal (1 0 0) 
3. 0.9779 0.0068 0.0007 0.0095 0.0025 0.0002 0.0006 0.0009 normal signal (1 0 0) 
4. 0.0543 0.0653 0.6864 0.0310 0.0159 0.0423 0.0397 0.0596 rolling fault signal (0 1 0) 
5. 0.1485 0.0591 0.4957 0.0876 0.0253 0.0675 0.0769 0.0513 rolling fault signal (0 1 0) 
6. 0.1867 0.0087 0.5783 0.0896 0.0358 0.0457 0.0477 0.0324 rolling fault signal (0 1 0) 
7. 0.0591 0.0589 0.1655 0.0201 0.0496 0.0718 0.4985 0.0499 inner ring fault signal (0 0 1) 
8. 0.0287 0.0653 0.2754 0.0385 0.0186 0.0213 0.5561 0.0476 inner ring fault signal (0 0 1) 
9. 0.0387 0.0297 0.1978 0.0387 0.0491 0.0816 0.4757 0.0529 inner ring fault signal (0 0 1) 

 
 

Table 2. Testing data. 
 

No. Feature samples Fault status Fault vector 
1. 0.9626 0.0087 0.0046 0.0207 0.0008 0.0002 0.0041 0.0006 normal signal (1 0 0) 
2. 0.0768 0.0021 0.5384 0.0701 0.0673 0.0762 0.1105 0.0643 rolling fault signal (0 1 0) 
3. 0.0285 0.0312 0.2864 0.0497 0.0482 0.0215 0.5573 0.0311 inner ring fault signal (0 0 1) 

 
 

Table 3. Testing results. 
 

Fault status Ideal outputs Actual outputs Testing results 

normal signal (1 0 0) (0.9697 0.0165 0.0358) normal signal 

rolling fault signal (0 1 0) (0.0126 0.9136 0.0542) rolling fault signal 

inner ring fault signal (0 0 1) (0.0381 0.0183 0.9276) inner ring fault signal 

 
 
6. Conclusions 
 

A railway rolling bearing fault diagnosis approach 
has been developed based on wavelet packet and 
EKF training RBF neural network. The vibration 
signal of the railway rolling bearing is first 
decomposed by the wavelet packet, then, the feature 
vectors are extracted and fed into EKF-RBF neural 
network to identify the bearing health conditions. The 
experimental results show that this approach can 
diagnose the kind of rolling bearing faults, it gives an 
effective method for the multi-concurrent fault 
diagnosis of the rotating machines. 
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Abstract: For failure prediction and information interaction problems of multi-equipment health management, 
fault prediction technology of multi-equipment and multi-parameter was proposed based on the system network. 
The state judgment and fault diagnosis algorithm is adopted by SOM self-organizing feature map neural 
network, the network parameters and node structure are changed adaptively, and the real-time updating of 
running status of equipment fault detection is realized. The improved fault prediction algorithm based on Elman 
feedback artificial neural network promoted the characteristics of the approximate any nonlinear function with 
arbitrary precision. Referencing to historical data by the feedback for the health management of multi-
equipment, the algorithm provided early detection, isolation, management and forecast for fault omen, incipient 
fault status and ancillary component failure state in multi-equipment health management. The self adaptive 
abilities and the robustness of fault prediction system are improved effectively. Copyright © 2013 IFSA. 
 
Keywords: System network, Failure diagnosis, Failure prediction, Artificial neural network, Self-organizing 
feature map. 
 
 
 
1. Introduction 
 

Mechanical equipment fault diagnosis and 
forecast is an essential link in the process of 
development and use. With the wide application of 
new technology, the more sophisticated and smart 
modern mechanical system should be applied. The 
cost and difficulty also will be increased in 
equipments, storage, maintenance and other aspects. 
Some installation and debugging process 
requirements are relatively high in certain precision 
machinery equipment systems which adopt 

microelectronics technology, computer technology 
and sensitive components technologies. Some 
equipment failures probable have bred not only in 
use, but also during the process of production, 
transportation, and maintenance. 

The prediction parameter algorithm is the key of 
fault forecast. Traditional equipment fault forecast 
technology is usually based on expert experience. 
The limitation includes some aspects as follows [1]. 

Firstly, the tradition fault detection and diagnosis 
are limited to "failure", lacked of the accumulation 
and analysis of the daily data processing. The 
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traditional fault forecast just predicts only in the 
event of a failure judgment, but not track the whole 
health condition of the equipment entire life cycle. 

Secondly, the fault diagnosis methods based on 
internet is mainly remote data transmission through 
the network, lack of real-time, field data collection 
using the network technology. 

Thirdly, the traditional fault diagnosis methods 
only contrapose a single mechanical equipment and 
system, or contrapose only some local parameters of 
the equipment system in a certain stage. It is very 
effectively discovering and solving the single 
equipment failures using this method, but lacking of 
systematicness for the whole system life cycle. 

Prognostic and Health Management (PHM) [2] 
put forward a new solution of health status 
management by synthesized utilization of modern 
information technology and artificial intelligence 
technology. Mechanical equipment fault diagnosis 
and forecast are the important part of core content in 
health management. Fault prediction is the 
technology and means providing early detection, 
isolation capabilities, manage and forecast, according 
to the omen, incipient fault and fault condition of 
subsidiary component failure state [3]. This paper 
puts forward a new equipment fault prediction system 
based on system network in order to solve the 
problem of information interaction in PHM. The 
improved fault detection and prediction algorithms 
are more suitable for the mechanical equipment fault 
detection systems which need more test parameters, 
high real-time requirements and long running. The 
algorithms would facilitate system fault analysis and 
the comprehensive decision, achieve the whole life 
cycle health management in mechanical equipments. 
 
 
2. Framework of Equipment  

Failure Prediction System  
Based on Internet of Things 

 
The System network technology is a network that 

makes any articles connect to the Internet with the 

specified protocol for information exchange and 
communication in order to achieve articles intelligent 
identification, positioning tracking and management 
by using RFID, infrared sensors, GPS, laser scanners 
and other information sensing device [4]. It is an 
extension and expansion of the Internet technology. 

There are 3 levels of management in the system 
structure. The Network Management Center (NMC) 
located in the top level is responsible for the fault 
management of whole network, multi-domain fault 
diagnosis, and addition and quiting of Domain 
Management Agency (DMA). NMC also charged 
with the task of maintenance and transmission of 
diagnostic model library, accepted DMA query and 
organization collaboration. DMA is the second level 
next to the NMC management level, corresponding to 
the deployment of the autonomous domain 
management node of system network and responsible 
for generating dynamically Mobile Agent (MA) 
according to the predetermined strategy, collecting 
the local field multi-equipment fault state and 
decision-making level of diagnosis. DMA generates 
fault prediction and diagnosis tasks of low level, and 
implements in local.  

The most basic fault management level is formed 
of MA in the form of code which is embedded in the 
key nodes. It performs basic monitoring, interactive, 
predictive and diagnostic operations. The system 
structure is shown in Fig. 1. 
 
 
3. Fault Detection for Self-organizing 

Neural Network 
 

The Multi-equipment health management system 
based on the system network can continuous abtion 
testing data from sensors in state judgment function 
part, process and analysis, real-time monitoring the 
working condition of mechanical equipments. 
Therefore, the fault detection algorithm must be able 
to receive the detection data quickly, analysis and 
processing, and judge working status of the 
equipments immediately. 

 
 

.........

 
 

Fig. 1. Framework of multi-equipment failure prediction system based on Internet of Things. 
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Contraposing a certain type of machinery and 
equipment, failure detection algorithm improved in 
this paper must identify failure mode and type, 
determine the corresponding fault cause based on the 
numerical change of tested parameters, and also 
determine directly that the equipments are in normal 
working state or a failure condition. The algorithm 
must detect the corresponding failure mode, fault 
type, fault location, fault maintenance and recovery 
suggestion if a fault occurs. 
 
 
3.1. Self-Organizing Neural Network 

 
The advantage of Self-organizing Feature Map 

(SOM) which adopts unsupervised learning method 
is that it can automatically search for the essential 
property and inherent law of samples, and self-
adaptively change the network parameters and the 
node structure through self organizing [5]. SOM is 
able to conduct fault diagnosis of multi-equipment in 
a more intelligent way, also can be improved 
continuously to judge more accurately the condition 
and fault of equipments with the further use of 
equipment health management system. In this way, 
SOM provides the real-time data of the operation 
status of the equipment for the failure prediction [6].  

The neural network of SOM is composed of input 
layer and mapping layer (output layer) (Fig. 2) [7]. 
The number of neuron nodes in input layer is m, 
while the mapping layer is a two-dimensional planar 
array containing a times b neuron nodes and each 
neuron node is linked to all neuron nodes which in  
the input layer. 
 
 

 
 

Fig. 2. Three-dimensional diagram of the basic structure  
of SOM. 

 
 

SOM network is capable of finding out the 
similarity automatically between input data, and 
allocating the similar input data in the network 
according to the principle of proximity, which will 
form a neural network that can respond to the input 
data selectively. SOM network learning algorithm 
can be divided into the following steps: 

1) Initialization network. 
The initialization of SOM neural network is to set 

the initial value of the weight between mapping layer 
and input layer with random numbers, and set the 
smaller weight value to connection weight from input 
nodes to output nodes. Then choose j adjacent nodes 

from output neuron nodes to form the set jS , in 

which ( )jS t  indicates the set of j adjacent nodes at 

the time of t, and the set ( )jS t  will be smaller as 
time goes. 

2) Input vector. 
Input vector to the input layer. 

1 2 3( , , , , )T
mX x x x x= … . 1 .....c cnx x . 

3) Calculation Euclidean distance between the 
weight vectors of mapping layer and the vectors of 
input layer. 

Formula (1) can be adopted for calculating the 
Euclidean distance between the weight vector jW  of 
the jth neuron node in the mapping layer and the input 
vector X  in the input layer.  
 

 2
1
( ( ) ( ))m

j j i iji
d X W x t w t

=
= − = −∑ , (1) 

 
where ijw  means the weight between the ith neuron 
node in the input layer and the jth neuron node in the 
mapping layer. Then calculate to get the node with 
the shortest distance, noting as *j  so as to make sure 
that for any j, the node k can conform to the equation 
(2), and then get the set of neuron nodes adjacent to 
the node. 
 

 2
1
( ( ) ( ))m

j j i iji
d X W x t w t

=
= − = −∑ , 

 
min( )k jd d=  

(2) 

 
4) Adjusting the weight. 
Calculate the weight of the output neuron node 

*j  and its adjacent nodes according to equation (3). 

 
 ( 1) ( ) ( )( ( ) ( ))ij ij ij i ijw w t w t t x t w tη∆ − + − = − , (3) 

 
where 0 1η< < , and η  is the constant, which 
decreases from 1 to 0 as times goes.  
 

 1( )t
t

η =  or ( ) 0.2(1 )
10000

ttη = − , (4) 

 
5) Calculation the output. 
Calculate with equation (5), in which ( )f ∗  is a 

function between 0 to 1 or other nonlinear function. 
 

 (min )k jo f X W= − , (5) 
 

6) Judge if the result meets the  
preset requirement.  

Finish the algorithm if the result can meet the pre-
set requirement; otherwise, return to Step (2), and 
continue the next round of learning. 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 427-435 

 430

3.2. Fault Detecting Algorithm 
 

Based on the requirement of equipment detecting 
and management, it searches for failure modes, 
failure variety, failure symptom, causes of failure, etc. 
And then show the failure symptom of the 
equipments with the eight basic detecting parameters 
of working current, working voltage, starting voltage, 
transmitting frequency, receiving frequency, 
sensibility, noise and temperature by taking into 
consideration of the found data and information. 
Therefore, there are eight neuron nodes in the input 
layer of SOM network model, which are signified 
with P1,  P2, … P8, respectively. 

