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Abstract: Cutting force real-time monitoring has become an increasing prominent role in high precision 
mechanical parts processing. A new type of cutting force dynamometer which is able to be mounted on the spindle 
of machine tool is proposed in this paper. At first, it is proved theoretically that the charge quantity can be obtained 
through measuring the induced charge quantity generated by electrostatic induction. Then the feasibility of this 
method is verified by an experiment. X0°-cut wafer and Y0°-cut wafer of α piezoelectric quartz are analyzed by 
ANSYS software separately and the distribution regularity of the polarized charge when piezoelectric quartz 
wafer surface is subjected to force or torque is obtained. On the basis of the above analysis, a kind of piezoelectric 
three-component dynamometer is designed. It can measure cutting depth resistance, feed resistance and torque 
with only two X0°-cut quartz wafers and two Y0°-cut quartz wafers. Copyright © 2013 IFSA. 
 
Keywords: Rotary dynamometer, Piezoelectric quartz, Wireless transmission, Electrostatic induction, ANSYS. 
 

 
 
1. Introduction 
 

The cutting force is an important physical quantity 
in the mechanical parts processing. It affects the parts’ 
surface quality and dimensional accuracy directly. 
Especially in the precision parts processing, the 
real-time monitoring of the cutting force’s changes is 
important to ensuring the machining quality and 
improving the processing efficiency and tool life. 
Research on processing performance of new materials 
generally proceeds with the cutting force. Therefore, 
the measurement of cutting force is of great 
significance to improving the level of cutting and 
realizing automatic monitoring in cutting process. 

Many scholars at home and abroad have done a lot 
of research on cutting force measurement in the 

machining process. Yao et al. designed a kind of 
multifunctional dynamometer used in turning, milling 
and drilling machining with four different measuring 
circuits consisted of strain gauges [1]. Sarhan et al. 
measured cutting forces in end-milling using highly 
sensitive strain gauge dynamometer and constructed a 
cutter wear monitoring strategy by measuring cutting 
force [2]. Yaldız et al. designed a strain gauge-based 
four-component milling dynamometer for the 
measurement of cutting force and torque [3]. The 
cutting force dynamometers in the above studies all 
use strain gauge as the sensitive element. The feature 
of the strain gauge-based dynamometers is that the 
static performance is good but the natural frequency is 
generally not high. Piezoelectric dynamometer has the 
advantage of high natural frequency and stiffness. 

Article number P_1185 
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Qian et al. developed a unitary 3D piezoelectric 
force-measuring platform which has a “push-pull” 
structure in order to improve its sensitivity and 
compensate the errors caused by the temperature 
variation [4]. Totis et al. presented an innovative 
dynamometer based on a piezoelectric force ring 
integrated into a commercial tool shank. Its modular 
design allows the easy change of the cutting insert 
without altering sensor preload [5]. What’s more, the 
Swiss company Kistler [6-8] has produced various 
types of piezoelectric dynamometers for measuring 
the cutting force in the process of machining. 

In the above study, most dynamometers or 
force-measuring platforms are placed between the 
workpiece and machining table. They measure cutting 
force according to the transmission and interaction 
principle of forces. The dynamometer protection is 
necessary in the actual machining process to avoid 
cutting fluid and swarf damaging dynamometer. They 
may limit workpiece dimensions since their dynamic 
response is greatly influenced by workpiece mass and 
geometry [9], because dynamometer needs to bear the 
weight of the workpiece. So the constant changes of 
the workpiece’s weight will affect the accuracy of the 
measured force signals. 

A new type of piezoelectric cutting force 
dynamometer which can be installed on the spindle of 
machine tool is put forward and designed in this paper. 
The key technology of the dynamometer is the 
wireless transmission of the charge signal. The 
feasibility of wireless transmission signal based on the 
principle of electrostatic induction is verified through 
both theoretical and experimental analysis. X0°-cut 
wafer and Y0°-cut wafer of α piezoelectric quartz are 
analyzed by ANSYS software separately. The double 
layout of three-component cutting force measuring 
quartz cell is set up. 

 
 

2. Charge Signal Wireless Transmission 
Analysis 
 
An important issue that needs to be solved about 

the piezoelectric rotary dynamometer is the wireless 
transmission of the charge signal. A new method is 
proposed that signal transmission between 
piezoelectric sensor and charge amplifier can be 
achieved by electrostatic induction. The basic 
principle of electrostatic induction is as follows: the 
free electrons in the conductor driven by the external 
electric field move directionally until static balance. 
At that time, the internal electric field of the conductor 
is zero everywhere and net electric charges distribute 
on the surface of the conductor. 

 
 

2.1. Electrostatic Induced Charge Quantity 
Theory Analysis 

 
Based on the principle of electrostatic induction, a 

construction is designed which can transport signal 

wirelessly for the piezoelectric sensor mounted on the 
rotary spindle. It is consisted of two coaxial metal thin 
cylinders, as is shown in Fig. 1. The inner conductor is 
connected with a piezoelectric sensor directly. The 
charges from the piezoelectric sensor applied a force 
uniformly distribute in the conductor’s outer surface. 
Electrostatic induction occurs in the outer conductor 
by the effect of these charges’ electric field. There are 
two kinds of induced charges in the same amount but 
with opposite polarity distributing in the inner and 
outer surfaces of the outer conductor separately. 

 
 

 
 

Fig. 1. Wireless transmission structure diagram. 
 
 

Assume that there are positive charges 0Q  
distributing uniformly on the surface of the inner 
conductor. Because of electrostatic induction, there 
are negative charges 1Q in the inner surface and 

positive charges 1Q in the outer surface of the outer 

conductor. Create a coordinate system O XY . As 
shown in Fig. 2, its coordinate origin is the center of 
the cylinder and its Y-axis is the central axis of the 
cylinder. 

 
 

 
 

Fig. 2. Schematic diagram of coordinate system position. 
 
 
Take a point M(R+d/2, 0) on the X-axis. Since 

point M is in the interior of the metallic conductor, in 
the case of electrostatic balance, the electric field at 
point M meets equation: 

 
0M out inE E E    (1) 
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So 

out inE E  (2) 

 

Consider approximately the inner conductor as a 
line segment with electric charge, its linear charge 
density is 

 

0 0 /Q L   (3) 

 

Take an arbitrary point P (0, y) on the Y-axis, the 
charge quantity at point P is 
 

0P yq d  (4) 

 

Because charges distribute uniformly on the line, 
so the component in Y direction yE of the aggregate 

electric field at point M generated by all the charges is 
zero. According to the field strength formula of point 
charge q at some space point: 
 

2/E kq r , (5) 

 

where k is the static electricity constant, r is the 
distance between the two points, the component in X 
direction outE of the aggregate electric field at point M 

generated by all the charges is calculated as follows: 
 

0
2

2 2 2 22

( )
2

( ) ( )
2 2

L

out L

d
k ROM

E E dy
PM d d

R y R y






  

       


 

(6) 

 

That is 
 

0

2 2

4

(2 ) (2 )
out

kQ
E

R d L R d


   
 (7) 

 

As the two kinds of charges in the surfaces of the 
outer conductor are of the same quantity but opposite 
polarity and the thickness d of the conductor is very 
small, the combination of the inner and outer surfaces 
of the outer conductor can be looked as a 
plane-parallel capacitor. The inner electric field is 
uniform. It can be obtained as follows: 

 

1
in

QU
E

d Cd
  , (8) 

 

where U is the electric potential difference between 
the two surfaces, C is capacitor capacitance. 

The capacitance value is 
 

2 ( )
2

4 4

d
R LS

C
kd kd

 
 

 
   (9) 

 

So 

12

( )
2

in

kQ
E

d
R L




 
(10) 

 

According to Equation (1), it can be obtained that: 
 

0
1

22
1 ( )

Q
Q

R d

L







 
(11) 

 
It can be seen in Equation (11) that Q0 and Q1 have 

a linear relationship. The value of Q0 can be obtained 
by measuring Q1. The smaller the values of R and d are, 
the larger the quantity of the induced charges is, while 
the larger the value of L is, the larger the quantity of 
the induced charges is. 
 
 
2.2. Electrostatic Induction Charge Quantity 

Measurement Experiment 
 

Paste two thin copper sheets to two teflon rings’ 
adjacent surfaces respectively, as is shown in Fig. 3. 
The base is used to ensure the two teflon rings coaxial. 
Put them into a shielding cylinder. Connect the inner 
copper sheet with a unidirectional piezoelectric sensor 
whose sensitivity is 4.62 pC/N. The outer copper sheet 
is connected with a charge amplifier. Put different 
weights on the sensor and measure the charge quantity 
generated by electrostatic induction using the charge 
measurement function of the charge amplifier. The 
specific experimental situation is shown in Fig. 4. 

 
 

 
 

Fig. 3. Electrostatic induction structure. 
 
 
The measured charge quantity is compared with 

theoretical charge quantity in Table 1. Their 
relationship is illustrated in Fig. 5. It is an approximate 
linear relationship. 
 
 
3. Piezoelectric Analysis Based on ANSYS  
 

In this paper, X0°-cut wafer and Y0°-cut wafer of 
α piezoelectric quartz are analyzed by ANSYS 
software separately and distribution regularity of the 
polarized charge is studied in order to design the 
multi-component cutting force dynamometer. 
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a. Overall connection diagram. 
 

b. Connection diagram in the shielding cylinder. 
 

Fig. 4. Electrostatic induction charge quantity measurement experiment. 
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Fig. 5. The relationship between the measured induced charge quantity and the theoretical charge quantity. 
 
 

Table 1. Comparison of the measured induced charge quantity and theoretical charge quantity. 
 

Weight quality/Kg 
theoretical charge 

quantity/pC 
Measured induced charge  

quantity/pC 
Average of measured  

data/pC 
0.2 8.3496 0.5 0.49 0.51 0.54 0.51 0.51 

0.5 20.874 1.38 1.44 1.45 1.44 1.41 1.424 

1 41.748 3.2 3.1 3.4 3.3 3.4 3.28 

1.5 62.622 4.5 4.5 4.6 4.6 4.6 4.56 

2 83.496 6.7 6.9 7 6.8 6.6 6.8 

3 125.244 8.9 9.2 9.3 9.5 9.6 9.3 

 
 

3.1. Element Type and Material Parameter 
Setting 

 
Piezoelectric analysis in ANSYS software has 

three specified element types. In this paper, the 
element type SOLID5, a kind of coupled-field 
hexahedral element with displacement and voltage 
degree of freedom, is used. 

The piezoelectricity of piezoelectric materials 
refers to the interaction between mechanics and 
electrics. Piezoelectric equations describe the 
interrelation between crystal mechanical quantity and 

electrical quantity. There are four types of equations 
describing piezoelectric materials’ piezoelectric effect 
[10]. This paper uses the second type of piezoelectric 
equation. Strain S and electric field E are independent 
variables in it, and stress T and electric displacement 
D are dependent variables. Piezoelectric equation is as 
follows: 

 
E

t
S

T c S e E

D eS E
  


  , 
(12) 
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where c is the elastic stiffness constant; e is the 
piezoelectric stress coefficient; te  is the transpose of e; 

S  is the dielectric constant when strain is constant 
(clamped dielectric constant); Ec is the elastic 
stiffness coefficient when field intensity is constant.) 

In the coordinate system O XYZ , the elastic 
stiffness coefficient matrix of quartz crystal [11] is 

 

 

11 12 13 14

12 11 13 14

13 13 33

14 14 44

44 14

14 11 12

0 0

0 0

0 0 0

0 0 0

0 0 0 0

1
0 0 0 0 ( )

2

c c c c

c c c c

c c c
c c c c

c c

c c c

 
  
 
   
 
 
  
  , 

(13) 

 
where 10

11 8.674 10c Pa  , 10
12 0.6988 10c Pa  , 

10
13 1.191 10c Pa  , 10

14 1.791 10c Pa   ,
10

33 10.72 10c Pa  , 10
44 5.794 10c Pa  . 

In the coordinate system O XYZ , the 
piezoelectric stress coefficient matrix of quartz crystal 
(unit: C/m2) is 

 
17.1 17.1 0 4.04 0 0

0 0 0 0 4.04 17.1

0 0 0 0 0 0

e

  
   
 
   

(14) 

 
Quartz’ permittivity matrix is  
 

4.52 0 0

0 4.52 0

0 0 4.68


 
   
 
   

(15) 

 
The density of quartz is: 3 32.65 10 /kg m   . 

Significantly, stiffness coefficient matrix c and 
piezoelectric stress coefficient matrix e are given in 
the order (based on IEEE standard) x, y, z, yz, xz, xy, 
but the data’s input order in ANSYS software is x, y, z, 
xy, yz, xz [12]. So the input data must be adjusted 
accordingly. 
 
 
3.2. Modeling and Meshing 
 

Finite element analysis of both X0°-cut and 
Y0°-cut piezoelectric quartz wafers adopts the roundel 
model whose radius R=10 mm and thickness d=1 mm. 
But the locations of the different cut-types crystal’s 
stress surface in the ANSYS software’s global 
coordinate system are also different. As shown in  
Fig. 6, the stress surface of X0°-cut wafer model is 
perpendicular to X-axis in global coordinate, the one 
of Y0°-cut wafer perpendicular to Y-axis. 

After modeling, map meshing can be done. 
 

 
 

a. The analysis model of X0°-cut wafer. 
 

 
 

b. The analysis model of Y0°-cut wafer. 
 

Fig. 6. The analysis models of two cut-types quartz wafer. 
 
 

3.3. Loading and Solution 
 

Set the analysis type as static and all the restrained 
degrees of freedom of the nodes in the quartz’s lower 
surface as zero. Then apply corresponding load to the 
upper surface. In this paper, the force on the X0°-cut 
wafer model is perpendicular to surface. The load is 
Fx = -2 N, -4 N, -6 N, -8 N, -10 N. Apply three 
different kinds of load on the Y0°-cut wafer model: a. 
torque My = 1 Nm, 2 Nm, 3 Nm, 4 Nm, 5 Nm; b. shear 
force Fx = 10 N, 20 N, 30 N, 40 N, 50 N; c. torque 
My=5N and shear force Fx = 50 N are applied together. 
Select solving order respectively to calculate them. 
 
 
3.4. Checking Results 
 

As the analysis result’s display format of the 
piezoelectric crystal in ANSYS software is electric 
potential, displacement and so on, the piezoelectric 
crystal’s polarized charge Q generated by the force 
and torque needs to be calculated by 

 
*Q C U  (16) 

 
In this equation, C is the capacitance value of 

piezoelectric crystal; U is the voltage between the 
upper and lower surfaces. Because the voltage 
constraint of the lower surface is zero, so the electric 
potential of the upper surface is the voltage between 
the upper and lower surfaces, and the distribution 
regularity of electric potential is the same to the 
charges’. 
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3.4.1. The Analysis Result of X0°-cut Quartz 
Wafer 

 
By post processing, the maximum electric 

potential of the X0°-cut wafer surface with different 
vertical forces is shown in Table 2. The electric 
potential value is linear to the force. 

What is shown in Fig. 6 is the analysis result when 
Fx = -10 N. The electric potential value of the wafer’s 
upper surface is -1.56 V and the upper surface is an 
equipotential surface. According to the electric field 
distribution in Fig. 7(b), it can be seen that the electric 
field inside the crystal is uniform, so the polarized 
charges of the quartz crystal with vertical force 
distribute uniformly on the crystal surfaces. 

 
 

Table 2. The maximum electric potential of the X0°-cut 
wafer surface with different vertical forces. 

 
Fx value/N -2 -4 -6 -8 -10 
Maximum 
electric 
potential 
value/V 

-0.311 -0.623 -0.934 -1.246 -1.557 

 
 

3.4.2. Analysis Result of the Y0°-cut Wafer 
 
Maximum electric potential values of the Y0°-cut 

quartz wafer surface with different torque and shear 
force are in Table 3. The data show that the maximum 
electric potential of the surface has a linear 
relationship with the torque or shear force. 

The analysis result when My = 5 Nm is as 
illustrated in Fig. 8. It reveals that when the surface of 
the Y0°-cut wafer is applied a torque, the distribution 
of the surface’s electric potential and electric field are 
asymmetric, the electrical axis (X-axis) of the quartz 

crystal as the dividing line. So the polarized charge on 
the bilateral partitions of the surface divided by the 
electric axis must be same in quantity and opposite in 
polarity. Fig. 9 is the electric potential distribution of 
the Y0°-cut wafer surface with shear force Fx = 50 N. 
The upper surface is an equipotential surface and the 
charge is in uniform distribution.  
Fig. 10 is the analysis result of Y0°-cut quartz wafer 
surface applied simultaneously torque My=5Nm and 
shear force Fx = 50 N. According to the potential 
profiles of the same position in Fig. 8, Fig. 9 and  
Fig. 10, regularity can be obtained that the electric 
potential distribution of the Y0°-cut wafer surface 
with both torque and shear force is the superposition 
of the results of the wafer with one of them separately. 
 
 

Table 3. Maximum electric potential values of Y0°-cut 
wafer surface with different load. 

 
My 
value/Nm 

1 2 3 4 5 

maximum 
electric 
potential  
value /V 

53.96 107.9 161.87 215.82 269.78

Fx 
value/N 

10 20 30 40 50 

Maximum 
electric 
potential 
value /V 

-3.354 -6.71 -10.06 -13.42 -16.77

 
 

Therefore, it can be deduced that if the surface of 
the Y0°-cut wafer is arranged two symmetric 
electrodes bounded by x-axis, it has the ability to 
measure the torque and shear force simultaneously 
(Fig. 11). 

 
 
 

  
 

a. Electric potential contour. 
 

b. Electric field vector. 
 

Fig. 7. The analysis of X0°-cut quartz wafer with vertical force Fx = -10 N. 
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a. Electric potential contour. 
 

b. Electric field vector. 
 

Fig. 8. The analysis result of Y0°-cut piezoelectric quartz wafer with My = 5 Nm. 
 
 

 
 

Fig. 9. The electric potential contour of Y0°-cut piezoelectric quartz wafer with Fx = 50 N. 
 
 

  
 

a. Electric potential contour. 
 

b. Electric field vector. 
 

Fig. 10. The electric potential contour of Y0°-cut piezoelectric quartz wafer with My(5 Nm)+Fx(50 N). 
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Fig. 11. Partitioned electrodes on the Y0°-cut wafer. 
 
 
Next, simulate the partitioned electrodes in the 

ANSYS software through coupling the voltage 
freedom of degree of the Y0°-cut wafer model upper 
surface’s nodes bounded by x-axis respectively. As 
illustrated in Fig. 12(a), when a torque is applied to the 
Y0°-cut wafer surface with partitioned electrodes, the 
electric potential of the two electrodes are of same 
numerical value and opposite polarity. Combined with 
Fig. 12(b), suppose that the electric potential values of 
the two electrodes when the wafer is applied a torque 
My = 5 Nm and a shear force Fx = 50 N are U1(M+F) 
and U2(M+F); the ones when the wafer is applied only 
a shear force Fx = 50 N are U(F); the ones when the 
wafer is applied only a torque My = 5 Nm are U1(M) 
and U2(M). On the basis of analysis results in Fig. 9 
and Fig. 12, the relationships can be obtained as 
follows: 

 
 

1 2

1 1

2 2

( ) ( ) 2 ( )

( ) ( ) ( )

( ) ( ) ( )

U M F U M F U F

U M U M F U F

U M U M F U F

   
   
     

(17) 

 
Therefore, adopting the partitioned electrodes on 

the Y0°-cut quartz wafer can measure the torque and 
shear force. 

 
 

4. Piezoelectric Three-component 
Dynamometer Structure Design 
 
Based on the above analysis results, a new kind of 

piezoelectric three-component dynamometer is 
designed whose overall structure is displayed in  
Fig. 13. The structure of the signal transmission is 
designed in the light of the principle of electrostatic 
induction. The piezoelectric sensor uses only two 
X0°-cut quartz wafers and two Y0°-cut quartz wafers. 
The electrodes between the two Y0°-cut quartz wafers 
are partitioned electrodes. The detailed arrangement 
of the quartz crystal measuring cell is shown in Fig. 14. 
The X0°-cut quartz wafers is used to measure the axis 
force, while the Y0°-cut quartz wafers measure the 
shear force and torque. Fig. 15 is the actual object 
picture of the sensor. Fig. 16 is the assembly picture of 
the sensor and the signal transmission part. 

  
 

a. Applied a torque My = 5 Nm 
 

b. Applied a torque My = 5 Nm  
and a shear force Fx = 50 N. 

 
Fig. 12. The analysis result of Y0°-cut quartz wafer with partitioned electrodes applied different loads. 

 

 
 

Fig. 13. The overall structure of the piezoelectric three-component dynamometer. 
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Fig. 14. The quartz crystal measuring cell. 
 
 

 
 

Fig. 15. Actual object picture of the sensor. 
 
 

 
 

Fig. 16. The sensor assembled with electrostatic  
induction ring. 

 
 

5. Conclusions 
 

In this paper, aimed at piezoelectric rotary 
dynamometer, a kind of charge signal transmission 
method which based on electrostatic induction is 
proposed. The linear relationship between the induced 
charge quantity and the inducing charge quantity is 
proved by both theory and experiment. Therefore, the 
inducing charge quantity can be gained through 
measuring the induced charge quantity. X0°-cut wafer 
and Y0°-cut wafer of α piezoelectric quartz are 
analyzed by ANSYS software separately. The analysis 
results indicate the regularities as follows: 1. the 

polarized charge quantity of the quartz crystal surface 
is linear to the vertical force, shear force or torque 
applied on the surface. 2. When the Y0°-cut quartz 
wafer surface is applied a torque, the polarized 
charges on the surface distribute symmetrically on the 
bilateral partition divided by X axis of the quartz 
crystal, but their polarity is opposite. It is figured out 
that when Y0°-cut quartz wafer is designed with 
partitioned electrodes, the sum of the two electric 
potential values of the electrodes is twice the one 
when only applied a shear force and if the two electric 
potential values are subtracted by the electric value 
when only applied with shear force, what is obtained 
is the electric potential value when only applied with a 
torque. For this reason, using only two pieces of 
Y0°-cut quartz wafers can measure both shear force 
and torque.  

On the basis of the above results, a kind of 
piezoelectric three-component rotary dynamometer is 
designed. It can measure cutting depth resistance, feed 
resistance and torque in the rotary cutting process with 
only two pieces of X0°-cut quartz wafers and two 
pieces of Y0°-cut quartz wafers. 
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Abstract: Based on the theory of piezoelectricity, a new sensor of control surface hinge moment with high 
linearity which uses piezoelectric quartz crystal as sensitive element is studied. It realizes the measurement of 
force by measuring the charge which is generated by piezoelectric quartz crystal that is integrated inside of 
sensor. In order to simulate the interaction between airfoil and airflow under the steady state, ANSYS is used to 
analyze the stress of airfoil in the air. ANSYS is also used to analyze potential distribution and electric field 
intensity distribution of piezoelectric quartz crystal which is under the action of force and moment, respectively. 
The measuring principle and design process of sensor are given in this paper, and the linearity and repeatability 
of sensor are obtained on the basis of experimental research and data analysis. The new sensor offers a new 
thinking for lucubrating and accurate measurement of hinge moment sensor. Copyright © 2013 IFSA. 
 
Keywords: Piezoelectric quartz crystal; Hinge moment; Sensor. 
 
 
 
1. Introduction 
 

Control surface is an important part of aircraft, 
which is connected by hinge to the airframe to 
support the moment. The moment of control surface 
is the significant basis to choose control surface 
shape, ensure spindle location and design servo 
actuator. Therefore, it is important to measure 
different type of hinge moment of control surface in 
the process of aircraft design. 

Currently, there are two ways of obtaining the 
value of hinge moment of control surface, one is to 
design model and use hinge moment sensor to 
conduct actual measurement in the wind tunnel; the 
other is to obtain the result by using CFD. Chen etc. 
designed a balance with a figuration wheelboss and 
analyzed nonlinear effects of rudder force with the 
change of the angle of attack [1]. Lynn etc. designed 

five-component balance, which is not only 
considered the influence of heat and pressure in the 
calibration of the balance, but also can be used 
continuously in a large-scale temperature and 
pressure [2]. Gurbacki and Bragg described the 
model and parameter evaluation of aileron and 
elevator flight control system, and the nonlinear 
flight control system can express excellently practical 
flight control system [3]. Smith etc. studied and 
summarized that moment coefficient was affected by 
vortex lift with center of pressure transferring to the 
tail when Mach number and angle of attack increased 
[4]. Landers and Landrum developed a theory 
method that can forecast front wing force coefficient, 
portrait pressure centre and hinge moment coefficient 
[5]. Maria etc. put forward two ways to demarcate the 
registration and aerodynamic load of force cell: curve 
fitting and neural network [6]. 

Article number P_1186 
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The core of the hinge moment sensor designed by 
the above scholars for experiment and research is 
strain sensor, but strain sensor with low stiffness 
would generate large elastic deformation under the 
aerodynamic load, and it produced experimental 
error. Piezoelectric quartz crystal has many 
advantages, such as high static rigidity, high 
sensitivity, high resolution, high natural frequency 
and excellent temperature stability, etc [7]. 
Piezoelectric sensor of control surface hinge moment 
is designed based on piezoelectric quartz crystal by 
analyzing the joint face between control surface and 
airframe. In this paper, the aerodynamic force of the 
rudder, the stress of the piezoelectric quartz crystal, 
measuring principle and the design of the sensor, 
sensor calibration are studied. 

 

2. Simulated Analysis 
 

2.1. The Analysis of Control Surface 
 
In order to simulate the load of airfoil control 

surface, ANSYS is used to analyze and simulate the 
fluid pressure load of control surface and stress of 
control surface with fluid effect, under the premise of 
establishing the fluid environment and structural 
analysis environment, and the stress of control 
surface and fluid pressure load of control surface 
with fluid effect can be seen from Fig. 1. and Fig. 2, 
respectively. It can be seen from Fig. 1 that the 
maximum stress is 1.0236 MPa and the minimum 
stress is 2.219110-5 MPa, when the angle of control 
surface is 5. 

 

 
 

Fig. 1. The stress of control surface. 
 
 

 
 

Fig. 2. The fluid pressure load of control surface. 
 
 

Obviously, this is fluid-solid interaction problem. 
Mean stress of control surface with the angle changed 
from -20 to 15 is calculated when the wind speed of 
inlet is at Mach 1 in this research, as shown in Fig. 3. 

The normal force and moment of the joint face 
between airframe and control surface is also 
analyzed, the normal force and moment of the control 
surface is 1.6604N and 1.4276 N mm, respectively. 
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Fig. 3. The relationship between the average stress  
and angle of the rudder. 

 
2.2. The Analysis of Piezoelectric  

Quartz Crystal 
 

On the strength of the analysis of the normal force 
and moment of control surface, the electric field 
intensity and potential distribution of piezoelectric 
quartz crystal is analyzed with ANSYS. On the basis 
of the data of normal force and moment by ANSYS, 
firstly, when the force is applied to the quartz wafer, 
it responses charge and produces uniform electric 
field, and the potential distribution and electric field 

intensity of piezoelectric quartz crystal are shown as 
Fig. 4 (a) and (b), respectively. Second, when an 
unmixed moment is applied to the quartz wafer, the 
quartz wafer produces larger electric field intensity 
where is closed to the force, and the electric field 
intensity of upper and lower parts are not 
symmetrical, and the potential distribution and 
electric field intensity of piezoelectric quartz crystal 
are shown as Fig. 5 (a) and (b) , respectively. Finally, 
when the force combined with moment are applied to 
the quartz wafer, it can be seen from the value of 
potential that the electric potential generated by the 
combined effect of the force and moment equal to the 
sum of electric potential that the force and torque are 
applied separately, and the potential distribution and 
electric field intensity of piezoelectric quartz crystal 
are shown as Fig. 6 (a) and (b), respectively. The 
relation between the moment and the electric 
potential is shown in Fig. 7. In Fig. 7, the heavy line 
is practical relation curve while the fine line is fitting 
straight-line, and the relation of that is obvious linear. 
It should be noted that the electric potential obtained 
from the analysis of coupled field is not output 
voltage received from the experiment, but the trend is 
alike. 

 
 

  
(a) (b) 

 
Fig. 4. The potential distribution (a) and electric field intensity; (b) of piezoelectric quartz crystal with the effect of force 

 

  
(a) (b) 

 
Fig. 5. The potential distribution (a) and electric field intensity; (b) of piezoelectric quartz crystal with the effect of moment. 
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(a) (b) 

 
Fig. 6. The potential distribution (a) and electric field intensity; (b) of piezoelectric quartz crystal with the combined  

effect of the force and moment. 
 
 

 
 

Fig. 7. The relation between the moment and the electric potential. 
 
 

 
3. The Design of Sensor 
 

3.1. Measuring Principle 
 

This article selects the piezoelectric quartz crystal 
as the sensing element is mainly based on its several 
advantages: high hardness, wide linear range, high 
repeatability and vibration frequency stability is also 
very good [8]. Sensor of control surface hinge 
moment which uses piezoelectric quartz wafer as its 
sensitive element employs external data collection 
system to measure charge, translate force input into 
charge output. Based on the principle of the 
piezoelectric effect of piezoelectric quartz crystal, 
whose essence is that internal of piezoelectric quartz 
crystal produces polarization phenomena under the 
force, resulting in its two opposite surfaces appears 
inverse charge, and causing the sensor of rudder 
hinge moment voltage output changes accordingly. 
 
 

3.2. The Design of Piezoelectric Quartz 
Group 

 
According to the ANSYS result of piezoelectric 

quartz wafer, it is mainly applied by axial force and 

torque, therefore, the x0-cut piezoelectric quartz 
wafer is adopted in this study. The potential 
distribution of upper and lower parts of piezoelectric 
quartz wafer are not symmetrical, consequently ,the 
proposed piezoelectric quartz group with a dual-
electrode structure in this thesis represents an 
advantage which reduces the mutual interference of 
electrode and ensures the minimum loss of charge 
generated by the piezoelectric quartz chips over 
single electrode structure. The thickness of 
piezoelectric quartz wafer which is used in this 
sensor is 1mm, and the outer diameter is 9 mm. The 
structure and in-kind of piezoelectric quartz crystal 
group are shown in Fig. 8 (a) and (b). 

 
 

3.3. The Design of Airfoil 
 

The structure of piezoelectric sensor of control 
surface hinge moment that uses piezoelectric quartz 
group as its sensitive element is shown in Fig. 9 (a). 
The external force is directly acted on the rudder 
surface, and delivers to the piezoelectric quartz group 
through the shaft and cover. The piezoelectric quartz 
unit is affixed to the inner surface of the body and the 
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cover plate internal by the insulation paste. The way 
of the body integrating with the piezoelectric quartz 
group not only greatly improve the utilization of the 
body's internal, also reduce the share of external 
space of sensitive components. In order to achieve 
real-time measurements of charge, the charge 
amplifier is connected to the piezoelectric quartz 
electrode through a group of wires. 

On the strength of Fig. 9. (a), the piezoelectric 
sensor of control surface hinge moment is developed, 
and is shown in Fig. 9 (b). The contour dimension is 
28 mm42 mm5 mm. 

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 8. The structure (a) and in-kind (b) of piezoelectric 
quartz crystal group. 

 
 

4. The Experiment of Sensor Calibration 
 

According to measuring principle of sensor, the 
standardization device of sensor is manufactured, and 
the standardization system is shown in Fig. 10. The 
static force is applied to piezoelectric quartz group by 
using the loading station in calibration system, and 
the charge amplifier amplifies the electrical signal 
generated by the piezoelectric quartz group, and the 
real-time display of the output voltage of the sensor is 
shown in the host computer. The standard range of 
the dynamometer ring which is used in the 
experiment is 200N. 

 
 

4.1. The Analysis of Force Calibration 
Experiments Data 

 
The data of force calibration experiment which is 

obtained from the experiment of sensor static 

calibration is shown in Table 1. The dotted line and 
solid line in Fig. 11 stand for the practical curve and 
fitting linear straight line about the relationship of the 
sensor output voltage and the input force, 
respectively. U1 and U2 represent the output voltage 
of the two sensors, respectively, and U represents the 
sum of value of U1 and U2. It can be seen from the 
experiment result that, the force input and the voltage 
output of the sensor display a favorable linear 
relationship. 

 
 

 
 

(a) 
 
 

 
 

(b) 
 

Fig. 9. The structure (a) and in-kind (b) of piezoelectric 
sensor of control surface hinge moment. 

 
 

 
 

Fig. 10. The loading experiment of piezoelectric  
quartz group. 
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Table 1. The data of force calibration experiment. 
 

Input force/N U1/μV U2/μV U/μV U1/μV U2/μV U/μV U1/μV U2/μV U/μV 
0 0  0 0  0  0 0  0  0 0  
10 -21  -11 -32 -22 -9 -31 -22 -9 -31  
20 -34  -31 -65 -35 -30 -65 -35 -30 -65  
30 -48  -50 -98 -49 -50 -99 -48 -50 -98  
40 -64  -67 -131 -63 -68 -131 -63 -68 -131  

 
 

 
 

Fig. 11. The force calibration curve of sensor. 
 