Based on the cause of failure corresponding to the 
failure symptom, design the competitive layer of 
SOM network as a 6 times 6 two-dimensional  
node arrays.  

Present a sample set containing various failure 
samples based on the collected failure samples, as 
shown in Table 1.  

Achieve the state judgment and fault diagnosis 
algorithm based on SOM with codes, in which the 
code of SOM network is achieved with MATLAB. 
To the established network, train for 10, 30, 50, 100, 
200, 500 and 1000 times respectively. The result of 
the classification after training is shown in Fig. 3. 

 
 

Table 1. Failure sample data of certain equipment. 
 

Input (Detecting Parameter) Output  
(Failure Mode) P1 P2 P3 P4 P5 P6 P7 P8 

M1 0.6818 1.0000 0.635 0.8426 -0.6215 0.1574 1.0000 0.7782 
M2 0.9253 1.0000 1.0000 -0.4526 0.3895 1.0000 1.0000 1.0000 
M3 -0.4571 -0.2854 -0.9024 0.9121 -0.0841 1.0000 -0.2871 0.5647 
M4 0.1254 0.1564 -0.5000 -0.6537 -0.3333 -0.6667 -0.3333 -0.5000 
M5 0.5134 0.9413 0.9711 -0.4187 0.2855 0.8545 0.9478 0.9521 
M6 0.1756 0.7648 0.1259 -0.6472 0.0563 0.1726 0.5151 0.4212 
M7 -0.6744 -0.4541 -0.8454 1.0000 -0.8612 -0.6714 0.6279 -0.6785 
M8 0.4647 0.5710 0.0712 -0.7845 -0.2871 0.8915 0.6553 0.6152 
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Fig. 3(a). Results of 7 training classification for SOM 
network - training 10 times. 
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Fig. 3(b). Results of 7 training classification for SOM 
network – training 30 times. 
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Fig. 3(c). Results of 7 training classification for SOM. 
 

-1 0 1 2 3 4 5 6
-1

0

1

2

3

4

5

1 0 0 0 0 1

0 0 0 0 0 0

0 0 1 0 0 1

0 0 0 1 0 0

1 0 0 0 0 1

0 0 0 1 0 0

Hits

 
 

Fig. 3(d). Results of 7 training classification for SOM 
network – training 100 times, network – training 50 times. 
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Fig. 3(e). Results of 7 training classification for SOM 
network – training 200 times. 
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Fig. 3(f). Results of 7 training classification for SOM 
network – training 500 times. 
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Fig. 3(g). Results of 7 training classification for SOM network – training 1000 times. 
 
 

Table 2 is the results of seven training 
classification for SOM network. It can be seen that 
when the training reaches 10 times, the samples can 
only be classified into 3 types, in which  
Type 1, 2, 5, 6 and 8 belong to the first type, while 
Type 3 and 7 belong to the second type, and Type 4 
forms the third type.  

In the same, when the training reaches 30 times, 
the samples are divided into 7 types; and when it 
reaches 50 times, the samples are divided into 6 types. 
When the training is less than 100 times, the samples 
cannot be fully classified, as several samples are 
overlap. However, when the training reaches 100 
times, every sample can be classified as  
different types.  

With the frequency of training increasing to 500 
or 1000, the result is classified clearly. Obviously, 
under this condition, it is none of significance to 
increase the frequency of training. Therefore, treat 
the network which after 100 times of training as the 
SOM network ultimately. 

The classification of each neuron in the SOM 
network after training is shown as Fig. 4, in which 
the blue nodes indicate the neuron nodes which win 
the in the competition. The topology structure of the 
network is shown as Fig. 5, in which the competitive 
layer of the SOM network is composed of 6 times 6 
neuron nodes. 

 

 
 

Table 2. The Result of 7 training classifications for SOM network. 
 

Frequency of Training (times) Result of Classification 
10 36 36 1 3 36 36 1 36 
30 24 36 7 2 36 25 1 30 
50 6 12 19 31 12 36 13 36 
100 5 36 1 25 24 33 13 28 
200 19 1 33 24 2 6 36 4 
500 21 31 36 4 19 8 12 1 

1000 6 30 25 15 18 22 1 34 
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Fig. 4. Classification result of the nodes  
in the SOM network. 
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Fig. 5. Topology structure of the SOM network. 
 
 
The direct distance between the adjacent neuron 

nodes is shown as Fig. 6, in which the blue indicates 
neuron nodes, the red lines indicate the link between 
nodes, and the color of each diamond indicates the 
distance between nodes, as to which the deeper the 
color, the farther the distance. 
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Fig. 6. The direct distance between adjacent nodes. 
 

4. Failure Prediction Based on Elman 
Artificial Neural Network 

 
Failure prediction is to predict the possible failure 

in the future by reading the detecting data about the 
working condition of the system or equipment in a 
recent period, analyzing comprehensively the 
detecting parameters during the period, stimulating 
the trend of the data about each detecting parameter, 
predicting the detecting parameters at a certain time 
in the future with the help of algorithms and then 
analyzing and processing the data got from the 
prediction [8, 9]. 
 
 
4.1. Algorithm Choosing 
 

The input of feedback artificial neural network 
contains delayed feedback on input or output data; 
the learning process of this network is the changing 
process as the state of its neuron nodes [10]. A steady 
and constant state of a neuron node will be reached 
after the learning process. Elman neural network is a 
common feedback artificial neural network, which 
includes input layer, hidden layer, acceptor layer and 
output layer, as shown in Fig. 7. In this network, the 
links among input layer, hidden layer and output 
layer are similar to that feed forward artificial neural 
network. The nodes in the input layer are for 
transmitting signals; the transfer function of nodes in 
the hidden layer can adopt a linear function or a 
nonlinear function; the acceptor layer (competitive 
layer) is for caching the output value of the nodes in 
the hidden layer at the previous moment and 
returning the value to the input layer; and the nodes 
in the output layer are for node weighting. 
 
 

y(k)

u(k-1)

Output Layer

Hidden Layer

Input Layer

Competitive Layer

 
 

Fig. 7. The Structure of Elman neural network. 
 
 

The space expression is as follows: 
 

 3( ) [ ( )]y k g w x k= , (6) 
 

 3 2( ) { ( ) [ ( 1)]}cx k f w x k w u k= + − , (7) 
 

 ( ) ( 1)cx k x k= − , (8) 
 
where, u  is the R-dimension input vector of the input 
layer, x  is the N-dimension unit vector of the hidden 
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layer (middle layer), cx  is the N-dimension feedback 
state vector, y  is the N-dimension output vector of 
the output layer; w  is the connection weight between 
the acceptor layer and the middle layer, 2w  is the 
connection weight from the input layer to the middle 
layer; 3w  is the connection weight from the middle 
layer to the output layer. ( )g ∗  is the transfer function 
for transmitting neuron nodes, and ( )f ∗  is the 
transfer function for transmitting the neuron nodes in 
the middle layer. 

The advantage of Elman neural network is its 
acceptor layer which feedback the output of the 
hidden layer to the input of the hidden layer through 
delay and storage [11, 12]. This self-connected mode 
makes the network sensitive to the history data. The 
internal feedback enhanced the network’s capability 
of processing dynamic information, so as to achieve 
dynamic modeling and approach nonlinear mapping 
with any precision, during which process the 
influence of external noise on the system can even be 
neglected [13, 14]. 
 
 
4.2. Failure Prediction of Elman Artificial 

Neural Network 
 
Predicting failure based on Elman artificial neural 

network is to improve the self-learning and self-
adaptive capability of the system and promote the 
robustness of the prediction system by taking 
advantage of its delayed input as well as its features 
of approaching nonlinear functions with any 
precision and its ability of referring to the history 
learning data in terms of its feedback [15, 16]. The 
algorithm flow of failure prediction is shown  
in Fig. 8. 

First select the detecting data of a period of time 
as the test sample, and then design and test the 
algorithm for the detecting data obtained at the same 
moment of nine successive samples. According to the 
flow, read the data and load it into the program. 
Execute the program, take every three groups of 
detecting data as the input, and take the forth group 
of detecting data as the target output. It can get five 
training samples. Input the five groups of samples 
into Elman network in a circular way, and conduct 
training repeatedly. After finishing the training, take 
the ninth group of detecting data as the test sample to 
test the availability of Elman artificial neural network, 
and judge whether it can predict the future detecting 
data correctly. The equipment test sample data are 
shown in Table 3, and the normalization data are 
shown in Table 4. 

For selecting the proper number of neuron nodes 
in the hidden layer, set the number of neuron nodes in 
the hidden layer into two groups, which are 10, 20, 
30, 40 and 40, 50, 60, 70 respectively; then train and 
test the neural network and get the result of 
prediction, then analyze the prediction error of each 
network. The result of prediction comparison is 
shown in Fig. 9. 

 
Fig. 8. The flow of failure prediction. 

 
 

From the comparison of the above simulation 
result, it can be seen that when the number of neuron 
nodes in the hidden layer reaches 50, the prediction 
error for each parameter is the smallest. Therefore, 50 
is determined as the number of neuron nodes in the 
hidden layer while adopting Elman artificial neural 
network to conduct failure prediction for the system. 

Failure prediction includes the prediction about 
the parameter of the system or equipment at a certain 
moment in the future and the judgment on the further 
state of the system or equipment. The prediction 
algorithm based on Elman neural network can 
accomplish prediction about the value of parameters 
at a certain future moment, while the algorithm based 
on SOM can accomplish the judgment on the 
predicted state of equipment. 

 
 

5. Conclusions 
 

Based on the actual needs and conditions of the 
system equipment, this paper has built the multi-
equipment health management system based on the 
system network, designed using adaptive neural 
network SOM fault detection algorithm and Elman 
neural network fault prediction algorithm based on 
the System network technology. This design is based 
on SOM network fault detection algorithm to analyze 
the collected test parameters and make the real-time 
operating status judgments. Its self-learning feature 
can adapt to the change of device parameters and 
improve detection accuracy. Fault prediction 
algorithm based on Elman neural network can predict 
parameters data in the lower range of error according 
to the detecting data and provide the basis for system 
failure prediction. 
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Table 3. Data of test samples. 
 

Data Values 
Sample Operating 

Current 
Operating 

Voltage 
Start up 
Voltage 

Transmitting 
Frequency 

Receiving 
Frequency Sensitivity Noise Tempe-

rature 
1 501 12.01 24.11 600 599 0.0010 20 41.3 
2 500 12.03 24.08 600 600 0.0011 25 41.0 
3 501 11.98 24.07 601 599 0.0009 23 41.2 
4 499 11.99 24.10 601 599 0.0009 20 40.9 
5 499 12.02 24.11 600 601 0.0009 23 40.0 
6 500 12.01 24.09 601 599 0.0010 22 40.0 
7 501 12.01 24.10 601 600 0.0010 24 40.5 
8 499 11.99 24.07 600 600 0.0011 20 40.9 
9 501 12.00 24.10 601 599 0.0011 22 41.0 

 
 

Table 4. The Normalization result of the sample data. 
 

Data Values 
Sample Operating 

Current 
Operating 

Voltage 
Start up 
Voltage 

Transmitting 
Frequency 

Receiving 
Frequency 

Sensitiv-
ity Noise Temper-

ature 
1 0.6700 -0.9600 -0.9196 1 0.9967 -1 -0.9333 -0.8623 
2 0.6667 -0.9599 -0.9197 1 1 -1 -0.9167 -0.8633 
3 0.6672 -0.9601 -0.9199 1 0.9933 -1 -0.9235 -0.8629 
4 0.6606 -0.9601 -0.9198 1 0.9933 -1 -0.9334 -0.8639 
5 0.6606 -0.9600 -0.9198 0.9967 1 -1 -0.9235 -0.8669 
6 0.6639 -0.9600 -0.9198 1 0.9933 -1 -0.9268 -0.8669 
7 0.6672 -0.9600 -0.9198 1 0.9967 -1 -0.9201 -0.8652 
8 0.6633 -0.9600 -0.9198 1 1 -1 -0.9333 -0.8637 
9 0.6672 -0.9601 -0.9198 1 0.9933 -1 -0.9268 -0.8636 
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Fig. 9. Comparison of prediction errors. 
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Abstract: This paper purposes a solution of the target detection and identification for automatic ship loader. For 
automatic ship loaders, the operation target should be detected and identified continuously and real-timely. By 
using the laser measurement systems (LMS), the ship cargo holds and the bulk cargo can be rebuilt as a group of 
3D points. Then the image processing algorithm can identify the positions, sizes and shapes of the cargo holds 
and the bulk cargo from the 3D points. Based on the target information identified by the image processing 
algorithm, the ship loader can finish the loading operation automatically. At last, this paper describes and 
analyzes the experiment of the cargo height detection using LMS in Coal Terminal of Tianjin Port.  
Copyright © 2013 IFSA. 
 
Keywords: Laser measurement system, Image processing, Ship loader. 
 
 
 
1. Introduction 
 

With the accelerated process of economic 
development and globalization, the requirement of 
bulk cargo transportation is increasing. The seaborne 
volume of bulk cargo continues to grow faster and 
faster. The operation efficiency and the operation 
reliability of the bulk-cargo at the port become a 
topic of concern. Various technologies which can 
improve the operation efficiency and the operation 
reliability are put forward and applied. The 
automated operation of the bulk-cargo gradually 
becomes a trend [1-3]. 

At present, some large hub ports in the world 
have the specific practices and research of the bulk-
cargo automated handing and management. Many 
researches on increasing the degree of the automation 
of the bulk port focus on optimizing mechanical-
resource allocation, intelligentialization of the 
management decision-making, technologies of port 
and other aspects. The number of the studies which 
are about the automation of the mechanical operation 
process is still relatively small [4]. 

Seagoing vessel’s deadweight tonnage is large, 
and there are many different kinds of ship types 
which are not standardized. It is not easy to 
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implement the automatic loading and unloading 
technology. Domestic and foreign researches on 
automatic loading and unloading of seagoing vessel 
are rare [5]. Therefore, to implement automatic 
loading and unloading of ships is a very forwarding-
looking development direction. In this paper, the 
study object of loading and unloading is mainly 
seagoing vessel. The system knows the size of cargo 
hold and the shape of the bulk cargo hold according 
to the ship loader operating conditions. Then it can 
determine the relative position of ship loader and the 
hold and know when this loading point should be 
end. It can automatically control the loading position 
of the barrel, retention time and trajectory to achieve 
safe, efficient and balanced load. 

Target detection and identification techniques of 
automatic ship loader include two key factors: the 
recognition of the hold size, such as the hold size and 
hold inclination, to determine hold loading flow and 
loading process; identification of the bulk cargo 
shape, such as the distribution and the height of the 
cargo, to determine the loading trajectory. 
 
 
2. System Architecture and Module 

Design 
 

The automatic loading system combines laser 3D 
vision detection, image recognition, motion control 
and other advanced technology to implement the 
automatic bulk ship loader. Multi-axis servo motion 
system and LMS are installed on the ship loader’s 
install base to implement the real-time scanning for 
the target. System structure as shown in Fig. 1. The 
LMS can rotate to different pose by using a servo 
motion system and the LMS can scan the 3D surface 
of the target in real time. By image processing 
algorithm running in the embedded controller, we can 
complete the recognition of the location, size, and 
inclination of the cargo hold and the shape of the 
bulk cargo. Via communication bus, the recognition 
data is sent to the master programmable logic 
controller to control the loading position of the barrel, 
retention time and trajectory to implement the 
automated operation. 
 
 

 
 

Fig. 1. The architecture of the automatic ship loader [16]. 

3. TARGET Detection and Identification 
Algorithm 

 
3.1. Cargo Hold Size Automatic Recognition 

Algorithm 
 

1) The 3D object detection. 
The application of target automatic detection 

technology is the prerequisite to achieve automatic 
running of the ship loader to perform loading and 
unloading operation. According to the port's 
environment, the LMS is selected to scan the surfaces 
of the target. 

The working principle of LMS to measure 
distance is that the LMS emits a periodic frequency 
laser to a measured target and opens the pulse counter 
at the same time. The sinusoidal modulated laser 
irradiates the target and after being reflected, it was 
received by the receiver. The receiver receives the 
signal and closes the pulse counter at the same time. 
Finally, the signal processor compares the signal of 
the transmitting and receiving ends to obtain the 
phase difference φ  [6, 7]. 

Assuming the time difference between 
transmitting and receiving signal is t , the 
modulation frequency is f, then we can obtain the 
round-trip time between the observation point and the 
measured point: 
 

 

2
t

f
φ φ
ω π

= =  (1) 

 
The distance between the observation point and 

the measured point is D which can be represented as: 
 

 

2 2 2

ct c
D n

φ

π
= = +⎛ ⎞

⎜ ⎟
⎝ ⎠

 (2) 

 
where c is the speed of light, n is the number  
of cycles. 
 
 

 
 

Fig. 2. Schematic of laser radar detection range [16]. 
 
 

As shown in Fig.2, the LMS can do only one-
dimensional scanning of 180 degree. However the 
aim of the study is to obtain the cargo hold size and 
shape of the bulk cargo, as shown in Fig. 3. 
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To use the multi-axis servo motion system to 
achieve multiple dimensional scanning. 
 
 

 
 

Fig. 3. The architecture and the photo of multi-axis servo 
motion system for LMS [16]. 

 
 

Firstly, the range and scanning interval of the 
LMS detection are determined. The scanning interval 
is rotation angle of the mirror within the LMS, and it 
will emit a laser beam at each rotation angle and 
obtain a value [8]. So the smaller is the value of the 
interval, the higher is the detection accuracy. LMS 
offers a maximum detection range of 180 degrees, 
and the minimum interval is 0.25 degrees, which is a 
straight angle rotating from 0 degree, as shown in 
Fig. 2. When LMS variables are set up, we can 
outline the outer contour line of the target. When the 
LMS rotates a circle in the horizontal plane to detect 
the targets for several times, the approximate shape 
of the cargo holds and bulk cargo can be generated.  

But the 3D points obtained after decoding is in 
the polar coordinate system ( ),l α  whose pole is the 

laser radar detection center, where l  is the distance 
between the LMS and the target, α is the angle 
between this laser beam and horizontal direction. It is 
needed to convert the polar coordinate system to a 
rectangular coordinate system to represent the data in 
the rectangular coordinate system [9]. 

Fig. 4 is the geometric relationship between the 
laser radar and materials. 

In the figure, O is the location of the LMS. P is 
the scanning point and α is the angle between OP and 
the horizontal direction, 2D coordinates of the 
scanning point P can be obtained: 
 

 cos

sin
OR

OR

x l

y l

α

α

= ×

= ×

⎧
⎨
⎩

 (3) 

 
The LMS rotates around the x-axis, forming an 

angle β to it. Assuming the laser radar scan line is 
projected to XOY plane, three-dimensional 
coordinates of the scan point R with respect to the 
laser radar is: 
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Fig. 4. The geometric relationship map between laser radar 
and the material. 

 
 

2) Image Edge Extraction Algorithm of cargo 
hold section. 

As shown in  
 
Fig. 5, the LMS is located above the hold, where 

we want to detect only the shape of the cargo hold. 
While with more data, the processing speed will be 
more slowly. So the ideal situation is that the 
detection range of laser radar can cover just the cargo 
hold. According to the site observation, selecting the 
detection range of 180 degrees can fully meet the 
need. 
 
 

 
 

Fig. 5. Diagram of LMS scanning on ship loader [16]. 
 
 

When it comes to the detection of the shapes of 
the cargo holds, initially the LMS detection process 
may produce a number of discrete points. According 
to the initial setting range of the finder, we get the 
maximum detectable distance in the current state, so 
the point beyond the maximum distance will be 
recognized as an invalid point by the program. 

In order to obtain more obvious edge points, this 
article will use the gradient algorithm to detect the 
cargo hold edge [10]. 
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The Gaussian function of dimensional image 
signal is: 
 

 
( )

2 2

2 2

1
, exp
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Let ( )f x , ( ),G x y  satisfy: 

 
 ( ), 1x y dxdyη =∫∫  (6) 
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Then smooth the image[10, 11]: 

 
 ( ) ( ) ( ), ,G x y x y f xη=  (8) 

 
The first order derivative in a certain direction  

N is:  
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where n is the direction vector, G∇  is the gradient 
vector. 

Make a convolution of the image ( ),f x y and 

nG , and change the direction of n at the same time. 
The n is the direction orthogonal to the detected edge 
when the maximum value of ( ),nG f x y∗   
is obtained. 
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( ),A x y represents the edge strength of the point 

( ),x y in the image, θ is the normal vector of the 

point ( ),x y . 
If the modulus of two-dimensional image wavelet 

transform ( ),SM f x y T and the gradient 

direction code ( ),SCodeA f x y reached modulus 

maxima, then ( ),x y is a boundary point [12]. Repeat 
this step until edge recognition is completed. 

Using the least squares method to perform the 
final match [11], you can get the best  
matching results. 

3) Hold hatch pattern matching algorithm. 
Since the point data obtained by LMS is generally 

raw measurement data, so it must be registered and 
filtered before using to reduce data operations and 
reduce noise interference. 

During hold shape fitting, an edge extraction 
algorithm was used according to the actual situation. 
As follows: 

First, find a point x0 right under the center point 
of the range finder. 

Then find the right point x1, obtain the slope K1 
of the line segment connecting x1 and x0. 

Turn to the right and obtain the slope K2 of the 
line segment connecting x2 and x1. If K1= K2, it is 
stated that x0, x1, x2 in the same line. Meanwhile, 
considering the structure may have some projections 
bilge and laser measurement errors existing in the 
detection, set a slope difference allowable range T, 
and if the absolute difference between K2 and K1 is 
less than T, it is said it has not reached cargo  
hold edges. 

Following steps 2 and 3, continue to find until the 
absolute value of the difference between Kn and Kn-
1 is greater than T, then it is said the edge points xn 
has been found. 

Following steps 2, 3 and 4, turn left to find the 
left edge point xn’. 

According to this algorithm, we can detect two 
points on the edge of the hold hatch and get the 
horizontal distance between the center of the 
rangefinder and the two points. The sum of the two 
distances is the length between the two points on the 
edge of the hatches. Rotating in a horizontal plane, 
the laser radar scans several times to obtain multiple 
sets of points on the edge of the cargo hold. The 
shape of the cargo hold comes out if these points are 
sequentially connected together by a straight line. As 
shown in Fig. 6. 
 
 

 
 

Fig. 6. Schematic of edge extraction algorithm. 
 
 



Sensors & Transducers, Vol. 158, Issue 11, November 2013, pp. 436-442 

 440

3.2. Automatic Extraction Algorithm  
of Material Shape 

 
In the port cargo handling operation, the 

distribution, the maximum height, minimum height 
and volume need to be monitored real-timely. The 
operating parameters of subsequent operations can be 
determined after calculation in a certain rule. 