 
4.2. The Analysis of Torque Calibration 

Experiments Data 
 

The data of torque calibration experiment which 
is obtained from the experiment of sensor static 
calibration is shown in Table 2. The solid line and 
dotted line in Fig. 12 stand for the practical curve and 
fitting linear straight line about the relationship of the 
sensor output voltage and the input torque, 
respectively. U1 and U2 represent the output voltage 
of the two sensors, respectively, and SumU 
represents the sum of absolute value of U1 and U2. It 
can be seen from the experiment result that, firstly, 
the two opposite force are applied to the two sensors 
after a certain amount of preload is applied to the 
piezoelectric quartz group, secondly, the sensor is 
provided with excellent linear output characteristics 
in the whole range. 

4.3. The Linearity and Repeatability  
of Sensor 

 
In order to evaluate static index of the sensor in 

our research, the linearity and repeatability of the 
sensor are calculated by using the experimental data. 
The sensor linearity means the inconsistency of the 
actual sensor calibration curve and the theoretical line 
under specific environmental conditions. 
Repeatability is the inconsistency of the characteristic 
curve when continuously entering loading in the 
same direction multiple times under the same 
environment and working conditions (Sun and 
Zhang, 1985). Finally, the linearity and repeatability 
of sensor are 0.35 % and 0.74 %, respectively. 

 
 

 
 

Table 2. The data of torque calibration experiment. 
 

Output torque/Nmm U1/μV U2/μV SumU/μV U1/μV U2/μV SumU/μV U1/μV U2/μV SumU/μV 
0 0 0 0 0 0 0 0 0 0 

65 -64 42 106 -65 43 108 -65 44 109 
130 -127 86 213 -127 87 214 -128 87 215 
195 -189 129 318 -190 130 320 -190 130 320 
260 -252 171 423 -251 170 421 -252 172 424 

 
 
5. Conclusion 
 

In this study, the rudder hinge moment sensor is 
proposed which uses piezoelectric quartz wafer as the 
sensitive element, starting from the analysis of the 
advantages of piezoelectric quartz crystal and 
piezoelectric force sensors. The force of model is 
analyzed based on stress diagram and load 

distribution which are reached by ANSYS. On the 
basis of the analysis from the rudder force and 
moment, and by making use of the potential 
distribution and electric field intensity of 
piezoelectric quartz crystal which is analyzed by 
ANSYS, the relation curve between moment and 
potential is analyzed. The calibration system which is 
established with calibration station, charge amplifier 
and PC completes the calibration of the sensor. The 
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linearity and reproducibility of the sensor are 
calculated according to the data obtained by the 
calibration experiment. The sensor is developed in 
this research not only displays preferable linearity 
and repeatability, but also can achieve the 
improvement of the stiffness of the hinge moment 
sensor. The results of this research lay the foundation 
for the hinge moment measurements. 
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Abstract: Intelligent transportation system to all aspects of organic integration of human, vehicle, road and 
environment of the transport system, so that the operation of functional integration and intelligent vehicle, road. 
Intelligent transportation system (ITS) to improve the efficiency of traffic system by increasing the effective use 
and management of traffic information is mainly composed of information collection and input, output, control 
strategy, implementation of the subsystems of data transmission and communication subsystem. The RFID 
reader to wireless communication through the antenna and RFID tag can achieve a write operation on the tag 
identification codes and memory read data. The paper proposes research on building intelligent transportation 
system based on RFID technology. Experimental results show that ITS system can effectively improve the 
traffic situation, improve the utilization rate of the existing road resource and save social cost.  
Copyright © 2013 IFSA. 
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1. Introduction 
 

Intelligent transportation system ( ITS ) applied in 
the city traffic is mainly reflected in the microscopic 
traffic information collection, traffic control and 
guidance, to improve the efficiency of traffic system 
by increasing the effective use and management of 
traffic information, mainly by the information 
acquisition input, control, output strategy execution, 
between each subsystem data transmission and 
communication subsystem [1]. Information 
acquisition subsystem through the sensor acquisition 
vehicle and road information, strategy control 
subsystem according to the set target ( such as the 
traffic volume, maximum or average waiting time 
shortest etc.) use computational methods ( such as 
fuzzy control, genetic algorithm and so on ) to 
calculate the best scheme, and outputs a control 

signal to the execution subsystem (usually traffic the 
signal controller ), to guide and control the passage of 
vehicles, to the preset target. 

This technique is introduced into the vehicle 
dispatching system in intelligent; fully meet the 
distance without stopping, automatic interaction 
requirements. Vehicle information so will give the 
system by sending the tag technology, automatic 
identification authentication by the system, the 
control commands issued related. This ensures that 
the entire "car” and " car " are fully automated 
process, and the vehicle state information in real time 
to update the database, and fully guarantee the 
management departments of the vehicle information 
query. 

RFID is Radio Frequency Identification 
abbreviation, namely, radio frequency identification, 
often referred to as the electronic chips or inductive 

Article number P_1187 

http://www.sensorsportal.com


Sensors & Transducers, Vol. 152, Issue 5, May 2013, pp. 18-26 

 19

proximity card, induction card, contact less cards, 
electronic tags, electronic bar code etc. RFID is one 
of the key technologies of the Internet of things. A 
complete RFID system consists of Reader and 
Transponder of two parts. The working principle, the 
radio energy Reader launch a specific frequency to 
Transponder, is used to drive the Transponder circuit 
will send ID Code inside; the Reader will receive the 
ID Code. Special in Transponder and no battery, free 
access, free charge, so afraid of dirt, and the chip is 
the password for the world only, cannot copy, high 
safety, long service life. 

With the rapid increase of social and economic 
development, city and accelerate the process of motor 
vehicles, city traffic problems become increasingly 
serious. City traffic congestion not only cause traffic 
accidents, vehicle delay increases, but also brings 
energy waste and environmental pollution, resulting 
in adverse social consequences is difficult to 
estimate. At present, the city traffic problem has 
become the bottleneck of the development of the 
global economy, is one of the global “urban 
diseases". Traffic control is intended to be in the 
administrative normative constraints were 
determined; the application of advanced techniques, 
using the appropriate mode of operation to ensure 
that public and private transportation has the best 
traffic conditions. 

From the perspective of function, the RFID tag is 
divided into four kinds: read the label, label, label can 
be overridden with microprocessor and is equipped 
with a sensor tag. Structure and function of the most 
simple read-only tags, contain less information and 
cannot be changed; a rewritable tag integration 
capacity of tens of bytes into the tens of thousands of 
bytes of flash, label information can be modified or 
overridden, read-only and a rewritable RFID tags are 
mainly used in logistics system and production 
management system and baggage control system with 
microprocessor; label depending on the operating 
system and program storage built-in in read-only 
memory to work, the needs for security, many tags 
are all at the same time with encrypted circuit, now 
this kind of label is mainly used in a non-contact type 
IC card, both for electronic settlement, access 
control, can also be used to do membership card; 
some RFID tags include integration of sensor, 
temperature sensor and pressure sensor, at present 
this kind of label is mainly used for animal individual 
identification and tyre management. The paper 
proposes research on building intelligent 
transportation system based on RFID technology. 

 
 

2. Design of City Intelligent Traffic 
Control System 
 
Intelligent transportation system is a research 

field, involving wide comprehensive high-tech. 
Because of the limited space, this paper only from the 
point of city intelligent traffic control is discussed 

with some improves city road safety measures, but 
not from the vehicle and passenger's angle to study 
[2]. To improve the overall level of intelligent 
transportation systems require the coordinated 
development of various industries, so as to promote 
the city traffic levels. 

The management card issuing, determine the 
classification authority, to prevent managers 
cheating. Any a management card holders operating 
were to operate the registration card. On the export 
duty, operation registration after you can go to the 
management fees, the export of all charges are 
automatically added to the attendant and stored in a 
computer database name. The attendant holding 
operation card restricted, can not enter the software 
menu item is higher in the system, so the record of 
computer data cannot interfere; upper management 
card can be checked at any time, or print a duty or for 
any period of time and the whole parking work 
record. This fundamentally put an end to the parking 
fees and the loss of financial statistical errors, and the 
system automatically, put an end to the human 
vehicle, fighter car caused economic losses. 

The solution is to use modern computer network 
technology, a new generation of broadband integrated 
service access network system, a new generation of 
optical transmission system is the main technology 
and multimedia information compression, 
decompression technology to realize the digital 
image monitoring system, is a comprehensive 
solution set of monitoring system of expressway 
communication system, system, charging system 
three major electromechanical system as a whole the. 
Surveillance video, audio, alarm, control signal can 
be transmitted to each node of network and at the 
same time, the use of highway communication 
network in different places at the same time 
monitoring, remote control one or some place, and 
has a moving image detection, reporting to the alarm 
information, and the remote command function. 

The highway toll station and along the way ( the 
outfield, tunnel ) video, audio, and low speed data 
service access to the ZKON control over remote 
multi-service access unit, into the Ethernet signal 
unified, direct access to the optical fiber network, 
monitoring signal freeways can access to the same 
optical fiber network, provided by the local access 
unit optical network terminal. Give the ZTE ZXA10 
MSAN narrow band integrated services access 
network, based on the integrated services access 
network (access communication system) highway 
along the monitoring information transmission to the 
monitoring center. Center the control signal through 
the A-MSTP optical transmission system (the 
convergence layer communication system) uploaded 
to the monitoring center, as is shown by the 
following equation: 
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From the functional characteristics, intelligent 
traffic signal lamp system should have the time fixed 
mode, time setting mode, time, site induction mode 
remote control mode, the remote control mode signal 
control mode; you can set the date, time setting, time 
setting, the induction parameter setting, cycle time, 
phase difference and the green signal ratio 
parameters; can be self-inspection system, the green 
conflict testing, lamp fault detection, line fault 
detection; has strong input/output function, can 
realize different phase modulation on intersection 
control output and detection function [3]. In addition, 
the system provides a friendly man-machine 
interface, users can set and control signal through a 
manual switch, keyboard or remote control. 

Signal lamp remote communication control can 
be realized using current loop signal transmission 
mode. The remote communication control circuit is 
simple, low cost, strong anti-interference ability. It is 
composed of current loop transmission serial shift of 
3 kinds of signal - data of D, CLK, STR clock 
latches, traffic lights will be converted to serial 
information controller for parallel output, to achieve 
accurate position control, signal lamp different can 
take parallel connection, in such a line, load capacity 
output to control more than a dozen lights, can satisfy 
the needs of various traffic junctions, as is shown by 
equation2. 
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The management of the local signal system and 

signal system are with local area network (LAN) for 
two-way communication. The local signal control 
end of the data to be processed information through 
the Web Service application program interface to the 
system good package control terminal area lights, 
work finished by the latter, the final result is returned 
to the local signal. Web Service technology makes 
full use of computing ability of area lights system 
control unit, reduce the local signal processor 
overhead lights, makes the system more stable and 
easier to maintain, as is shown by Fig. 1. 

 
 

 
 

Fig. 1. The design of city intelligent traffic control system. 
 
 

Development of intelligent traffic signal lamp 
system can effectively improve the traffic situation; 
improve the utilization rate of the existing road 
resource, save social cost [4]. The system is based on 

AT91RM9200 processor, centered on application, the 
embedded operating system, the design has the 
advantages of low cost, simple operation, easy 
expansion, information sharing degree is high, the 
flexibility, has a very good reference value and 
practical value. 

When the vehicle in/out guard antenna 
communication area, antenna in microwave 
communication and electronic identification card for 
bidirectional data exchange, relevant information 
from the electronic vehicle card reads vehicle, related 
information in the driver card read driver, automatic 
recognition of electronic vehicle card and driver card, 
and judging the car card legitimacy is effective and 
the driver card, check the lane control computer 
display and the electronic card and driver card driver 
license plate number and one corresponding 
information; lane control computer automatically 
through the information on time, the vehicle and the 
driver of the stored in the database, lane control 
computer according to the read data following 
judgment and processing. 

In the traffic information collection, terminal 
nodes can be used non-contact magnetic sensor to 
collect and sensing area of vehicle speed, vehicle 
distance information. When the monitoring range of 
vehicles entering the sensor, important information 
terminal nodes through the magnetic sensor to collect 
the running speed of vehicles, and send that 
information to the next node timing wake up. When a 
node induction to the vehicle, with the vehicle 
driving time between two sensor nodes estimate, we 
can estimate the average speed of the vehicle. A 
plurality of terminal nodes will each collection and 
initial processing of information by the sink node 
convergence to the gateway node, data fusion, get 
traffic and road vehicles, vehicle velocity and other 
information, so as to provide a communication signal 
control road * input information is accurate. Through 
the installation of temperature and humidity, light 
intensity, gas detection sensor etc. to the terminal 
node, also can detect road condition, visibility, 
vehicle exhaust pollution, as is shown by equation3 
[5]. 
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Need to transform the existing traffic signal 

controller to implement bus priority function in 
intelligent transportation system. By adding sensors 
and other auxiliary equipment, traffic signal 
controller can estimate the bus arrived at the 
intersection of time ( travel time ), calculate the 
vehicle to give priority at intersections need ( can 
choose the number of passengers as priority ), then 
select the priority of appropriate control strategies, by 
adjusting the green signal ratio priority release public 
transport vehicles. 

Wireless sensor networks have excellent 
characteristics; can provide an effective means for 
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intelligent transportation systems of information 
collection and monitoring of vehicles in each 
direction of the intersection, according to the 
monitoring results, improved simplified, improved 
signal control algorithm to improve traffic efficiency. 
The wireless sensor network can be applied to the 
execution of the control subsystem and the subsystem 
is in the boot subsystem. For example, the technology 
can be applied to improve the signal controller, 
achieve bus priority function of the intelligent 
transportation system. 

In the design of ITS wireless sensor networks, 
network nodes according to different functions, need 
to separately design. The terminal node, the sink 
node and gateway node software function as shown 
in Fig. 3. The terminal nodes equipped with different 
sensors for motor vehicle information acquisition and 
road information acquisition [6]. Its functions are in 
accordance with the reduced function device (RFD, 
Reduced Function Device) standards to achieve. 
Terminal node and sink node in the star type 
network, at a fixed point in time from sleep wake up 
and sink node active communication. Routing 
information is given to the father (convergence) 
coordinator with the routing node and network and 
router, lower power consumption and software node 
implementation complexity. The sink node is 
extended terminal node software function, realize the 
expansion of the network and the message routing 
function, allowing access to network more key nodes. 

Terminal node and sink node design typical, the 
Atmel 8 RISC low power ATMegal1281V MCU as 
the system control core. It is using 512 KB 
AT45DB041D as the external program memory. 
Support ZigBee protocol RF module using Atmel 
AT86RF230, RF power reaches 3 dBm, the extended 
interface outdoor transmission distance up to  
300 meters above the node can be connected to the 
analog input, digital I/O, I2C, SPI and UART 
interface, the interface to make it easy to connect 
with the sensor and other peripherals, such as 
external luminosity, temperature, pressure, acoustic, 
magnetic and acceleration sensor, as is shown by 
table1. 
 
 

Table 1. Terminal node and sink node design of ITS. 
 

Field  ITS Tag  RFID Default 
UserID int NO PK 78 
UserName Varchar(50) NO 0.5 99 
RealName Varchar(50) NO 0.6 20 
Password  Varchar(255) YES 0.41 (NULL) 
Address Varchar(200) YES 0.221 (NULL) 
Phone Varchar(20) YES 0.885 (NULL) 
Mobile Varchar(20) YES 0.362 (NULL) 
Email Varchar(200) YES 0.01 (NULL) 
CreatDate datetime YES 0.23 (NULL) 
Status bit YES IDS (NULL) 
RoleID int NO PK 0 
Remark text YES NOS (NULL) 

 
 

In the design of the system, will be separated 
from the data acquisition system and business process 
strictly, ensure the stability of the system [7]. The 
data acquisition system and it is only in the vehicle 
"go out” or “door” are activated when the state 
information of electronic tag and it is sent to the 
system of vehicle, and it is automatically record the 
vehicle information database. While the business 
process in the car, car application, application and 
request sequence, the basic business data obtained 
directly from the database, not involved with 
electronic label on the front vehicle communication, 
thus fully avoid the communication business, cause 
system instability. 

Regional traffic signal control objects all 
intersection traffic signal in the city or a region. With 
computer technology, optimization methods, 
automatic control and vehicle detection technology 
development, studied to be coordinated together 
integrated within an urban area or a local district of 
intersection traffic signal control, so that the vehicles 
in the area through some of the intersection when the 
total loss arising min. In this control mode, the traffic 
signal real-time traffic data transmitted through the 
communication network to the host computer, the 
host computer changes in the road network traffic in 
real-time, at a certain time step away from being 
performed continuously adjust timing scheme. The 
host computer simultaneously controls multiple 
intersections in an urban area, to achieve 
harmonization in the area of the intersection between 
the management to improve the operating efficiency 
of the road network. 

Control of single intersection is one of the most 
basic control modes. The control parameters of 
isolated intersection point of control is the signal 
cycle and green ratio, the control objective is 
generally the vehicle delay and the capacity of the 
intersection. Because the equipment control is 
simple, investment province, convenient 
maintenance, is still a widely used signal control 
mode. Technically, it is divided into off-line control 
and online control point two forms. The former uses 
signal timing technology, and it is still the other 
control method with the base; the latter is traffic 
responsive control or vehicle actuated control, which 
is based on the actual distribution of intersection of 
each individual flow, reasonable distribution of green 
time to each phase, so as to satisfy the traffic 
demand. 

Dedicated wireless sensor network node design in 
intelligent transportation systems need to be 
considered as follows: node low-power design. 
Terminal nodes are battery (available solar battery) 
power supply; node costs to be low. During the 
deployment of massive traffic information collection 
node cost will be a key project. Data processing and 
storage is capacity of the node. Some nodes need for 
high-speed information acquisition and the running 
recognition algorithms, and so it is necessary data 
processing capability. Also need to be considered in a 
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limited space within the store programs, data, and the 
support code online update function. 

Includes maintenance, and it is repair, inspection 
and other routine maintenance. Just a comprehensive 
record is of the vehicle-related data. Record vehicle 
mileage, fuel costs and vehicle maintenance costs 
consumed. These raw data records, the system will 
automatically statistical analysis of the time of 
vehicle maintenance and annual inspection, early 
warning and in accordance with the set ensure 
vehicles get timely maintenance. 

City of the traffic trunk bear the traffic load is 
very heavy, ensures the traffic on the improvement of 
a region or city traffic often plays a vital role in. In 
the city traffic network, sometimes intersection are 
located very close to the intersection, between two 
adjacent distance is usually not sufficient to enable a 
squad of traffic evacuation in finite time. Single 
intersection are respectively arranged single 
intersection signal control, vehicle frequently 
encountered when red light, stop, the poor, and 
serious environmental pollution. In order to reduce 
parking in all vehicles in the intersection number, 
especially when the main vehicle relatively smooth, 
control scheme between adjacent intersections should 
adopt the strategy of coordinated control. Method the 
initial coordination of signal timing is based on the 
concept of green, adjacent intersection signal control 
in the same period, main line phase green open time 
staggered in a certain time, the intersection of route 
to the main line in the certain degree of traffic. 

Traffic system is a complex structure, many 
factors affect the very randomness of the system, the 
use of mathematical methods to solve the traffic 
problem is very difficult, the established models are 
often too complex and hard to solve, but also difficult 
to use one or several models to summarize the 
diversity of the traffic flow system. Transportation 
systems, on the other hand, is a dynamic time-
varying systems, traffic management and control of 
real-time requirements are very high. Therefore, 
starting from the actual situation, based on the 
mathematical description of the traffic management 
control methods can not meet the requirements of 
online real-time control, poor operability. And 
artificial intelligence methods to draw the human 
method of solving the problem of knowledge 
representation, reasoning and learning to solve 
complex problems, pure mathematics to describe 
combined with knowledge or knowledge of the 
mathematical model to describe the transport system 
into. Gradually adapt to the environment, ability to 
learn, to continuously improve the management and 
control effect. 
 
 
3. The Research of Radio Frequency 

Identification Technology 
 

RFID radio frequency identification is a kind of 
automatic recognition technology of non-contact, RF 

signal through its automatic target recognition and 
access to relevant data, identify the work without 
human intervention, it can work in various 
environments [8]. RFID technology can identify the 
moving objects and can also identify multiple tags; 
the operation is fast and convenient. The short 
distance radio frequency products are oil, dust 
pollution and other harsh environment, can replace 
the barcode in such an environment, such as tracking 
objects in the factory assembly line. Long distance 
radio frequency products used for transportation and 
it is recognition distance of up to tens of meters, such 
as automatic charging or identifying vehicles etc. 

The RFID system at least comprises electronic tag 
and reader. The two are parts. Electronic tag is the 
data carrier frequency identification system; RFID is 
composed of the tag antenna and the tag chip. 
According to the electronic tag power supply mode, 
the electronic tags can be divided into active 
electronic label (Active tag), passive electronic tags 
(Passive tag) and semi-passive tag (Semi passive 
tag). Active electronic label is arranged in the battery, 
passive RFID tag has no built-in battery, semi-
passive tag (Semi passive tag) depend in part on the 
battery. 

Electronic product code is the development of the 
global product code, can identify the target sight. 
Electronic product code is not just a wireless bar 
code, it contains a series of data and information, 
such as origin, date code and other key information, 
the information stored by the label on a small silicon,, 
reader and computer networking, producers and 
retailers can know the exact product and inventory 
information, as it is shown in equation 4: 
 

 ))|(())1|(( kkPtrkkPtrI   (4) 
 

Originally in the field of technology, transponder 
refers to the ability to transmit information reply 
information electronic module, in recent years, due to 
the rapid development of radio frequency technology, 
transponder with words and new meanings, also 
called smart tag or label. A smart tag exactly is a kind 
of innovation of RFID tags, composed of sticky 
labels and ultra-thin RFID tag. The smart tag radio 
frequency technology and flexible label printing to 
combine the advantages of smart tags, read write 
function can be repeatedly programming, coding rule 
follows the label first when making. Electronic label 
on the basis of different frequencies can be divided 
into low frequency electronic tags, high frequency 
electronic tags, and UHF tag and microwave 
electronic label. According to the different forms of 
packaging can be divided into credit card label, label, 
paper label, linear, circular glass tube label and 
special shaped tags. 

Intelligent vehicle management system designed 
for large-scale fleet management needs, the system 
interface is simple and intuitive, easy to operate, 
flexible definition of field; each vehicle a full range 
of management units for statistical analysis, the 
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control of the management role. Support dynamically 
add unlimited department to meet the needs of multi-
pectoral, to ensure that everyone involved can 
complete information included in the scope of the 
management of the system; administrative rights and 
the implementation of the three officers, the 
application, the audit, permission to send a car is set 
up independently. Fully meet the actual needs of 
management. 

RFID classification of second important aspect is 
whether to also read the labels. In this case, if there 
are more than two tags at the same time will be 
readable range leading to read error. 

In this with collision avoidance (collision) RFID 
system function, in order to read a label, adjusted 
several times repeated reading times batch retrieval. 
So, once read of a certain number of tags, all tags are 
read until the speed is different, the more the number 
of tags once read, read the time required to complete 
the longer than the time needed for calculation. 
Realization of anti – collision function is substituted 
for RFID graphics code necessary conditions in the 
field of logistics. For example, in the supermarket, 
commodity is packed in a shopping cart for valuation. 
In order to realize this valuation method, collision 
resistance function must be complete [9]. On the 
other hand, using the RFID system in the electronic 
money and personal authentication, identification of 
several tags at the same time was the main reason for 
the occurrence of errors, as it is shown in equation 5: 
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Different frequencies have different 

characteristics, so their use is of every hue. For 
example, the low frequency tags cheaper than UHF 
tags, saving energy, strong penetration of scrap metal 
objects; they are most suitable for water with high 
content of objects, such as fruit. For example, is the 
administration of the import and the warehouse 
inventory, the reader can be installed in the door on 
the wharf cargo import? If the request is management 
to specific customer products, the reader should not 
only install in the door, also should be installed on 
the truck. If the demand is the control of the retail 
shelf, fixed or hand-held device could be used to 
facilitate the automatic warehouse, recording and 
counting. 

Retail analyst at Sanford C. Bernstein estimates 
that, through the use of RFID, Wal-Mart annual 
savings of $ 8.35 billion, most of which do not need 
artificial view purchase barcode and save labor costs. 
Although some analysts believe that the $ 8 billion of 
this figure is too optimistic, but there is no doubt, 
RFID helps to solve the problem of the retail 
industry's two largest: the merchandise out of stock 
and loss (loss due to theft and supply chain to be 
disturbed), and now single theft of a Wal-Mart one 
year loss of almost $ 2,000,000,000 a legitimate 
business turnover reached this figure in the ranking 

of the 1,000 largest enterprises in the United States, 
ranked 694. The agency estimates that this RFID 
technology to help reduce theft and inventory levels 
by 25 %. 

Basic operation mode of radio frequency 
identification system is divided into full duplex (Full 
Duplex) and half duplex (Half Duplex) system and 
timing (SEQ) system. Half duplex that tag and reader 
can be two-way transfer of information, but the 
information is transmitted to a direction at the same 
time only. In full-duplex and half-duplex system, 
response is sent out in RFID tag reader sends out 
electromagnetic field or electromagnetic case. As 
compared with the signal of the RF tag reader itself, 
the signal is very weak in the receiving antenna, so 
you must use the appropriate method to transmission, 
the signal difference between signal and reader tag 
from the. In practice, the data transmission from the 
RFID tag to reader of people generally use the load 
reflection modulation technology will tag data is 
loaded into the reflection echo especially for passive 
RFID system, as it is shown in equation 6: 
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In order to store data, mainly use three kinds of 

methods: EEPROM, FRAM, SRAM [10]. The radio 
frequency identification system in general, the use of 
electrically erasable programmable read-only 
memory is the main method. However, the 
disadvantages of using this approach are: power 
consumption in the process of writing, life is usually 
written 100000 times. Recently, some manufacturers 
use ferroelectric random access memory. And 
electrically erasable programmable read-only 
memory, writing power ferroelectric random access 
memory consumption is reduced 100 times, even 
1000 times less time to write. However, ferroelectric 
random access memory because of production 
problems has not been widely applied. FRAM 
belongs to the non-volatile memory class. 

The signal is the core of the entire system. It 
consists of a plug-in board, LCD screen, control 
panel, lighting driver board, switching power supply, 
button panels of five kinds of functional modules and 
power distribution board, wiring terminal block. The 
system selects the 32-bit embedded RISC processor 
based on ARM core AT91RM9200 as a signal of the 
machine control panel processor, to meet the 
requirements of the signal intelligent signal system as 
the collection and processing of traffic data 
communication network as well as regional the 
coordination control platform. 

This stage is the key stage of growth of RFID 
middleware. Because of the powerful RFID 
application, Pilot Project Wal Mart and the United 
States Department of defense and other key users 
have RFID technology planning and import, 
prompted the development of the international 
companies continue to focus on RFID market. 
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Development of RFID Middleware in this stage not 
only has basic data collection, filtering and other 
functions, but also to meet the enterprise many-to-
many (Devices-to-Applications) connection demand, 
and with the platform of management and 
maintenance functions. 

 
 

4. Building Intelligent Transportation 
System Based on RFID Technology 
 
Aimed at the need of high-grade communities, 

enterprises, government departments on the 
intelligent parking lot, design intelligent parking 
management system [11]. RFID technology, 
computer network technology, the application of the 
voice system scheme of things that technology, short-
range microwave communication technology, digital 
image processing technology and automatic control 
technology, in order to realize the automatic vehicle 
identification and information management, improve 
the efficiency of the vehicle traffic and safety, and 
statistics of vehicle access data, to facilitate the 
management of staff scheduling, reduce labor 
intensity of managers, effectively prevent the 
loopholes of charges. 

Signal control system, the intersection level signal 
control given by the control of the decision-making 
based on the traffic flow information connected 
sections agent intersection signal timing. Intersection 
level signal control the Road * through-flow of 
information and the signal timing pass control of the 
layer region, while the upper area control feedback 
control commands, applied research on a particular 
region of a control area of the intersection in a 
direction of urban traffic network congestion regional 
control by the control command is given and adjust 
their the intersection signal with the other on the 
same road section to achieve as soon as possible to 
ease crowding, reduce the regional overall delay time 
purposes. Passed between regional control traffic 
flow information of the region, a region crowded 
intersection, regulatory regions adjacent area signal 
timing to guide traffic dispersed to relieve congestion 
and roadside information signs or traffic radio signals 
to guide traffic diversion. 

Radio frequency identification RFID (Radio 
Frequency Identification), commonly known as 
electronic tags, it is a non-contact automatic 
identification technology, work process without 
manual intervention by the RF signal automatic target 
recognition and access to relevant data, can be used 
in a variety of harsh environments. 

In the structure of wireless sensor networks, the 
sink node is installed on both sides of the road to 
form a self-organizing multi-hop mesh based on 
Mesh network architecture, the sink node traffic 
information dedicated terminal sensor node and each 
adjacent collection consists of a star network 
communications, the final data will be gathered to the 
gateway node. The gateway node can be used as a 

module is installed in the traffic signal controller, 
through a proprietary network signal controller, 
sending data will be collected to the VTS center for 
further processing [12]. In a wireless sensor network 
deployment, the sink node can transport facilities 
installed at the roadside column, bar and so on, 
gateway nodes can be integrated to the intersection 
traffic signal controller inside, special terminal sensor 
node can fill in the road or installed on the side of the 
road, the movement of vehicles on the road can also 
install node dynamic sensor to sensor networks, as it 
is shown in equation 7: 
 

 
dt

a
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tf

a
bafW )()(

1
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(7) 

 
The introduction of the RFID technology is 

intelligent vehicle management system. Deployed in 
every car radio frequency identification card, the 
main function of radio frequency identification card 
is stored as a vehicle information, vehicle electronic 
identity card, and it has the world's unique ID 
number, do not copy, change characteristics, high 
security. The radio frequency identification card 
reference will create the vehicle and the vehicle 
management system for the timely communication 
platform. Work process is as follows: 

1) When the vehicle is ready to go when the car, 
radio frequency identification card the vehicle 
information automatically to the vehicle management 
system computer sends, check whether the vehicle 
has been effective car license: 

A. if the vehicle has access to car license, control 
brake open, can not stop the vehicle. At the same 
time the system will detect the car has "go out" 
information, and set up the car in the database for the 
"out " state; 

B if the vehicle is not get car license, control 
brake off, sound and light warning system. 

2) When the vehicle returns, radio frequency 
identification vehicle card the vehicle information 
automatically to the vehicle management system to 
send, vehicle management system to judge whether 
the car to the car. 

(1) length = 0； 
(2) for  i = max order  down to  1  do{ //max order  
(3)FP[ ++ length ] = item ( i)； 
(4) output FP and  its support  S T (k1 ，， 

km).count [ i ]/ n； 
(5) build S T (k1 ，...，km，i) based on S T (k1 

，... ，km)； 
(6)   for each candidate cCt 
(7)          c.count++; 
(8)    } 
(9)     Lk={cCk|c.count≥min_sup} 
(10)  } 
(11)  return L=kLk; 
Database server: Intel Pentium fourth above  

2.5 GB frequency chip, more than 1 G of memory,  
50 Mb hard disk IBM compatible machine or 
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professional server ( such as image, according to save 
the picture time required to different space, traffic 
flow 6000/ day, need a day to save the image space 
of about 240 M ). And the installation of Microsoft 
Windows 2000 Server operating system and 
Microsoft SQL Server 2008 database system. 
Network system using the 40/700 Base-T star 
network topology structure, the main device for 
20/400 Mb Fast Ethernet data exchange, such as the 
import and export from the management office is far 
(800 meters ) can be used for fiber optic transceivers 
connect. 
 
 

 
 

Fig. 2. Comparison results of building intelligent 
transportation system based on RFID technology. 

 
This paper presents a traffic signal lamp with the 

distributed characteristics of the design of the control 
system; it uses the RFID technology to improve the 
accuracy of traffic information collection, using 
current loop long-distance transmission, and 
application of artificial intelligence theory to make 
the system more adaptive and scalable. For the 
convenience of the man-machine interface operation, 
AT91RM9200 built-in LCD (liquid crystal display) 
controller, the automatic generation of LCD drive 
control signal, can be directly connected to the LCD. 
The keyboard module expansion of a 4×4 keyboard 
matrix by ZLG7290B, ZLG7290B is connected 
through IIC serial bus and processor. 

Automatically identify computer automatic 
timing, billing, special card, monthly card, temporary 
card artificial receive cash, fast and efficient service, 
computer monitors and charges POS screen display 
parking time and fees receivable, card balance or 
valid, fee transparency high, ballot boxes display 
prompts guide the households use the car park, and 
extended his greetings to civilized language, 
comfortable households mood, you can attract more 
users and improve efficiency in the use. 
 