Hatch image fitting algorithm from the previous 
section can also be used to find edge points in 
vertical plane{ }0 1 2, , , ..., ny y y y .The points will be 
converted to a two-dimensional plane using 
formula (3) and the shape of the bulkhead can be 
fitted [13, 14], as shown in the Fig. 7.  
 
 

 
 

Fig. 7. Schematic of the fitting cargo hold wall. 
 
 

In bulk operations, continuity of operations is 
extremely important. Once the process is stopped or 
shut down, it is possible to cause shovel clogging, 
resulting in equipment wear and unnecessary manual 
work, affecting operational efficiency. Therefore, it is 
necessary to monitor the inclination of the vessel 
real-timely to prevent overturning incident. The 
inclination angle can be calculated by the slope K of 
the edge line and the slope K can be obtained through 
the least square method, as shown in Equation (14). 
The inclination angle of the cargo hold angle α can be 
solved by using Equation (15). The system 
automatically adjusts the trajectory of blanking 
according to the inclined angle, and automatically 
controls the inclined angle to be in 2 to ensure  
safe operation.  
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 is n points found on the 

cargo hold walls, set the threshold T, as shown in 
Equation (16) [15]: 
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If the absolute value of data scanned by LMS is 

larger than the threshold T, the point cannot be the 
bulk point. The software will automatically filter out 
the point whose absolute value is greater than the 
threshold value T, the leaving points whose absolute 
value are less than T are the points of the bulk. Make 
a straight fitting of these points through the least 
square method and we can get the shape of the 
material, as shown in  

Fig. 8.  
 
 

 
 

Fig. 8. Two-dimensional surfaces of the bulk cargo. 
 
 
4. Experimental Results in Tianjin Port 
 

After the automation reformation of the ship 
loader, a shipment experiment was carried out in 
Tianjin Port Coal Terminal to test the performance of 
the system. As shown in  

Fig. , the laser radar is installed on the ship loader 
and it detects the shape of the cargo hold and the 
location of the material from different places above 
the cargo hold, as shown in  

Fig. 10. Experimental results are recorded in  
Table 1-3. 
 
 

 
 

Fig. 9. Diagram of LMS installation in Tianjin Port. 
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Fig. 10.The screenshot of on-site detection software. 
 
 

Based on the results, the error of the cargo hold 
size and cargo height is controlled within 1 %. The 
error of the ship inclination angle is controlled within 
5 %. The error of the inclination angle is a little 
bigger, because the ship was always shaking on the 
water when the experiment was processed. The 
measured results and the actual results are very close, 
which can meet the requirements of automated 
loading operations. 
 
 

Table 1. Comparison of experimental data and the actual 
data for cargo hold size (unit: m). 

 
Date: Jan 11, 2013 

Place: Tianjin Port Coal Terminal 2 # Ship Loader 

No. Experimental 
content Measurements Actual 

value Error 

Hold length 20.054 20.000 0.3 % 1 Hold width 17.825 18.000 1.0 % 
Hold length 20.074 20.000 0.4 % 2 Hold width 17.828 18.000 1.0 % 
Hold length 20.132 20.000 0.7 % 3 Hold width 17.822 18.000 1.0 % 

 
 

Table 2. Comparison of experimental data and the actual 
data for cargo hold inclination angle (unit: m). 

 
Date: Jan 11, 2013 

Place: Tianjin Port Coal Terminal 2 # Ship Loader 

No. Experimental 
content Measurements Actual 

value Error 

1 inclination 
angle 0.95 1.00 5.0 % 

2 inclination 
angle 1.04 1.00 4.0 % 

3 inclination 
angle 1.04 1.00 4.0 % 

Table 3. Comparison of experimental data and the actual 
data for bulk cargo height (unit: m). 

 
Date: Jan 11, 2013 

Place: Tianjin Port Coal Terminal 2 # Ship Loader 

No. Experimental 
content Measurements Actual 

value Error 

1 Bulk cargo 
height 4.90 4.90 0 % 

2 Bulk cargo 
height 4.81 4.80 0.2 % 

3 Bulk cargo 
height 4.78 4.80 0.4 % 

 
 
5. Conclusion 
 

This paper describes an approach to inspect the 
cargo hold, the cargo height and the inclination angle 
by using LMS. The LMS is a novel sensor to 
accurately measure distances of the target in an arc 
section. From the 3D points rebuilt by LMS, the 
target information is recognized, which can assist the 
ship loader operation automatically. The 
experimental results show those methods are all valid 
and enough precise for automation. 

As the rapid growth of the world's bulk cargo 
throughput, bulk ports face a lot of pressure. To build 
bulk automated production and information 
management is imperative. The new ship loader 
automatic mode is a component of the automation 
system to adapt to this new form of future bulk ports. 
It can achieve unmanned operation to ensure safe and 
reliable automated loading and unloading operations. 
It saves manpower and at the same time improves 
operational efficiency, can be expected to have broad 
application prospects in the future. 
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Abstract: The Auto Anti-Deviation Drilling System (AADDS) is a high-performance, highly automated 
vertical drilling hydraulic guide control system. This article takes its power extraction device - driving bearing 
for the study object, analyzed the single-plunger pump’s principle, established the mathematical model of  
hydraulic guide system, applied Matlab/Simulink to simulate the pump outlet flow under different contour curve 
of the driving bearing. The results show the oval-shaped bearing is of high efficiency under lower drilling speed, 
and its performance is better than that of original eccentric-shaped and clover-shaped. Copyright © 2013 IFSA. 
 
Keywords: AADDS, Hydraulic guide system, Singer-plunger pump, Counter curve, Flow characteristics. 
 
 
 
1. Introduction 
 

Automatic vertical drilling tool is a high 
technology drilling system that contains downhole 
closed-loop control system, can correct oblique 
initiatively and maintain the wall of the well 
vertically. At present, the main products used in the 
world are VertiTrak automated drilling system of 
Baker Hughes, Power V rotary steerable system of 
Schlumberger, ZBE vertical drilling systems of Smart 
Drilling. But they all have the disadvantages of 
expensive price, structural complexity, and so on. 

In 2004, Wuhan University of Science & 
Technology and related units successfully developed 

the Auto Anti-Deviation Drilling System (AADDS), 
and manufactured a prototype [1].  
 
 
2. Principle of Hydraulic Guide System 
 

Hydraulic guide system is the core component of 
the AADDS [2]. Its schematic diagram is shown in 
Fig. 1. It’s a closed system which is composed of oil 
storage bag, absorption check valve, single-plunger 
pump, pressure check valve, overflow valve, solenoid 
valve, driving bearing and guide hydraulic cylinder. 

The hydraulic energy in the guide system comes 
from the mechanical energy of rotating drill collar. 
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The eccentric driving bearing and the float guide 
sleeve are installed on the drill collar which is closed 
to the drill, and the rotate speed difference between 
the drill collar and the guide sleeve drives the plunger 
of the pump moving continuously, providing the 
continuous high pressure oil to the  
oblique-correcting system.  
 
 

 
 

Fig. 1. Hydraulic guide system. 
 
 

And the greater rotate speed difference is, the 
greater output flow of the pump and response 
performance will be. The overflow valve determines 
the maximum working pressure of the rodless 
chamber of the guide hydraulic cylinder, and limits 
the maximum push force of the guide piston to the 
wall of the well too. 

The solenoid valve decides if the tool operates or 
not. When the well track is within the limits, the 
solenoid is power off, the rodless chamber of the 
guide cylinder connects with the oil storage bag, and 
the output oil from the pump directly flows into the 
bag, so the piston of guide cylinder does not extend 
under the reaction force of the reset spring. 
Conversely, if the control system detects the 
downhole inclination exceeds the limits, it sends the 
control signal under the control rules, and the 
solenoid valve energizes, then the rodless chamber of 
guide cylinder is cut off with the low-pressure circuit. 
So the guide piston will extend and support the wall 
of the well to force the well trackback to the correct 
direction finally. 

Since 2008 a series of laboratory and drilling tests 
has been hold [3], and the test results basically meet 
the design requirements, but its driving bearing is 
eccentric-shaped, that results in the piston pump 
inefficiency, so it needs for further improvement. 
 
 
3. System Dynamics Modeling  

and Analyze 
 

Since the output pressure of single plunger pump 
changes with the variation of the system pressure, 
therefore, in order to study the output pressure and 
flow of the pump, we must build the dynamic model 
of the whole hydraulic guide system. 

The kinematics equation of the single-plunger 
pump [4, 5] is (Assume the contour curve of the 
driving bearing is eccentric) 

 
 )]cos(1[ texr ω+=  (1) 

 
The outlet flow of the pump is 
 

 p z dQ Q Q= +  (2) 
 
The dynamic equation of the overflow valve is: 
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The flow equation of the overflow valve is: 
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The dynamic equation of pressure check valve is: 
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The flow equation of pressure check valve is: 
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The dynamic equation of the cylinder is: 
 

 2

0 02 ( )g
g g g g g

d X
P A m k X X

dt
= + +  (7) 

 
The flow equation of the cylinder is 
 

 
0

g
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g
e

dX A X dP
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Symbols in equations are explained in Table 1. 

 
 

4. Dynamic Analysis of Single-plunger 
Pump 

 
According to the equations (1)-(8) above, the 

simulation model of hydraulic guide system is 
established through Matlab/Simulink, as shown in 
Fig. 2. 

We can start the simulation after the parameters 
are set. Then the outlet flow diagrams of eccentric 
circle pump in 60r/min (as shown in Fig. 3) and in 
120 r/min (as shown in Fig. 4) can be obtained 
respectively. 
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Table 1. The meanings of the symbols in equations. 
 

Symbol Meaning Symbol Meaning 
e Bearing eccentricity distance Xr The piston displacement of pump 
ω The drill rod rotation speed Pp The rodless cavity pressure of guide hydraulic cylinder 
Qp The flow of pump dy The diameter of check valve port 
Qz The flow of overflow valve Ky The spring stiffness of check valve 
Qd The flow of pressure check valve Xy The displacement of check valve spool 
dz The diameter of overflow valve port Xy0 The pre-compression of check valve spring 
Po The inlet pressure of overflow valve my The mass of check valve spool 
Kz The spring stiffness of overflow valve Ag The area of rod chamber 
Xz The displacement of overflow valve spool mg The mass of cylinder piston rod 
Xz0 The pre-compression of overflow valve spring kg The reset spring stiffness of hydraulic  cylinder 
mz The mass of overflow valve spool Xg The piston rod displacement of hydraulic cylinder 
Cd The flow coefficient of valve port Xg0 The piston rod initial displacement of the hydraulic cylinder
Az The flow area of overflow valve port Qg The flow of hydraulic cylinder 
ρ The density of oil βе The equivalent volume elastic modulus of oil 
 
 

 
 

Fig. 2. The simulation model of hydraulic guide system. 
 
 

 
 

Fig. 3. Outlet flow of eccentric circle pump in 60 r/min. 
 
 

 
 

Fig. 4. Outlet flow of eccentric pump in 120 r/min. 

Trough comparing the outlet flow diagrams of 
eccentric circle pump in 60 r/min and in 120 r/min, it 
can be verified that when relative speed difference 
between the floating guide sleeve and the drill collar 
increases, the output flow of the pump raises, and the 
response speed is better. 

The pump absorbs and pressures the oil only once 
in one cycle of eccentric bearing’s movement.  

In order to improve the efficiency of piston pump, 
can absorb and drain oil several times as the driving 
bearing rotates one circle, we carried on the 
corresponding research work further. 
 
 
4.1. If the Bearing is Elliptical 
 

Modify the eccentric gear to ellipse-shaped that is 
of same stroke (as shown in Fig. 5), so the pump can 
blot and discharge the oil twice during one cycle. 
 
 

 
 

Fig. 5. The ellipse driving bearing. 
 
 

Then its equation is: 
 

 2 2

2 2 1x y
a b

+ =  (9) 

 
The plunger’s displacement is: 
 

 ( ) ( )2 2 2 2cos sinrX a t b tω ω= +  (10) 
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After simulation as the bearing curve is elliptical, 
we get the outlet flow diagram of the elliptical pump 
in 60 r/min as shown in Fig. 5.  
 
 

 
 

Fig. 5. Elliptical pump’s outlet flow in 60 r/min. 
 
 

Compare the outlet flow diagrams of elliptical 
pump in 60 r/min and eccentric pump in 120 r/min, 
we can see that their output flow and response time 
are almost the same. It shows that even if elliptical 
pump’s speed is slightly low, it can also achieve the 
same performance as well as the eccentric circle 
pump in a high speed. And the strokes as the bearing 
is oval and eccentric are the identical. This suggests 
that when the installation space, plunger diameter and 
the stroke of pump piston rod are all same, the 
elliptical pump’s performance is superior to that of 
the original eccentric circle pump. 
 
 
4.2. If the Bearing is Clover-Shaped 
 

Consider changing the shape of eccentric gear to 
trefoil-shaped that has the same max outside diameter 
(as shown in Fig. 6).  

 
 

X

Y

0

C

a60°

 
 

Fig. 6. Clover-shaped driving gearing. 
 
 
Then it can blot and discharge the oil three times 

in one cycle. In this article, the trefoil shape is 
obtained from rotating the ellipse mentioned in 4.1 
120° and 240° respectively around its center. 

The displacement of the plunger is 
 

 ( ) ( )2 2 2 2cos sinsX a b OCδ δ= + −
,
 (11) 

 
where 

 
 mod( ,120 )tδ ω= °  (12) 

 
 ( )2 2 2 2cos (60 ) sin 60OC a b= ° + °  (13) 

 
After simulation as the bearing curve is trefoil, 

the pump’s outlet flow in 60 r/min can be got as 
shown in Fig. 7. 
 
 

 
 

Fig. 7. Clover-shaped pump’s outlet flow in 60 r/min. 
 
 

Compare the outlet flow diagrams of elliptical 
pump in 60 r/min and trefoil pump in 60 r/min, we 
can see that the response speed of trefoil pump is 
roughly the same and the outlet flow doesn’t raise 
obviously as that of elliptical pump, and on the 
contrary, its pressure fluctuation increases obviously. 
It is because that although the trefoil-shaped pump 
can blot and discharge the oil three times during one 
cycle, its stroke of pump piston rod is shorten, and it 
may affect the increase of its output flow. Therefore, 
we can draw a conclusion that the performance of the 
trefoil pump is not better than that of the ellipse 
pump, what’s more, the four-leaf clover and five-leaf 
clover shaped pumps are also much worse than the 
ellipse pump. 
 
 
5. Conclusions 
 

Automatic vertical drilling tool is a kind of high-
tech electromechanical integration system, and due to 
its severe working environment and various technical 
limitation, it's very hard to develop such equipment. 
Some major problems of Auto Anti-Deviation 
Drilling System (AADDS) has been solved, and a 
few experiments have also been performed, but some 
items, particularly the energy extraction device, need 
for further research. 

On the basis of the mathematical modeling and 
with the usage of Matlab/Simulink, the performance 
of single plunger pump is studied as the driving 
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bearing curve is eccentric, ellipse and trefoil 
respectively that of the same stroke. The simulation 
results show that the ellipse-shaped pump has the 
advantage of that of the original eccentric pump and 
the trefoil pump. It not only can meet the flow and 
pressure demands of the system, but also can satisfy 
the requirements of the pump that can work in a 
slightly small speed underground that mean less wear 
and longer use-life. Meanwhile, it also offers a new 
thinking for subsequent improvement in designing 
the power mechanism of the drilling  
correcting system. 
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Abstract: An improved method for camera plane calibration is proposed by analyzing and testing the two-step 
calibration method based on plane. In the improved method, central area of images is used firstly to solve initial 
values of the camera intrinsic parameters, improving precision of the initial values. Then, to facilitate dimension 
measurement using machine vision, the lens distortion model is modified and the projection direction is changed. 
Experiment results show that the improved calibration method could increase camera calibration precision, and 
easy to operate. It can be used in the machine vision research and the industry 3D measurement.  
Copyright © 2013 IFSA. 
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point field. 
 
 
 
1. Introduction 
 

In the field of machine vision research and the 
industry 3D measurement, camera calibration plays 
an important role. People require continuous 
improvement of the calibration precision and its 
convenience. Camera calibration technology mainly 
includes the classical calibration method and the self 
calibration method. Classical calibration method uses 
a known reference object to solve the camera 
parameters by building imaging model, adopting the 
method of mathematical transformation and 
optimization. It can divide into linear method and 
nonlinear method, and two-stage method. The 

Camera linear calibration method ignore lens 
distortion and simple calculation, But the accuracy of 
the calibration are generally not precision. Nonlinear 
calibration method considering the camera lens 
distortion, accuracy in calibration is better than linear 
method, but solving more complex [1]. R. Y. Tsai 
method [2], J. Heikkila method [3] and Zheng-you 
Zhang method [4] are Classic camera calibrations. At 
present of classic calibration technology research, it 
is mainly focus on nonlinear distortion correction. 
Self calibration method [5, 6] mainly includes camera 
self-calibration technology of active vision, self-
calibration technology of essential matrix and basic 
matrix, etc. self calibration method don’t need 
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reference objects, direct calculate the camera 
parameters only use the relationship among the 
corresponding points on different images. Self 
calibration method is quite flexible, but the process is 
pretty complicated, and besides it lack of robustness, 
because it must solve the multielement nonlinear 
equation. It mainly applies in the fields of low 
precision requirement.  

We often use the classical calibration method in 
dimension measurement; the most common is Tsai 
method, Zhengyou Zhang’s method, etc. R. Y. Tsai 
proposed that the two-stage calibration method, it is 
based on radial alignment constraint (RAC). The 
first is established the linear equations of calibration 
initial value, and to resolve the part of parameters, 
and then using the nonlinear optimization solution 
to complete rest of the parameters. Owning to the 
most of equation is linear equation, and the 
operation is simple. But the method is only 
considering the radial distortion, and also need the 
three-dimension target of high precision, besides 
calibration is high in cost. 

J. Heikkila’s method at first is ignoring distortion. 
System of linear equations is built according to the 
transformation relationship, which the space point of 
camera imaging projected to the corresponded pixel, 
then considering the optimized solution of radial 
direction and tangential distortion. 

Zhengyou Zhang’s two-stage calibration is 
considering the first two items of the lens radial 
distortion. At the first, this method is uses the linear 
transformation for solving camera parameters, as the 
initial value of nonlinear optimization and then 
considering radial distortion, using optimization 
algorithm for solving nonlinear equations. As so far, 
this approach is being applied widely. 

However, calibration precision of two steps is 
related to the select of initial value of nonlinear 
optimization. If select of initial value will be proper, 
the convergence result will be good. But if the 
condition is in the contrast, the result will be not 
good. On the other side, the lens distortion model of 
Zhengyou Zhang’s method is not convenient to 
using pixel information to measuring the size of the 
object. And the hypothesis of the radial distortion 
only is inconsistent with the actual conditions; that 
limit the further improvement on the  
calibration precision. 

This paper aims at the limitation of the plane two-
stage calibration method, analyzes effect of initial 
value on the calibration results, then put forward an 
improved calibration method. Through the 
experiment to make sure the image area of 
calculation nonlinear optimization initial value, 
consider the Lens of radial and tangential distortion, 
and modify the projection direction of lens distortion 
model. Through the contrast experiment of the two 
calculation methods, the paper draw the conclusion 
that improved method can improve the camera’s 
calibration accuracy and make use of  
dimension measure. 
 

2. Camera Imaging Model 
 

The perspective projection relationship between 
3D space point and 2D image point in the pinhole 
camera model is reflected by use of the tow groups of 
parameters. Imaging principle is as shown in Fig. 1. 
 
 

 
 

Fig. 1. Pinhole camera model. 
 
 

Four coordinate systems would built in pinhole 
camera model, can be defined as follows [7].  

Pixel coordinate system (PCS) shows the pixel 
site of a pixel point in the image; Its origin point to is 
located in lower left quarter of the image plane, the 
coordinate axis ux  and axis uy  are parallel to the 
pixel column and the pixel row, whose unit is pixel. 

Image coordinate system (ICS) shows real 
physics site of the pixel point in the image. Its origin 
point o (principal point) is the intersecting point of 
the optical axis of the camera with the image plane, 
coordinate axis x  and y  are parallel to the axis ux  

and axis uy , whose unit is real physics size. 
Camera Coordinate System (CCS), origin point 

co is camera optical center, coordinate axis cz is 

optical axis, coordinate axis cx  and cy  are parallel to 
the axis x  and axis y  separately, and have the same 
direction. It shows the site of the pixel point in the 
3D space whose central is camera. 

World coordinate system (WCS) is defined to 
show the camera’s site in the shoot environment, 
origin point wo and coordinate axis , ,w w wx y z can 
set up according to the specific application 
environment. 
 
 
3. The Problems in the Camera Plane 

Calibration Method 
 

Based on the Zhengyou Zhang’s two steps 
calibration, At the first, this method is uses the linear 
transformation for solving camera parameters as the 
initial value, and then considering the lens distortion, 
to resolve the minimization problem of nonlinear as 
improving the accuracy in calibration [8]. Specific 
calibrated model are as follows. 
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3.1. Camera Plane Calibration Method 
 

A 2D point in the image coordinate system is 
denoted by m . A 3D point in the world coordinate 

system is denoted by M . m and M is the 
homogeneous vector form of them. Camera linear 
imaging model is 
 

 zm HM=  (1) 
 
where H  is the homography matrix, 

1 2[ ]H K r r T= , K  is the intrinsic matrix, and 

it has five intrinsic parameters 0 0, , , ,α β γ µ ν . 

And 1 2[ ]r r T  is the extrinsic parameters, it has 
six extrinsic parameters , , , , ,x y zT T Tθ φ ψ . Using the 
method of linear to solve homography 
matrix iH initial value, then using the method of 

nonlinear optimization to solve iH , and the 
optimization object function is: 
 

 1 2

1
min ( )

N

i i
i

m m H
=

−∑  (2) 

 
The distortion model is 

 
 2 4
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 (3) 

 
where 1 2,k k are the coefficients of the radial 

distortion, 2 2 2r x y′ ′= + . 
Optimized all parameters by function  

 
2 1 2

1 2 1 2
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m m K k k p p R T M
= =
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1 2,k k  are the coefficients of radial distortion. 

1 2,p p  are the coefficients of tangential distortion. 
The coordinate transformation procedure is as 

shown in Fig. 2. In Fig. 2, 0 0,µ ν  —Image main 

point coordinates, f —Scale factor. 
 
 
3.2. The Influence of Intrinsic Parameters 

Initial Value to Camera Calibration 
 

This Zhengyou Zhang’s two steps calibration 
method is using the corner of whole image to solve 
the intrinsic parameters initial value. However, 
considering the process of solving linear initial value, 
if taking the scope of central image is too big or 
small, it will makes contained corner point in the 
field of area limited and bring a little bit distortion, 

leading to the initial value not accurately and makes 
the final calibration error. Therefore, adopted the 
proper image central is important for improving 
initial value to solving precision and calibration 
accuracy. 

 
 

calibration parameter: γβανµ ,,,, 00  

calibration parameter: γβανµ ,,,, 00  

calibration parameter: 21, kk  

calibration parameter: f  

World Coordinate System XYZ  

Camera Coordinate System xyz  

Ideal Image Coordinate System yx ′′  

Real Image Coordinate System yx  

Pixel Coordinate System uv  
 

 
Fig. 2. Coordinate transformation in Zhang method. 