 
6. Conclusions 
 

According to the current traffic situation in China 
and the problems that a major role in the economic 
development and the city traffic control in the 

process, and puts forward the important aim of the 
development of intelligent transportation system and 
practical significance. Intelligent transportation 
system is a research field, involving wide 
comprehensive high-tech. This paper introduces the 
classification and design of intelligent traffic system, 
traffic control system based on multi-agent City. The 
paper proposes research on building intelligent 
transportation system based on RFID technology. 
Intelligent control is not only the control traffic signal 
control, but the entire transportation system, 
intelligent transportation system. Intelligent 
transportation system is the highest level of traffic 
control, it is the advanced information technology, 
data communication technology, sensor technology, 
automatic control theory, operations research, 
artificial intelligence and computer and network and 
a series of new and high technology used in the 
transportation of each subsystem, so as to establish a 
large scale, full play role of the real-time, accurate, 
efficient transportation management system. 
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Abstract: Polymethylmethacrylate-based (PMMA) bone cements incorporating multiwalled carbon nanotubes 
(MWCNTs) as a means of reinforcement were prepared, and their structure and properties were investigated by 
displacement sensor and chevron-notched test method. The aim of this study was to determine the transverse-
direction fracture toughness (KIv) in PMMA bone cement by using the displacement sensor. Three major 
advantages of the displacement sensor test method are: (1) It is easier to achieve the plane strain requirements; 
(2) Not required to make the fatigue-precracking; (3) It is considerable easy to produce stable crack propagation 
before completely fracture. The fracture toughness values of PMMA bone cement and PMMA/MWNCTs bone 
cement were measured to be 1.2350.15 MPa m1/2 and 1.7250.15 MPa m1/2, respectively. Based on the 
microstructures shown in SEM images, the improved fracture toughness of PMMA bone cement was 
contributed to the incorporation of surface functionalized MWCNTs. Copyright © 2013 IFSA. 
 
Keywords: Strain transducer, Fracture toughness, Mechanical properties, Chevron-notched. 
 

 
 
1. Introduction 

 
In the recent years, there is an increasing interest in 

the area of artificial organ material transplantation 
and surgical reconstruction [1, 2]. 
Polymethylmethacry- late (PMMA) based bone 
cement has been widely applied in orthopaedic 
surgery for prosthetic fixation. However, PMMA 
bone cement presents a considerable brittle properties 
under tensile/flexure loading, restricting their 
application to non-load bearing areas.  

There is a lot of literature reporting methods to 
improve the mechanical and physical properties of 
PMMA bone cement [3-6]. Many of these studies 
have incorporated various additives into the polymer 
matrix, such as polyethylene fibres, glass fibres, long 
macroscopic carbon fibres, and titanium fibres. 
However, most of the use of these additives has been 
unsuccessful for the poor fibre-polymer matrix 
bonding and poor additive dispersion. Reinforcement 

of bone cement with multiwalled carbon nanotubes 
(MWCNTs) can substantially enhance its strength 
and toughness and has been one of the potential 
methods to overcome the present mechanical 
limitations of bone cement [4]. MWCNTs reinforced 
PMMA bone cements thus generates the feasibility to 
facilitate the use of bone substitutes in load bearing 
applications. Fracture toughness (KIv), which 
measures a material’s resistance to brittle fracture 
when a sharp crack is present, has been suggested a 
better index regarding the mechanical performance of 
bone cement than strength or elongation at fracture 
[7, 8]. 

In this study, MWCNTs/PMMA bone cement 
nanocomposites were synthesized using surface 
functionalized MWCNTs (f-MWCNTs). We used a 
chevron-notched [9, 10] (CN) short rod test to study 
the fracture toughness of PMMA bone cement with 
the international standard for acrylic resin cements 
[11]. The CN specimen test has at least three 
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advantages than previous methods [12-14]. First, it is 
easier to achieve the plane strain requirements. 
Secondly, not required to make the fatigue-
precracking, which reduces the cost of sample 
preparation greatly. The previous tests may not form 
sharp cracks unless special techniques are used. The 
third, it is considerable easy to produce stable crack 
propagation before completely fracture, avoiding an 
overestimation of fracture toughness value.  
 
 

2. Materials and Methods 
 
The terminology used in this article is shown in 

Table 1. 
 

Table 1. Terminology. 
 

a0 Initial crack length 
a1 Average of a11 and a12 
a11 Cutting depth of the chevron notch on one side 

a12 
Cutting depth of the chevron notch on the 
other side 

B Diameter of specimen (m) 

KIV 
Critical stress intensity factor; fracture 
toughness 

W Length of specimen (m) 

Pcrit 
Load that caused fast crack propagation at 
testing 

Pmax Maximum load applied at testing 
Si Inner span of the four-point flexure 
S0 Outer span of the four-point flexure 
t Width of the chevron notch 

 *
minY

 
Stress intensity factor coefficient 

 
 

2.1. Materials and Preparation  
of the Bone Cement 

 

The MWCNTs with a length of 5-15 μm (purity > 
95 %, outer diameter 40-60 nm) were purchased from 
Shenzhen Nanotech Port Co., Ltd. The bone cement 
used was Radiopaque bone cement containing 
gentamicin (Biomet Orthopaedics Switzerland 
GmbH), which comprised of PMMA powder (40 g) 
and methyl methacrylate (MMA) liquid monomer  
(20 mL) (Table 2). The PMMA bone cement is 
created by mixing the solid (powder) components 
with the liquid in accordance with ISO 5833, usually 
in the ratio 2 g powder/1 ml liquid. 

MWCNTs (0.5 wt%) were incorporated into the 
MMA monomer prior to mixing the PMMA powder. 
Specimens for mechanical testing were prepared by 
injecting the bone cement into PTFE moulds, which 
were cured at ambient temperature for 24 h. 
Subsequently, the rough specimen edges were sanded 
by 1000 μm grit silicon carbide abrasive.  

Fracture toughness (KIv) by this method is relative 
to a slowly advancing steady state crack initiated at a 
chevron-shaped notch, and propagating in a chevron-
shaped ligament (Fig. 1). The dimensions of 
specimens and testing apparatus followed ASTM 
E1304-1997 (2008). Specimens were cut into 

cylinders of 12 mm length and 6 mm diameter. The 
chevron notches were prepared using a low-speed 
diamond wheel saw. The notches were cut parallel to 
the axes of the specimens, which resulted in a 
lengthways fracture during testing. The nominal 
width of the blade is 145 m. The specimens were 
tilted 20 using a precast holder at the time of cutting. 
A chevron notch was then formed after two cuts from 
two opposite sides. To assure the second cut matched 
the plane of the first cut, a razor blade was used to 
make a slit along the first cut. The diamond wheel 
was then placed along the slit to make the second cut. 
The definite dimensions of the chevron notch are 
shown in Fig. 2.  

 
 

Table 2. Composition of PMMA bone cement. 
 

 Constituent 
Mass 

(g) 
Volume 

(ml) 
PMMA 40 / 
Benzoyl Peroxide  0.3 / 
Zirconium dioxide 6.1 / 

Powder 

Gentamicin sulphate 0.8 / 
Methyl Methacrylate  / 20 

Liquid N,N-dimethyl-p-
toluidine 

/ 0.27 

 
 

 
 

Fig. 1. Schematic Diagrams of a Chevron-Notched 
Short Rod. 

 
 

The requirements of a qualified CN sylinder test 
include: (1) All surfaces to be 64-μin. (2) Side 
grooves may be made with a plunge cut with a 
circular blade. In this case,  (shown in Fig. 3) is the 
angle between the chords spanning the plunge cut 
arcs, and it is necessary to use different values of  
and a0, to ensure the front crack has the same width. 
(3) The dimension a0 must be achieved when forming 
the side grooves. (4) Grip groove (shown in Fig. 4) 
surfaces are to be flat and parallel to chevron notch 
within ±2°. (5) Notch on centerline within ±0.005B 
and perpendicular or parallel to the surfaces. (6) The 
imaginary line joining the displacement sensor seats 
must be perpendicular (± 2°) to the plane of the 
specimen slot. 
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Fig. 2. Definite dimensions of a chevron-notched cylinder specimen. 
 
 

 
 

Fig. 3. Slot Bottom Configuration. 
 
 

 
 

Fig. 4. Suggested Loading Grip Design. 



Sensors & Transducers, Vol. 152, Issue 4, May 2013, pp. 27-32 

 30 

 
 

Fig. 5. Tensile Test Machine and Test Configuration. 

 
 
Specimens were tested using a universal testing 

machine (XDLL1000N, Jixiang corporation, 
Shanghai) at room temperature (22 C). The test 
configuration (Fig. 5) recorded the applied force 
versus displacement sensor digitally by computer and 
formed an x-y plotter. The displacement rate of the 
actuator was 0.005 mm/s. After the tests, the load–
displacement curves of each sample were closely 
examined to determine its critical load. 

Fracture toughness (KIv) was then computed by 
the following equation (1) (as given in ASTM 
E1304-1997): 

 
 











 




5.1

6
i0crit*

minlv
BW

H10)SS(P
YK  (1) 

 
where KIv is the fracture toughness using CN beam 
test with unit MPam1/2, Pcrit is the critical load  
(in Newtons), So and Si are the outer and inner spans 
(in meters), B and W are the diameter and height  

(in meters) of the specimens, and *
minY  is the stress 

intensity factor coefficient determined by the 
equation (2) : 
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3. Results 
 
There were three types of load–displacement 

curves observed in this study as shown in Fig. 6. The 
first one is a curve of a stable crack growth in which 
the critical load (Pcrit) is equal to the maximum load 
(Pmax), shown in Fig. 6 (a). The second is a curve of a 
stable crack growth in which Pcrit is a little lower than 
its Pmax, shown in Fig. 6 (b). The third is a curve of an 
unstable crack growth in which the specimen snapped 
at Pmax, shown in Fig. 6 (c). 

 
 

 
 

 
 

 
 

Fig. 6. Three types of load–displacement curves were 
recorded in this study: (a) stable crack growth with the 
critical load (Pcrit) equal to the maximum load (Pmax); 
(b) stable crack growth with the Pcrit slightly lower than 
Pmax, and (c) unstable crack growth in which the specimen 
snapped at Pmax. 
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Twenty PMMA bone cement without MWCNTs 
specimens were tested and eighteen of them were 
valid. Of the two invalid specimens, one was due to a 
large plane mismatch ( 0.35 t) and the other was due 
to an overcut of a0 (0.90 mm). Average fracture 
toughness of the eighteen valid tests was  
1.235  0.15 MPa m1/2.  

For the twenty specimens incorporating 
functionalized MWCNTs (PMMA/MWNCTs), 
seventeen were valid. Two of the three invalid 
specimens were because of unstable fracture and the 
third one was due to a large plane mismatch  
( 0.35 t). Average fracture toughness of the 
seventeen valid tests was 1.725 ± 0.15 MPa m1/2. 
Using a oneway anova with α=0.05, the fracture 
toughness value for PMMA/MWNCTs bone cement 
was significantly greater (40 %) than that of PMMA 
bone cement.  

The microstructure of the specimens was 
characterized using a scanning electron microscope 
(SEM) (JEOL JSM 6400, JEOL USA, Peabody, MA). 
As shown in Fig. 7, we observed that MWCNTs were 
effective in bridging the initial crack and preventing 
crack propagation, further enhancing the fracture 
toughness of the PMMA bone cement. 

 
 

 
 

(a) PMMA bone cement without MWCNTs. 
 

 
 

(b) PMMA/MWNCTs bone cement. 
 

Fig. 7. The fracture surface of the PMMA bone cement. 

4. Discussion and Conclusion 
 
The results of this study demonstrated that adding 

MWCNTs (0.5 wt%) to the PMMA bone cement 
improved the fracture toughness of the resultant 
cement. This weight loading was chosen due to 
MWCNTs high surface area, small loadings can 
provide significant mechanical reinforcement [15]. In 
addition, lower levels of MWCNTs loading can 
reduce the tendency for MWCNTs agglomerations. 

Average fracture toughness of PMMA bone 
cement without MWCNTs was measured as  
1.235  0.15 MPa m1/2, and average fracture 
toughness of PMMA/MWCNTs bone cement was 
measured as 1.725 ± 0.15 MPa m1/2. It is confirmed 
that PMMA bone cement has lower fracture 
toughness than PMMA/MWCNTs bone cement. 
Based on the microstructure of the two tested bone 
cement (Fig. 6), the greater (40 %) fracture toughness 
of PMMA/ MWCNTs bone cement could be 
attributed to the incorporation of surface 
functionalized MWCNTs. 

Limitations to the present study include the 
incorporating MWCNTs at only one concentration 
level (0.5 wt%) and using carboxyl functionalized 
MWCNTs. The effects of adding higher 
concentrations of MWCNTs to PMMA bone cement 
using a clinically relevant process, or using other 
functionalized MWCNTs are unknown. This study 
did not quantify the dynamic properties of the 
nanocomposite bone cements, only static mechanical 
properties were measured by displacement sensor. 
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Abstract: In order to overcome the disadvantage of low accuracy for traditional precipitation monitoring 
technologies, and solve the problems in real-time data acquisition, automatic processing and remote 
transmission for the existing meteorological observation, we have designed a kind of telemetry system of 
atmospheric precipitation based on fiber Bragg grating technology and wireless network technology, which can 
realize high sensitivity automatic monitoring of precipitation for multiple measure points in a large range of 
areas. The telemetry system has been put into practical application in a monitoring project and the measurement 
results indicate that it is of such advantages as real-time capability, high accuracy, less environmental effect, and 
fairly meets the present requirements of meteorological observation. Copyright © 2013 IFSA. 
 
Keywords: Fiber Bragg grating, Wireless network, Atmospheric precipitation, Telemetry system. 
 
 
 
1. Introduction 
 

Precipitation information is an important 
hydrological detection parameter and the major 
component of meteorological information, and is also 
an important aspect of climate change, geological 
hazards early warning and environmental assessment. 
The traditional rainfall monitoring technologies are 
mostly based on mechanical sensing or 
electromagnetic sensing principle (Li and Hou, 2009; 
Cao et al., 2005) [1-2]. As to the former, there are 
some insufficient in measurement accuracy and real-
time data acquisition, while for the latter, as being the 
active devices, they have some deficient in 
waterproof, resistant to interference and anti-
corrosion, and it is difficult to build a large-scale 

sensor network for electric sensors due to their short 
signal transmission distance. These make the existing 
precipitation monitoring systems have some 
limitations in application space and geographical 
environment, and it is difficult to achieve real-time 
measurement of atmospheric precipitation for 
multiple measure points in large-scale regional. 

Fiber Bragg grating (FBG) is a type of new 
optical fiber passive device, which is formed by 
creating periodical distribution of refraction index in 
fiber core based on the photosensitive characteristics 
of fiber material, and it has the advantages of anti-
electromagnetic interference, waterproof, wide 
dynamic range, high sensitivity, convenient to build 
up network and easy to realize distributed 
measurement (Zhao, 2007) [3]. It is reported that 
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there are lots of quantities can be measured by using 
FBG sensing technology, such as temperature (Rao et 
al., 1997; Mandal et al., 2004) [4-5], strain (Jiao and 
Zhao, 2003) [6], concentration (guan et al., 2005) [7], 
current (Yao et al., 2008)[8], magnetic field (sun et 
al., 2010) [9], pressure (Hu et al., 2006) [10], 
acceleration (Liu et al., 2009) [11], stress (Sun et al., 
2004) [12], vibration (Tarun, 2004) [13], vltage (Bi et 
al., 2009) [14], and so on. 

In this article, we have designed a set of 
automatic monitoring device of atmospheric 
precipitation based on FBG sensing technology, 
which has the characteristics of high measurement 
accuracy, stability and reliability. In order to ensure 
the real-time, validity and persistence of data 
acquisition during the monitoring process, we have 
built a wireless sensor network based on ZigBee 
technology to centralize the rainfall information of 
multiple measure points to the monitoring stations in 
the field, and realized the remote monitoring of 
atmospheric precipitation by communication with the 
remote monitoring terminal through network center 
node of ZigBee with GPRS. 

 
 

2. Structure of FBG Rain Gauge 
 
2.1. Principle of FBG Sensing 
 

FBG is the simplest and most widely used fiber 
grating, it is an optical fiber which the refractive 
index varies periodically, and the modulation depth 
of refractive index and grating period are generally 
constant. The changes in temperature or strain can 
cause the changes in period and refractive index of 
FBG, and then lead to the changes in reflection 

spectrum and transmission spectrum of FBG (Robert 
et al, 2004) [15]. We can obtain the variation values 
of temperature and strain by detecting reflection 
spectrum and transmission spectrum of FBG. When 
the ambient temperature, strain, or other physical 
quantities change, the grating period Λ or fiber core 
refractive index neff will change, and the reflection 
spectrum and transmission spectrum of FBG will 
change as well, which will cause the center 
wavelength of the fiber grating to occur a 
displacement Δλ, as shown in Fig. 1. 

Based on the coupled mode theory, a guided mode 
which is propagated in uniform FBG may be coupled 
to another one propagated in the opposite direction to 
form a narrow-band reflection, and the peak 
reflection wavelength λB can be written as follow 
(Kersey et al, 1997) [16]: 

 
 effB n2 , (1) 

 
where λB is the g wavelength, neff is the festive 
refractive index of fiber transmission mode, Λ is the 
grating pitch.  

We can get wavelength shift of FBG, λB, which is 
caused by strain ε and temperature difference ΔT by 
differential transformation with respect to Eqs. (1), as 
follow (Yi and Chiang, 2003) [17]: 
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where αf, ζ and Pe are the thermal expansion 
coefficient, thermo-optical coefficient and elasto-
optical coefficient of fiber optic materials. 

 
 
 

 
 

 
 

Fig. 1. Schematic diagram of FBG sensing principle. 
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2.2. Design of FBG Vibrometer 
 

The FBG rain gauge is constituted of the rain 
cylinder, rain funnel, rigid rod, cantilever beam, FBG 
strain sensors, solenoid valve and drain outlet (Fig. 2), 
and the double fiber Bragg grating, FBG1 and FBG2, 
are adhered to cantilever beam with longitudinal 
symmetrical structure. 

When it start to rain in monitoring regional, with 
the gradual accumulation of rainwater in cylinder, the 
rain funnel will slide downward along the cylinder 
wall under the gravity of rainwater, and the gravity of 
rainwater will be transmitted to cantilever beam 
through rigid rod, which causes the cantilever beam 
bending.  

According to material mechanics, the axial strain 
of cantilever beam, ε, can be written as follows 

 

EW

M


,
 (3) 

 
where E is the elasticity modulus of beam, M is the 
bending moment of measure point, W is the bending 
section factor of beam, the expressions of M and W 
appears as follows 
 

M=FL (4) 
 

6

2bt
W 

,
 (5) 

 
where, F is the force applied to free end of beam, L 
is the length between action point of force and 
measure point, t is the thickness of beam, b is the 
width of beam, combining Eqs. (3), (4) and (5), we 
have 
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Because the force F is caused by gravity of 

rainwater in cylinder, Eqs. (6) can be written as 
follows: 

2

6

Ebt

vgL 
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where, ρ is the density of water, g is the gravity 
acceleration. 

The rainfall can be expressed by precipitation 
depth per unit area (Liu and Cai, 2011) [18], as 
follows: 
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where h is the precipitation depth per unit area, v is 
the volume of rainwater in cylinder, d is the 
diameter of cylinder, combining Eqs. (7) and Eqs. (8), 
we have 
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In order to eliminate the impact of temperature 

change on the measurement results of fiber grating, 
we have designed the double FBGs structure, as 
shown in Fig. 2, the FBG1 and FBG2 are adhered to 
cantilever beam with longitudinal symmetrical 
structure, both the two Bragg wavelength shifts of 
fiber grating caused by temperature change are the 
same, while both of them caused by strain change are 
equal in magnitude but opposite in direction (Zhang 
et al, 2004; Lee et al, 2004) [19-20], and Eqs. (2) can 
be expressed as follow 
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Combining Eqs. (10) and Eqs. (11), we have 
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Fig. 2. The structure diagram of FBG rain gauge. 
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Combining Eqs. (9) and Eqs. (12), we have 
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  (13) 

 

Based on the Eqs. (13), the rainfall can be 
measured indirectly by using the FBG rain gauge. 
The gravity of rainwater is transformed into the strain 
of beam through the cantilever beam and then into 
the Bragg wavelength change of fiber grating, by 
detecting the wavelength change with a demodulator, 
the measurement of atmospheric precipitation can be 
achieved. 

In order to achieve the function of automatic 
drainage, the FBG rain gauge is equipped with a 
solenoid valve which is controlled by the micro 
controller unit (MCU). When the volume of 
rainwater in cylinder has reached the receiving limit 
of the FBG rain gauge, the MCU will send a pulse 
signal to the solenoid to control the valve is opened, 
and the valve will be closed automatically after the 
rainwater is drained off. 

 
 

3. Design of Telemetry System 
 
3.1. System Composition 
 

As is shown in Fig. 3, the telemetry system is 
composed of the following three components: 

a) ZigBee wireless sensor network. It consists of 
multiple sensor nodes equipped with the FBG rain 
gauge in the monitoring area, and they are connected 
to a network coordinator in a star topology structure 
(Sun et al, 2005) [21]. The rainfall data acquired by 
each sensor node is sent wirelessly to the network 

coordinator, and the coordinator is connected to a 
GPRS module via RS-232 port (Tang and Zhu, 2009) 
[22]. 

b) GPRS network. It will be transmitted to the 
remote monitoring terminal that the rainfall data are 
aggregated in the network coordinator through GPRS 
network. 

c) Monitoring terminal. The GPRS module of 
upper computer is connected to the center server via 
RS-232 port, which is responsible for the real-time 
data storage, analysis and processing, and it will give 
an alarm signal when the precipitation reaches a 
critical value (Li, 2009) [23]. 

 
 

3.2. Hardware Design of the System 
 

ZigBee wireless sensor network consists of a 
number of sensor nodes and a network coordinator. 
The sensor nodes are composed of FBG rain gauge, 
MCU module and radio frequency (RF) module, 
which is responsible for real-time data acquisition 
and transmission of atmospheric precipitation in the 
monitoring area. After receiving the monitoring data, 
the FBG rain gauge will convert them to digital 
signals and send them to the MCU module, and the 
MCU module is responsible for data processing and 
transmission. All the sensor nodes are powered by 
batteries. The network coordinator includes RF 
module, MCU module and GPRS module, which is 
responsible for data gathering and processing of 
ZigBee network, data communication with lower 
computer and executing some instructions. The 
network coordinator is supplied by an external power 
source. The hardware architecture of this telemetry 
system is shown in Fig. 4. 

 
 

 
 

Fig. 3. Schematic diagram of the telemetry system. 
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Fig. 4. Hardware structure diagram of the telemetering system. 
 
 

The RF module adopts the CC2431, a radio 
frequency system with location detection hardware 
launched by Chipcon Company, which meets the 
technical regulations on ZigBee/IEEE 802.15.4 and 
is appropriate for a variety of wireless network 
nodes related to ZigBee, including of tuner, router 
and terminal equipment. The CC2431 can realize 
the functions of data caching, read-write of status 
register with the work pattern of 4 SPI bus chip. The 
pins FIFO, FIFOP, CCA and SFD are used to set the 
transmitting or receiving register, controlling 
cleanup channel estimation and the clock or timing 
information input. The pins CSn must always keep 
low level in the process of data transmission. 

MCU module adopts the MSP430F1612 single 
chip, a kind of ultra-low power mixed signal 
controller, which has normal work pattern (AM) and 
4 low power pattern (LPMl, LPM2, LPM3, LPM4), 
and it is easy to accomplish the switch between the 
various work pattern. The MSP430F1612 is of high 
integration density and monolithic integration of 
multichannel 12 bit A/D conversion and on chip 
precision comparator. The interface circuit of 
CC2431 and MSP430F1612 single chip is shown in 
Fig. 5. 

 
 

 
 

Fig. 5. Interface circuit of RF module and MCU module. 
 
 

3.3. Software Design of the System 
 

Based on the application program interface (API) 
provided by the protocol stack of ZigBee, the 

development of whole communication program can 
be achieved. The software functions of this telemetry 
system include the network access, data acquisition 
and data transmission for sensor nodes, and the 
networking, monitoring and data communication 
with GPRS module for coordinator. After the system 
is powered up, the control center will send the data 
request to the network coordinator, the network 
coordinator will notify each sensor node to initialize 
hardware and send the controlling information from 
the monitoring terminal to each sensor node via 
ZigBee network, which makes each sensor node 
calling the subroutine of rainfall monitoring (Kintner 
and Conant, 2005) [24]. The sensor nodes are the 
execution portion of data acquisition and equipment 
controlling of this telemetry system, which are 
responsible for receiving data with the FBG rain 
gauge, transforming strain of FBG into rainfall, 
transmitting rainfall information to the network 
coordinator, and controlling the solenoid valve. The 
network coordinator transmits the rainfall 
information acquired from sensor nodes to the remote 
monitoring terminal through GPRS network, the 
rainfall information are analyzed, processed and 
displayed in graphical format by the center server, 
and it will give an alarm signal when the rainfall 
threshold has been reached. The software flowchart 
of this telemetry system is shown in Fig. 6. 

 
 

4. Practical Example 
 
In order to test the telemetry system, field 

experiments were carried out in Langping River 
Valley of Changyang County, Yichang City, Hubei 
Province, which belongs to subtropical humid 
monsoon climate zone and has a warm-moist climate, 
annual precipitation 1100 to1600 mm. According to 
statistics, the distribution of rainfall amount in the 
region is related to elevation, the higher the 
topography, the larger the rainfall. The upper and 
middle reaches of Langping River are the rainstorm 
centers of the west of Hubei Province. 

Each FBG sensor node in site will start to collect 
rainfall data after the system starts up, and send the 
monitoring data to the coordinator node by ZigBee 
wireless network; the rainfall information will be sent 
to the remote monitoring terminal via GPRS wireless 
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communication module and be analyzed and 
processed by servers, the average rainfall in 
monitoring area can be obtained from the weighted 
average of all monitoring data. Fig. 7 shows the three 
days rainfall from July 6 to 8 in Langping River 
Valley area, which the rainfall 54 mm at 6:00 to 9:00 
period in July 7 and 68 mm at 15:00 to 18:00 period 
in July 8 are both larger than the alarm value  
(50 mm). Fig. 8 shows the rainfall distribution 

throughout the year, which mainly occurred in 
between May and September, especially in July and 
August, the rainfall in the two months accounting for 
almost 40 per cent of annual rainfall. The annual 
average rainfall obtained from monitoring data is 
1329 mm, and it is close to 1350 mm, the rainfall for 
years on average, which can be obtained according to 
the contour map of annual average precipitation from 
1956 to 1990 in Yichang City. 

 
 

 
 

Fig. 6. Software flowchart of the telemetry system. 
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Fig. 7. Precipitation histograms of three days in July. 
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Fig. 8. Precipitation histograms of one year. 
 
 

5. Conclusion 
 
This article has designed a new FBG rain gauge 

by applying fiber Bragg grating sensing technology 
into atmospheric precipitation measurement, which 
has the advantages of high accuracy, anti-
electromagnetic interference, corrosion resistance etc., 
and the influence of temperature on measurement 
results could be eliminated by using the dual-fiber 
pattern. In order to achieve the real-time and effective 
performances of data collection, all the measure 
points in field are linked to each other to make up 
monitoring network based on ZigBee technology, and 
the communication between center node of ZigBee 
wireless network and remote monitoring terminal has 
been realized by GPRS. The field experiments have 
proved that the telemetry system of rainfall has the 
characteristics of flexible and fast networking, low 
power consumption, high reliability and unattended 
operation and can be applied well in practice. 
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Abstract: An energy-efficient adaptive clustering hierarchy EEACH in wireless sensor networks based on 
LEACH and LEACH-C is proposed in this paper. The main consideration is the LEACH cluster structure, each 
cluster is not uniform energy consumption; LEACH-C using a centralized algorithm can achieve better clustering, 
but do not contribute to the implementation of distributed. In EEACH, we analyzed the effects of different 
numbers of cluster member node on the network energy consumption; and re-planning time slice to balance the 
energy consumption of each cluster; and avoid the energy hole problem by reasonable cluster head selection 
algorithm. Its objective is to balance the energy consumption and maximize the network lifetime. Analysis and 
simulation results show that EEACH provides more uniform energy consumption among nodes and can prolong 
network lifetime compared to LEACH and LEACH-C. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor network, Clustering protocol, EEACH, Energy-efficient. 
 
 
 
 
1. Introduction 

 
With the rapid development of mobile 

communication technology, embedded computing 
technology and sensor technology, people are getting 
more and more attention on a variety of application 
scenarios of wireless sensor networks (WSN). These 
sensor nodes can be formed self-organizing network 
and use the wireless interface to communicate with 
each other. Self-organization and Initiation Protocol 
about the energy efficient use are in the literature  
[1, 2]. Each node has a transmission power control 
and an all-directional antenna, so its coverage could 
be adjusted through a wireless communication. The 

represent meaning is that the sensor node collects 
sound, earthquakes and other types of data and then 
combines them so as to complete the work of 
high-level sensor networks. For example, sensor 
networks can investigate potential danger in the 
military conflict.  

Since wireless communications need to consume 
large amounts of power energy, the sensor nodes must 
achieve the efficient use of energy in the process of 
transferring data. As how to use energy efficiently in 
sensor networks to communicate has gotten more and 
more attention [3-7], for WSN energy consumption 
could be minimized. In recent years, researchers have 
proposed efficient MAC protocol [8] [9] and efficient 
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routing protocol [10, 11]. Energy consumption in 
WSN includes communication energy consumption, 
perception of the energy consumption and calculating 
the energy consumption. Communication energy 
consumption occupies the largest share. Therefore, to 
reduce communication energy consumption is an 
effective means to extend the network lifetime. A 
large number of studies have shown that the major 
energy waste in the communication process exists in 
that retransmission led by the conflict and waiting for 
the retransmission, to receive non-destination node 
and process the data to form cross-talk, 
transmitter/receiver is not synchronous leading empty 
transferring with divided groups, control the spending 
of grouping, the channel idle listening of non 
communication task node.  

The remote base station collected sensor data is a 
typical application in sensor networks. Fig. 1 shows 
that sensor network with 100 randomly placed node in 
a 100 m × 100 m size of the scene, and the base station 
is located on a network remote. Receive or send a 
packet has the energy loss, and in accordance with the 
transmission distance, there is a corresponding 
variable energy loss. There are r2 or more of the radio 
signal attenuation due to the distance r, so it must 
control the transmission distance for energy savings. 
As a clustering protocol, for saving the network 
energy, it is also needed to consider the number of 
cluster head, the number of nodes of the cluster 
members, node frequency etc. 

In this paper, we have the following settings: 
Each sensor node is subject to energy constraints 

and can transfer data to any other node or directly 
transmit data to the base station 

As a model of sensor networks, it should have the 
same energy -constrained sensor nodes which have 
uniform initialization energy. 

All nodes are in a quiescent state. 
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Fig. 1. 100 nodes randomly distributed within the scene of 
100 m × 100 m. 

 
 

2. Summarization 
 
There is a simple program to complete this data 

collection, and each node transfers data directly to a 
base station, namely direct transmission. The stations 
are generally far away from each other, and energy 

loss of any node transferring data to the base station is 
very high. Thus requiring the transmission the node to 
the base station is as little as possible, and reducing 
the necessary amount of data for transmission to the 
base station. Further speaking, if all nodes in the 
sensor network energy consumption level are 
consistent, Network would be in normal operation for 
a long time and does not occur to any node of the 
death. In sensor networks, data aggregation can 
reduce the total transmission of data that node 
transferring to the base station [14]. The process of 
data fusion is combined from one or more packets of 
different sensors to generate a single data packet. For 
example: The sensor can collect temperature, 
pressure, humidity and signal data in the region, and 
we may only be interested in the maximum or 
minimum values of these parameters. Then you can 
use data fusion to combine one or more data packets to 
generate a data packet with the same size. LEACH 
protocol [15] is a simple example to solve the program 
of the data acquisition and the agreement is to 
generate a small amount by self-organizing clusters. 
The good performance of LEACH is that it is 
completely randomly distributed to integrate data by 
sensor nodes forming a network hierarchy, which are 
ultimately transmitted to the base station. In LEACH, 
a selected node in each cluster (cluster head) 
collection and integration of data is from other nodes 
in the cluster, and the integration results are 
transmitted to the base station. 

In LEACH, about 5 percent of nodes in the 
network were randomly selected a cluster head. These 
cluster head send a strong signal to all the nodes, and 
sensor nodes decided to join that cluster, based on the 
received signal strength. In LEACH, each round of the 
dispersion of the cluster structure may not be able to 
form a good cluster, and thus it can not effectively use 
the energy [14]. The LEACH-C protocol [16] of the 
improvements in this program complete the cluster 
structure through the base station by centralized 
algorithm at the beginning of each round. Although 
LEACH-C cluster structure requires a higher energy 
loss, but the improved cluster structure, through the 
improved network hierarchy, makes its overall 
performance better than LEACH. If each node 
communicates with neighbors, and only one node 
selected in each round transmit integration of data to a 
base station in order to reduce the energy, so you can 
further improve the program. Based on the foregoing 
ideas a new protocol EEACH (Energy-Efficient 
Adaptive Clustering Hierarchy) is proposed in this 
paper, which has significantly reduced the energy loss 
and improved the life of the sensor network. The 
overall planning of EEACH are the network 
initialization phase, establishment phase and stable 
phase. The network initialization phase is executed 
only once for accessing the adjacent nodes collection 
and other information. After that, the operation of the 
network is divided into several rounds, and each 
round is set up by the establishment phase and stable 
phase, and the time of stable phase is much larger than 
the establishment phase. 
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In the network initialization phase, the base station 
determines the depth, Di from the i-th node to the base 
station by flood way (Depth of base station is defined 
as 0, node depth from the base stations 1 jump is 1, 
and node depth from the base stations 2 jump is 2, and 
other depths of nodes from the base stations are 
following this discipline).Each node in turn send node 
information to the adjacent nodes and each node can 
get the its own depth Di and the collective depth of 
adjacent nodes. Unless the node dies of energy 
depletion, or the adjacent node collection for each 
node are fixed. 

Distributed selection algorithm selects each round 
of cluster head. Each cluster head using the CSMA 
MAC agreement, broadcast an ADV (advertisement 
message). This message contains a node ID and a 
statement different from other news. Each non-cluster 
head node, based on received signal strength, decided 
to select a cluster head based on its minimum 
communication energy. 

After each node determines which cluster it 
belongs, using CSMA MAC protocol sends a join 
message (a join-request message clusters (Join-REQ), 
which contains ID and ID cluster head node. 

Each cluster head using the CSMA MAC protocol 
broadcast a request to relay news Fw-REQ 
(forward-request message), and the message contains 
cluster head ID , cluster head depth information. The 
adjacent cluster member nodes decide whether to send 
the information for the cluster, according to the depth 
of information in the message and the received signal 
strength. And send an acknowledgement message 
(forward-confirm Fw-COF message) to establish the 
chain inter- cluster routing to base station. 

In order to ensure only one node was sent data to 
the base station, the depth 1 of a node generates a 
chain, and send data to the adjacent node and integrate 
them; node in the chain turns to the base station to 
send data. Nodes in the chain are either as a cluster 
head, nor used as a cluster member node. When all the 
nodes in the chain were dead, generate a chain from a 
depth of two to complete the task sending data to the 
base station, and so on, until all nodes died. 

Cluster head in EEACH, as a local control center, 
coordinate communication in the cluster. The 
cluster-head creates a TDMA schedule, and then 
distributes the table to each node in the cluster. This 
will ensure that there is no data collision and each 
non- cluster head nodes can turn off the wireless 
module and reduce energy consumption in idle. After 
all nodes in the cluster receive a TDMA schedule, the 
establishment phase is completed, the stable phase 
starts. 

 
 

3. Clustering Algorithm Based on Energy 
Efficiency 

 

3.1. The Energy Model 
 
Assume that the energy of the sender including 

signal processing and power amplification of two 

parts, and the receiving end of energy is only for 
signal processing, and assume that when the distance 
d between two nodes is less than d0, using free space 
model, and when it is greater than equal to d0 using 
multipath fading model. Therefore, when the two 
nodes with distance d to send 1 bits of data, the energy 
consumed by the sender is: 
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The energy consumed by the receiver is: 
 

,)( elecrx lElE   (2) 

 

where elecE is the energy what signal processing 

needs, determined by digital coding, modulation, 
filtering and expansion signals and other factors. 
Amplifier power consumption fs and mp are 

decided by transmission distance and the receiver bit 
error rate etc. 

 
 

3.2. The Influence of the Number of Cluster 
Members on the Network Energy 
Consumption 

 
In the network, the cluster head is usually 

randomly generated according to certain rules, and the 
number of cluster head directly affects the energy 
consumption of the whole network. Whether 
clustering is too much or too little, it will exacerbate 
the energy consumption of the whole network. 
Excessive number of cluster head will increase the 
operating frequency of nodes and cluster head, so that 
the energy consumption of the whole cluster would be 
intensified. The number of cluster head is too small 
causing the cluster head of the burden is too heavy, 
and the cluster head premature death is not conducive 
to the balanced energy consumption. Optimized for 
the most number of cluster head of the whole network, 
minimum of the network 's overall energy 
consumption in a way could be reached. But whether 
it is using the base station to run the central control or 
coordinates communication among the cluster heads 
to achieve the most optimized, it will increase 
additional energy consumption of cluster head, 
especially in larger scenarios. Regardless of the 
network, the number of clustering, the energy 
consumption cluster head and the entire clusters in 
nature are determined by the number of nodes and the 
operating frequency of the cluster members. 
Therefore, the following number of cluster members 
on the network energy consumption is considered that 
the energy consumption of nodes in a stable phase is 
much larger than the establishment phase, the 
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following derivation ignores the energy consumption 
of the node to establish the stage. 

Suppose a total of N nodes are uniformly 
distributed in the region of the M × M，If the number 
of cluster head is NCH, each cluster in average has 

1
CHN

Nk nodes. Each cluster head and member 

nodes in the cluster allocate of time slices, and node in 
the time allocated send sensor data to the cluster head. 
To set tdata as the required time for node the send ldata 

length, s
lt data

data  , s is the rate of the channel. 

After all members of the cluster nodes send a data to 
the cluster head, the cluster head data is sent by data 
fusion, which is called one frame. energy 
consumption for one frame of one node is: 
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where toCHd is the distance from the node to the 

cluster head, and each cluster area is about 
CHN

M 2
. 

Typically, a node ),( yx  locates in a region of 

arbitrary shape. Distance variance from node to the 
cluster head is 
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If we assume that this region is circular, The radius 

CHN
MR


 , ),(  r  is constant of r and θ, it is 

simplified as follows: 
 

 


R

r
CHN

M
drdrdE

toCH 0 2

4
3

2

0

2

2
][








 (5) 

 
The density of nodes in the cluster region is a 

unified, then 2MNCH , so 
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Each cluster receives sensor data from head node, 

then integrates it and sends data to next cluster, the 
energy consumption of one frame of cluster is: 
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toNextd  is the distance that a cluster to the next 

cluster head, from above derivation of ][ 2

toCH
dE  we 

can get 

][2][ 22
toCH

dEdE toNext   (8) 

If the cluster allocates the time for each node is the 
Slot time, and The duration of each round is Round 
time, so the energy consumption of node is 
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Similarly, the energy consumption of a cluster 

head is  
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The simulation parameters are set as shown in 

Table 1. 
 
 

Table 1. Simulation parameter settings. 
 

Parameter Value 
Eelec 50 nJ/bit 
ldata 500 Byte 
Eeda 5 nJ/bit/signal 
Esleep 15 uW 
Slot time 100 ms 
Round time 20 s 
channel speed 125 kbps 
εfs 10 pJ/bit/m2 

 
 
As shown, when k = 13, and the communication 

distance is 15m, the whole cluster of energy 
consumption is the lowest. When the k value is 
smaller (k <7), node of the cluster members and 
cluster head will more frequently send and receive 
data in the time of a round, so energy consumption of 
cluster heads and clusters are bigger. When the k value 
is bigger, the node operating frequency reduces, the 
main work of the cluster head in each round is to 
receive data, and the number of sending data 
decreases, Therefore, the energy consumption of 
cluster head decreases as k increases; However, the 
energy consumption of the whole cluster increases 
with the increase of k. 

As shown, the clustering with the k value 
increases, the network will reduce, so when the carve 
cluster in network reduces, although the energy of a 
single cluster is higher, the energy consumption of the 
entire network is lower. Then is the value of k larger, 
the better for sensor networks, the main purpose of 
sensor data ultimately is to send to base station, 
Therefore, we treat the node energy consumption as 
the network cost, so the data received by the base 
station is the benefits derived from the network. We 
can find, from the Table 2 below, that with the k value 
increases, although the average energy consumption 
of cluster head is quite similar, and the overall power 
consumption of the network is quite similar, the 
interests obtained by the base station reduces value. 
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Fig. 2.The influence of the number of cluster members k  
on cluster heads and cluster energy loss. 
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Fig. 3. The influence of the number of cluster members, k  
on cluster head of the whole network and the energy loss  

of the entire network. 
 

 
Table 2. The statistics of k values to different indicators in the operation of the network. 

 

K Value 
Number 
of cluster 

head 

Energy 
consumption in the 

whole network 
cluster head 

Average energy 
consumption of 
the cluster head 

Cluster head to 
receive / send 

data(Byte) 

Cluster head to 
receive / send 

data(Byte) 

4 20 1.0927J 0.0546J 100000/25000 500000 
13 7 0.3402J 0.0486J 91000/8400 58800 
19 5 0.2332J 0.0466J 95000/5000 25000 
32 3 0.1387J 0.0462J 96000/3000 9000 
48 2 0.0926J 0.0463J 98000/2000 4000 

 
 

If the k value is set to 13, the whole cluster of 
energy consumption is the lowest, is it the best 
number of cluster members. If the entire network of 
each cluster of nodes is set to the same value of k, as 
using the CSMA MAC protocol, then all the cluster 
head will send data in the same time. Competing with 
each other to send data between the cluster head will 
bring additional energy consumption, and ideally, if 
each adjacent cluster set different values of k, the 
cluster head will send data at different times, without 
affecting the other nodes. Combined with the 
simulation results of the previous values of k, in later 
experiments, we set 207  k , which will ensure 
that the number of cluster head in the entire network 
does not appear too much or too little , and also 
ensures that the cluster head only send data in conflict 
consuming less energy. At this point, we define the 
cluster that the value of k is less than 7, as very small 
clusters, and for k value is greater than 20, will be 
defined as a great cluster. 

 
 

3.3. The Cluster Head Selection Algorithm 
 

In the stable phase, node sends data to the cluster 
head according to the allocation of time slices; 
however, the node does not know whether the cluster 
head has successfully received the data. If in the stable 
phase, a cluster head suddenly dies of energy 
depletion, and the cluster nodes in the cluster head 

does not know it has died, it will continue to send data 
in accordance with the prior allocation of time slice 
until the end of current round. Then the collected data 
from the cluster actually did not reach the base station 
after the death of cluster head, resulting in 
unnecessary loss of the energy of the cluster members. 
The reliable transmission by ACK can easily solve the 
problem. Cluster head node will wait for the ACK 
message after sending the data. When it is timeout, 
retransmit data or directly identify that the cluster 
head has died, and then going into a sleep state, 
waiting for the next round of re- started. However, this 
will increase the energy loss of the node and cluster 
head, while increasing the delay of the entire network. 
Therefore consider to resolve the issue by way of node 
energy estimates. 

All nodes had plenty of energy in the early 
operation of the network, so the standard to choose the 
cluster head is the number of nodes becoming a 
cluster head. Running over a period of time, some 
nodes due to energy consumption, the remaining 
energy is not sufficient to ensure the operation of a 
round. By the energy savings calculations in 3.2, 
when k value is determined for a cluster, the cluster 
head can estimate the energy consumption of the next 
round of the stable stage, and check whether there is 
enough energy to complete the round operation. 
Before the k value determined, it could be estimated 
according to the simulation results of the previous  
k = 13. 



Sensors & Transducers, Vol. 152, Issue 5, May 2013, pp. 41-50 

 46 

Each node in the establishment phase generates a 
random number between (0, 1), and then compare to 
probability pi that the node becomes a cluster head. If 
the generated random number is greater than pi, then 
the node is set to the cluster head. ENP is the residual 
energy of the node after the current round, and 
estimate this value by k = 13.  

EP is the current residual energy of the node, and 
Einit is the initial energy of node, ET is threshold 
energy of the node, meaning node energy is not 
enough to complete one turn, r is the rounds of 
network operation. When node ENP is less than 0, it 
means the energy of the node is not enough to 
complete a run, then the probability of becoming a 
cluster head is determined by the current ratio of the 
residual energy and initial energy; When the energy is 
less than the threshold, the node energy is insufficient 
to complete a run, meaning this is not suitable for a 
cluster head, and at this time the probability is 0. 

For the second case, cluster head need to calculate 
the time slice based on energy depletion time point 
and release the respective nodes, avoiding 
unnecessary energy loss because of the death of the 
cluster head node. Cluster head could be estimated, 
after entering the stable stage, that how many frames 
the working hours its energy can be maintained, 
which could be the base of members stop work into 
hibernation. 
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4. Energy-efficient Adaptive Data 

Transmission 
 
4.1. Data Transmission between Clusters  

 
In order to make a balanced energy consumption 

of the nodes in the network, similar to the cluster head 
election, relay node should be assumed by all the 
network nodes by turns. The easiest method is to make 
the cluster head assume the relay task directly, and 
that after collecting node data each time, the cluster 
head will directly send data to the next cluster head. 
However, it has two drawbacks: firstly, because the 
cluster head itself is responsible for much data 
transceiver task, if it takes charge of extra data 
forwarding task again, the cluster head will be 
exacerbated energy consumption and be accelerated 
to death; Secondly, as each node in the network can 
not be informed of their location information, 
communication distance becomes an important issue 
to consider when a node is sending and receiving data. 
In order to make cluster heads communicate with each 
other, communication distance must be set as twice as 
the distance between the node and the cluster head, 

which undoubtedly will increase the energy 
consumption of cluster head sending data. 

Therefore, we consider making each cluster node 
assume the data relay task in turn. In this way, 
network node energy consumption can be balanced. 
We suppose the node depth as i, and define the depth 
of the adjacent node i-1 as this node’s upstream node, 
i+1 as downstream node. 

After clustering, the cluster head broadcasts a 
request for relay messages Fw-REQ, which includes 
cluster head ID and depth information of the cluster 
head; after receiving this message, the adjacent cluster 
node first determines the depth of the cluster head, and 
then agree to the forwarding request of the cluster 
head if located in its downstream. If you want multiple 
nodes to receive Fw-REQ, you can decide and send a 
confirmation message Fw-COF according to the 
strength of the received signal. The message includes 
cluster he ad ID and depth as well as forwarding node 
ID and depth, and other nodes will no longer forward 
the information to the cluster head after receiving 
Fw-COF. After sending the Fw-REQ message, if not 
receiving the confirmation message, the cluster head 
should adjust the communication distance step by step 
until receiving the reply. 

If there is a relay node in the cluster, after finishing 
data sensing and sending within the allocated time 
slice the node is in the receiving state in the rest of the 
time slice, to receive the adjacent clusters’ forwarding 
data. 

 
 

4.2. Data Transmission of the Base Station 
 
The base stations are usually far from the network 

nodes, so the cluster head directly sending data to the 
base stations will only consume more energy. 
Therefore, we consider making a subset of nodes take 
turns sending data to the base station, and each time 
only one node sends data. Here we assume that the 
entire base station has all the information of the whole 
network, and suppose the depth of node subset nearest 
the base station as 1. 

In the process of chain construction, the base 
station randomly selects a node as the chain head. 
Through sending the join-chain message, chain head 
node notifies an adjacent node with the depth 1 of 
entering the chain. The adjacent node receives the 
message and sends the confirmation message and 
passes the number of nodes that have entered the 
chain. When the total number of nodes entering the 
chain that the chain head receives is equal with the 
statistics that the base station sends, the operation of 
entering the chain ends; when JCH that the node sends 
has not been confirmed, this node becomes the chain 
tail.  

Because the node does not know its location in the 
chain, we adopt simple controlled token 
communication protocol started by the chain head, 
transmitting data from the chain tail. 

The token size is very small, so the loss is small. In 
Fig. 4, the node c2 is the chain head, and c2 will first 
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pass the token to the node c0 along the chain head. 
And the node c0 transfers data to the direction of c2. 
When the node c2 receives the data from c1, it passes 
the token to the node c4. So the node c4 transmits the 
data to the direction of c2 and integrate data along the 
chain in the transmission process. 

 
 
c0 c1 c2 c3 c4

BS  
 

Fig. 4. Chain-style token transmission. 
 
 

Except for the node in the chain tail, all the nodes 
perform data integration. Each node integrates its data 
with its neighbor’ thus generating an independent data 
packet with the same length, and transmits the packet 
to its another data node (each node has two 
neighboring nodes). In the instance above, the node c0 
transmits data to the node c1, and the node c1 
integrates the data from the node c0 and transmits it to 
the chain head. When the node c2 passes the token to 
the node c4, the node c4 passes the data to the node c3, 
and the node c3 integrates the data from the node c4 
and passes it to the chain head. The node c2 waits for 
receiving the data of the two neighbors and then 
integrates with its own data, and finally the node c2 
sends a message to the base station. In this way, 

except for the chain head and tail, each node only 
receives and transmits one packet in every turn. 

To ensure the transmission reliability, we need add 
confirmation mechanism. It is that after sending a data 
packet, each node in the chain needs to wait for the 
confirmation of the adjacent nodes. If not receiving 
the confirmation message, we believe that the 
adjacent nodes have died and re-adjust the 
communication distance and send. 

In each turn the base station in turns determines 
the chain head node. If the chain nodes were all dead, 
the base station informs the entire network nodes of 
reducing 1 off respective depths. 

 
 

4.3. The Planning of Time Slice  
 
To make energy consumption of clusters in the 

network tends to the same, we adjust the operating 
frequency of the node by the planning of time slice. 
After clustering in the network, the cluster head can 
determine its k value. It generates a random number q 
between [7, 20] if a minimal cluster. When the cluster 
completes one frame of work, all the nodes (except for 
the relay node) continue to sleep for (q-k) time slices. 
If judging to be the maximal cluster, it generates a 
random number q between [7, 20], and the cluster 
node takes q as a cycle, and by turns sends data using 
the time slice. The working condition is shown as 
follows. 

 
 

 
 

Fig. 5. The time slice planning of the minimal and maximal clusters. 
 
 

5. The Experimental Results  
 

In order to analyze the effectiveness of EEACH, 
the simulation environment we use is 100 nodes 
randomly distributing in the area of 100 m x 100 m  
(Fig. 1). Each node’s initial energy is 2 joules, and the 
base station location is (50, 200). We make a 
comparison of surviving nodes, nodes mortality and 
energy consumption per turn on average of Direct, 
LEACH, LEACH-C in the environment.  

Fig. 6 shows the four protocols’ network lifetime 
as well as the surviving nodes for each protocol. As 
the figure shows, Direct can make the node survive 
longer, because the node closer to the base station 

always sends data with the minimal cost, but the node 
further from the station will die earlier. Because of 
Direct data collision and the lack of data integration, 
the protocol always consumes more extra energy to 
transmit data. LEACH and LEACH - C use the same 
transmission mechanism in the stable phase, so their 
network lifetime is almost the same. However, the 
cluster head in LEACH-C is generated by the central 
control, and can produce better clusters compared 
with LEACH. So the data LEACH-C delivering to the 
base station is more than LEACH. Compared with the 
other three protocols, EEACH has a distinct 
advantage in the network lifetime and the death time 
of the first dead node in network. 
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Fig. 6. The comparison of network lifetime. 
 
 

Fig. 7 shows the node death time of the four 
protocols at 5 %, 25 %, 50 % and 100 %. From the 
node mortality, the death rate of direct node is the 
fastest, at 240 seconds the nodes have lost more than a 
half, and at 400 seconds, the nodes dead have over  
75 %.  
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Fig. 7. The comparison of node death time. 
 
 

For the other three Clustering protocols, as the 
figure shows, 95 % of the nodes at about the last  
200 seconds (10 turns), all die. It is that we can use 
node energy with balance, making most of the nodes 
intensively die in the late period of network run. 
Compared to the other two clustering protocols, 
EEACH’s improvement lies on using fewer nodes to 
send data to the base station, and each node only sends 
data to the adjacent nodes, so the nodes have lower 
energy consumption.  

Fig. 8 shows the energy consumption of the four 
protocols in each turn during the network operation. 
For Direct, the worst one, with the continued death of 
nodes, energy consumption in each turn declines 
sharply. For LEACH, as the cluster head is randomly 
generated, so the energy consumption in each turn 
fluctuates greatly according to the quality of clusters 

generated. For LEACH-C, through the central control, 
the quality of clusters is relatively good, so energy 
consumption tends to be even. EEACH’s 
improvement lies on, through the planning of the time 
slice, making the frequency of each cluster node 
similar, so the balance of energy consumption is good, 
and energy consumption in each turn is also lower 
than the other two clustering protocols. 
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Fig. 8. The comparison of the average energy consumption 
in every turn. 

 
 

It can be seen from the above analysis, 
EEACH’s performance in the same scene is better 
than the other three protocols. Below, by setting 
different base station locations, different packet sizes 
and different node density, let’s analyze the impact on 
EEACH. 

Base station location is respectively set as  
(50, 200) (50, 300) (50, 400). As there is only one 
node in each turn communicating with the base 
station, the distance over the base station has no big 
effect on the total energy consumption of the network. 
According to the statistics, when the node sends the 
same data amount to the base station, in each turn on 
average, (50, 300) and (50, 400) have 0.026J and 
0.416J of additional consumption compared to  
(50, 200), accounting for 1.3 % and 20.8 % of the 
communication node energy, only 0.013 % and  
0.208 % of the energy of the whole network. From the 
overall network energy consumption, to adjust the 
position of the base station will not affect EEACH’s 
performance. 

Fig. 9-A shows the network lifetime when the 
packets are 500 Byte , 1000 Byte and 2000 Byte, and 
Fig. 9-B shows energy consumption when the packets 
are 500 Byte , 1000 Byte and 2000 Byte. As the basic 
unit of communication between nodes, packet size is 
an important factor to affect the network energy 
consumption. As Fig. 9-A shows, the packet size 
determines the network lifetime of EEACH, but does 
not change the balance of the network energy 
consumption. Fig. 9-B shows that, the packet sizes are 
different, but the overall of the network tends to be 
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linear, that is power consumption in each turn is 
similar. Therefore, packet size does not affect the 
balanced use of node energy for EEACH. 
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Fig. 9. The impact of different packet sizes on EEACH. 
 
 

Fig. 10-A shows the minimal energy, the 
maximal energy and the average energy in each turn 
of network run when the numbers of nodes are set as 
50, 100, 200. Fig. 10-B shows the network lifetime 
when the numbers of nodes are set as 50, 100, 200.  
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Fig. 10. The impact of the different node numbers  
on EEACH. 

 
 
By the previous derivation, we find that, to 

guarantee EEACH’s performance under different 
node densities, we need to adjust the optimal 
communication distance of the node. When the 
number of nodes is 50, the optimal communication 
distance is 21 m, and the average energy consumption 
per turn is 2.13 J; when the number of nodes is 100, 
the optimal communication distance is 15 m, and the 
average energy consumption per turn is 3.17 J; when 
the number of nodes is 200, the optimal 
communication distance is 10 m, and the average 
energy consumption per turn is 5.45 J. With the 

increase of node density, the lifetime of the network 
will increase, and the base station will receive more 
data. As the optimal communication distance is 
deduced from the total number of nodes, so we need to 
write it into nodes in advance. Therefore, EEACH 
does not apply to a dynamic network. 

 
 

6. Summary and Outlook 
 

Based on Clustering protocols in wireless sensor 
networks, by analyzing some factors of the effect of 
the number of cluster members on the network energy 
consumption, the optimal communication distance of 
nodes, additional energy consumption of multiple 
nodes competing to communicate, we propose an 
energy-efficient adaptive clustering hierarchy 
EEACH. The protocol is mainly achieved through the 
nodes only communicating with adjacent nodes, 
reducing the nodes communicating with the base 
station, and adjusting node frequency by the time 
slice, the design goal is to balance the network energy 
consumption, and to maximize the network lifetime. 
Analysis and simulation results show that, compared 
to the clustering protocols LEACH and LEACH-C, 
EEACH has the superior performance in balancing 
node energy and prolonging the network lifetime. 

In the further research work, we still have a lot of 
work that need to be analyzed in details. The 
theoretical model of the simulated network 
transmission that the paper constructs only considers 
the most important energy consumption, and does not 
analyze the impact of different transmission 
mechanisms and delay on node energy. In the future 
work, we will establish an energy consumption 
correction mechanism to ensure that each node 's 
energy consumption judgment is more accurate. 

 
 

References 
 
[1] K. Nakano and S. Olariu, Energy-Efficient 

Initialization Protocols for Single-Hop Radio 
Networks with No Collision Detection, IEEE Trans. 
Parallel and Distributed Systems, Vol. 11, No. 8,  
Aug. 2000. 

[2] K. Nakano and S. Olariu, Randomized Initialization 
Protocols for Ad Hoc Networks, IEEE Trans. Parallel 
and Distributed Systems, Vol. 11, No. 7, July 2000. 

[3] Xiaoyan Yin, et al. A Fairness-Aware Congestion 
Control Scheme in Wireless Sensor Networks, IEEE 
Transactions on Vehicular Technology, 58, 9, 2009, 
pp. 5225-5234. 

[4] Cristina Cano, Boris Bellalta, Anna Sfairopoulou, and 
Jaume Barceló. A Low Power Listening MAC with 
Scheduled Wake Up after Transmissions for WSNs, 
IEEE Communications Letters, 13, 4, 2009,  
pp. 221-223. 

[5] Sung-Hwa Hong, Hoon-Ki Kim A Multi-hop 
Reservation Method for End-to-End Latency 
Performance Improvement in Asynchronous 
MAC-based Wireless Sensor Networks, IEEE 
Transactions on Consumer Electronics, 55, 3, 2009, 
pp. 1214-1210. 



Sensors & Transducers Journal, Vol.0, Issue 0, Month 2009, pp. 

 50 

[6] Geoffrey G. Messier, et al., A Sensor Network 
Cross-Layer Power Control Algorithm that 
Incorporates Multiple-Access Interference, IEEE 
Transactions on Wireless Communications, 7, 8, 
2008, pp. 2877-2883. 

[7] Mung Chiang. Low, S. H. Calderbank, A. R. Doyle,  
J. C. Layering as optimization decomposition: A 
mathematical theory of network architectures, Proc. 
of the IEEE, 95, 1, 2007, pp. 255−312. 

[8] Fatma Bouabdallah, Nizar Bouabdallah and Raouf 
Boutaba. On Balancing Energy Consumption in 
Wireless Sensor Networks, IEEE Transactions on 
Vehicular Technology, 58, 6, 2009, pp. 2909-2924. 

[9] Kwan-Wu Chin, PairWise, A Time Hopping Medium 
Access Control Protocol for Wireless Sensor 
Networks, IEEE Transactions on Consumer 
Electronics, 55, 4, 2009, pp. 1898-1906. 

[10] Yu Yong-Chang, WEI Gang. An Improved PEGASIS 
Algorithm in Wireless Sensor Network, Acta 
Electronica Sinica, 36, 7, 2008, pp. 1309-1313. 

[11] Lin Kai, Zhao Hai, et al. A Clustering Hierarchy 
Arithmetic Based on Energy Prediction for Wireless 

Sensor Networks, Acta Electronica Sinica, 36, 4, 
2008, pp. 824-828. 

[12] Jian Qiang, Gong Zheng-Hu, et al., Overview of MAC 
Protocols in Wireless Sensor Networks, Journal of 
Software, 19, 2, 2008, pp. 389-403. 

[13] Nizar Bouabdallah, et al. Continuous Monitoring 
Using Event-Driven Reporting for Cluster-Based 
Wireless Sensor Networks, IEEE Transactions on 
Vehicular Technology, 58, 7, 2009, pp. 3460-3479. 

[14] Stephanie Lindsey, Cauligi Raghavendra, Krishna M. 
Sivalingam. Data Gathering Algorithms in Sensor 
Networks Using Energy Metrics, IEEE Transactions 
on Parallel and Distributed Systems, 13, 9, 2002,  
pp. 924-935. 

[15] Heinzelman W., Chandrakasan A, Balakrishnan H. 
Energy efficient communication protocol for wireless 
microsensor networks, in Proceedings of the IEEE 
Hawaii International Conference on System Sciences, 
Los Alamitos, 2000, pp. 3005-3014. 

[16] W. B. Heinzelman, et al., An application-specific 
protocol architecture for wireless microsensor 
networks, IEEE Trans., 2002, 1, 4, pp. 660–670. 

 
___________________ 

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

 

http://www.sensorsportal.com/HTML/IFSA_Newsletter_March_February_2013.htm


Sensors & Transducers, Vol. 152, Issue 5, May 2013, pp. 51-59 

 51

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

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

 
 
 
 
 

A Case Study of Event Detection Performance Measure  
in WSNs Using Gini Index 

 
Luhutyit Peter DAMUUT, Dongbing GU 

Computer Science and Electrical Engineering Department, University of Essex, Colchester,  
CO4 3SQ, United Kingdom 

Tel.: +44 (0)1206874092 
E-mail: pdamuu@essex.ac.uk 

 
 

Received: 7 March 2013   /Accepted: 15 May 2013   /Published: 27 May 2013 
 
 
Abstract: In event-triggered, outdoor applications of wireless sensor networks, the decision on the occurrence 
or otherwise of the event of interest is often influenced by the prevalence of errors and false alarms. Imprecise 
event detection decision (EDD) could prove costly for end users and processes that rely on the outcome of such 
EDD mechanisms. In this paper, we propose the application of Gini index as an EDD tool. We compare this 
method against the d’ (d-prime) solution strategy in Signal Detection Theory (SDT). Results obtained illustrate 
the effectiveness and efficiency of our approach, serving as stimulus for further research on the subject. 
Copyright © 2013 IFSA. 
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1. Introduction 

 

The applications of wireless sensor networks can 
be broadly classified into two, namely; surveillance 
and event detection [1]. In the surveillance category, 
the sensors regularly report their readings to a 
designated data sink, while in event detection 
applications, the nodes report their readings only 
when a particular event of interest occurs. 

In this paper, we are concerned with event 
detection which is one of the fundamental functions 
of a sensor node in a Wireless Sensor Network 
(WSN). Examples of WSN applications where event 
detection is crucial include: military, where the 
nodes are deployed to detect the presence of enemy 
forces; medical health applications , where the nodes 
are often deployed to detect abnormal patient 
behaviour and fire detection applications where the 
sensor nodes are expected to set off an alarm 

whenever fire starts somewhere within the 
monitored area. Regardless of the specific 
application, the network should be able to detect the 
occurrence of specific events of interest. 

Wireless sensor communication is particularly 
characterized by low range, high failure rates, 
energy limitations, dense nodes among others [2]. 
Also, the deployment methodology gives rise to the 
type of physical topology realized which in turn, 
affects the detection process significantly [3-5]. 

The problem of event detection is inevitable, 
especially in topologies realized from randomly 
deployed nodes, where there is little control over the 
location of the participating nodes. This is common 
in enemy territories and harsh environments where it 
is impossible to place the nodes deterministically 
but through some form of aerial vehicles which 
could be manned or unmanned as the case may be. 
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Closely related to event detection in WSNs is 
event description where precise values are often 
used to specify the parameters that characterize an 
event [6]. In practice however, sensor readings are 
not always precise. Moreover, identical sensors, 
even if deployed close to one another could vary in 
terms of the values of the physical phenomenon they 
measure. Consider a scenario where we want the air 
conditioning in a room to be turned on if the 
temperature goes above 10 C. If two sensors, S1 and 
S2 are used to measure the room temperature and 
the average of their values is used to determine if an 
action is required to be taken. At some point, sensor 
S1 record 10.1 C and sensor B reports 9.8 C. The 
average, 9.95 C, is below the predefined threshold 
of 10, therefore the cooling remains off. However, if 
the reading of S2 is inaccurate and therefore, lower 
than the actual t temperature, we have made the 
wrong decision. This situation becomes more 
complex when we deploy more than two sensors for 
the same purpose. This scenario suggests intuitively 
that determining the precise event thresholds is a 
hard task which also implies that using precise 
values to describe WSN events is not advisable. 

In this paper, we propose the application of Gini 
index as a measure of event detection decision 
performance in wireless sensor networks. This 
approach takes into consideration, the contributions 
of all participating and qualified nodes in the 
network, upon whose readings the decision on the 
occurrence or otherwise of the event of interest at 
any interval is based. It is pertinent to point out that 
event detection decision is classified as an inference 
problem under two non-overlapping and mutually 
exclusive hypotheses E1 and E0 respectively. These 
hypotheses are based on what the sensor readings 
signify. For example, if hypothesis E1 signifies 
event occurring and hypothesis E0 means event not 
occurring, then E1 is true if the Gini index of the 
sensor readings attain a certain threshold, otherwise 
hypothesis E0 is implicitly implied. Moreover, we 
consider event detection performance measure 
known widely in signal detection theory (SDT) 
parlance as ‘d-prime’ which measures the 
performance of the participating nodes as a 
relationship between the false alarm (i.e., the 
proportion of incorrect readings in the presence of 
the event of interest) and hits (i.e., the proportion of 
correct readings in the presence of the event of 
interest) rates. 

The rest of the paper is organized as follows: In 
Section II, related work on event detection in 
wireless sensor networks is presented. Thereafter, 
the formal definition of the problem is then 
presented in section III, while in Section IV, we 
present our simulation results together with 
inferences drawn there from. The conclusion for the 
paper is given in section V, pointing the way for 
further research on the subject. 