 
 

According to the calibration procedures, make 
sure that surrounding the image of central at 
calibration board, selected in the field of 180×180, 
300×300 and 600×600 pixels corner point 
coordinates, respectively, to calculate as the initial 
value of intrinsic parameter. As shown in Fig. 3. 
 
 

 
 

(a) 180180×       (b) 300300×       (c) 600600×  
 

Fig. 3. Different central field to solve the initial values  
of camera intrinsic parameters. 

 
 

Then we use the calculated intrinsic parameter 
initial value to ensure the calibration parameters, 
calibration results and residual of nonlinear 
optimization which are determined by least squares, 
as Table 1. 

As is shown at Table 1, according to the size of 
the region is different of calculation initial value 
selection will leading to get the different initial value. 
However, the different of the intrinsic parameter 
initial value will cause the different residual error of 
least squares optimization. Therefore it will affect the 
final calibration results. This is a problem in the 
camera plane calibration method. 
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3.3. The Distortion Model of Plane 
Calibration Method 

 
It is only considered the first two terms of radial 

distortion in the distortion model of Zhang’s method, 
see the formula (3). Dimension measurement, is that, 
based on detection of pixel coordinates m of image to 
get the object world coordinate M . It can 
convenient for actual measurement. To the two steps 
plan calibration, it is need that distortion model (3) 

type to solving equation of higher degree, besides the 
process of calculation is too complex to get the 
analytical solution. The only way is through the 
method of optimal iterative method to solve the 
numerical solution. This solution need amounts of 
calculation and low efficiency, but also it affected 
that accuracy limited of the intrinsic parameter initial 
value, ultimately the optimization solution will exists 
a lot of errors. This is another problem in the camera 
plane calibration method. 

 
 

Table 1. Influence of different initial values on calibration results. 
 

Intrinsic 
Parameter 

Initial Value 
α β u0 

(pixel) 
v0 

(pixel) k1 k2 p1 p2 
Residual 

Error 
(Mm) 

First 4031.9 4027.7 771.56 575.01 0.0915 7.9313 0.0000 0.0000 0.0105 
Second 4069.9 4070.3 690.61 517.79 0.2113 1.9328 0.0000 0.0000 0.0056 
Third 4113.2 4115.5 722.2 536.35 -0.0031 12.2627    0.0000 0.0000 0.0087 

 
 
4. Improving the Plane  

Calibration Method 
 

To the two questions that mentioned in the third 
section, we adopt the improving method as follows. 
 
 
4.1. Ensure the Image Area of Intrinsic 

Initial Values Calculation 
 

By the analysis of experiments, Camera 
calibration precision is relevant with the image area 
which selected to calculate the intrinsic parameter 
initial value. From (3), corner point far from image 
centre makes great difference to the lens distortion. 

If the distortion of the corner point is too small to 
ignore, and the quantity is big enough, its Pixel 
coordinates m is approximate match the linear 
imaging model with the world coordinate M that 

makes the solution of the intrinsic parameter initial 
value more accurately. 

Next, ensure the appropriate region of calculated 
intrinsic parameter initial value by experiment [9]. 
The resolution of the camera  that collect the images 
of the calibration boards is 1392×1040 pixels, CCD 
photosensitive unit size is 6.45×6.45 µm, the focal 
length of the lens is 25 mm, calibration board is 
75×75×3.0 mm, shooting 20 different poses of the 
calibration board image to calibrate the  
camera parameters.  

Specific methods are as follows: Around the 
center of the image, start with 150×150 pixels, each 
increase 5 pixels to expand the area to select a corner, 
until 1020×1020 pixels, solving the camera’s 
intrinsic parameter initial value, as shown in 
Fig. 4(a), Fig. 4(b) indicate the corner area selected is 
300×300 pixels, but the different poses four images 
of calibration board posture. 

 
 
 

   
 

(a) Different size corner point field. 
 

  
 

(b) Different image of the same size corner point field. 
 

Fig. 4. Experiment image. 
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Using the Bouguet algorithm [10] to detect the 
pixel coordinates of the selected corner point that 
inside the Fig. 4, then accordance with the calibration 
relationship of Zhang, separately calculate the 
intrinsic parameter initial value of the imaging 
model, and then using modified distortion model (6) 
get the calibration results of each cases and the 
nonlinear optimization residuals. For 20 images, 
select different size of corner area respectively, 
conducting the camera calibration, the intrinsic 
parameter initial value, calibration results and the 
optimization of residuals, which calculated 150×150, 
300×300, 500×500, 800×800, 1000×1000 pixels is as 
shown in Table 2. 

From Fig. 5, the optimization residual of 
calibration depend on the area of selected corner 

point. When the area is less than 250×250 pixels, due 
to contained corner point less as results to final 
calibration optimization may have bigger residual 
error. When the area is between 250×250 pixels and 
500×500 pixels, optimization residual of calibration 
nay have smaller, it is about 0.005 mm. In the case, 
solving the size of area is proper and the calibration 
precision is higher. But when the size of area is more 
than 500×500 pixel, because containing the corner 
point with large distortion leads to residual error 
increase gradually so as to lowing the  
calibration precision.  

Therefore, when the image center area is 
between 250×250 pixels and 500×500 pixels, it will 
be better. This paper will adopted 300×300 pixels in 
the later experiments. 

 
 

Table 2. Initial values of interior parameters and calibration results in different corner point area. 
 

 Image Region α β u0 
(pixel) 

v0 
(pixel) k1 k2 p1 p2 Residual 

Error (mm) 
initial value 4023.5 4010.6 923.8 701.8 0.0000 0.0000 0.0000 0.0000 0.0374 

1 calibration 
result 4023.7 4023.7 923.8 801.8 -0.1125 8.0483 -0.0039 -0.0028 0.0260 

initial value 4068.8 4068.7 687.1 522.4 0.0000 0.0000 0.0000 0.0000 0.0071 
2 calibration 

result 4068.9 4068.9 686.6 522.0 0.2185 1.6143 0.0012 0.0005 0.0047 

initial value 4082.6 4084.1 701.6 529.9 0.0000 0.0000 0.0000 0.0000 0.0072 
3 calibration 

result 4081.4 4081.4 694.7 526.7 0.1779 3.5350 0.0012 0.0002 0.0049 

initial value 4098.8 4104.4 713.1 537.0 0.0000 0.0000 0.0000 0.0000 0.0154 
4 calibration 

result 4099.0 4099.0 713.0 536.9 0.0190 11.3471 0.0011 -0.0003 0.0067 

initial value 4114.6 4123.5 727.6 536.6 0.0000 0.0000 0.0000 0.0000 0.0184 
5 calibration 

result 4114.8 4114.8 727.3 536.4 0.0259 11.1532 0.0012 -0.0005 0.0069 
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Fig. 5.  Variation curve of optimization residual by corner point field. 
 
 
4.2. Modify Distortion Model 
 

At first, this paper fixed the projection direction 
of distortion model can avoid to solving equation of 
higher degree and makes calculation process is 

simple when solve the ideal image 
Coordinate ( , )Tx y′ ′  based on the real image 
coordinate ( , )Tx y , finally improving the stability 
and accuracy of measurements. Modified projection 
direction, from (3), we have 
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2 4
1 2

2 4
1 2

(1 )

(1 )

x k r k rx
y y k r k r

⎡ ⎤′ + +⎡ ⎤
= ⎢ ⎥⎢ ⎥′ + +⎢ ⎥⎣ ⎦ ⎣ ⎦

,  

2 2 2r x y= +  

(5) 

 
Secondly, it is only hypothesized that camera lens 

have radial distortion, which satisfy (3), but do not 
consider the tangential distortion. It is deviate from 
the actual situation, and limits the further 
improvement of calibration precision. In order to 
improve the accuracy of measurement, based on 
modified the projection direction of distortion model, 
this paper adopt J. Heikkila’s distortion model, 
introducing the first two terms [11] of tangential 
distortion. The specific method of modify distortion 
model as follows: 
 

2 4 2 2
1 2 1 2

2 4 2 2
1 2 2 1

(1 ) 2 ( 2 )

(1 ) 2 ( 2 )

x k r k r p xy p r xx
y y k r k r p xy p r y

⎡ ⎤′ + + + + +⎡ ⎤
= ⎢ ⎥⎢ ⎥′ + + + + +⎢ ⎥⎣ ⎦ ⎣ ⎦

 (6) 

 
 
5. Improved Camera Plane Calibration 

Experiments 
 
5.1. Improved Calibration Algorithm 
 

Based on the analysis, in the formula (1) of 
camera linear calibration use the image center area of 
300×300 pixels to solving intrinsic parameter initial 
value; In the process of camera nonlinear calibration, 
adopted lens distortion type (6), which is the way 
which used to improved camera calibration method. 
The modified calibration process can be seen  
in Fig. 6.  

 

take the whole image i 
of the image i

extraction the corner 
point pixel coordinate 

and world coordinate in 
the image 

solve the initial value of 
the distortion coefficients

using nonlinear models 
to optimize intrinsic 

parameters and extrinsic 
parameters and distortion 

coefficients 
using linear models to 

optimize intrinsic 
parameters and extrinsic 

parameters 

take the center area of the 
image i 

extraction the corner 
point pixel coordinate 

and world coordinate in 
the center area 

solve the initial value of 
the intrinsic parameters 

solve extrinsic 
parameters initial value 

using nonlinear models 
to optimize extrinsic 

parameters 

take the center area of the 
image 1 

extraction the corner 
point pixel coordinate 

and world coordinate in 
the center area 

solve extrinsic 
parameters initial value 

take the whole image 1 
of the image i 

extraction the corner 
point pixel coordinate 

and world coordinate in 
the image 

 
 

Fig. 6. Improved Calibration Processing Procedure 
 
 

The first, based on the camera linear imaging 
model, we solve intrinsic parameters and extrinsic 
parameters, then optimize all the parameters(see 
column 1 in Fig. 6); secondly, considering the lens 
distortion, based on the nonlinear imaging model to 
solve the initial value of distortion coefficient, then 
optimize them with intrinsic parameters and extrinsic 
parameters(see column 2 in Fig. 6); the third, solve 
the extrinsic parameters of the image 1 (see column 3 
in Fig. 6).  

The method can calibrate respectively the 
intrinsic parameters of camera and extrinsic 

parameters required in actual measurement to be used 
in practice. 

 
 

5.2. Experiments Analysis 
 

Considering in the experiment, this paper 
adopted the camera’s photosensitive unit is a square. 
Therefore, suppose , 0α β γ= =   in the intrinsic 
parameter. Take image at centre point area for 
300×300 pixels, adopted improved calibration 
method and the original plane calibration are 
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calibrated respectively. Again, Shooting two groups 
images of the calibration board for calibrated, 
respectively. The calibration result of 3 groups as 
shown in Table 3. 

It is thus clear from Table 3, the least squares 
optimized residual error is smaller by improved 
calibration method than plane calibration method, so 
that the camera calibration precision is higher. 

 
 

Table 3. Calibration results of two methods. 
 

 Distortion model α Β u0 v0 k1 k2 p1 p2 Residual 
error  

1 Zhang Method 4069.4 4069.4 686.2 522.1 0.2174 1.7139 0.0000 0.0000 0.0050 
 Improved Method 4068.9 4068.9 686.6 522.0 0.2185 1.6143 0.0012 0.0005 0.0047 

2 Zhang Method 4084.8 4084.8 688.6 524.3 0.2132 1.7169 0.0000 0.0000 0.0054 
 Improved Method 4082.1 4082.1 687.9 523.5 0.2140 1.6110 0.0019 0.0007 0.0049 

3 Zhang Method 4050.5 4050.5 687.8 523.7 0.2183 1.7201 0.0000 0.0000 0.0053 
 Improved Method 4048.6 4048.6 687.1 522.9 0.2163 1.6189 0.0023 0.0006 0.0046 

 
 
5.3. Influencing Factory Analysis  

of Calibration 
 

The process of camera imaging is very 
complicated. Lots of factors can affect the imaged 
results, such as light, temperature, dithering, etc, that 
universally exist objectively. The main factors that 
affect the results after the repeated test as follows:  

1. Extracting corner point and measurement 
calibration board 

There are ( 1,2,3, )i i = … corner points in the 
image that satisfy (1). It is obviously that extracting 
corner points and measurement calibration board can 
affect the solution of the homography matrix. And 
they can cause error on calibration.  

2. The number of calibration points 
When solve the simultaneous equations to obtain 

the intrinsic parameters and extrinsic parameters, we 
only need 12 equations, that is, we only need 6 
coordinates of calibration points. But it can affect the 
results, some results close to the fact and some differ 
a lot from the fact, calibration results are not quite 
robust. In calibration, we do our best to solve 
accurately each point in the image. To cause the 
calibration result become smooth and unify, we 
increase the number of calibration points in order to 
make the result more precise. In fact, calibration 
point number is far greater than 6 when we calibrate.  

3. The Number of images 
We take an image at a different angle that 

required in the calibration method, that is, the image 
is a field of view. From (1), we can unique solve the 
homography matrix H . The number of images 
determines the number of H . So in the processing of 
solve the intrinsic parameters and extrinsic 
parameters by homography matrix, the number of H  
can influence the calibration precision. There are 9 
camera parameters if don’t consider the distortion, 
and 8 degree of freedom can be obtain by a 
homography matrix, so we need 2 images at a 
different angle at least in the calibration. A large 
number of images usually collected in actual 
application to obtain the stable result. That will take 

the error to the intrinsic parameters if the images 
collected not enough. By the experiment, we see that 
each parameter calibration value tends to become 
stable when the number of images greater than 8. But 
if images are collected too much, which will 
influence the calibration precision by the much 
extracting corner points. On the other hand, it can 
increase the error probabilities because the 
accumulative error that brought by too many images. 
The right number of images must be considered in 
calibration. We think it is proper to adopt 9 to 11 
images. In experiment above, we all adopt 9 images. 
 
 
6. Conclusion 
 

The method of improving camera plane 
calibration is put forward based on the analysis of 
plane calibration method. Firstly, ensure the image 
center area of solving nonlinear optimization initial 
value; it is suitable to pick from 250×250 pixels to 
500×500 pixels of the corner point of Image center 
area to calculate the initial value; secondly, improve 
the camera lens distortion model, modifying the 
projection direction of distortion model, and 
introducing the tangential distortion. Experiments 
show that, the methods in this paper can reduce the 
residual error of nonlinear optimization, and enhance 
calibration accuracy of the camera. Furthermore it 
has higher speed and easy to operate by use 9 images 
of plane targets, can apply to all kinds of distortion 
models of lens. It has more applicability than Zhang’s 
method that only considered the radial distortion, and 
makes use of dimension measure.  

In this paper, we don’t research the factors 
produce the effect on the camera calibration, such as 
the aperture, the focal circle of a camera etc. These 
problems will need to be further study.  
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Abstract: To improve the problem of small target information extraction in linear CCD detection system, the 
method of deconvolution is put forward to extract and analyze small target’s image information under complex 
background. Through establishing a mathematical model to extract target information, the pure white template 
with the original background images that without target was deconvoluted, the complex background was 
transformed into a white plate template image, and then obtains the transfer function at the same time. After 
processing, the result shows that the background mainly becomes a piece of white board. While the target can be 
displayed clearly, a large number of gray-scale information of the target point can be retained at the same time. 
And the target can also recover the actual gray value of the point by using the reserved gray values, which has 
considerable research value for the judgment of small target and recovery of original target shape.  
Copyright © 2013 IFSA. 
 
Keywords: Linear CCD, Image processing, Small target extraction, Transfer function, Deconvolution, Complex 
background. 
 
 
 
1. Introduction 
 

Binocular linear CCD intersection measurable 
technology is an advanced non-contact measurement 
technology. It is used to test the gesture of high-
speed weak target in the large target surface testing 
system, which has high measurement accuracy, 
strong instantaneity, simple structure and many other 
advantages. It’s a very effective measurement 
method that has already been widely used in the 
coordinate location of dynamic target and shows its 
unique superiority in the application [1]. 

By using linear CCD camera to capture high-
speed moving target, it just scans only one or several 
pixels width, and it is difficult to pick up the weak 
target. In addition, there are some factors to influence 
the target extraction, such as the brightness of light 

background, the stability of that, the uniformity of 
that and the interference points existing in natural 
environment [2]. Due to the edge of the target in the 
image is a fuzzy concept, and it is generally 
considered to be part of the dramatic changes, 
accurately identify the target edge information 
directly concerns the target extraction accuracy [3]. 
For small dim target under complex background, the 
image usually contains more noise, it is necessary to 
improve the image SNR and suppress background by 
preprocessing for the real time requirements of image 
processing system, and the quality of the 
preprocessing of image will directly affect the target 
feature extraction [4]. In a general way, image 
processing methods could mainly divide into two 
kinds, i.e. spatial domain method and frequency 
domain method. Spatial domain method is, mainly in 
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space domain, to directly calculate the pixel gray 
value, such as median filter, high-pass filtering, 
etc. [5]. Frequency domain method is, mainly in 
some transform domain of the image, to manipulate 
the transform coefficients of the pixels. For example, 
the image is processed by Fourier transform first, 
then filter the original image in frequency domain, 
finally inverse transform filtered image into spatial 
domain, so that noises are filtered, the background is 
suppressed. Meanwhile, from the practical point of 
view, the extracting algorithm should not only has 
good processing result, but also be easy to implement 
in practice [6]. However, high-performance and 
instantaneity is a pair of mutual restrictive factors. 
Therefore, finding an effective target extraction 
method is the focal and difficult point of the 
research [7]. 

The rest of the paper is organized as follows. 
Section 2 introduces the target image features under a 
complex background, analyses the extraction 
principle of the small and weak targets and derivation 
the formula that used in small target extraction. 
Section 3 analyses the experiment data, compare the 
image parameter before and after process, proved 
that deconvolution method has a strong applicability 
in different background. Section 4 analysis the 
experimental results and comparison with other 
methods proved that deconvolution method in target 
extraction, especially in weak and small target 
extraction under the complex background have high 
accuracy and Easy to implement. Conclusions are 
drawn in Section 5. 
 
 
2. The Extraction Principle of the Small 

and Weak Targets 
 
2.1. The Target Image Features Under a 

Complex Background 
 

To the small dim target, there are some  
obvious characters.   

1) The image background has a change of rolling, 
it relates to the intensity of the  
background light.  

2) The background of image has noise, especially 
during the measurement in a dynamic and 
complicated environment, the noise is random.  

3) The edge of target is curve, fuzzy, and 
asymmetric. So it requires an algorithm to search  
the edge.  

4) The signal-to-noise ratio of the target and the 
background is very low, so it is easy to filter out part 
of the target information during filtering [8-10]. 
 
 
2.2. The Deconvolution Algorithm Process 
 

Firstly, we take the target as a signal. Secondly, 
the working principle of linear camera is to scan a 

same position many times, record the signal on the 
same location at different moment [11]. So the 
process of linear CCD capturing high-speed flying 
target can be regarded as the process of gathering 
target signal. When linear camera scans, the one-
dimensional image that forms at different moments is 
taken as a signal of the moment. Due to the fast-
speed of linear CCD camera (20000-40000/SEC), the 
scanning information is roughly the same [12]. When 
the target signal rapidly goes through the position 
where linear CCD camera scans, the original 
information will be changed. Because the target 
signal passed quickly, so the signal change is not a 
smoothing process, but is a very sudden change. 
Finding the abruptly changing point can get the target 
point [13]. 

Fig. 1 shows the flow chart of the deconvolution 
method. From the speed of the target and the camera 
position, it is known that the target will not appear in 
the former fifty lines. Averaging the second row of 
the image to be detected to the eleventh row of that, 
the no target one-dimensional image 1D can be got. 
Deconvoluting the structured single color smooth 
template W with 1D , we can receive the transfer 
function T . And then to convolute each line of 
D with T  in turn can obtain the result of each line. 
If the each line’s result is put according to the line 
order, the position of the target point can be found.  
 
 

 
 

Fig. 1. The flow chart of deconvolution process. 
 
 
2.2. The Algorithm of Small Target 

Extraction Based on the Deconvolution 
 

In the continuous-time system, the convolution of 
the two known signals, )(),( xhxf can be expressed 
as [14]: 
 

 ( )∑
∞

−∞=

−==
i

ikhifkhkfky )(*)(*)()( , (1) 

 
The deconvolution can be expressed as: 
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0
fikhifkykh
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i
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−
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−−= , (2) 

 
For the image to be detected, it can be considered 

as a two-dimensional matrix M , which is composed 
of different gray values: 
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where ijx is the gray value of M , D  is any line  
of M  

 
 ]...[ 321 ijiii xxxxD =

, (4) 
 
T is the transfer function to be computed 
 

 ]...[ 321 jyyyyT =
, (5) 

 
where jyyyy ...,, 321  is the unknown, W  is the 
constructed template function 
 

 ]...[ 12321 −= jaaaaW
, (6) 

 
where na ( 121,10 −≤≤≤≤ jnan ), by the properties 
of convolution, both D  and T  have j  columns, 
according to formula (1), W  has  

12 −j  columns. 
According to the formula (1), the process of 

convolution can be expressed as follows: 
 

 WTD =× , (7) 
 
According to the formula (2), the process of 

deconvolution can be expressed as follows: 
 

 WDT ×= ' , (8) 
 
where 'D is the pseudo inverse matrix of D . D  Can 
be expressed as: 
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Another form of D : 
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T  Can be expressed as: 
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The template function W  can be expressed as: 
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Taking formula (10), (12) into formula (8),  

there is: 
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When W  selects single color template, after 

calculating, the background of the new image is also 
the same color. 

 
 aaaaa j ===== −12321 ... , (17) 

 
where a is the background gray value ( 10 ≤≤ a ). 

If M has the target point, taking formula (10), 
(12), (17) into formula (7), there is: 
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In formula (13) d  is the target location. 

 
 
2.4. The Principle of Deconvolution  

Line processing 
 

In most of the traditional target extraction 
methods, the image is considered as a two-
dimensional image to be disposed, but in practice, the 
two-dimensional image is composed of line image 
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scanned by linear CCD camera in time order [15]. 
Therefore, deconvolution arithmetic method is 
considered to process the image line by line 
according to the time order. Linear camera 
acquisition speed is very fast (one picture needs 
0.033-0.05 ms). So the image gray value of each line 
is roughly the same. By using the formula (8) to 
convolute transfer function T  and single color 
template W , after calculation the gray value of each 
line in the new image is very close, thus the complex 
background can be transformed into a single color 
background in this way, as the formula (18) shows. 
Because the gray value of target point is smaller than 
that of other points which stay in the same column. If 
gray value has obvious changed by convoluting, 
that’s the target point. Separating the target from 
background in this way can find the target points 
accurately. So the deconvolution method is also 
called ‘Change background method’. 
 