 
 

 

2. Related Work 
 
One specific difference between event-based 

sensor networks and other sensor networks is that 
even-based sensor networks are triggered into action 
only when the event of interest occurs [7]. It is 
widely known in randomly deployed sensor 
networks for field surveillance purposes, that when 
the event of interest occurs, only a subset of the 
deployed sensors often react to the event, 
introducing an element of uncertainty in the sensor 
readings (detection) process [8]. This assertion lets 
us ask: what proportion of the deployed sensors 
need to react to the event of interest before a 
decision on the occurrence of the event can be 
made? 

Event detection problem is related to that of 
Sensor Selection Problem (SSP) [8-10]. This is 
because event detection decisions are based upon 
sensor readings obtained from some or a subset of 
the deployed sensors in the network. It is a widely 
held assumption that wireless sensor networks are 
often characterized by power constraints [11-13]. 
Therefore, devising a mechanism for the 
identification and subsequent selecting an optimal 
subset of the nodes to adequately represent the entire 
network is a highly desirable objective. In particular, 
the authors of [9] showed that SSP is NP-hard 
therefore, they proposed the use of Kullback-Leiber 
and Chernoff distances between the distributions of 
the selected sensors under two distinct hypothesis E1 
and E0 (i.e., E1 implies event occurring whereas E0 
means event not occurring). 

 
 

2.1. Similarity Measures 
 

Similarity measures are important in many 
scientific fields involving decision making, under 
which sensor EDD can be categorized. One of the 
most widely acclaimed theoretical assumptions is 
that similarity is inversely proportional to perceived 
distance between two distinct objects, concepts, or 
any other mental entities that are quantifiable and 
variable on some well-defined dimensions. 
Numerical values associated with each of these 
dimensions can be interpreted as the entity’s 
coordinates in a psychological feature space. A basic 
assumption here is that those entities that are close 
together are perceived as similar and those that are 
far apart are classified as dissimilar. Applying the 
same conception in sensor event detection decision 
making, we can define a priori metric to serve as a 
training sample for normal sensor readings and use 
it as similarity measure to solve the EDD problem. 

Similarity measures often play very important 
roles in knowledge discovery tasks such as outlier’s 
detection, classification, among many others in data 
mining [14]. Several distance measures are 
commonly used in the computation of similarity 
between two or more multivariate data points. 
Notable among the most widely used distance 
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measures of similarity are the Manhattan and the 
Euclidean distances, especially for continuous data 
[15]. The computation of similarity or distance is 
not quite straightforward for categorical data 
compared to continuous data sets. Categorical data 
is naturally unordered, so it is impossible to directly 
compare two different values. One way to establish 
similarity between two categorical attributes is to 
assign a similarity of 1 to identical attribute values 
and a similarity of 0 to non-identical attribute 
values. The similarity between any two multivariate 
points will then be proportional to the number of 
matching attributes between the two points. 

 
 

2.2. Fuzzy Logic Method 
 
Fuzzy sets and logic, proposed by L. Zadeh in 

1965, has found applications in various fields of 
human endeavour. In wireless sensor network 
applications especially, fuzzy logic has been 
extensively used as an invaluable decision support 
tool. Some notable areas of application of fuzzy 
logic in wireless sensor networks include; cluster-
head election [16], event detection [6], data 
aggregation [17] and routing among many others. In 
particular, the authors of [18] proposed the use of 
fuzzy logic in conjunction with double sliding 
window detection to improve the accuracy of event 
detection in sensor networks. 

In [19], the authors use fuzzy logic to combine 
both personal and neighbour’s observations to 
determine if the event of interest has occurred. Their 
results show that fuzzy logic improves the accuracy 
of event detection. The use of fuzzy values allows 
their algorithm to distinguish between real fire data 
and nuisance tests. 

Despite its effectiveness as a tool for event 
detection, fuzzy logic is often criticized as not 
suitable for certain applications due to the amount of 
memory required to store the rule base [6]. The 
number of rules in fuzzy logic increase 
exponentially with the number of decision variables 
involved. For instance, given m variables, each of 
which can take n values, the number of rules is m*n. 
Because sensor nodes are generally characterized by 
limited memory, it might be feasible to store the 
rules on the sensor nodes. Moreover, traversing a 
large rule-base has the potential to increase latency 
in the event detection process. 

 
 

3. The Conception of the EDD Problem 
 
In many outdoor wireless sensor network 

applications, the nodes are deployed randomly 
creating irregular physical topologies, where each of 
the participating nodes are responsible for 
communicating their readings to a designated base 
station. The base stations are usually a node in the 
network with more sophisticated resources for data 
aggregation, processing and perhaps storage. In 

event-based networks, the decision on whether or 
not the event of interest has occurred which should 
trigger a response is often the responsibility of the 
base station. 

We consider a finite set of sensor nodes that are 
randomly deployed in a 2D square field. Based on 
this deployment strategy, each node has equal 
chance of assuming any location within the sensor 
field. The base station which is a more powerful 
node with greater processing and storage capabilities 
is deterministically positioned at a well-defined 
location within the sensor field. 

The EDD problem can be categorized as an 
inference problem. To fully appreciate our 
conception of the EDD problem, we start by 
formerly presenting the various notations and then 
proceed by stating the assumptions made in our 
solution models. 

 
 

3.1. Notations 
 
The following are the notations used in our 

problem model: 
 
1) S = The set of nodes in the network (apart 

from the base station); 
2) N = Total number of nodes in the network 

(length (S) = N); 
3) k _ N; (k = 1; 2; : : : ;N), represent the 

minimum threshold of the nodes whose readings can 
represent the network; 

4) g(t) = The Gini index value at time t,  
(t= 0,1,2, . . . , T); 

5) st
i,r = Sensor i’s reading r at time t; 

6) Q = The set of qualified nodes Q 2 S; 
7) st

i,e =Sensor i’s energy reserve at time t; 
8) α = Decay constant (which is a measure of 

signal attenuation, usually dependent on the type of 
sensor); 

9) di= The distance between sensor i and the 
base station; 

10) Ee = Electrical energy; 
11) Ea = Amplifier energy; 
12) b = Data bit for transmission from node to 

base station. 
 
 

3.2. Problem Definition 
 

A simple form of inference problem can be 
described as the task of deciding which of two 
opposing probability models p(xjE0) and p(xjE1) 
best matches a set of unlabelled data X, where E0 
and E1 stand for hypothesis 0 (event absent) and 1 
(event present) respectively. The detection problem 
is primarily to decide which model is more 
appropriate for the data. For example, when a bit  
(0 or 1) is sent through a noisy channel, the receiver 
is bound to get the bit plus noise and then decide to 
classify the received information based on the two 
hypotheses, E0 : X~N(0; 1) or E1 : X ~ N(1; 1), 
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where N(0; 1) is the null distribution and N(1; 1) is 
the alternative distribution. 

If we let X be a vector space representing the 
sensor readings received at a base station according 
to either p(xjE0) or p(xjE1), then we need to design 
a test for X to make a decision. Suppose x  X , we 
define a decision boundary to partition the space X 
into decision regions R0 and R1 as shown in Fig. 1, 
where R0 and R1 correspond to hypothesis E0 and 
E1 respectively. Suppose that we assign costs c0; 
c1; c2 and c3 to the outcomes R, F, M and H 
respectively in Table 1, the total cost (C) is given by 
equation 1. 

 
 

 
 

Fig. 1. A Partition of the Space into Decision Regions. 
 
 
C = c0P(X ϵ R0|E0) +c1P(X ϵ R0|E1)+c2P(X 

ϵR1|E0)+c3P(XϵR1|E1) 
(1) 

 
Equation 1 can be written as follows: 
 








1R

0R

dx)]1E|x(p3c)0E|x(p2c[

dx)]1E|x(p1c)0E|x(p0c[C
, (2) 

 
where p(xjE0) and p(xjE1) are probability densities. 
In order to minimize the cost, we need to define R0 
and R1 as follows: 
 

R0 = x ϵ X : c0p(x|E0) + c1p(x|E1) <  

< c2p(x|E0) + c3p(x|E1) 
(3) 

 
and 
 
R1 =[x ϵ X:c0p(x|E0) + c1p(x|E1) > c2p(x|E0) + 

c3p(x|E1)], 
(4) 

 

which implies that  x  R0, 
 

(c0 - c2)p(x|E0) < (c3 - c1)p(x|E1) (5) 
 

If we assign 

1c3c

2c0c




   (6) 

 
Which is the effective threshold, then the Log 

Likelihood Ratio Test (LLRT) for event detection 
can be performed as follows: 
 





)0E|x(p

)1E|x(p
 (7) 

 
When the right hand side of the equation is 

greater than λ, E1 is confirmed but when on the 
other hand it is less than λ, E0 is implied. 
 
 

Table 1. Node Sensitivity Measure Table. 
 

 YES NO 
E1 H M 
E0 F R 

 
 
3.3. Assumptions 

 
In our event detection model we make the 

following assumptions: 
 
1) The nodes are capable of communicating their 
readings to the base station independent of 
neighbouring nodes; 
2) Each network node maintains its static position 
throughout its lifespan; 
3) The base station node (N+1) is exclusively 
responsible for detection decisions; 
4) The nodes are assumed to be deployed in a 2D 
plane; 
5) α= 0.2. 
 
 
3.4. Problem Model 1 

 
The EDD problem can be formulated as a 

sensitivity performance measure [20], where the 
participating nodes are evaluated based on their 
responses when the event of interest(i.e., the 
stimulus) is present and when it is absent. Assume 
E1 and E0 represent the presence (YES) and absence 
(NO) of the event of interest respectively, H as 
response rate by the participating nodes when the 
event of interest is present, F as false alarm rate (i.e., 
proportion of positive responses in the absence of 
the event), R as the right rejections and M as misses. 
This information can be represented as shown in 
Table 1. The situation at each sensor node is 
modelled by a binary variable Ei. The variable  
Ei = 0 in the normal environment in the absence of 
the event of interest and Ei = 1 when the event of 
interest is present. The output of the sensor is 
mapped to the binary variable st

i,r which takes a 
value of zero (0) if event of interest) and st

i,r = 1 if 
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the event is detected by the node. Based on the 
foregoing, there are four possible scenarios 
obtainable from each node at any time t namely: 
1) st

i,r = 0; Ei = 0 (sensor correctly reports absence 
of event); 
2) st

i,r = 0; Ei = 1 (misses); 
3) st

i,r = 1; Ei = 1 (hits/sensor correctly reports event) 
and 
4) st

i,r = 1; Ei = 0 (false alarm). 
 

The proportion of correct hits, H (which 
corresponds to st

i,r = 1; Ei = 1 ) can be written as in 
equation 8. Similarly, F also corresponds to st

i,r = 1; 
Ei = 0 (the proportion of the nodes that falsely 
report the presence of the event when it does not 
occur). 

 
H = p(‘YES’|E0)   (8) 

 
Similarly, the false alarm rate F, is given by 

equation 9, where E1 is the presence of the event of 
interest. 

 
F = p(‘YES’|E1) (9) 

 
If the total number of trials is given by T, then 

the proportion of the hit rate is given by H=T, where 
H is the number of correct responses in the presence 
of the event of interest. 

A measure of the performance of the detection 
process is an aggregation of the individual 
sensitivities of the participating nodes. In this 
context, a participating node with an H value of one 
(1) and an F value of zero (0) is considered to be 
perfectly sensitive to the event of interest. In 
contrast, a perfectly insensitive node is one that 
cannot distinguish between the presence of the event 
and its absence, implying that both values for H and 
F are equal. 

One important characteristic of sensitivity is that 
it can only be measured against two alternating 
events and must depend on both the hit rate (H) and 
false alarm (F). Intuitively, a higher H value 
indicates an increase insensitively while a higher F 
indicates less sensitivity. It therefore implies that a 
good sensitivity measure should increase 
correspondingly with either increase in the value of 
H or when the value of F decreases. In addition, the 
presence (E1) and absence(E0) of the event of 
interest should be of equal importance in the 
detection process. 

The performance of the detection process is 
simply obtained as the proportion of correct 
responses by the participating nodes. This is 
evaluated as a function of H and F as shown in 
equation 10. Note that the measures used to describe 
performance in SDT are derived from the 
relationships between the F and H values of the 
participating nodes. 

 

p(c) =
2

1
[H + (1 - F)], (10) 

 

Where p(c) is the proportion of correct responses by 
the participating nodes when the number of trials for 
the presence (E1) and absence (E0) of the event of 
interest are equal. 

On the other hand, if the number of trials, for 
both E0 and E1 are not equal, the proportion of 
correct responses by the participating nodes is 
calculated as shown in equation 11. 

 

p(c) =
T

RH 
 (11) 

 
Where T is the total number of trials, R is the 
number of correct rejections (i.e., total ’NO’, given 
E0). 

Apart from the simple solution to the detection 
performance measure given earlier, there is a more 
robust approach which is based on the Gaussian 
transformation of both H and F values into a z-score 
as shown in equation 12. 

 
d’ = z(H) - z(F)   (12) 

 
It is noteworthy that the z-score is based on the 

standard deviation units, thus a proportion value of 
0.5 is converted into a z-core of zero, while a 
proportion value higher than 0.5 receives a positive 
z-score. Conversely, a proportion value less than 0.5 
is given an equal corresponding negative value. A 
score of zero implies that the participating nodes are 
insensitive to the stimuli (i.e., the nodes cannot 
distinguish between event occurrence or non-
occurrence). For further details on the computation 
of the z-score, the reader is referred to [20]. 

 
 

3.5. Problem Model 2 
 

In this problem model, our aim is to ascertain 
from the relative distribution of the sensor readings 
whether or not the event of interest has been sensed 
and recorded accordingly. In this respect, we based 
our reasoning on the Gini index, originally proposed 
by Corrado Gini [21] primarily to measure 
inequality in a population under different value 
judgments. Gini index theoretically ranges from 0 to 
1 or from 0 to 100 (expressed as a percentage). 
Extreme values of the Gini index are quite 
unreachable when the population size is finite.  
Fig. 3 shows the topology formed by randomly 
deployed sensors in a 2D space to test our idea. The 
data sink is carefully positioned at the centre of the 
sensor field where each node can directly transmit 
its reading to it. The data sink is in this case 
assumed to have sufficient processing power to 
query all the sensors, compute the Gini index based 
on their respective readings and take a decide on the 
occurrence or otherwise of the event of interest . 
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During each query or sampling period, each 
sensor’s status is assessed based to on equation (13) 
to ascertain its usefulness in the network and hence 
it’s contribution to the computation of the Gini 
index. This is obvious since a node whose energy 
reserve has been exhausted can no longer function in 
the network, therefore it should be discarded. 

 
(i)={1 if  st

i,e >0 and 0 otherwise (13) 
 
For a node with coordinates (x, y), if the event 

source is located at (x1; y1), then the probability of 
detecting this event at time t by the node is given by 
equation (14): 

 

dt
i=  Γ (i)*

22 )1yy()1xx(  , (14) 

 
where  Γ (i) is as in equation 13. 

At any time t,( t = 1; 2,.., T), the sensor reading 
from each sensor si; (i = 1; 2,…,N) is given by 
equation 15: 

 
st

i,r = Γ (i)* (exp(-dt
i^α)), (15) 

 
where α is the decay constant (i.e., it depends on 
sensor characteristic). 

At each time interval t, the energy reserve of 
each node is computed as shown in equation (16). 

 
st

i,e = b{ Ee + Ea*di^α }, (16) 
 

where b is the number of bits for transmission from 
the node to the base station; Ee and Ea are the 
electrical and amplifier energy respectively 
expended by each node within the sampling period. 
The algorithm is given as follows: 

 
Input: S = s1; s2,…, sN, A (a matrix of the 
coordinates of the sensors), t,Q 
Output: g (Gini index) 
Initialize t, Q 
while Termination Criteria not Satisfied do 
   Evaluate Each Node si ϵ S; (i = 1; 2,.., n)      using 
equation (13) 
   Update set of qualified nodes Q 
  for si ϵ Q do 
     get sensor reading st i;r 
     Calculate the Gini index 
  end for; 
 update g 
 Update t 
end while 

 
The Gini index is given by equation (17): 
 

)}(21Nt{)t(g Nt
1i

Nt
1i

r,si

r,si)i1Nt(

Nt
1






 
 (17) 

 
where t is the time at which the Gini index of the 
sensor readings was taken; Nt is the total number of 

qualified sensor nodes at times t and st
i,r is as 

defined in equation (15). 
It is noteworthy that equation (17) is dependent 

on the condition specified by equation (18): 
 

0≤Nt ≤ N   (18) 
 
 

4. Experiments and Results 
 

4.1. Experiment 1 
 

The experimental setup includes the following. 
One hundred nodes were generated and their 
coordinates randomly generated in a 10 m  10 m 
2D topology. The coordinates of the nodes were 
used to create the matrix A, which served as data 
input to the algorithm. Each node was assigned a 
uniform energy of 2 Joules at the start of the 
network. It is important to note that this initial 
energy assignment was carried out to avoid lengthy 
simulation time. As the nodes begin to transmit their 
simulated data to the sink, their energy starts to 
deplete accordingly. The initial physical network 
topology is given by Fig. 2. 

 
 

 
 

Fig. 2. 2D Topology. 
 
 
Fig. 3 was obtained by running the algorithm for 

a several times (i.e., 500) and at each sampling 
period, the Gini index of the sensor readings were 
evaluated and recorded. The result clearly shows a 
constant level (i.e., Gini index value of 0.57) for a 
long period, which signifies a near even split in the 
sensor readings in the whole network. It is 
instructive to note that within this period, all the 
nodes are alive and actively contributing to the 
network functionality. The point of departure was 
reached as soon as some of the sensors (i.e., more 
distant nodes from the base station) began to die out, 
leaving only those that were closer to the sink with 
increased homogeneity in their readings. This is 
clearly indicated by the downward slide in the graph 
which is consistent with the original conception and 
interpretation of the Gini index as a measure of 
disparity in a distribution, where a value of zero(in 
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extreme and often impractical cases) indicates 
perfectly even distribution, whereas a theoretical 
index value of one (which is also unattainable in 
practice) signifies the worst level of disparity in a 
distribution. 

In comparing the relationship between the Gini 
index with the mean of the distribution within each 
sampling period, Fig. 4 was obtained. The 
relationship between the mean of the distribution of 
the sensor readings and the corresponding Gini 
index at each interval is obvious. The mean remains 
constant throughout the time when the Gini index is 
also constant. However, when the value of the Gini 
index begins a downward slide, the corresponding 
value of the mean of the distribution begins to climb 
upward. Notice the point of intersection (i.e., when 
the two graphs meet) is at 0.5. The value in the Gini 
index parlance corresponds to the point of 
distribution where half of the population has 
identical reading while the remaining half also has 
the same reading. The mean value in Fig. 4 can be 
explained by the fact that the signal strength of the 
nodes further away from the sink tends to be weaker 
than those near it, therefore those ones die out much 
quicker than those near the sink (i.e., in this 
implementation, each node is responsible for 
transmitting its reading the base station). 
Consequently, the mean values of the sensor 
readings increase progressively as nodes further 
away from the sink die out. 

 
 

 
 

Fig. 4. The Gini Index vs. Mean Plot. 
 
 
Similarly, when comparing the Gini index 

against the number of nodes alive in the network we 
obtained Fig. 5, where the first significant change in 
the index was recorded immediately when some 
nodes began to die out. 
 
 
4.2. Experiment 2 
 

The purpose of this experiment is to investigate 
the detection performance of the participating nodes 
in the network. And to do that, we used dataset 

obtained from [22] involving sixty (60) sonar 
sensors whose readings were sampled at 100 distinct 
intervals during the operational life of the network. 
During each of the sample period, the sensor 
readings were read and evaluated using equation 12. 
The resulting event detection performance of the 
network is as shown in Fig. 6.  

It is obvious from Fig. 6 that the spikes in the 
diagram represent the trial period within which 
majority of the participating nodes recorded the 
highest number of positive response to the event of 
interest which invariably corresponds to lowest false 
alarm rate in the network. In other words, it is at 
those trial points that the event (sound) actually 
occurred and was well read by majority of the 
participating nodes. 

The Gini index plot of the sensor readings for 
this scenario is shown in Fig. 7, where the highest 
value in the graph implies the sample period during 
which the highest level of disparity in the sensor 
readings was recorded. The spikes in Fig. 7 
represent the points with highest level of disparity in 
the sensor data while the lowest points in the graph 
depict points within the sampling period with the 
lowest disparity. At these low points, there is a 
general indication that majority of the nodes have 
near identical readings. 
 
 

 
 

Fig. 5. The Gini Index vs. Proportion of Active Nodes. 
 
 
5. Conclusion 

 
The complexity in event detection decision 

increases with increase in the decision variables. It 
is fairly straightforward and easier to arrive at a 
decision if only one entity (node) is involved. 
However, when multiple nodes are deployed to 
monitor the same physical phenomena, there no 
absolute guarantee in all the entities (i.e., decision 
variables) involved detecting and communicating 
the same readings. 
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Fig. 6. d’ Plot. 
 
 

 
 

Fig. 7. Gini Index (GI) Plot. 
 

 
We have proposed and demonstrated the 

application of Gini index as a decision support tool 
for event detection in wireless sensor networks. 
Simulation result from our first experiment, which is 
based on the assumption that all the participating 
nodes have data to send to the base station at every 
time interval, clearly indicates a progressive 
harmonization of the sensor readings as nodes 
deployed further away start to die out. The result 
clearly shows the increased reduction in the 
disparity of the sensor readings among the 
participating nodes. 

Moreover, we employed detection theory 
concepts to measure the performance of the sensor 
nodes at each sampling period. In particular, the ’d-
prime’ sensitivity measure was adopted to show the 
relationship between the hit rate and false alarm 
rate, assuming a continuous presence of the event 
for a hundred trials. 

In our future work plan, we intend to explore the 
qualitative characterization of the sensor readings 
prior to the application of the Gini index to further 

illustrate the usefulness of this approach to event 
detection decisions in wireless sensor networks. 
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Abstract: In view of the strong background noise involved in vibration signal of tool wear and the difficulty to 
obtain fault frequencies, so, it is important to de-noise before the further processing. However, the traditional de-
noising methods, based on Gaussian noise assumption, lose here because the noise is identified as containing a 
high non-Gaussian component. Independent component analysis (ICA) was recently developed to deal with the 
blind source separation problem and it is particularly effective in the separation of non-Gaussian signals. So, this 
paper proposed a signal-noise-separated method with ICA, then de-noise signals are decomposed with empirical 
mode decomposition (EMD) and we got the better signals characters. Finally, Tool wear by identified by GA-B-
spline neural network. B-spline networks is traditionally trained by using gradient-based methods, this may fall 
into local minimum during the learning process. Here, it is trained using genetic algorithms to search for global 
optimization. The experimental results show that the diagnosis approach put forward in this paper can 
effectively identify tool wear fault patterns in noise background and it has great application potential in health 
condition monitoring of tool wear. Copyright © 2013 IFSA. 
 
Keywords: Independent component analysis; Empirical mode decomposition; Genetic algorithms; Tool wear; 
B-spline neural networks. 
 

 
 
1. Introduction 
 

Online monitoring of the tool wear condition is 
very crucial in order to improve the quality of the 
unmanned manufacturing systems. Tool wear is a 
very complex phenomenon which can lead to 
machine down time, product rejects and even cause 
problems to personnel. In tool wear monitoring 
process, it is very important for tool wear early fault 
diagnosis to extract the weak signal characteristics. 
Generally, it is reasonable to ignore the influence of 
noise in conventional machining because the noises 
are relatively low. However, in the process of micro-
cutting, when the signal-to-noise ratio is very low, it 

is essential towards accurate estimation of tool wear 
with an effective noise-removal process [1]. 

Independent component analysis (ICA) is a 
recently developed method for blind source 
separation (BSS). It can recover the hidden source 
signals from observations from sensors, assuming 
that the sources are independent. ICA has been wide 
applied in speech separation [2] and gear fault 
diagnosis [3-6]. However, in the process of tool 
cutting, little has been investigated with the 
application of the ICA for signal de-noising. This 
paper, the signals are preprocessed with a FastICA 
algorithm to extract the noise-free signal features. 

Article number P_1192 
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Then, the de-noise signals are decomposed with 
empirical mode decomposition, which is a good 
signal processing technique capable of decomposing 
a signal into several single stable components at 
different time scales by sifting process [7-8], after 
that, we can achieve the better weak signal fault 
frequency. 

In order to realize the intelligent identification 
based on the weak signal feature extraction, this 
paper puts forward that intelligent diagnosis of the 
tool fault based on GA-B-spline network. B-spline 
network is a three-layer system, and is traditionally 
trained by using gradient-based methods [9], this 
may fall into local minimum during the learning 
process. Genetic algorithms (GAs) have drawn 
significant attentions in various fields due to their 
capabilities of directed random search for global 
optimization [10-11]. So, in this paper, the weighting 
factors and the knot points are searched by using a 
genetic algorithm. The experimental results show 
that the diagnosis approach put forward in this paper 
can effectively identify tool wear. 

 
 
2. Noise Separation with Independent 

Component Analysis 
 
2.1 Independent Component Analysis (ICA) 
 

In general, ICA is referred as a BSS method. ICA 
can recover the hidden source signals from 
observations from sensors, assuming that the sources 
are independent. 

Suppose that m measured variables x1,x2,…,xm can 
be expressed as linear combinations of n (≤m) 
unknown independent components s1,s2,…,sn. If we 
denote the random vectors as X=[x1, x2, …, xm]T and 
s=[s1,s2,…,sn]

T, the relationship between them is 
given by 

 
X=As, (1) 

 
where A=[a1,a2, …,an]∈Rm×n is the unknown mixing 
matrix. The basic problem of ICA is to estimate both 
the mixing matrix A and the independent 
components s from only the observed data x. 
Therefore, it is necessary to find a de-mixing matrix 
W which is given as: 

 
Wxs  , (2) 

 
s


 is the estimate of source signal, the reconstructed 

vector s


 becomes as independent as possible. 
Several different algorithms for ICA have been 

proposed [12-14]. The most well known ICA 
algorithm is fast fixed-point ICA algorithm (Fast 
ICA) which was developed by Hyvarinen [13], a 
reliable approximation of negentropy as follows: 

 
    2)()()( GEyGEyJ   (3) 

where y is assumed to be a zero mean and unit 
variance, v is the Gaussian random variable of zero 
mean and unit variance and G is any non-quadratic 
function. Three functions for G: 
 

)cosh(log
1

)( 1
1

1 ua
a

uG   (4) 

 

)2/exp()( 2
22 uauG   (5) 

 
4

3 )( uuG   (6) 

 
where 1≤a1≤2 and a2≈1. Among these three 
functions, G2 and G3 are more suitable for super-
Gaussian and sub-Gaussian components, 
respectively. G3 is selected for use in this article. 

FastICA algorithm based on negentropy can be 
described as: 
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2.2. Noise Separation with ICA  
 
The experiments were carried out on a 

CK6143/100 CNC machine tool made in Wuhan 
hankou Machining Centre, the spindle speed: 
40~2500 rpm, spindle motor power: 5.5 kW, three 
Kistler 8702B5OMI vibration sensors installation are 
shown in Fig. 1. The material of the workpiece:45# 
(average hardness 220HB), the tool is PVD TiAlN 
coating blade (KC5010), the speed of the tool is 
Vc=95 m/min, the feed rate of tool is f=0.2 mm/r, the 
depth of cut is ap=1 mm. The sampling frequency of 
AD board is 2 MHz, the sampling point is 218. In the 
experiment process, the tool wear status was divided 
into 3 patterns (shown in Table 1 and Fig. 2). 

 
 

 
 

Fig. 1. Sensors installation. 
 
 

Table 1. The classification of tool wear. 
 

Tool wear 
value (mm) 

0~0.1 0.1~0.3 >0.3 

Tool state 
Mild  
wear 

Moderate 
wear 

Severe 
wear 
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mild wear           moderate wear        severe wear 

 
Fig. 2. Status of tool wear. 

 
 
In the experiment process, it is assumed that all 

the noises are sources and three sources: one 
vibration signal, one Gaussian for environmental 
noise and one non-Gaussian for machining noise are 
linear mixture. Now we apply the FastICA to 
separate them. The sensor outputs under the state of 
the tool severe wear and their corresponding spectrum 
are illustrated in Fig. 3, and the results of separation 
with FastICA are shown in Fig. 4. It is clear that the 
separated vibration signal (N1) have four peaks, 
while the machining noise and environmental noise 
(N2, N3) have no obvious peaks. So, the signals of 
tool wear can be separated well with FastICA. 

 
 

 
 

 
 

Fig. 3. The sensor outputs under the state of the tool severe 
wear and their corresponding spectrum. 

 
 

3. The Extraction of Signal Features  
 

In this section, the de-noise signals are 
decomposed with empirical mode decomposition, 
and the better weak signal fault features are extracted. 

 
 

 
 

Fig. 4. Separated-signals under the state of the tool severe 
wear and their corresponding spectrum. 

 
 
3.1. Empirical Mode Decomposition 

 
Empirical mode decomposition (EMD) can 

decompose a signal into several single stable 
components at different time scales by sifting process 
and it is empirical, intuitive, direct and adaptive with 
the a posteriori defined basis derived from the data. 
The components are referred to as Intrinsic Mode 
Functions (IMFs), subject to the following 
conditions:  

(1).In the whole data set of IMFs, the number of 
extremes and the number of zero crossing must either 
be equal or differ at most by one.  

(2).At any point, the mean value of the envelope 
defined by the local maxima and the envelope 
defined by the local minima must be zero.  

At the end of the algorithm, the signal x(t) can be 
expressed as: 

 





n

i
ni rctx

1

)( , (8) 

 
where c1,c2,…,cn is the intrinsic mode function from 
high frequency to low frequency and rn is the residue 
of the decomposition. 

Because of the fault information mainly in the 
high frequency region, therefore, we can calculate 
energy percentage of the pre-n IMF component to 
show sign fault information [10]. 
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1) The total energy Ei, 
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2) We can use the percentage of energy structure 
characteristics of the vector to represent the 
characteristics of signal  
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3.2. Weak Feature Extraction in Tool Wear 
Process 

 

120 samples in each tool wear status were 
selected in the experiment, so, we obtained  
360 samples. In these datasets, 50 samples with every 
wear status were picked as testing samples, and the 
rest of the data used to train network. Fig. 5 and  
Fig. 6 show the decomposed results of EMD with 
tool moderate wear and severe wear.  

 

 
 

Fig. 5.The EMD of de-noise signal with moderate wear. 
 

 
 

Fig. 6. The EMD of de-noise signal with severe wear. 
 
 

It can be seen that the signals were decomposed 
with EMD after the de-noising and the fault 
characteristic lay in the first five orders of IMFs. So, 
we calculate the energy percentage of them. Part 
results are shown in Table 2. 

 
 

4. The Diagnostic of Tool Wear with GA-
B-spline Network 
 
In the process of tool cutting, in order to realize 

the intelligent identification of tool wear, this paper 
puts forward that intelligent diagnosis of the tool 
fault based on GA-B-spline network. It’s structure as 
follows. 

 
 

4.1. B-spline Network 
 
The B-spline network can be represented as a 

three-layer system: a normalized input space layer, a 
basis functions layer and a linear weight layer. The 
structure illustrated in Fig. 7.  

 
Table 2. Part calculation results with EMD. 

 
The energy percentage of IMFs Samples 

(N) 
Status of tool 

wear E1/E E2/E E3/E E4/E E5/E 
1 Mild wear 0.9622 0.2563 0.0825 0.0156 0.0092 
2 Mild wear 0.9513 0.4258 0.0786 0.0571 0.0105 
3 Mild wear 0.8721 0.5214 0.1273 0.0234 0.0078 
4 Moderate wear 0.9274 0.3344 0.1003 0.0832 0.0214 
5 Moderate wear 0.9142 0.2357 0.0756 0.0241 0.0172 
6 Moderate wear 0.9076 0.3511 0.2103 0.0902 0.0085 
7 Severe wear 0.9117 0.2245 0.0874 0.0511 0.0157 
8 Severe wear 0.9324 0.2935 0.0789 0.0247 0.0085 
9 Severe wear 0.9530 0.2003 0.0523 0.0102 0.0073 
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Fig. 7. B-spline network. 
 
 

B-spline functions are composed of a linear 
combination of basis functions. The jth B-spline basis 
function of order k and the internal knot point 
number r is defined as follows: 
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The modeling capabilities of the network depend 

on the size, distribution and shape of the basis 
functions. Fig. 8 and Fig. 9 show the B-spline basis 
function of order 2 and order 3. When the order k is 
changed, it can represent membership functions of 
different shapes. The order and the knot vector 
determine the smoothness and shape of the basis 
functions. 

 
 

 
 

Fig. 8. B-spline basis function (order =2). 
 

 

 
 

Fig. 9. B-spline basis function (order =3). 

The output y of a B-spline network can be 
expressed as:  

 

 



n
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  (15) 

 

where x is the network input,  xN j
k  denotes the jth 

basis function (order=k), j  is the weight vector.  
 
 

4.2. B-spline Fuzzy Neural Networks 
 

A fuzzy system generally stores its knowledge in 
the form of a fuzzy algorithm, which is composed of 
a set of fuzzy production rules relating the network’s 
input to its output: 
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The output of the system is:  
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If the B-spline is the membership function of the 
system, then  
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where xi(i=1,2,…,n) is the jth(j=1,2,…,r) membership 
of fuzzy sets and the order of the B-spline function is 
ki. Then, the output of the network can be written as: 
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(18) 

 

According to the nature of the B-spline, the 
denominator of (18) is 1. So, the output of the 
network becomes simple. 

 
 

4.3. GA-B-spline Neural Network 
 

When the B-spline fuzzy neural network is used 
for a modeling, there are some problems, such as 
how to select the appropriate weighting factors w, 
and how to choose the knot points r optimally, these 
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problems are very important in achieving good 
approximation. B-spline neural networks are 
traditionally trained by using gradient-based 
methods, and may fall into local minimum during the 
learning process. Genetic algorithms (GAs) have 
drawn significant attentions in various fields due to 
their capabilities of directed random search for global 
optimization. So, in this paper, the weighting factors 
and the knot points are searched by using a genetic 
algorithm. 

GA is powerful search optimization algorithm, 
which maintains a population of individuals 
(chromosomes) for iteration. Each chromosome 
represents a potential to the problem. It forms a new 
population by selecting the more fit individuals with 
its fitness. After some numbers of generations, it is 
hoped that the system converges with a near-optimal 
solution. 

There are two primary groups of genetic 
operators, crossover and mutation [15]. Crossover 
combines the features of two parent chromosomes to 
form two similar offspring by swapping 
corresponding segments of the parents. The nature of 
the crossover operator is information exchange 
between potential solutions. Mutation, on the other 
hand, arbitrarily alters one or more genes of a 
selected chromosome, by a random change with a 
probability equal to the mutation rate. The nature of 
the mutation operator is the introduction of some 
extra variability into the population.  

1) Population initialization. 
The initial chromosomes are randomly generated 

within the feasible ranges. A chromosome is defined 
as follows: 

 
Zp=（w1,…,wn,r1,…rm）, (19) 

 
where Zp is the pth chromosome for p=1,2,…,k. k is 
the fixed number of population size and is used to 
prevent the unlimited growth of population. A set of 
the weighting factors w range from within the 
interval: R],[ maxmin  , and r range from within 

the interval   Rrr maxmin , . 

2) Fitness function. 
The performance of each chromosome is 

evaluated according to its fitness. After generations 
of evolution, it is expected that the genetic algorithm 
converges and a best chromosome with largest 
fitness representing the optimal solution to the 
problem is obtained. The fitness function is defined 
as follows: 
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where Ei is the estimation error function of ith sample, 
it can be defined as follows: 
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where yi is the current outputs of ith sample, yi’ is the 
desired outputs of ith sample. 

3) Crossover. 
Crossover operator is the main approach to renew 

the population in GA, for each generation, the 
crossover operator will act on parent to give 
offspring. Here, we randomly selected crossover 
point, and the crossover operation is 
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where, t denotes iterative times. ZA and ZB denote 
individual A and B respectively. a is a constant 
between 0 to 1. 

4). Mutation 
The purpose of mutation operator is to produce 

new individuals, which can improve the local search 
ability of GA and maintain the diversity. Genes are 
randomly selected for mutation, according to the 
mutation rate pm. because two different intervals are 
defined for weightings and knot points, respectively, 
the mutation operator is divided into two parts. 

For the weightings, suppose wk (k=1,…,n) is the 
gene to be mutated, the gene is updated by: 
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For knot points, suppose rk (k=1,…, n) is the gene 

to be mutated, the gene is updated by: 
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where  ∈[0,1] is the random value, t is the current 
iteration, r is a random number from [0,1], and T is 
the maximal generation number. 

 
4.4. The Diagnostic of Tool Wear with 

GA-B-spline Neural Network 
 
In this section, the better characters from EMD 

(got in section 3) are put into GA-B-spline neural 
networks. There, each input of network has  
7 B-spline basis functions with order a=3, and each 
basis function has 10 knot points. Part of the 
identification results are shown in Table 3. 

The same datasets of the tool wear are trained 
with the different identification methods, which are 
B-spline, GA-B-spline, and are compared to each 
other. The average result can be shown in Table 4. It 
can be seen that the GA-B-spline is the best choice to 
identify tool wear with a lower average error and the 
higher diagnosis rate. 
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Table 3. The identification results of networks. 
 

Samples 
(N) 

Status of tool 
wear 

Normal export 
of network 

Actual export of network 
Diagnosis 

rate 

1 mild wear 1 0 0 0.9982 0.0211 0.0512 99.01% 

2 mild wear 1 0 0 0.8632 0.1508 0.1021 97.12% 

3 mild wear 1 0 0 0.8613 0.0531 0.0821 98.56% 

4 moderate wear 0 1 0 0.1023 0.7321 0.3414 82.45% 

5 moderate wear 0 1 0 0.0801 0.9751 0.0103 98.73% 

6 moderate wear 0 1 0 0.0747 0.9217 0.1062 97.86% 

7 severe wear 0 0 1 0.0645 0.0854 0.9974 99.13% 

8 severe wear 0 0 1 0.1015 0.2347 0.8757 98.06% 

9 severe wear 0 0 1 0.2012 0.4457 1.0165 96.57% 

 
 

Table 4. The results for tool wear with different methods. 
 

Identification 
Methods 

Average 
Error 

Average 
Diagnosis rate 

B-spline 0.0302 95.6 % 
GA-B-spline 0.0017 98.9 % 

 
 
6. Conclusions 

 
An intelligent tool wear monitoring system has 

been established. On the basis of the study, the 
following conclusions can be made. 

(1) In the process of tool cutting, the vibration 
signals may be contaminated by relatively large 
noise. In view of ICA can recover the hidden source 
signals from observations from sensors, this paper 
proposed that the vibration signals were preprocessed 
with a FastICA algorithm. At last, the noise-free 
signal features were achieved.  

(2) The de-nose signals were decomposed with 
EMD and the fault characteristic lay in the first five 
orders of IMFs. So, we calculate the energy 
percentage of them and put them into GA-B-spline 
networks. It simplifies the structure of the network 
and does not affect tool fault diagnosis. 

(3) The advanced GA-B-spline networks are 
applied in the process of tool wear monitoring. 
Because the training of B-spline network with 
gradient-based methods may fall into local minimum 
during the learning process, this paper applied 
Genetic algorithms (GAs) to search the weighting 
factors and the knot points and got better results. 

The experimental results show that the diagnosis 
approach put forward in this paper can effectively 
identify tool wear 
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Abstract: A Semantic Sensor Network (SSN) is a sensor network including semantics of sensory data and 
context information, and relationships between the semantics by using Semantic Web technologies. Even though 
much research has been activated on SSN, there is little activity on how to restructure concepts in SSN. 
Research and developments in sensor semantic computing has gained much attention in areas of sensor data 
mining, sensor semantic, among others. Dealing with large domain concept in this computing environment and 
its difficulty becomes a difficult task. The idea of concept restructuring is to deal with and reduce the difficulty 
in dealing with large domain concept and to provide semantics for concept integration, expansion, and update. 
In this paper, we tackle the task in developing the mechanism to provide the above-mentioned semantics and the 
framework for processing mechanism integration in concept restructuring using UML-based design. Processing 
mechanism confirming was conducted to verify towards realizing a workable concept restructuring method. 
Copyright © 2013 IFSA. 
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1. Introduction 
 

A Semantic Sensor Network (SSN) is a sensor 
network including semantics of sensory data and 
context information, and relationships between the 
semantics by using Semantic Web technologies. Even 
though much research has been activated on SSN, 
there is little activity on how to restructure concepts 
in SSN. 

The evolution of the Semantic Web and the 
adaptation of its technology in sensor computing 
environment have created the so-called sensor 
semantic [1]. In sensor semantic organization, the 
host computer is enabled to understand the content of 
“metadata” (defines the meaning of data) and its 
relation with other metadata hosted by other 
computer host(s), and this information is processed 
automatically. Using concept technology, the 

information on the Web can be retrieved with 
improved accuracy and effectiveness. However, as 
sensor (concept) databases and computational 
resources are geographically distributed, processing 
the required concept will become more complex and 
will relatively exhibit low performance [2]. 

Scientific processing mechanisms, in particular, 
have emerged as a means to formalize the structure 
integration of processing mechanisms on the grid 
environment [3]. In our continuing effort and study in 
sensor semantic computing, this paper describes the 
processing mechanism of sub-concept extraction 
using UML-based design based on some optimization 
method, towards the development of a framework for 
processing mechanism integration in concept 
restructuring. Some procedures were applied to 
validate the processing mechanism and the results are 
described. 
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In the field of sensor networks, the term 
“association confirming” is used for denoting a 
variety of techniques aimed at semantic prediction, 
which is, computing and tracking the association of a 
node. Mobility prediction can be exploited both at 
network and service level. At network level, semantic 
prediction and relationship support several crucial 
tasks, such as handoff management, efficient code 
division in 3G network, verticality factor prevision 
for W-CDMA network, wireless routing management 
[4], system for QoS support [5] and resource 
relationship [7]. At service level, semantic prediction 
and relationship are tightly coupled with number of 
relationship-based applications, such as, navigation, 
instant messaging [8], friend finder and point of 
interest services [9], emergency rescue, and many 
other safety and security services. Although some of 
the above applications need only rough association 
estimation, many of them need precise tracking of 
node association within cells to provide an adaptable 
quality of service. 

A first branch of research on sensor association 
confirming focuses on satellite-based association, i.e., 
GPS, which is an interesting option for high-end 
applications, where relationship precision represents 
a critical requirement. However, standard GPS 
association confirming is not well suited for all 
contexts, as for instance in dense urban areas or 
inside buildings, where satellites are not visible from 
the nodes. For these reasons, we claim that even 
leaving costs and impact on battery consumption 
aside, GPS techniques are not likely to be the key 
technologies for a number of interesting Relationship 
Based Services (RBSs), such as sensor node tracking 
and path certification. Also, GPS systems are not 
suitable within urban areas, due to the high costs of 
their adaptation to urban settings. By contrast, our 
solution is based on traditional GSM/3G networks 
and does not involve any change to existing sensor 
network infrastructure being based on data collected 
by the sensor network. Our general purpose, low cost 
Node Service Tracking System (NSTS) for sensor 
networks provides semantic prediction both at 
network and service level. 

In this paper, we discuss the importance of SAS 
information in Induced Sensor Network (ISN) 
prediction for NSTS and propose a novel technique 
for high reliable nodes relationship and tracking. Our 
proposal relies on additional information extracted 
from a SAS database covering the area of interest, 
used in conjunction with new predictive Detecting. In 
general SAS maps can include information about the 
roadways (Type 1), to improve tracking and 
trajectory prevision, and about the environment 
(Type 2), used especially for ISN or time delay 
prediction (for a complete overview of relationship 
techniques see Section 2). Regarding Type 1, we 
classify the information extracted from SAS maps in 
three layers with increasing level of detail: i) layer 1 
provides a coarse-grained subdivision of the mapped 
area into regions (e.g., pedestrian-only areas), ii) 
layer 2 provides information such as streets width 

and precise street conformation, iii) layer 3 provides 
highly detailed information (e.g., distance from 
crossroads, one-way street) and, when available, 
information on traffic and speed limits. Concerning 
environment-related information (Type 2), we 
consider two possible levels of detail: the absence of 
information (really diffuse in many SAS map), and 
the presence of terrain or buildings information. 

Our approach takes advantages of both from type 
1 and type 2 information of SAS maps, the more 
information is available, the more accurate the 
relationship will be. The level of relationship 
accuracy, in fact, depends on maps information and 
time constraints. 

Our novel contributions can be summarized as 
follows.  

• Improved database technique for multiple 
Options’ association confirming. Our technique is 
based on an Enquiry Table (ET) signal strength 
approach where the Enquiry Table is filled with path 
loss previsions of each detector. These previsions 
take advantage from environmental information 
extracted by SAS map (Type 2), and consider the 
detector’s shape to better fit real environments. The 
Enquiry Table is then used to perform a multi-
Options selection. A local minimum management 
strategy is included to improve the precision in multi-
Options selection process. 

• Time Series Tracking (TST). Our technique 
exploits SAS map (Type 1) information and predicts 
motion model to select one among all Options’ 
relationships. Each Option is previously projected on 
the road to check whether the semantic model1 is 
compatible with the actual movement. TST is also 
able to deal with ISN fluctuation building a time 
Series graph. 

• Restricted New Detecting. We perform a new 
Detecting for better enforcing other map constraints, 
such as, one-way streets. Finally, we validate our 
algorithm providing real experiments carried out in a 
complex urban environment, that is, the city center of 
ShangHai, China. 

 
 

2. Experiment Environments 
 
Fig. 1 shows the system organization of the 

Distributed Concept Framework (DOF) on a sensor 
semantic. 

The system composed of a Resource Broker, 
CRPR (Concept Restructuring Processing Resource), 
Algorithm Server, Concept Server, and Processing 
Plant. The Resource Broker [6] takes care of handling 
the users’ means, security problem, and other policies 
to access heterogeneous resources in a widely 
distributed environment. It has the role to make the 
connections to destination according to the network 
traffic situation, number of users, and other related 
conditions. Likewise, it has the role to distribute the 
job for the best semantic and performance sought by 
the user. The Concept Server contains the database of 
concept, and provides the needed concept for sub-
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concept processing which it can send to CRPR or 
directly to the Processing Plant. The Algorithm 
Server contains the needed algorithm(s) which may 
be sent to the CRPR or to the selected Processing 
Plant, which can be a high-end processing computer, 
a cluster computer, or a supercomputer. 

 
 

Machine1 
Web 

resource 

Machine 2 
Concept 
server 

Machine 3 
processing 

plant 

Machine 4 
Algorithm 

server

user 

 
 

Fig. 1. System of Distributed Concept Framework. 
 
 
The CRPR has the role of executing the sub-

concept processing given the concept data from the 
Concept Server and the required algorithm from the 
Algorithm Server. Depending on the CRPR’s 
processing capacity, the CRPR may relegate the sub-
concept processing execution to some Processing 
Plant. To facilitate processing and reduce network 
traffic, the CRPR may instruct the Concept Server to 
send directly the concept data, and the Algorithm 
Server for the required algorithm to the selected 
Processing Plant. Either way, the CRPR sends the 
sub-concept processing results back to the user. 

 
 

3. Related Work 
 

The transactional grid processing mechanism 
semantic (sensor TW) of the Shanghai sensor deals 
with guaranteeing reliability and automation of e-
business application(s) [7]. They have presented the 
coordination algorithm for the management of the 
transactional grid processing mechanism, and the 
confirming of the algorithm is examined by using 
Semantic Net. The SNMVT proposed a Semantic Net 
Processing Mechanism Verification and Optimization 
Toolkit (SNMVT) to help users explain a processing 
mechanism [6]. The authors presented some 
examples on the verification and the optimization 
analysis. 

The paper in [11] describes a tool that supports 
verification of processing mechanism specified in 
UML activity graphs. Whereas [9], define formal 
execution semantics for UML activity diagrams that 
is appropriate for processing mechanism. 

While our paper deals with processing mechanism 
integration and verification and uses UML, we focus 
our subject on the sub-concept extraction processing 
mechanisms integration and confirming on a sensor 
semantic environment. 

Sensor semantic relationship techniques are the 
topic of several studies in the area of sensor network 
applications. Among the solutions used by GSM/3G 
technologies for relationship purposes, the most 
important and already standardized are restructuring 
time and concept strength techniques. 

Restructuring time-based methods rely on time 
measurement. 

However, they have the main disadvantage of 
producing acceptable data only when the Line-Of-
Semantic (LOS) between terminal and based stations 
is guaranteed. Generally speaking, the main limiting 
factor of this class of techniques is that the accuracy 
of the estimated association depends mainly on the 
number of measurements done and on the geometric 
configuration. This problem is even worse in urban 
environments, where multipath restructurings lead to 
very complicated scenarios without LOS between the 
node and the base stations. 

Concept strength-based techniques instead are 
based on Received Concept Strength Indication 
(RCSI), which measures concept attenuation, 
assuming free space restructuring and all-directional 
restructurings, i.e., concept level contours around a 
base station are concentric circles, where smaller 
circles enjoy more powerful concepts. Although the 
same principle works well also for directional 
restructurings, concept level contours are not 
concentric circles, but more complex geometrical 
shapes. 

Exploiting this assumption sensor network 
restructuring relationship problem is reduced to the 
well-known triangulation association problem which 
is similar to time-based and angular approaches. As a 
consequence, RCSI metric is also not well-suited for 
urban areas and the concept strength calculated with 
this approach is not more reliable than the one 
obtained by time-based approaches. The lack of 
precision in urban environments is then due to the 
fact that free space restructuring assumption does not 
hold because of multipath restructuring and 
shadowing, leading to complex concept shapes. 
Physical phenomena influencing radio restructuring 
are mainly four: reflection, diffraction, penetration, 
and scattering. To solve these problems, deterministic 
(ray-tracing), empirical (Keli-Stone, Mike-Sevens), 
and hybrid techniques (Dominant Path) for ISN 
prediction have been developed, for various 
environments. ISN prediction methods using concept 
strength can be profitable for relationship purposes. 
Even if path loss prediction techniques seem to 
achieve the best results, many problems still remain 
unsolved, including the intrinsic error of ISN 
prediction algorithms and fluctuations due to 
environmental changes. In this context, recently, an 
interesting approach has been proposed to deal with 
ISN fluctuations, by using support vector regression 
[10]. In a nutshell, regression techniques model the 
relationship problem as a checkpoint relationship, 
which can be solved as a machine learning problem. 
Our approach, however, does not rely on a training 
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phase, since real data sampling are not available 
everywhere. 

Furthermore, we focus on tracking and on dense 
association confirming, where checkpoint and neural 
network based strategies are not suitable. Specially, 
we rely on the basic techniques outlined below. 

Database Correlation. This technique relies on a 
database built on RCSI predictions or measurements. 
Nodes associations are determined by evaluating 
RCSI measurements, which are performed by 
individual terminals or even by the BSs. The 
measurements are compared with the entries in the 
database. The corresponding correlation calculations 
find out the database entry that better matches the 
measurements lead to the relationship estimation. Our 
approach basically relies on the principle of database 
correlation. Much in line with the RADAR system 
developed by Microsoft research [4] for wireless 
networks, our method uses an ET for multiple 
Options’ selection. Differently from RADAR, 
however, we select the number of Options depending 
on the sensibility of the region and on SAS 
information. 

Restructuring. Using triangulation and database 
correlation, the intrinsic relationship error of RCSI is 
never taken into account. Many recent works are 
aimed at overcoming this problem using Double-
Restructuring techniques with sensor network motion 
model and RCSI triangulation. One interesting work 
treats the problem of semantic in ATM network. 

It develops a hierarchical user semantic model 
that closely represents the movement behavior of a 
sensor network user, and uses pattern matching and 
Double-Restructuring, yielding to an accurate 
relationship prediction algorithm. Another work 
proposes two algorithms for real-time tracking, 
relationship, and dynamic motion of a node station in 
a sensor network. This method is based on 
Restructuring and two Rapid restructuring (one to 
estimate the discrete command process and the other 
to estimate the semantic state). The semantic model is 
built on a dynamic linear system driven by a discrete 
command process that was originally developed for 
tracking maneuvering targets in tactical weapons 
system. The command process is modeled as a 
Gaussian process over a finite set of acceleration 
levels, as in [7]. The Detecting technique, presented 
in our work does not Detector the relationship of 
sensor network using RCSI, but it takes the most 
probable association Detected by our Time Series 
Tracking (TST) technique and tries to enforce the 
map and motion model constraints. Therefore, our 
Restructuring technique is well distinct from the ones 
introduced above, even if it exploits a similar motion 
model. 

With the strong popularity of the development of 
service oriented application, quality of service 
becomes a central interest of more and more 
researchers and enterprises. Composition mechanism 
values are proportional to the reliability degree and 
performance of service and thus play a very 
important role in the provider choice. A large number 

of Sensor Networks are exposed constraint 
information’s for comparison providers.  

Many researches [5] have studied Composition 
mechanism issues to improve two processes of 
discovery and analysis of Sensor Networks. Several 
Composition mechanism aware Sensor Network 
analysis mechanisms have been developed in recent 
years in order to perform the Sensor Network 
composition and to improve performance 
applications based on Sensor Networks. This 
mechanisms’ main objective is how to how properly 
select a concept of providers that most satisfy the 
constraints defined by the user in his business 
processes.  

John. Smith studies the problem of finding Sensor 
Networks that minimize the total execution time. It 
presents an optimized heuristic algorithm that finds 
the optimal solution without exploring the entire 
solution space. The solution provided in [6] covers 
only the important case of execution constraints but 
not all Composition mechanism properties.  

Fredi proposed an abstract logic based model for 
representing any kind of non-functional service 
properties. This representation of user preferences 
enables the fast evaluation of the requested service 
composition by an abstract multiplication of the 
service composition properties. Thus service 
composition’ properties are measured during or after 
execution.  

Other works have been done in abstract logic 
based Sensor Network analysis. In [5] various 
methods have been proposed for specifying abstract 
Composition mechanism constraints and for ranking 
Sensor Network based on their abstract 
representation.  

There is a more suitable technique to quantify 
functional properties: Linear Programming. These 
properties are not fitting well for measuring the non-
functional attributes, because the majority of them 
are not easy to be quantified in numerical form. In the 
meantime, user’s Composition mechanism 
constraints regularly remain fuzzy or ambiguous due 
to various human mental states, and it is very difficult 
to distinguish the priority order among Composition 
mechanism criteria.  

Furthermore, in Sensor Network analysis, the 
applied Composition mechanism constraints are not 
explicitly defined. It is necessary to relax the 
constraints to make an optimal solution. The use of 
abstract logic offers improvements in the overall 
satisfaction level. The Composition mechanism 
information’s represented at abstract level such that it 
could efficiently select the best Sensor Networks.  

However they are still initial efforts which need 
further investigation for more complete solutions. In 
the following, we specify several open issues that can 
be solved:  

When we use some kinds of abstract numbers like 
triangular abstract they may not be easy to be defined 
by end users.  

It is very important to correctly define the 
Composition mechanism properties that we use in the 
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analysis process. The Composition mechanism has 
important effects on ranking methods.  

 
 

3.1. Time Series Tracking (TST) 
 

For validating Options selected using the 
techniques introduced in the previous section, we 
developed a tracking method based on a time-series 
algorithm. This algorithm uses m time association 
estimates and n nodes Options at each time to define 
a directed acyclic graph, called Time Series Graph 
(TSG). Every node p in the graph represents one of 
the possible associations of the node, while edges, 
defined by the bounded nodes (source and destination 
nodes), represent motion between them. Each edge 
has associated a weight that is computed based on 
reach-ability and map constraints. In our previous 
work [11], this weight was defined by taking into 
account the estimated velocity and acceleration at the 
source node, and by evaluating the reachable velocity 
and acceleration considering the association of the 
destination node. The obtained values were then 
compared with information inferred from the map. Of 
course, this type of new function works well when a 
reasonable upper bound to the association error can 
be assumed. Since in this paper we deal with real (as 
opposed to lab) environments, an acceptable error for 
every association cannot be guaranteed. Therefore the 
aforesaid weighting techniques cannot be applied. 
We then adopt a simpler weighting technique 
postponing the refinement to the Detecting stage. 

 
 

4. Concept Optimization Method in Brief 
 
In narrowing down the target concept/sub-

concept, we developed some optimization method, 
namely: the Entirety Confirming Checking (EnV), 
and the Correctness Confirming Scheme (CrS) [6]. 
EnV is a combination of four subschema that check 
whether there is various form of consistency, and CrS 
consists of three subschema that check whether there 
is various form of meaning completeness. The 
following describes these in detail. 

 
 

4.1. Entirety Confirming Checking (EnV) 
 

As the name implies, EnV checks for the 
consistency of the user-specified requirements of the 
target concept in the form of labeling. Currently, EnV 
itself is a combination of four sub-method that check 
for various forms of consistency, the simpler phases 
within the entire extraction process, and illustrate our 
distribution scheme pertaining to the ontological 
workload associated with it. EnV ensures that the 
requirements as expressed by the user (or any other 
optimization scheme) are consistent, i.e. there are no 
contradictory statements in the labeling, as set up by 
the user. By ensuring requirements consistency, we 
eliminate the possibility that no sub-concept (based 

on user preferences) is derivable in the first place. 
EnV is currently the very first rule to be applied 
during the extraction process. Moreover, it is also one 
of the rather simpler rules within the overall 
extraction process; both from a conceptual level as 
well as from an implementation viewpoint. EnV is a 
suite of four optimization method, which without any 
implicit ordering or execution priority, we denote as 
EnV(1)–EnV(4). 

EnV(1) 
If a binary relationship between concepts is 

selected by the user to be present in the target 
concept, the two concepts that the relationship 
associates cannot be disqualified/ deselected from the 
target concept. 

EnV(2) 
The EnV(2) rule is similar to EnV(1) with the 

difference that instead of a binary relationship over 
the set of concepts, it is applied on a special 
relationship, called an attribute mapping that exists 
between concepts and their attributes. This rule 
enforces the condition that if an attribute mapping 
has a selected labeling, the associated attribute as 
well as the concept it is mapped onto must be 
“selected” to be present in the target concept. 

EnV(3) 
This rule imposes a requirement on a more 

specific characteristic of an attribute mapping. It 
stipulates that if an attribute mapping has a 
deselected labeling, its associated attribute must also 
be disqualified from the target concept. Basically, no 
contradicting preferences are allowed between an 
attribute mapping and the associated attribute. 
EnV(3) together with EnV(2) imposes this condition. 

EnV(4) 
EnV4 is relatively more complex than that of 

EnV(1)–EnV(3).We utilizes the notion of a Path, 
again informally, for illustrating EnV(4). Paths are 
very important in the specification of concept views. 
They provide seemingly new relationships (new 
information) that are semantically correct, albeit only 
implicitly present in the concept definition. A path is 
defined as the chain of relationships that connect 
concepts, where the end concept of one relationship 
is the start concept of the following relationship in 
the chain. Note that the same relationship can appear 
only once in the entire path. From an EnV(4) 
viewpoint, the emphasis of a path lies on the first and 
last concept it visits, as these two are connected by 
the path. However, alternative formulations of the 
“path concept” have been utilized by imposing 
certain qualification criteria on the concepts that are a 
part of the connection and/or the relationships that 
form the chain for other optimization method. Based 
on the above formulation of a path, we can now 
introduce the fourth required consistency rule. If an 
attribute is selected, but the concept it “belongs” 
(mapped) to is deselected, EnV(4) stipulates that 
there must be a path from the attribute to another 
concept that is not deselected. Moreover, the path can 
only contain relationships with a label other than 
“deselected”. 
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4.2. Correctness Confirming Scheme (CrS) 
 

The idea of semantic completeness of concept can 
be interpreted in a number of ways. However, for the 
purposes of sub-concept extraction, it amounts to the 
inclusion of the defining elements for the elements 
selected by the user by way of requirements 
specification. A defining element is a concept, 
relationship or attribute that is essential to the 
semantics of another element of the concept. For 
example, a concept selected to be present in the sub-
concept would be semantically incomplete if its 
super-concept (the defining element in this case) is 
deselected at the same time. This could be further 
generalized into a situation where a set of elements 
are connected by an IS-A relationship unto any 
arbitrary depth. The scenario can only get more 
complex in the presence of more complex 
relationships such as multiple-inheritance, 
aggregation, etc. The Correctness Confirming 
Scheme (CrS) exists to guard against such 
inconsistencies. The CrS sub-method is briefly 
described as follows: 

CrS(1) 
If a concept is selected, all its super-concepts, and 

the inheritance relationships between the concepts 
and its super-concepts, must be selected. 

CrS(2) 
If a concept is selected, all the aggregate part-of 

concepts of this concept, together with the 
aggregation relationship, must also be selected. 

CrS(3) 
If a concept is selected, then all of the attributes it 

possesses, with a minimum cardinality other than 
zero, and their attribute mappings should be selected. 

 
 

5. Processing mechanism Design by UML 
Activity Diagram 
 
The flow chart is origin to the activity diagram of 

UML, and is almost similarly interpreted on 
semantics. The activity diagram of UML is used to 
show the behavior. The behavior like the flow chart 
for automatic and the chain is shown below. If one 
activity ends, the following activity automatically 
begins. The processing mechanisms of the above two 
schemas, i.e., EnV and CrS are designed using UML. 
Here, we use activity diagram constructs action node, 
wait state node, sub-activity state node, 
decision/merge, fork/join, initial and final. 

 
 

5.1. Entirety Confirming Checking (EnV) 
 

This activity diagram can be divided into four 
steps (step1-step4). 

 
Steps in EnV(1) 
1. At the beginning, one in the pair concept is 

determined whether it is qualified/selected or 
disqualified/deselected. 

2. If the concept is qualified/selected, it proceeds 
to 3; otherwise, it jumps to 6. 

3. The other concept in the pair is then determined 
whether it is qualified/selected or disqualified/ 
deselected. 

4. If the concept is qualified/selected, it proceeds 
to 5; otherwise, it jumps to 6. 

5. The binary relationship and/or consistency of 
the pair concept is validated. 

6. End. 
 
 

A

B

C

A 

B 

C

B

C

A

B

C

A 

 
 
Fig. 2. Example of eliminations of fake state nodes. 
 
 
Steps in EnV(2) 
1. At the beginning, one concept in the set is 

determined whether it is qualified/selected or 
disqualified/deselected. 

2. If the concept is qualified/selected, it proceeds 
to 3; otherwise, it jumps to 6. 

3. The other concepts are also determined whether 
they are qualified/selected or disqualified/deselected. 

4. If the concepts are qualified/selected, it 
proceeds to 5; otherwise, it jumps to 6. 

5. The attribute mapping of the set of concepts is 
validated. 

6. End. 
 
Steps in EnV(3) 
1. At the beginning, one concept in the set is 

determined whether it is qualified/ selected or 
disqualified/deselected. 

2. If the concept is disqualified/deselected, it 
proceeds to 3; otherwise, it jumps to 4. 

3. The associated attributes of this attribute 
mapping is also disqualified/deselected. 

4. End. 
 
Steps in EnV(4) 
1. At the beginning, an attribute is determined 

whether it is qualified/selected or 
disqualified/deselected. 

2. If the attribute is qualified/selected, it proceeds 
to 3; otherwise, it jumps to 5. 

3. If the concept in the attribute is deselected, it 
proceeds to 4; otherwise to 5. 

4. A path from the attribute to another concept 
which is not deselected is determined. 

5. End. 
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5.2. Design of CrS 
 

This CrS activity diagram can be divided into four 
(step1-step3). 

 
Steps in CrS(1) 
1. At the beginning, a concept is determined 

whether it is qualified/selected or 
disqualified/deselected. 

2. If the concept is qualified/selected, it proceeds 
to 3; otherwise, it jumps to 4. 

3. The concept’s super-concepts and its 
inheritance relationship with its super-concepts are 
selected. 

4. End. 
 
Steps in CrS(2) 
1. At the beginning, a concept is determined 

whether it is qualified/selected or 
disqualified/deselected. 

2. If the concept is qualified/selected, it proceeds 
to 3; otherwise, it jumps to 4. 

3. The concept’s aggregate part-of concepts and 
relationships are selected. 

4. End. 
 
Steps in CrS(3) 
1. At the beginning, a concept is determined 

whether it is qualified/selected or 
disqualified/deselected. 

2. If the concept is qualified/selected, it proceeds 
to 3; otherwise, it jumps to 4. 

3. The concept’s attributes’ with minimum 
cardinality other than zero and attributes’ mapping 
are selected. 

4. End. 
 
 

6. Design and Confirming by Activity 
Diagram 

 
In mathematics, a hyper-graph is a generalization 

of a graph, where edges can connect any number of 
vertices. An activity hyper-graph is connected 
directly with hyper-graph. An activity hyper-graph is 
a quintuple (Nodes, Edges, Events, Guards, LVar). 

N nodes are partitioned into a set of AN activity 
nodes, a set of FN final nodes, and one initial node, 
Initial. Events are sets of event expressions, and 
Guards are sets of guard expressions. Actions are sets 
of action expressions. An activity hyper-graph 
consists of a set of labeled state nodes that are 
connected by labeled directed hyper-edges. State 
nodes of an activity hyper-graph are action state 
nodes and final state nodes. An activity hyper-graph 
can have variables. A hyper-edge can be labeled with 
an optional event expression and an optional guard 
expression, where the latter can refer to variables of 
the activity hyper-graph. For every XOR-node, all its 
entering and exiting edges maps into one compound 
transition. And for every AND-node, all its entering 

and exiting edges map into the same compound 
transition. If AND-nodes are connected to OR-nodes, 
the mapping becomes slightly more complicated. 
Syntactic constraints on activity diagrams are as 
follows: 

1. Every edge that leaves an action state node is 
labeled with empty event NULL. 

)}(2|)({ esourceaEdgeseeguardASa 
2. For every edge e that has action state node a as 
source, a is the only source of e. 

This implies that for every edge with multiple 
sources, none of its sources is an action state node. 