 
2.5. Selection of Template Function 
 

The selection of the template function is the key 
part of the whole algorithm. The template is 
equivalent to the processed image’s background. If 
the template selected inappropriately, the contrast of 
target and background is very weak, which will bring 
difficulty in extracting target, and the interferential 
points will be difficult to remove, Table.1 is the gray 
value of ten different gray scale templates, the gray 
value of target chooses 0.4, because most of the gray 
value of target is under 0.6, according to formula (7), 
X is the gray value of the selected template, 
Y means the processed target’s gray value. 

From Table 1, we know when X  increase, Y will 
increase. When the X  is ‘1’, there is the biggest 
difference between X  and Y . The result shows that 
when the template’s gray value is ‘1’, the difference 
between the target and the background is the biggest, 
and the target is the easiest to be found. 
 
 
Table 1. Gray values of different template after processing. 

 
X 0.1 0.2 0.3 0.4 0.5 
Y 0.06 0.12 0.18 0.24 0.30 
X 0.6 0.7 0.8 0.9 1 
Y 0.36 0.41 0.47 0.53 0.60 

 
 
3. Simulation and Parametric Analysis 
 
3.1. Simulation Analysis 
 

Fig. 2(a) shows a picture shot by linear CCD 
camera which shoots the moving target outdoor. Due 
to the shortage of light conditions, the background of 
the image is more complex, it is hard to find out the 
location of the object in the picture. Fig. 2(b) and 
Fig. 2(c) are shot from moving target indoor. 

Fig. 2(b) is indoor close shot. Fig. 2(c) is indoor 
long-distant shot.  
 
 

 
 

(a) Outdoor target image 
 

 
 

(b) Indoor close shot image 
 

 
 

(c) Indoor long-distant shot image 
 

Fig. 2. The image to be detected. 
 
 

Fig. 3 shows the image of the Fig. 2(a) after 
amplifying 16 times, through the picture we can find 
a weak target point. 

In Fig. 3, it shows that the camera just get three 
lines of the target, and each line only has three pixels 
points. And the targets’ gray value is very close to 
the background, so it’s hard to find out the location 
of the target.  

Firstly, by the conclusion of 2.2, averaging gray 
levels of the 2nd to the 11th lines, we can get a no 
target image. Fig. 4 shows the frequency spectrogram 
of no target images.  

Fig. 4 shows the no target Spectrum of Fig. 3, 
horizontal coordinate axis represents columns, and 
vertical coordinate axis represents the gray value. For 
Fig. 4(a), between the lines of 600 to that of 800, this 
area belongs to the light source area, and its gray 
value is 0.25-0.5. If the camera gets the target, it’ll be 
showed in this area, and the target’s gray value is 
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under 0.5. Between 0 and 600 lines the gray value is 
less than 0.25, and from 800 and 1000 lines the gray 
value is less than 0.18, especially at the line of 390, 
it's about 0.05.This means that the gray value of the 
image is small, color is more deep, close to black. 
The gray curve is not steady, it has a wide range, so 
the target is very easy to hide in the background and 
hardly to find out. 
 

 

 
 

Fig. 3. Target amplified 16 times. 
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Fig. 4 (a). No target spectrum before processing – no target 
line spectrum in outdoor. 
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Fig. 4 (b). No target spectrum before processing – no target 

line spectrum in indoor 
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Fig. 4 (c). No target spectrum before processing – no target 
line spectrum in indoor. 

 
 

Fig. 4(b) and Fig. 4(c) are the spectrum curve of 
the moving target which is taken indoor. The 
background of the image is simpler than Fig. 4(a). 
Between 500 and 1000 lines it's the light source area, 
the gray value is around 0.3 and 0.5. The other lines 
are all around 0, close to black, but it do not have the 
suddenly changing part, so the curve is very steady.  

From the conclusion of Table 1, constructs a 
white template function W . Taking W and 'D  into 
formula (8), we can get the transfer function T . 
Fig. 5 shows the spectrum of transfer function T :  
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Fig. 5 (a). Transfer function T – outdoor image  
transfer function. 
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Fig. 5 (b). Transfer function T – indoor close shot image 
transfer function. 
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Fig. 5 (c). Transfer function T – indoor long-distant shot 
image transfer function. 

 
 

After calculating transfer function T , as the flow 
chat shows, taking D  and T  into formula (7), we 
can get the line frequency spectrogram. Fig. 6(a), 
Fig. 6(b), Fig. 6(c) shows the spectrum without target, 
Fig. 6(d), Fig. 6(e), Fig. 6(f) shows the spectrum with 
target. 
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Fig. 6 (a). The processed spectrum – the line spectrum 
without target outdoor. 
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Fig. 6 (b). The processed spectrum – the line of close shot 
spectrum without target indoor. 
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Fig. 6 (c). The processed spectrum – the line of long-
distant shot spectrum without target indoor. 
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Fig. 6 (d). The processed spectrum – outdoor  
target spectrum. 
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Fig. 6 (e). The processed spectrum – indoor close shot  
target spectrum. 

 
 

Fig. 6(a) to Fig. 6(f) are the spectrum curves. 
After computer simulation, Fig. 6 (a), Fig. 6 (b), 
Fig. 6 (c) are the curves without target, all of the 
background are around 1, close to white. The 
spectrum of the row with target, as show in Fig. 6(d), 
Fig. 6(e), Fig. 6(f), it has some prominent change 
which is significantly different from both sides of the 
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curve. Fig. 6(d), Fig. 6(f), just has a few pixels width, 
because it is long-distant shot. Fig. 6(e) has a very 
wide image and the difference between target and 
background is smaller than that of Fig. 6(d) and 
Fig. 6(f). Because Fig. 6(e) is closes shot, the target 
has a big image on camera and the gray value is 
small. 
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Fig. 6 (f). The processed spectrum – indoor long-distant 
shot target spectrum. 

 
 

Table 2 shows the target and its around points 
before processing. Table 3 is the target and it’s 
around points after processing. The central nine 
points is the target. According to the analysis 
between these two different tables, we can get the 
change of the image.  
 
 
Table 2. The center of the target and its surroundings’ gray 

value before processing. 
 

0.4902  0.4902  0.4941  0.4863  0.4902  
0.4902  0.4980  0.4863  0.4941  0.4902  
0.5059  0.4902  0.4941  0.4941  0.4902  
0.4941  0.4510  0.4235  0.4667  0.4824  
0.5020  0.4392  0.3922  0.4549  0.4863  
0.4863  0.4627  0.4196  0.4549  0.4902  
0.4902  0.4941  0.4863  0.4863  0.4824  
0.4941  0.4941  0.5020  0.5020  0.4902  

 
 
Table 3. The center of the target and its surroundings’ gray 

value after processing. 
 

0.9882  0.9686  1.0000  1.0000  1.0000  
0.9765  1.0000  0.9804  1.0000  1.0000  
1.0000  0.9725  1.0000  1.0000  0.9961  
0.9961  0.8392  0.7255  0.9137  0.9804  
1.0000  0.7686  0.6000  0.8706  0.9882  
0.9647  0.8745  0.7294  0.8784  0.9882  
1.0000  0.9922  0.9961  1.0000  0.9765  
1.0000  1.0000  1.0000  1.0000  1.0000  

3.2. Data Analysis 
 

Table 2, before processing the target center’s gray 
value is 0.3922, and its surrounding background’s 
gray value is about 0.494, the difference of them is 
about 0.1018, just like Fig. 4, the target and 
background is difficult to distinguish. After dealing 
with the deconvolution method, Table 3 shows the 
result, the target central point of the gray value 
become 0.6, most of the background and the 
interferential points are weakened to white or close to 
a white background, so the difference of them is 
about 0.4. Compared with Table 2, the new result has 
great improvement. Not only improve the difference 
between target and background, but also transfer 
complex background into white, makes the target 
easier to distinguish. From Table 3, it shows that the 
gray value of the eight pixels around the target center 
point is different from the white template. That 
means the surrounding eight points are part of the 
target, but just weaker than the target center. In Table 
2, the gray values of surrounding eight points and the 
background have small disparity, after processing, 
the contrast between them increases and it’s easier to 
distinguish, and it’s also easy to find the boundary. 
 
 
4. Results Analysis 
 
4.1 The Simulation Results 
 

According to the image of row order, arranging 
the processed image, Fig. 7 shows the result. 

From Fig. 8, it can clearly distinguish the target 
and background, and other interferential points are 
weakened on images, which will not have impact on 
the target's judgment. After processing, the target can 
also retain some gray value. The gray value of the 
target is known, and the original gray value is 
unknown, through the formula (2), (4), the initial 
gray value of target can be calculated. Using the 
obtained gray information will be very helpful for 
further research in the study of flight gesture. 

In Fig. 2(a), treating the gray value as the Z axis, 
row and column as X axis, Y axis, we can set up a 
three- dimensional rendering, as shown in Fig. 8. 
Fig. 8(a) is the rendering of Fig. 2(a), while Fig. 8(b) 
is the rendering of Fig. 7(a). 

From Fig. 7(a), the gray value of background has 
a very wide range and the target hides in background. 
Therefore, it is difficult to find out. After processing, 
as shows in Fig. 7(b), the image has a suddenly 
changing part which is obvious different from the 
other part, and the interferential point is very weak, 
it’ll not influence the judgment. We can find the 
target easily [16]. 

The experiment collects 30 different images, 
including complex background, simple background, 
big targets and small targets, close shot, and long-
distant shot. These results show that the 
deconvolution method has greater accuracy and 
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better application in the target extraction. If we 
change the color of the template, or use a variety 
color combinations, the template that can acquire the 
different information of the whole image [17]. 

 
 

 
 

(a) Target outdoor. 
 

 
 

(b) Indoor close shot target. 
 

 
 

(c) Indoor long-distant shot target. 
 

Fig.7. The final result after processing. 
 
 
4.2. Comparison with Other Methods 
 

Using two different methods for processing the 
Fig. 3 (a), Fig. 9 shows the result, Fig. 9 (a) uses 
Gradient method, and Fig. 9 (b) uses morphological 
processing combine with Threshold segmentation.  

Fig. 9 (a), the Gradient method can only keep or 
remove the interferential point, but can not weaken 
the interferential point. Because the target’s gray 
value is very close to background, although the target 
has been found, but there are two interferential points 
exist which have impact on the judgment of the 
target [18]. 

From Table 3, showed that the camera capture  
9 pixels of target. Fig. 9(b) uses morphological 
processing combine with Threshold segmentation. 
This method rules out the interferential point and 
finds the center of the target successfully, but it has 
41 pixels which is much more than the actual number 
of pixels. 
 

 
(a) Three- dimensional effect before processing. 

 

 
 

(b) Three- dimensional effect before processing. 
 

Fig. 8. Three- dimensional effect graph. 
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(a) Gradient method processing 
 

 
 

(b) Morphological processing and threshold segmentation 
 

Fig. 9. Gradient method and threshold segmentation 
dealing with the image. 
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Through a lot of experiments, we can find that in 
the processing of the target, especially in dealing 
with the small targets under complex background, the 
deconvolution method has showed its higher 
precision, can weaken some small and weak 
interference point, which is difficult to exclude. It’ll 
be more conducive to the target's judgment. 
 
 
5. Conclusion 
 

With the machine vision systems more widely, 
moving target detection and. Extraction problems 
become a research hotspot. 

In this paper, the author takes practical 
engineering as background, analyzes the traditional 
extraction method of high speed target, combines the 
theory of signal detection, and puts forward a new 
method of deconvolution normalization. Through the 
processing of actual collected target image and the 
comparison with the traditional image processing 
method, the results show that the method is more 
accurate, less sensitive to noise, more adaptable and 
spending less time on communications. Moreover, 
this method can be applied in some practical 
occasions with higher requirements, and it is a more 
prospect method. 
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