3. The disjunction of guards on the edges leaving 
an action state node must be a tautology.  

}initial{)e(source)e(etargtinitial

)e(etargt)e(sourceinitial


 

 

4. The initial state node may only occur in the 
source of an edge. Moreover, if it is a source of an 
edge, it is the only source of that edge. 

}final{)e(etargt)e(sourcefinal

)e(etargt)e(sourcefinal


 

 

The final state node may only occur in the target 
of an edge. Moreover, if it is target of an edge, it is 
the only target of that edge. 

5. The edges leaving the initial state node must 
have no events and the disjunction of their guard 
expressions must be a tautology. 

NULLeeventASesourceEdgese

initialesourceEdgeseeguard




)()(2

}}{)(|)({

  
We convert the activity diagram into an activity 

hyper-graph, and verify the validity of EnV and CrS. 
The integration of nodes will be easy and its validity 
will be simple if the activity diagram is converted 
into an activity hyper-graph. We verify the 
confirming with regards to the relationship between 
element and transition of state, flow of control and 
non-execution element. The method is described as 
follows: 

• Relation between element and transition of state 
Initial, final, activity, decision, and merge are called 
state elements. The state element connects the former 
element and the next element of the number decided 
respectively. The transitional element connects the 
initial and final state elements. Table 1 shows the 
number of the former and the next elements. 

• Transition of state 
1) Specification at the initial position - The initial 

position of the control is examined. If the number of 
initial elements is one, the initial position of the 
control can be specified. 

2) Divergence control - The control after the 
element moves to one transition without failure. It 
depends on the guard condition from which transition 
the element moves after divergence. The guard 
condition number (g1, g2, g3, . . ., gn) in a certain 
divergence is a factor of (1≤i≤j≤n), in which gi and gj 
are different at a certain time, except when n=1. 

• Non-execution element: It determines whether a 
non-execution element exists. 
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Table 1. Number of former and next elements. 
 

State element Former element Next element 
Initial -- 1 
Final 1 -- 
Activity 1 1 
Decision 1 2- 
Merge 2- 1 
Transition 1 1 

 
 

6.1. Confirming of EnV 
 
• Transition of state 
1) Specification at the initial position - Because 

the number of initial elements is one, it satisfies the 
requirement. 

2) Divergence control – In step1 of EnV(1), the 
number of decision elements is one. Because the 
guard condition is two, gi and gj becomes (1≤i≤j≤2). 
Therefore, the control decision in step1 of EnV(1) 
works. Likewise, from step 2 in EnV(2) to step 4 
EnV(4) satisfies the requirements. 

• Non-execution element. Because non-executable 
element doesn’t exist, it satisfies the requirement. 

 
 

6.2. Confirming of CrS 
 
• Transition of state 
1) Specification at the initial position - Since the 

number of initial elements satisfy the requirement. 
2) Divergence control - The number of step1 

(CrS(1)) of decision elements is one. There are two 
guard conditions, and so gi and gj becomes  
(1≤i≤j≤2). Therefore, the control decision in Step1 of 
CrS(1) works, and satisfy the requirement. 

• Non-execution element 
Because non-executable element doesn’t exist, it 

satisfies the requirement. 
 
 

7. Conclusions 
 
We described the EnV and CrS optimization 

method and corresponding sub-method for sub-
concept extraction. We design and described the 
processing mechanism of each scheme using UML 
activity diagram, and converted it into activity hyper 
graph. We used relation between element and 
transition of state, transition of state, and non-
execution element confirming criteria. 

The processing mechanism of our proposed 
Distributed Concept Framework in a sensor semantic 
was designed using UML activity diagram. The 
relations between the element and transition of state, 
the transition of state, and non-execution element 
criteria were also used to validate the processing 

mechanism design. Preliminary results confirm the 
validity of the design which can be a reference in 
designing a VO (Virtual Organization), as part of a 
larger sensor semantic environment. Future work 
includes a more detailed design with more resources 
and thorough analysis and confirming of the 
processing mechanism integration, and its 
implementation on a prototype system. 
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Abstract: A Semantic Sensor Network (SSN) is a sensor network including semantics of sensory data and 
context information, and relationships between the semantics by using Semantic Web technologies. Even though 
much research has been activated on SSN, there is little activity on Semantic Concept researching and 
developments on SSN. We propose a coordinating reasoning method that preserves stability and integrity of 
reasoning under the original SWCL import semantics. The method is based on resolution methods for concepts 
that we modify to work in a coordinating setting. Results show a promising working time decrease compared to 
self-governed reasoning and illustrate the benefits from coordinating computation trade off the cost caused by 
communication between the local reasoning. Copyright © 2013 IFSA. 
 
Keywords: Sensor, Semantic concept, Coordinating reasoning, SWCL. 
 
 
 
1. Introduction 
 

Almost all the work on description logic 
reasoning as a basis for implementing inference in 
the Semantic Web Concept Language SWCL still 
assumes a self-governed approach where the 
complete terminology has to be present on a single 
system and all inference steps are carried out on this 
system. This approach has a number of severe 
drawbacks. First of all, the complete, possibly very 
large data sets have to be transferred to the central 
reasoning system creating a lot of network traffic. 
Furthermore, transferring the complete models to a 
single reasoning also makes this a major bottleneck 
in the system. This can go as far as reaching the limit 
of process data of the reasoning system. A number of 
approaches for coordinating reasoning about 
interlinked concepts have been proposed that do not 
require the models to be sent to a central reasoning 
[5, 10]. All these approaches rely on strong 
restrictions on the types of links between concepts or 
the way concepts defined in another concept may be 
used and refined and thus introduce special kinds of 

links between data sets stored in different locations. 
In particular, none of these approaches supports the 
standard definition of logical import from the SWCL 
specification, limiting their usefulness on real data 
sets. We illustrate these problems using a small 
example. 

Example 1. We assume the two small concepts 
depicted below are connected by an 

SWCL: imports statement in concept B. 
Concept A 

A:Car A:Vehicle 

A:Car ∃≤1A:hasEngine 
Concept B 

B:HybridCar A:V ehicle 

B:HybridCar ∃≥2A:hasEngine 

As we can easily see, A:Car  B:HybridCar, 
and hence adding the assertion 

“A:Car  B:HybridCar(a)” would yield an 
inconsistency. 

Our goal is to have a coordinating reasoning 
method that performs local reasoning on the two 
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concepts and that is still able to detect the 
inconsistency. Looking at the previous proposals for 
coordinating reasoning mentioned above, we notice 
that none of them meets these requirements. The 
framework of connections does not apply in this 
scenario as it does not allow the specification of class 
relationships between interlinked concepts. Using the 
framework of conservative extensions [10] does not 
provide any advantages in terms of local reasoning. 
In particular, the overall model is neither a 
conservative extension of concept A nor of concept B 
as in both cases, the additional information in the 
other parts can be used to derive new information 
concerning the signature of concept A or concept B, 
respectively. Encoding the concept network in 
coordinating description logics, finally, the domains 
of A and B are disjoint by definition and the assertion 

“A:Car   B:HybridCar(a)” is not expressible. 
Note that a set of concepts linked by mapping 

axioms can also be represented in terms of SWCL 
imports. In this case, the mapping axioms would be 
part of any of the two concepts and the other concept 
would be imported by the one containing the 
mapping axioms. 

Our aim is to develop a method for reasoning 
about description logic concepts that overcomes the 
disadvantages of existing methods. We have designed 
and implemented a coordinating reasoning method 
that 1) preserves stability and integrity of reasoning 
under the original SWCL import semantics 2) avoids 
restrictions on the use of definitions from remote 
models in local definitions or on the way knowledge 
is coordinating a priori 3) decreases working time by 
coordinating computation, trading off the cost caused 
by communication. 

In previous work [6] we proposed a Coordinating 
Resolution Method for CRM. The extension to 
NEXT-LEVEL is complex because the ordered 
resolution calculus we used for CRM cannot handle 
the equality literals introduced by number 
restrictions. A resolution calculus that decides 
NEXT-LEVEL is much more sophisticated and 
requires a more involved strategy for exchanging 
axioms between reasoning peers. The paper is 
structured as follows: In the next section we address 
the coordination principles and coordinating 
resolution in general. Section 3 reviews the idea 
proposed in [8] and presents the details of our 
coordinating reasoning method. In Section 4 we 
investigate the properties of the method with respect 
to number of derivations, communication effort and 
degree of coordination and show that these 
parameters are promising. 

 
 

2. Distributing Logical Method  
 
2.1. Coordination Principles 
 

There are various options for coordinating the 
process of logical reasoning. Many of these options 

have been investigated in the field of automated 
theorem proving for first order logics [4, 3]. In the 
following we discuss these options and their pros and 
cons with respect to the requirements and goals 
defined in the introduction. In particular, we have to 
make two choices: 

1. We have to choose a reasoning method that is 
sound and complete for description logics and 
permits coordination. 

2. We have to choose a coordination principle that 
supports local reasoning and minimizes reasoning 
and communication costs. 

Concerning the reasoning method, analytic 
tableaux are the dominant method for implementing 
sound and complete inference systems for description 
logics [1]. It has been shown, however, that sound 
and complete resolution methods for semantic 
description logics can be defined [9]. We exclude 
other existing methods such as a reduction of DL 
reasoning to logic programming from our 
investigation because these approaches are not sound 
and complete for the languages we are interested in. 
Because tableaux-based as well as resolution-based 
methods meet our requirements with respect to 
language coverage and integrity, the decisive factor is 
their suitability for coordinating reasoning. 

The survey [3] discusses different strategies for 
coordinating logical inference. In particular, the 
authors distinguish between coordination at the term-, 
clause and the search level where parallelism at the 
search level is further distinguished into multi search 
and coordinating search approaches. Coordinating at 
the term and clause level is not suitable for our 
purposes as it speeds up basic reasoning functions 
such as matching or unification using a shared 
memory. The idea of multi-search approaches is to 
try different heuristics or starting points in 
coordinating and require the complete logical model 
to be available to all reasoning. The coordinating 
search paradigm naturally fits the coordinating 
storage of parts of the model and therefore represents 
a paradigm that fits the goals of our research as it 
allows assigning the part of the search space relevant 
for a specific model to a local reasoning instance that 
interacts with other local reasoning if necessary. The 
choice of the coordinating search paradigm has 
consequences for the choice of the reasoning method. 
In particular, it has been shown that coordinating 
search can be used in combination with ordering-
based methods [6, 2] to support coordinating 
execution of logical reasoning. We build on top of 
these results by proposing coordinating reasoning 
methods based on the principles of resolution. Our 
proposal extends beyond the state of the art in 
coordinating theorem proving as it addresses specific 
decidable subsets of first-order logics that have not 
yet been investigated in the context of coordinating 
theorem proving. 

Furthermore, existing strategies for assigning 
inference steps to reasoning such as the ancestor-
graph criterion [2] cannot avoid redundancy. We 
propose a method based on ordered resolution that 
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takes advantage of the special structure of clauses in 
the description logic NEXT-LEVEL for efficiently 
deciding satiable in a coordinating setting. 

 
 

2.2. Method Theorem Proving 
 

Before describing our coordinating resolution 
method for concepts, we first briefly review standard 
resolution reasoning and present the basic idea for 
coordinating resolution. The method is a very popular 
reasoning method for first order logic (FOL) certifier. 
As description logics are a strict subset of first order 
logic, resolution can be applied to description logic 
concepts as well [7]. For this purpose the DL concept 
is transformed into a set of first order clauses as 
defined in Section 3.2. This translation can be done 
on a per axiom basis independently of other parts of 
the model. It can be shown that the concept is satiable 
if and only if the set of clauses is satiable. The set of 
clauses is satiable if exhaustive application of the rule 
standard resolution with factoring does not derive an 
empty clause. 

Definition 1 (Standard method). For clauses C 
and D and literals A and  B, standard resolution 
with factoring is defined by the rule: 

Standard method with factoring 
 

 DC

BDAAC n


 1

, 
 
where the substitution σ is the most general unifier of 

nAA ,1  and B. 
 
 

2.3. Coordinating Method 
 

The implementation of a resolution algorithm is 
described in [8]. For an input set of clauses, it 
systematically applies resolution rules to appropriate 
pairs of clauses and adds the derived new clauses to 
the clause set. If an empty clause is derived or no 
new and non-redundant clause can be derived, the 
algorithm terminates. An essential part of a resolution 
and the most time consuming component [4] are 
reduction rules that delete clauses that are not 
necessary for the decision process. Without 
reduction, the number of clauses generally increases 
infinitely and it may be impossible to saturate even a 
small set of clauses. 

As described in [3], a standard resolution 
algorithm can be modified to support coordinating 
reasoning. In particular, the inferences can be 
coordinating across different reasoning by separating 
the set of input clauses and running proving on 
separate parts of the set: 

– Every reasoning separately saturates the clause 
set assigned to it. 

– Newly derived clauses are propagated to other 
reasoning if necessary. 

Instead of adding every clause that is derived to 
the local set of clauses, some new clauses are 
propagated to other reasoning and deleted locally. 

Definition 2 (Allocation). An allocation for a set 
C of clauses and a set of concept module M is a 
relation a ∈(C×M) such that 

∀c∈C:∃m∈M: a(c,m) 
The set of modules a clause c is allocated to by 

the allocation a is defined by  
a(c) := {m∈M | a(c,m)} 
If the allocation relation is functional we may 

omit the parenthesis and write a(c) = m. 
In addition to the propagation of clauses we have 

to add a second modification to the algorithm to turn 
it into a coordinating resolution algorithm. In contrast 
to the self-governed case, a reasoning that has 
saturated the local clause set may have to continue 
reasoning once a new clause is received from other 
reasoning. The whole system of connected reasoning 
stops if the empty clause is derived by one of the 
reasoning or all are saturated. 

After this intuitive description of a coordinating 
resolution algorithm, we define coordinating 
resolution formally: 

Definition 3 (Coordinating method Calculus). A 
coordinating resolution calculus R(a) is a resolution 
calculus that depends on an allocation relation a: 
C→M such that each rule r of R(a) is restricted to 
premises P⊂C with ∃m∈M:∀c∈P : a(c,m) 

We call this restriction allocation restriction. 
Hence, the rules of a coordinating resolution 

calculus are restricted to premises allocated to the 
same module. A coordinating calculus can be 
obtained from any resolution calculus by defining an 
allocation relation and adding the allocation 
restriction to each rule of the calculus. 

Obviously, termination of the underlying calculus 
is preserved by coordination if it does not depend on 
reduction rules. In the worst case, each inference of 
the original calculus is performed once in every 
module of the coordinating calculus. The results 
presented in Section 4 also illustrate that local 
reduction (i.e. deleting clauses that are redundant 
with respect to the reasoning they are processed by) 
is sufficient in practice. 

Preserving integrity without allocating each 
clause to every reason is more difficult, we have to 
make sure the allocation restriction never excludes 
inferences that are possible in the original calculus. 
For standard resolution, a given clause C has to be 
propagated to any reasoning whose clause set 
contains a clause with a literal that matches (i.e. is 
unified and of opposite polarity) any of the literals in 
C. This would lead to a substantial communication 
cost and potentially redundant inference steps. 

To avoid redundancy, we aim at allocating every 
clause to only a single reasoning. A functional 
allocation guarantees that the same resolution step is 
never carried out twice, because equivalent clauses 
are always assigned to the same unique reasoning 
which takes care of avoiding local redundancy. 
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3. Coordinating Method for Description 
Logic 

 
As we have seen above, the ability to define a 

sound and complete coordinating reasoning method 
relies on two requirements: (1) the existence of a 
sound and complete resolution calculus and (2) the 
ability to find a corresponding allocation that satisfies 
the allocation restriction. In this section, we show 
that for the case of concepts defined in NEXT-
LEVEL both of these requirements can be satisfied 
leading to a sound and complete coordinating 
resolution method. We do not address reduction rules 
in this section because reduction is not necessary to 
guarantee the theoretical properties of the proposed 
calculus. However, for efficient reasoning reduction 
is essential and hence the practical effects 
coordination has on reduction are discussed in the 
experimental section. 

 
 

3.1. Coordination Principle 
 

The idea for our coordinating reasoning approach 
is to take advantage of the restrictions description 
logic imposes on first order logic. In particular, we 
identify a property that holds for many efficient 
resolution calculi and use it for defining a 
coordination principle. The important property of a 
resolution calculus is that each clause contains only 
one resolvable literal. I.e. for every possible inference 
the resolvable literal (or a sub-term of it) is unified 
with a literal of another premise, the other literals are 
(possible with substituted variables) passed to the 
conclusion. Formally, the resolvable literal and its 
uniqueness are defined as follows: 

Definition 4 (Resolvable Literal). A literal lit of a 
clause C∨lit is a resolvable literal of C∨lit with 
respect to a calculus R and logical language L if there 
is a clause D∨lit’∈L, such that R can be applied to 
the premises C∨lit and D∨lit’ deriving the clause 
(C∨D∨lit’’)σ with appropriate substitution σ and 
literal lit’’1. 

In standard resolution all literals of a clause are 
resolvable literals, but more advanced calculi restrict 
the applicability of resolution rules such that there is 
only one resolvable literal in each clause. In 
particular, for the ordered resolution calculus defined 
in [10] for CRM description logic, each clause 
contains a unique resolvable literal [5]. Based on the 
uniqueness of the resolvable literal and an allocation 
of symbols to reasoning we can define an allocation 
function that allocates every clause to one module of 
the networked concept. Note that for concepts linked 
by import statements, the namespaces define the 
allocation of symbols. For coordinating reasoning on 
a single concept, the concept is first partitioned into 
linked modules as described in [4]. 

Definition 5 (Allocation a(c)) 
α(c) := {alloc(topSymbol(lit)) | lit is resolvable 

literal of c} 

where top Symbol of α possibly negated predicate 
literal ( )P(t1, ..., tn) is P. 

If all clauses have unique resolvable literals, then 
the allocation α is functional, too. 

For determining where (and if) a derived clauses 
is propagated, we first pick the unique resolvable 
literal of the clause, then the top symbol of this literal 
and finally the reasoning this symbol is allocated to. 
If a symbol s is allocated to a module we say that 
module m is responsible for s. In [10] we showed that 
ordered resolution with this allocation function is a 
complete coordinating method for deciding CRM 
satiable because the inferences are the same for 
coordinating and self-governed resolution. However, 
for supporting more semantic concepts, a more 
complex calculus is required and the allocation 
function defined above is not sufficient to guarantee 
integrity. 

 
 

3.2. Preliminaries 
 

Before presenting the calculus our coordinating 
method is based on, we define the description logic 
we use and the translation of description logic axioms 
to first order clauses. 

The Description Logic SHIQ. A SHIQ concept is 
a set O of axioms α of the following syntax in BNF: 

α::=CC|C ≡ C|C(x)|R(x, x) n ::=number 

|Trans(R)|RR A ::=concept name 

C ::= Т| | A|C|C C|R.C|R.C R ::=role 
name |Inv(role name) 

| ≤nR.C| ≥nR.C x ::=individual name 
The signature of a concept Sig(O) is the disjoint 

union of concept names, role names and individual 
names. 

Normalization. The resolution calculus we apply 
requires first order clauses as input, hence the first 
order formulas obtained from a concept are translated 
to clauses. To guarantee termination of the applied 
resolution calculus, the concept has to be normalized 
prior. This ensures that only certain types of axioms 
and corresponding clauses occur in the reasoning 
procedure. For simplicity, we assume the concept 

contains only class axioms AC where A is not a 
complex concept and no equivalence axioms. 

Complex class CD are equivalent to Т C D 
and equivalences C≡D can be replaced by two classes 

CD and D C. The defined form normalization 
we use replaces complex concepts C in the right hand 
side of an axiom by a new concept name A and adds 
the axiom A C to the concept. Thus, it splits up 
nested axioms into simple ones by introducing new 
concepts.  

Definition 6 (Defined Form). For simple classes 

AD with atomic concept A the Defined Form is 
defined by 
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if all sub terms of D are literal concepts if D|p is not a 
literal concept where D|p denotes a certain2 sub term 
of D and D[Q]p is the term obtained by replacing this 
sub term with Q. 
 
 
3.3. Coordinating Method for NEXT-LEVEL 
 

When an concept contains qualified(Q) or 
unqualified(N) number restrictions or functional 
properties (F), the translation to clauses contains 
equalities. To deal with these equalities, a much more 
sophisticated calculus than ordered resolution is 
required which in turn requires a more involved 
allocation of clauses to concept modules. Before we 
present the necessary adaption and extensions to the 
coordinating resolution method, we briefly describe 
the calculus our method is based on. The DL 
expressivity that can be covered with this calculus is 
NEXT-LEVEL− which is SHIQ without transitive 
properties with the additional restriction that number 
restrictions are only allowed on roles that do not have 
sub-roles. Extension of the method for supporting 
SHOIQ(D) is discussed in the next subsection. 

Method Calculus for NEXT-LEVEL−. A 
complete calculus that terminates on clauses obtained 
from concepts that contain number restrictions is 
basic superposition [1, 9], an extension of ordered 
resolution. Like ordered resolution, basic 
superposition uses two parameters, a selection 
function and ordering of literals that restrict 
applicability of the resolution rules. 

As usual for theories containing equalities, we 
assume a translation of predicates to general function 
symbols such that all literals are equalities (e.g. the 
literal P(x) translates to P(x)≈Т), we may still write 
P(x) for readability purpose and call these literals 
predicate literals. Clauses are split into skeleton 
clause C and substitution σ representing all 
substitutions introduced by previous unifications. The 
clause Cσis denoted as closure C·σ or alternatively a 
closure is denoted by enclosing non-variable sub 
terms of Cσ that correspond to variables in C in 
brackets (e.g. P([f(y)]) for P(x)·{x▕→f(y)}). For 
coordinating basic superposition, the rules we have to 
take care of are positive and negative superposition, 
the other rules contain only one premise and hence 
coordination of the input clauses into separate sets 
does not restrict application of these rules. 

Definition 7 (Superposition) 
 







)v]t[wDC(
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where 

1.σ is the most general unifier of sρ and wρ|p and 
θ=ρσ 

2. tθ∏sθ and vθ∏wθ 

3. in (C∨s≈t)·θ nothing is selected and (s≈t)·θ is 
strictly maximal 

4. in D∨(w≈v)·θ nothing is selected and (w≈v)·θ 
is strictly maximal 

5. w|p is not a variable. 
6. sθ≈tθ∏wθ≈vθ 
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where 

1. σ is the most general unifier of sρ and wρ|p and 
θ = ρσ 

2. tθ∏sθ and vθ∏wθ 
3. in (C∨s ≈ t) · θ nothing is selected and (s≈t) · θ 

is strictly maximal 
4. (w ≠ v) ·θ is selected or maximal and no other 

literal is selected in D∨(w ≠ v) ·θ 
5. w|p is not a variable. 
In addition to the superposition rules, two rules 

with only one premise are necessary to deal with 
equalities (see [9] for details). Ordered resolution is a 
special case of positive superposition, where w|p = w, 
i.e. p is the root position. A sequence of ordered 
resolution inferences can be combined into an 
ordered hyper resolution inference by deleting 
intermediate conclusions. We assume that ordered 
hyper resolution and not ordered resolution is applied 
to clauses containing multiple resolvable literals. 

Definition 8 (method Calculus RQ [9]) 
RQ is the calculus with 1) rules positive and 

negative superposition, reflexivity resolution and 
equality factoring, 2) selection of every negative 
binary literal, 3) the term ordering  Q is a 
lexicographic path ordering (LPO) based on a total 
precedence > of function, constant and predicate 
symbols with f > c> P >Т for every function f 
constant c and predicate P. 

The P(t), where t is a term, denotes a possibly 
empty disjunction of the form 
(  )P1(t)∨· · ·∨(  )Pn(t). P(f(x)) denotes a 
disjunction of the form P1(f1(x))∨ ∨· · · Pm(fm(x)). 
Note that this definition allows each Pi(fi(x)) to 
contain positive and negative literals. <t> denotes 
that term t may but need not be marked (i.e. has been 
introduced by a previous unification), ≈/≠ denotes a 
positive or negative equality predicate. For clauses of 
type 6 ti and tj are either of the form f([g(x)]) or of 
the form x and the clause contains at least one term 
f(g(x)). 

Literals containing different variables are  Q-
incomparable because otherwise the ordering would 
depend on the substitution. Literals that contain a 
function symbol are ordered first to avoid substituting 
the arguments of functions with function terms. 
Limited nesting depth of literal terms is necessary to 
guarantee termination of the calculus, it makes sure 
only the types of clauses occur when basic 
superposition is applied to clauses obtained from an 
NEXT-LEVEL concept (i.e. the set of NEXT-
LEVEL closures is closed under basic superposition). 
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Because the set of clause types is finite and the set 
of symbols is finite for every given concept, the 
number of clauses that can be derived is finite, too 
and hence basic superposition terminates for NEXT-
LEVEL input [9]. 

Allocation for NEXT-LEVEL. The first 
consideration for coordinating basic superposition is 
the number of resolvable literals. A close look to 
Definition 7 reveals that the resolvable literals  
s ≈ t · ρ and w ≈/≠ v · ρ are necessarily either selected 
or maximal. Furthermore, the NEXT-LEVEL 
closures of types 3-6 and 8 are totally ordered and 
types 1 and 2 contain exactly one selected literal. 
Only closures of type 7 may contain multiple 
resolvable literals, but since all resolvable literals 
have the same top symbol, the allocation from 
Definition 5 is still functional. Before allocating 
NEXT-LEVEL closures, we have to extend the 
definition of top Symbol to equality literals: 

Definition 9 (Top Symbol) 
The top Symbol of an equality literal f(t1) ≈/≠ 

g(t2) is f if f(t1)  g(t2). Note that arguments of 
equalities that are resolvable literal of an NEXT-
LEVEL clause are always comparable. With this 
extended definition, we could use the allocation 
function a for coordinating resolution on NEXT-
LEVEL. Unfortunately, this calculus would not be 
complete, because some inferences of basic 
superposition are prevented in the coordinating 
setting. We illustrate this problem on an example 
inference: 

 

))x(g(PDC

))y(f(PD)x(g)x(fC
erpositionsupPositive


  

 
Here, f(x) is unified with f(y) but f is not the top 

symbol of the resolvable literal P(f(y)). Hence, if f 
and P are allocated to different concept modules, the 
rule is not applied and the clause C ∨ ∨ D  P(g(x)) is 
missing in the reasoning process. Due to 
superposition of equalities into predicate literals, we 
have to extend the allocation to guarantee integrity of 
the decision procedure. 

Definition 10 (Allocation for NEXT-LEVEL). 
The clause allocation α+(c) for the coordinating 
calculus RQ(α+) is defined by α+(c) := a(c) ∪ af (c) 
with  

αf (c) := {alloc(fun Symbol(lit)) | lit is resolvable 
literal of c} 
 
where 

–fun Symbol (lit) := f for every literal lit = 
(¬)P(f(t)) or lit = (¬)P(f(x), x) or lit = (¬)P(x, f(x)) 
with unary or binary predicate symbol P. For other 
literals fun Symbol (lit) is null.–alloc: Sig(O)→M is 
an allocation of the signature symbols of the input 
concept O, including concepts introduced by the 
defined form transformation. Alloc (null) :=  

Note that resolvable literals of closures of type 7 
never contain function symbols, hence for all NEXT-
LEVEL closures c the allocation af (c) is a function 

and the set a+(c) consists of at most two modules. 
The allocation a+ solves the problem of the example 
depicted above. But, it remains to be proved that no 
other pair of premises that could be resolved in a 
basic superposition inference is allocated to different 
concept modules and hence integrity of the calculus 
for NEXT-LEVEL is preserved by coordination. 

Theorem 1 (Integrity of Coordinating method for 
NEXT-LEVEL). 

The coordinating resolution calculus RQ(a+) 
decides NEXT-LEVEL satiable. Since RQ decides 
NEXT-LEVEL, it remains to be shown that every 
inference in the original calculus is performed in the 
coordinating calculus, too. Let us first consider 
superposition into root position (i.e. w|p = w). In this 
case, basic superposition is equivalent to ordered 
resolution, both premises are allocated to the same 
module because the two resolvable literals have the 
same top symbol. Superposition at other positions is 
only possible for function equalities into predicate 
literals i.e. s ≈ t is an equality literal f(x) ≈/≠ g(x) and 
w ≈/≠ v is a predicate literal (¬)P(f(x)) or (¬)R(x, 
f(x)). Variable equations are never selected or 
maximal and hence no resolvable literals. If s ≈ t is a 
predicate literal or w ≈/≠ v is equality, superposition 
is only possible at root position, otherwise unification 
is impossible or w would be a variable which is not 
allowed according to  
Definition 7. 

Hence, for every application of a rule in RQ, the 
allocation a+ ensures all premises meet in one 
module. A clause is allocated to at most two modules, 
local saturation of the local clause sets is enough to 
guarantee integrity of the method. Note that only 
clauses are duplicated, duplication of inferences can 
be avoided by restricting basic superposition such 
that only the module responsible for the top symbol 
of s ≈ t in Definition 7 performs the inference. 
 
 
3.4. Extension to SHIQ(D) 
 

The expressivity that can be handled by basic 
superposition while guaranteeing termination is 
NEXT-LEVEL− which is CRMQ plus role 
hierarchies and inverse roles, with the restriction that 
number restrictions are only allowed on roles that do 
not have sub-roles. For extending the expressivity to 
NEXT-LEVEL the decomposition rule has to be 
added to the calculus [9]. Decomposition is a 
reduction rule that is applied to newly derived clauses 
eagerly. Since the decomposition rule has only one 
premise, it can be added to our approach without 
restricting the possible inferences. 

Transitivity axioms contained in a SHIQ concept 
can be eliminated by a well known transformation, 
reducing the expressivity to NEXT-LEVEL. Hence, 
with some preprocessing we can decide satiable of a 
SHIQ concept. The transformation is polynomial in 
the size of the input, but the adaption to the 
coordinating setting is not trivial. In contrast to the 
transformation of description logic axioms to first 
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order clauses mentioned so far, the translation of 
transitivity depends on the whole concept and not 
only on the transitivity axioms. Hence, the linked 
concepts cannot be transformed independently. 
Nominal are concepts with a single instance, e.g. the 
concept {Erd¨os} with instance Erd¨os is used in the 
concept description ∃coauthor Of {Erd¨os}. Nominal 
are replaced by common concepts for many 
applications: Each nominal {nom} is replaced by a 
new concept Nom and the axiom Nom(nom) is added 
to the concept. The restriction that Nom may not 
contain another instance is not expressible in 
description logic without nominal. However, it can be 
expressed by the first order clause ¬Nom(x)∨x = 
nom. Data types (D) can be eliminated without 
changing the semantics by moving the data types into 
the abstract domain. In practice, sorts (data type and 
abstract) are handled different from the other 
predicates to speed up reasoning. Built-in data type 
predicates can be added to support e.g. the greater 
relation between integers. 

 
 

Table 1.Tests on the concept from SWEET. 
 

Query Part 
Runtime/
ms 

Derivations 
Busy 
factor 

Satiable 
1 
14 

232 
148 

66 
612 

100 % 
20 % 

Class 
(positive) 

1 
14 

131 
38 

152 
579 

100 % 
60 % 

 
 

4. Experiments 
 

Our coordinating resolution implementation is 
based on the first order proving SPASS3 [6]. A 
number of different resolution strategies including 
ordered resolution and basic superposition are 
supported, precedence and selection are specified in 
the input file. We implemented definition form 
normalization in a separate tool. Clauses are stored in 
separate files for each concept and include 
precedence and selection in every input file. Apart 
from compliance to the requirements of RQ 
(Definition 8) the precedence was random. The 
applied reduction rules include forward and 
backward sub hypothesis reduction4. For turning 
SPASS into a coordinating reasoning (i.e. adding 
the ”Coordinating” option) we added support for 
sending and receiving clauses. A set of received 
clauses is treated like a set derived from a given 
clause, i.e. it is forward and backward reduced with 
respect to the local worked off clause list before 
adding the non redundant received clauses to the 
usable list. All reasoning are connected at startup, 
clause communication is performed in separate 
processes to avoid the local reasoning being blocked 
on sending a clause. The priority of the reasoning and 
communication processes is adjusted such that while 
not saturated locally, a clause is only send to another 
reason if this destination reasoning messages that it is 

idle. New clauses are only received when the local 
clause set is completely saturated. Startup and 
shutdown of the system is initialized by a central 
control process. In a fully decentralized P2P system 
this job is performed by the peer that receives a query. 
The control process starts the separate machines on 
their respective input clauses files. Apart from 
passing clauses between each other, the reasoning 
send status messages whenever they are locally 
saturated, when they continue reasoning on newly 
received clauses and when they derive an empty 
clause. When one reasoning finds a proof or all 
reasoning are saturated for an interval longer than the 
maximal time necessary for clause propagation the 
query is answered and the reasoning are shut down.  

Dataset. Our implementation is tested on the 
Semantic Web for Earth and Environmental 

Terminology (SWEET 13]), a set of linked 
concepts published by the NASA Jet Propulsion 
Laboratory. We used the chemical concept chem5 and 
the concepts that are directly or indirectly imported 
by chem. In total, our dataset consists of 13 concepts 
liked by 34 import statements. The concept network 
describes 480 classes and 99 individuals, translation 
to first order logic yields 930 clauses. We replaced 
data type properties by object properties and nominal 
by common concepts because the current version of 
our system does not support them. The expressivity 
of the obtained test concept network is SHIN. 

Results. For comparing the working times in the 
self-governed and coordinating setting, we ran a 
satiable check and tested all 456 positive class 

queries (i.e. axioms A1  A2 derivable from the 
concept network). The working time of negative 
queries is in general similar to the working time of a 
satiable check [5]. We used standard 1.6GHz desktop 
machines with 3GB RAM, the denoted working 
times do not include the time needed for establishing 
the TCP connections. For simplicity, we connect all 
reasoning prior to the coordinating reasoning process, 
it would be much more efficient to connect the peers 
only on demand. The connection time is not relevant 
for our investigations because it can be expected to 
increase only linear with the number of concepts if 
the network is sparsely connected. The source code 
and original and preprocessed dataset is available 
online6. The most important result is that 
coordinating resolution is considerably faster than 
conventional resolution. The working time for 
checking satiable of the knowledge base is decreased 
by one third. Answering a positive class query took 
only about a quarter of the working time when 
computed in the coordinating setting. 

The number of derived clauses shows the effect of 
coordination on application of reduction rules. For 
the satiable query, almost all redundant clauses are 
detected and deleted also in the coordinating setting. 
However, positive queries cause much more 
derivations than necessary. Working time is not 
affected by the redundant derivations because they 
are performed by reasoning that would have been idle 
otherwise. The number of propagation is important 
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when the network connection is slow e.g. due to 
physical distance between the reasoning peers. 

The most important factor for scalability of our 
approach is the amount of computation that is 
actually performed in coordinating. In the worst case, 
only one reasoning peer is active at the same time 
while the others are idle and waiting for new input. 
For technical reasons, the timer for computing the 
busy factor starts when all reasoning is connected. 
The busy factor depicted in table 1 is the average 
(weighted by working time) percentage of the 
working time each reasoning is active. The first 
couple of milliseconds all reasoning are busy, but 
after local saturation only those that received new 
clauses continue reasoning. For some positive queries 
the busy factor reached 100 % because the empty 
clause is derived in one reasoning before one of the 
others is locally saturated. 

 
 

5. Conclusions 
 

In this paper, we have shown that the principle of 
coordinating resolution as a basis for reasoning about 
interlinked concepts that has been proposed in 
previous work [11] can be extended to semantic 
concept languages. This result is non-trivial, because 
ordered resolution, that has been used as a basis for 
previous work cannot be applied to semantic concept 
languages due to the existence of equality induced by 
number restrictions. Our work extends previous 
results both on a theoretical and a practical level. On 
the theoretical level, we have developed a 
coordinating version of the basic superposition 
calculus presented by [9] and have shown that the 
coordinating version of the calculus decides satiable 
for NEXT-LEVEL. On the practical level, we have 
extended the implementation of our coordinating 
reasoning engine with this new calculus and have 
tested it on a set of real world semantic concepts. By 
conducting experiments, we have shown that the 
coordinating version of the algorithm significantly 
outperforms self-governed reasoning. Further, we 
have investigated the ability of the method to support 
coordination with promising results. In summary, we 
have shown that the principle of coordinating 
resolution can be applied to semantic concepts and 
that coordinating resolution is a real alternative to 
tableaux-based methods when it comes to 
coordinating reasoning in the presence of SWCL 

concepts. In the future, we will investigate 
optimizations of the methods, primarily in terms of 
advanced redundancy checking. Further, we plan to 
exploit the advantages of resolution being a bottom-
up reasoning method by investigating the use of our 
method for supporting incremental reasoning. 
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Abstract: With the development of wireless sensor unit, and improvement of real-time and quality of wireless 
communication, the intelligent transportation control system employ these technologies to realize sensing, 
positioning, computing, and communication for voiding collisions. This paper discusses the framework of 
transportation control system, and emphases TDOA positioning algorithm and the new weighted least square 
optimization method. The simulation result shows that, our method achieves high-accuracy of positioning, 
which can satisfy the need of transportation control. Finally, we outline the urgent work need to address in the 
future. Copyright © 2013 IFSA. 
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1. Introduction 
 

With the ever increasing production of vehicles 
and their inevitable role in everyday life, 
transportation systems are drawing the attention of 
industry and academia more than any other time. 
Despite the undeniable beneficial aspects of 
transportation systems, there are numerous factors by 
which they impair our everyday life. Without any 
doubt, many of us have experienced being trapped in 
heavy traffic, wasting our time and energy resources 
[1]. While six million car accidents [2] and a 
combined cost of accidents and congestion totaling 
$232 billion [3] are reported annually in the United 
States, there is a critical role for connecting vehicles 
wirelessly before the onset of collisions and 
congestion. More than 57 % of system failures can be 

directly or indirectly attributed to human errors such 
as inattention, lack of cooperation, and poor decisions 
[4]. Integrating sensing, positioning, computing, and 
communication components into these physical 
entities will result in a novel intelligent transportation 
control system that minimizes human errors and thus 
revolutionizes system operation.  

If a car passes through the crossroad with speed 
of 40 km per hour, the novel intelligent transportation 
control should know the location of at first [5, 6]. 
Then, the researchers will integrate vehicle dynamics 
and communication with a field theory model to 
predict vehicle motion for identifying safety hazards 
and proactive collision warning, and mine traffic data 
for dynamic vehicle routing [7, 8]. So, the accurate 
positioning is the basic of transportation control. 

The remainder of this paper is organized as 
follows: We discuss the related work of 

Article number P_1195 

http://www.sensorsportal.com


Sensors & Transducers, Vol. 152, Issue 5, May 2013, pp. 84-88 

 85

transportation control system in Section 2. In Section 
3, we emphasis the high accuracy positioning 
technology for vehicle. Section 4 outlines the 
simulation result, and Section 5 concludes this paper. 

 
 

2. Related Work 
 

In the near future, The novel transportation 
control system envisions that each future vehicle will 
be equipped with an On-Board Equipment (OBE) 
which includes a Dedicated Short Range 
Communications (DSRC) [9] transceiver, a high 
accuracy positioning system transceiver, a processing 
unit, and possibly appropriate sensing accessories. 
Also equipped with similar devices, Road Side 
Equipment (RSE) will be deployed at selected 
roadside locations. Therefore, vehicles will be able to 
communicate with each other and with the roadside 
by means of wireless sensor network (WSN). Thus, 
as sketched in the Fig. 1, these components will form 
vehicular wireless sensor networks (VWSN), within 
which connected vehicles will be able to “talk” to 
each other. Envisioned in each OBE is a Co-Driver 
that will proactively monitor safety hazards in its 
vicinity and warn the human driver of any imminent 
collision. Meanwhile, an RSE can retrieve data 
logged in an OBE when its host vehicle passes by. 
Through wireless communications, such data are 
shared with other RSEs. Hence, the RSE is able to 
maintain a dynamic traffic map of the entire network, 
which can be queried by the Co-Driver. As such, the 
Co-Driver is able to advise its human driver optimal 
routes to avoid collision. 

 
 

 

 

Fig. 1. Overview of intelligent transportation  
control system. 

 
 

The one of key issues of intelligent transportation 
control is positioning. The accurate location of 
vehicle is basic of safety hazard predication. As the 
low positioning accuracy of Global Positioning 
System (GPS), we should develop a new wireless 
positioning technology. The high accuracy 
positioning technology will discuss in next section in 
detail. 
 

3. Wireless Positioning  
 
Although vehicle passive (e.g. seatbelts and air 

bags) and active (e.g. adaptive cruise control) 
systems have been developed to improve safety, a 
proactive system can complement the above systems 
to transform vehicle safety by looking forward in 
time to identify potential safety hazard. Positioning 
plays an important role in the transportation system. 
If a control unit of vehicle have ability to track the 
location of himself and other vehicle around him, 
such capabilities would greatly improve safety. GPS 
is the most widely used satellite-based positioning 
system that offers maximum coverage, but the 
positioning accuracy of GPS only achieve about 3 m 
[10], which can not satisfy the need of transportation 
control. In recent years, wireless sensor networks' 
low-power organization, heterogeneous interconnect 
and other key technologies to achieve greater 
research progress. Ultra Wideband (UWB) is 
favorable alternative. UWB has good real-time 
performance, which supports continued up to 160 HZ 
refresh rate, which means that each sensor or 
positioning unit to locate the target speed of 6.25 ms. 
Meanwhile, within a distance of 10 meters , UWB 
can play up to 500 Mbps transmission performance 
[11-13]. In VWSN of transportation control system, 
we use UWB radio as the communication medium to 
realize the function of positioning.  

The positioning algorithms can be categorized 
according to different criteria. One way of classifying 
positioning algorithm is on the system computing 
way. The algorithms can be grouped as centralized 
computation positioning and distributed computation 
positioning [5, 14-17]. Centralized computation 
positioning algorithm is controlled through a central 
terminal server, which centrally provides the 
processing, calculating, wireless communicating and 
storage. Every node has its own process unit for 
processing, communicating and storage in distributed 
computation positioning algorithm. There is an 
advantage of centralized positioning algorithm. It can 
obtain relatively more accurate location estimation 
than distribute positioning. Since centralized server 
owns unlimited calculation ability and storage 
capacity [16, 18-20]. The centralized positioning 
algorithm is adopted in transportation control system. 
Now, we emphasis on discussion of time difference 
of arrival (TDOA) positioning algorithm in this paper.  

The TDOA algorithm can be seen as the 
intersection of hyperbolas in 2D plane. Positioning 
systems that use the TDOA algorithm measure the 
difference in transmission times between signals 
received from each of the target (mobile vehicle) to 
RSEs, whose location is known. TDOA requires the 
RSEs record any received signal. TDOA requires that 
each signal be transmitted synchronously, either at 
the same time or with some known delay occurring in 
signal transmissions. 

A 2-D target location can be estimated from the 
two intersections of two or more TDOA 
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measurements. Three RSEs (N0, N1, and N2) are 
required, whose location is pre-established. 

Each of the RSEs receives a signal synchronously 
from the target and record when the signal is 
received. This information is forwarded to a 
positioning server which calculates the received 
signal’s time difference between each of the anchor 
nodes. This difference is transformed through an 
algorithm to provide an estimated location of the 
target. Mathematically, the target node is located at 
the intersection of hyperbolas in a 2D plane. The 
location of a mobile transmitter in a 2D plane can be 
illustrated in Fig. 2. The equation is given by  
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where (x0, y0), (x1, y1), and (x2, y2) represent the 
coordinate of anchor nodes (N0, N1 and N2) 
respectively, and (x, y) represents the mobile 
transmitter. The t01 represents the difference of time 
arrive of N0 and N1. According to simultaneous 
formulas, (x, y) can be deduced. But only depend on 
three anchor nodes, the precision of location can not 
be guaranteed. In order to increase the positioning 
accuracy, we introduce least square (LS) method into 
TDOA algorithm [21]. 

 
 

 

 
Fig. 2. Positioning based on TDOA algorithm. 

 
 
Assume the amount of all anchor nodes is n, for 

each anchor node i , ],1[ ni  , the distance 

id0
relative to anchor node N0 can be derived from 

following equation 
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Group all the known terms together and denote 
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which is a linear model for unknown parameters  
(x, y) and D0. Stacking the n nodes measurement, we 
have the linear system in matrix form 
 

bAX   (5) 
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When the location of nodes can be precisely 

known and the TDOA measurements are noise-free, 
linear system is compatible. The solution is unique 
while the data matrix A is of full rank. 
Lete represents the error of observation value and 
ideal value.  
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According to least square principle, we conduct 

the derivative of equation (6). We have 
 

0X)AXb()AXb( T   (7) 

Once a minimizing 
lsb  is found, then any X 

satisfying lsbAX  can be called an LS solution 
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and lsbb  the corresponding LS correction. The 
unique LS solution can be obtained while the data 
matrix A is of full rank: 

 

  bAAAX TT
ls

1
  

(8) 

 
Finally, the location (x,  y)  is deduced. 
For better performance, we can add a weighting 

matrix W to (7). This leads to the following 
constrained optimization problem: 

 

0X))AXb(W)AXb(( T   (9) 

 
We will obtain matrix representation as formula 

(10). 
 

b)WW(A)A)WW(A(X TT1TT
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 (10) 
 
 

4. Simulation Result 
 
Computer simulations had been conducted to 

evaluate the performance of the proposed TDOA-
based positioning algorithms for transportation 
control. We considered a five-anchor nodes geometry 
with coordinates (0, 0) cm, (0, 2000) cm, (2000, 0) 
cm, (2000, 2000) cm, and (1000, 1000) cm, and a 
mobile node (500, 500) cm. All results were averages 
of 1000 independent runs. 

Fig. 3 top left corner plots the 25 dBW white 
Gaussian noise (WGN) of the LS, WLS method; top 
right corner shows the LS estimator; lower left corner 
illustrates the WLS estimator; lower right corner 
plots the error of two methods and average error. The 
simulation result shows the average positioning 
accuracy of WLS method is 12.9075 cm. 

 
 

 

 
Fig. 3. The estimated result of the LS and WLS 

estimator at (x, y)= (500; 500) cm under 25 dBW noise. 
 
Meanwhile, we test the LS and WLS method 

under 15 dBW noise, the average accuracy of WLS 

positioning method is 3.9689 cm. The simulation 
result is shown in Fig. 4. 

From the simulation result, the average error of 
WLS based UWB is less than 15 cm in the 20 m2 
coverage of crossroads under 25 dBW and 4cm under 
15 dBW, which can satisfy the requirement of 
transportation control. 

 
 

 

 
Fig. 4. The estimated result of the LS and WLS estimator  

at (x, y)= (500; 500) cm under 15 dBW noise. 
 
 

5. Conclusion 
 
The successful accomplishment of positioning 

provide an innovative method and paradigm for 
accurate travel time prediction that is able to best 
utilize the information generated by both connected 
vehicles and traditional traffic detectors.  

However, there are some issue need to address in 
near future. Firstly, a dynamic vehicle routing 
algorithm will be developed that will fundamentally 
change how the existing in-vehicle navigation 
systems work. This algorithm will be able to 
effectively avoid the potentially dynamic all-or-
nothing assignment results, and move the network 
traffic flow towards a state of dynamic system 
optimal. Secondly, mine traffic data for dynamic 
vehicle routing. Based on vehicle wireless 
communication network, we will develop new 
algorithms to estimate and predict travel time in real 
time, and combine the result with accident prediction 
to support dynamic route choice for drivers to avoid 
congestion. Finally, energy-saving is also a problem 
need to solve. 
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Abstract: Following the rapid development of information technology in the field of railway transportation, the 
problems of establishing a digital, integrated and intelligent special railway system need to be solved 
immediately. This paper designs and implements the intelligent transportation information system based on the 
unique pattern of transportation organization, the characteristics of transportation operations and the workflow 
of special railway. Through the detailed analysis of system architecture and framework design, the main 
subsystems and the internal comprehensive integrated principle, business system from a system integration 
perspective of the special railway is optimized, which can be able to realize the integration of all kinds of 
information resources. The implementation of integration and the special railway intelligent system is a great 
change in terms of maximizing transportation capacity, improving efficiency and guaranteeing the safety of 
special railway transportation. Copyright © 2013 IFSA. 
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1. Introduction 
 

As an important supplement of the national 
railway net, the special railway is an effective 
component of railway transport production processes 
and an effective connection line between related 
enterprises and the national railway. The total 
construction and operation length has reached nearly 
half of the national railway [1]. Therefore, the special 
railway plays a very important role in the 
organization and operation of railway transportation 
management process and has great significances in 
China. 

Since series of intelligent digital system widely 
used in the whole railway, the method of the railway 
transportation management and operation has been 
changed, with the level improving. However, the 

special railway information system still has some 
serious problems, such as relatively fragmented built, 
incoherence between business processes and 
management processes and so on [9]. Distributed 
information resources will affect the efficiency and 
accuracy of the decision- making, which is bound to 
reduce the efficiency of business operations as well 
as the in-depth of the digital construction process [2]. 

As the special railway transportation has the 
characteristics such as freight-based and widely 
carrying out the business [10], based on the 
dispersion building of the special railway information 
system and not a high degree of system integration, 
this paper designs a special railway intelligent 
transportation system by using information science, 
computer science and digital communications, and 
many other disciplines and technologies, thus 
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completing the special railway transportation 
business, management, analysis and decision support. 

 
 

2. Architecture Design of Dedicated 
Railway Intelligent Transportation 
System 
 

2.1. Overall Framework of Special Railway 
Intelligent Transport Systems 

 
The overall framework of the special railway 

intelligent transportation system is designed for 
serving the strategic objectives of the enterprise 
intelligent transportation. The division of the overall 
framework of the digital system will more closely 
connect business systems together to ensure the 
cohesion of the internal system functions and 
information, and reduce the dependence and 
redundancy of datum. 

Referring to the advanced division ideas in the 
foreign railway business systems and the application 
of China railway information technology application 

system-level structure, around a special railway 
transportation core service, the core services digital 
system is designed, which has many components, 
such as transportation organization digital system, 
capacity resources management digital system, 
operation management digital system, security 
management digital system and collaborative office 
digitization system. The overall framework is shown 
in Fig. 1. 

 
2.2. Digital System of Transport 

Organization and Management 
 

Transportation organization is the most important 
core service of the special railway transportation, 
which includes many multi-type and multi-link joint 
operations such as lane, scheduling and freighting 
[11]. The digital system of transportation 
organization organically integrates business 
information and management information in the 
transportation organization system to collect, 
transport, store and share the data of driving, 
scheduling and freighting in the maximum limit. 

 
 

The Overall 
Framework of 

Dedicated 
Railway 

Intelligent 
Transport 
Systems

Digital System of 
Transport Organization 

and Management

Digitized System of 
Capacity Resources 

Management 

Digitized System of 
Operation Management 

Digitized System of 
Safety Management

Digital System of 
Coordination Office 

Management

Train Dispatching and Controlling System

Wireless Shunting Monitoring System

Cargo Management System

Automatic Train Identification System

Computer Interlocking System

Electricity Department Management Information 
System

Maintenance Management Information System

Public Work Management Information Systems

Vehicle Management Information System

Human Resource Management System

Financial Management Information System

Project Management System

Traffic Safety Monitoring System

Security Prewarning System

Daily Safety Information Management System

Security Assistance And Emergency Command 
System

Enterprise Office System

Personal Affair System

Internal Communication System

Information Release and Organization System

Portal Management System
 

 
Fig. 1. The Overall Framework of Dedicated Railway Intelligent Transport System. 
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The digital system of transportation organization 
and management is mainly constituted by the 
following systems: Train Dispatching and 
Controlling System (TDCS), Wireless Shunting 
monitoring system, cargo management system, 
Automatic Train Identification System, and computer 
interlocking system. The train dispatching command 
system, wireless the shunting monitoring system and 

freight management system are mainly responsible 
for the three main businesses - driving, shunting and 
freight operations. ATIS system and computer 
interlocking system play a key role in information 
collection and transmission of the main business 
above. Information interaction mode of transport 
organization systems is shown in Fig 2. 

 
 

 
 

Fig. 2. Information Interaction Mode of Transport Organization Systems. 
 
 
Completing the exchange of the information 

between the locomotive and the ground through 
interaction with other subsystems, the TDCS can 
make train operation be transparently commanded, 
adjusted in real time, centralized controlled by the 
railway transportation scheduling at all levels. In the 
meantime, wireless shunting monitoring system 
receives the information from the station yard code 
points by the computer interlock device and the truck 
loading and unloading operations plan and the 
shunting work requisition issued by freight 
management information system and the TDCS so 
that the organization and traffic dispatching terminal 
operations of the dedicated railway freight handling 
operations can be completed. And the subsystems in 
the freight management system connect closely with 
TDCS central database and the station database, thus 
assigning the job of loading and unloading trucks and 
cargo transport tasks. 

 
 

2.3. Digital System of Capacity Resources 
Management 

 
This system involves basic information 

management of the works, electric service, 
locomotives, vehicles and other departments and 
overhaul, maintenance, maintenance et al., and it is 

directly related to the smooth development of driving, 
adjustment freight and other core business. It mainly 
contains electricity department system, maintenance 
management information system, the Public Works 
Management information systems and vehicle 
management information system. Specifically 
electrical service, public works, rolling-stock and 
other departments collect the basic information of the 
capacity of resources, which will be stored and 
displayed then. According to the paragraphs capacity 
equipment technical indicators, maintenance 
personnel successively examine, repair and maintain 
the equipment, ultimately the related decision-
making section will analysis capacity resources by 
using data obtained. The capacity resource is 
effectively managed and monitored during the 
business process. Meanwhile, the equipment and 
information can be obtained in good time for the 
special railway transportation organization operating. 

 
 

2.4. Digital System of Operation 
Management 

 
The digital system of operation and management 

establishes a modern management system by 
integrating the people, financial resources and 
materials in the special railway transportation. It 
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includes human resource management system, 
financial management information system and project 
management system. There into, human resource 
management system has open, dynamic system 
architecture, which almost unified manages the data 
related to all human resources in a centralized 
database. The special railway financial management 
system contains information flow and cash flow 
management, focuses on cost control and combines 
the actual business and financial software to achieve 
full efficient integration of the financial information. 
The browser/server (B/S) structure is used in the 
special management information railway project 
management system, in order to monitor the schedule 
and quality. 

2.5. Digital System of Safety Management 
 
As railway transport safety is the most important 

task of the railway [12], security information and 
security precaution, emergency command and 
decision-making support are highly integrated in the 
digital system of the safety management.  

From the data flow analysis, the subsystems of 
the digital system of safety management play 
different roles in the special railway operation safety, 
but at the same time they have a deep inner contact. 
The digital system of safety management system 
information interaction mode is shown in Fig. 3. 

 
 

 
 

Fig. 3. Digitized System of Safety Management System Information Interaction Mode. 

 
 
The traffic safety monitoring system can monitor 

and update the data of the equipment working status 
in train arrival and departure, shunting work, cargo 
loading and unloading, and other arrangements. 
Security precaution system can analyze and forecast 
the safety conditions and unfavorable factors of the 
railway transport production system based on the data 
in the daily safety information management system, 
which takes the safety evaluation of basic 
information from the functional departments as the 
data input, thus advanced preventing and controlling 
the railway accidents in the management decision-
making. When emergencies happen, one department 
can operate in full synergy with the other 

departments. And Security Assistance and emergency 
command system not only can obtain the information 
from multiple business system, but also can get the 
supporting by the decision support libraries in the 
railway security precaution system. 

 
 

2.5. Digital System of Coordination Office 
Management 

 
The digital system of coordination office 

management for the special railway can integrate the 
operating management, capacity resources 
management, transport organization, security 
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management and other business to a unitive 
information office platform. The system is divided 
into the enterprise office systems, personal affair 
system, internal communication system, information 
release and organization system, portal management 
system. The architecture design is mainly based on 
the three-decker of internal LAN, LAN and Internet. 
Finally related business system and office automation 
system seamless link and couple together, that 
improves office efficiency and management 
efficiency. 

 
 

3. Research Method 
 
3.1. Special Railway Intelligent 

Transportation Systems Business 
Interaction Analysis 

 
According to the condition of the business 

relation and information exchange among the 
subsystems, each integration solution to digital 
system for the special railway can share the internal 
data and optimize business process. As the special 
railway transport is a process that multi-type of work 
joint operate, the departments and the types of work 
need to closely and all core business can cooperate 
interact in integration through the business 
interaction [3]. Eventually the cooperative ability of 
the transportation process can improve a lot. 

The business interaction and data set among the 
digital systems are extensive. For example, in the 
digital system of transportation organization and 
management, the status messages like the line and the 
rolling stock provided by the digital system of 
capacity resources management, the information like 
the staff, facility and cost provided by the digital 
system of operation management and the digital 
system of coordination office management and the 
information like safety alerting provided by the 
digital system of safety management support and 
guarantee orderly and efficient operations of the 
digital system of transport organization and 
management. In the same time, the digital system of 
transportation organization and management provide 
the business dynamic information of the equipment to 
the digital system of capacity resources management, 
the dispatching, freight and other statistical analysis 
information to the digital system of coordination 
office management and the digital system of 
operation management and the operating status 
information of the equipment to the digital system of 
safety management. The output and share of all the 
information will help realize the smooth operation of 
the related systems and functions. 

The specific business interactive mode is shown 
in Fig. 4. Each function module in the digital system 
of intelligent transportation for special railway 
effectively integrate and data share among them, that 
make the business among them cooperate, reduce the 
cost of the resources and ensure transportation safety. 

 
 

 
 

Fig. 4. Special railway intelligence transportation digital systems business interaction. 
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3.2. Integrated Analysis Methodology 
 
Integration methodology is an important support 

for the successful completion of the integration 
process [4]. System integration technology is not the 
technical interconnection at all, but the one that make 
all the separated subsystems a new integrative and 
more powerful system and cooperate each other to 
achieve the overall optimal performance [8]. The 

integrated analysis methodology of the special 
railway intelligence transportation digital hierarchy is 
composed by system data integration technology, 
system environment supporting technology, business 
management and decision-making technology, 
standardized technology, enterprise modeling 
technology and system development and 
implementation technology. The form of the 
integrated analysis methodology is shown in Fig. 5. 

 
 

 
 

Fig. 5. Special railway intelligence transportation system of digital integrated technical structure. 
 
 

The data integration is the basis of business 
collaboration and the core issue of the special railway 
intelligence transportation hierarchy [5]. The 
business systems are based on different database 
management systems and their basic data have a lot 
of differences in semantics and structures, so it is 
difficult to share the information. In the intelligence 
transportation hierarchy, data and information can be 
integrated together. In the meantime, the 
interconnection among different business information 
can be enhanced. 

The data integration pattern is shown in Figure 6. 
The data of each digital hierarchy is firstly 
preprocessed by the data processing server, and then 
it will be analyzed. Common data of the digital 
hierarchy will be transferred to the special railway 
basic database, and the system-specific data to the 
subject database. Every business hierarchy for special 
railway transportation can get the basic data not only 
from internal database, but also the shared database 
when it needs to use and analyze the data. Thus 
shared database is the core of the entire data layer. 
On the one hand, it can extract and update shared 

data from internal system database, on the other 
hand, it can provide the source data to the subject 
database and application system. Data is mined, 
visited and finally presented to the application in 
many dimensions, thus the various application 
systems can be integrated. 

 
 

4. System Integration Mode and 
Implementation 

 
4.1. System Integration Process 

 
System integration aims to integrate all human 

thinking, cognitive experience and a variety of data 
and information and rise from a wide range of 
qualitative understanding to a quantitative 
understanding [6]. Based on aforementioned system 
integration mode and integration technology, the 
system integration process and model can be 
analyzed and realized. The integration process is 
divided into system integration early stage, middle 
stage and late stage, as shown in Fig. 7. 
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Fig 6. Special railway intelligent digital system data integration model. 
 

 

 
 

Fig. 7. Special railway intelligence transportation digital system integration process. 
 
 

4.2. System Integration Model 
 

As the business processes of the special railway is 
complex, the range is large and the data flow is 
dispersive, the special railway intelligent 
transportation hierarchy takes the architecture of the 
system integration model as the basic framework of 
the system analyzing and designing [7]. Based on the 
basic idea of complex systems "divided into parts, 
then conquer", the entire system will progressively 
develop and analyze in the application model, the 
logical model and physical models. 

According to the main business of the special 
railway transportation, the conceptual model of the 
intelligent transportation system integration is 
abstracted from five service subject domains: the 
special railway transportation organization, capacity 
resources, operation management, security 

management and collaborative office. And the 
functional requirements are shown by a combination 
of data assemble and the sub service of each service 
domain. Based on the analysis of data flow diagram 
(DFD) structured process modeling tools, logical 
model not only can determine all the details of the 
information and the relationship in the intelligent 
transportation system, but also analyze all the internal 
logic structure of the system. Based on the operation 
of these two models, the physical models complete 
the physical implementation of the special railway 
digital system integration and design the entire 
system integration from three aspects of the 
infrastructure, data flow and application system, 
which has all the implementation details of the 
system. The special railway intelligent transportation 
digital physical model is shown in Fig. 8. 
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Fig. 8. Special railway intelligent transportation digital system integration physical model. 
 
 

From Fig. 8, the implementation of the digital 
hierarchy of the special railway consists of three 
levels, which are facilities layer, data layer and 
application layer. The facilities layer includes the 
hardware structure supporting the entire system. The 
facilities integrate and construct in accordance with 
the connection among the system requirements, 
business and function. The shared database is 
established by using data sharing and integration 
technology in the data layer to make data share. 
These two levels provide the physical support and 
protection of infrastructure, as well as data and 
information support for the realization of the 
application layer. The physical model of the special 
railway intelligent transportation system integration 
is the guidance of the entire system construction and 
application, which provides an integration of various 
data in the system, completes a high degree of 
integration and sharing of data, and ultimately makes 
the system and applications work together. 

 
 

5. Conclusion 
 
The special railway intelligent hierarchy realizes 

the integrative management and control of special 
railway organization, so it is a new change for special 
railway transportation organization, command and 
control, operations management, et al. The major 
pioneering work of digital hierarchy of intelligent 
railway follows: 

(1) This is the first time to effectively integrate 
the various subsystems in the digital hierarchy of the 

core business of special railway, optimize the 
bottom-up workflow, make the management more 
transparent and thus increase the efficiency of 
transportation and production. 

(2) The various types of data in the production of 
railway transportation have been managed and 
updated together in time, so that information from 
each system of the digital hierarchy can interact with 
each other more freely, and also avoid a large number 
of security risks. 

(3) The effective integration and centralized use 
of the resources of the special railway enterprises will 
help business interact and collaborate. In the 
meantime, it can avoid duplicate storage of the data 
and duplicate construct of similar function module 
between different systems, reduce production costs, 
improve the operation and management and advance 
the service quality. 
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Abstract: Radiation monitoring plays a vital role in the safe and efficient operation of the nuclear power plant 
(NPP). The current radiation monitoring system (RMS) generally uses cable monitoring network with 
distributed radiation monitors. It will introduce various compatibility issues that more detector nodes are added 
to the existing cable monitoring network. The communication protocols from different device manufacturers are 
not compatible. Furthermore, the original RMS has to be shut down for rewiring and reconstruction. In this 
paper, a heterogeneous framework is proposed based on the wireless sensor network (WSN) technology for 
monitoring environmental conditions around and inside NPP, specifically, radiation levels. The proposed full-
scope RMS has a no-wiring and no-construction upgraded scheme based on the WSNs, which forms a 
heterogeneous multi-networks fusion control system, and does not affect the existing NPP radiation monitoring 
facilities. The introduction of the wireless gateway to build heterogeneous monitoring framework makes it 
possible to complete the system seamless upgrade with a lower cost and higher feasibility. 
Copyright © 2013 IFSA. 
 
Keywords: Radiation monitoring, Wireless sensor network (WSN), ZigBee GPRS heterogeneous framework. 
 
 
 
1. Introduction 

 
Compared with other energy facility such as fossil 

plant, the different feature of the nuclear power plant 
(NPP) is that it will produce large amounts of 
radioactive material during operation. For this reason, 
the primary goal of nuclear power plant design and 
operation is to ensure the radioactive substances to be 
safely controlled, whether in normal or accident 
operation conditions. Therefore, the legislation on 
nuclear power plants in countries throughout the 
world is very strict in safety measures. As the most 
important part of NPP safety measures, radiation 
monitoring plays a vital role in the safe and efficient 
operation of the nuclear power plant.  

The current radiation monitoring system (RMS) 
generally uses cable monitoring network with 

distributed radiation monitors. It will introduce 
various compatibility issues that more detector nodes 
are added to the existing cable monitoring network. 
The communication protocols from different device 
manufacturers are not compatible. Furthermore, the 
original RMS has to be shut down for rewiring and 
reconstruction. Hence, new monitoring technology 
must be researched and developed in order to 
improve, extend and update the current radiation 
monitoring and prevention systems. 

Wireless Sensor Networks (WSNs) have attracted 
the attention of many researchers. This has resulted in 
their rapid integration in very different areas such as 
precision agriculture, environmental monitoring, 
object and event detection and military surveillance. 
Due to the current WSN characteristics this 
technology is specifically useful in industrial areas 
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where security, reliability and autonomy are basic, 
such as nuclear power plants and others. In this 
paper, a heterogeneous framework is proposed based 
on the WSN technology for monitoring 
environmental conditions around and inside NPP, 
specifically, radiation levels [1, 2]. 

The paper is organized as follows. Section 2 
introduces the situation of the current NPP 
environmental radiation monitoring system. Section 3 
overviews the wireless sensor technology. Section 4 
provides the detailed design procedure of the 
heterogeneous wireless monitoring network, 
including the monitoring node, the ZigBee sub-
system and the heterogeneous wireless master 
network. Section 5 summarizes and highlights the 
main points presented in this paper. 

 
 

2. Overview of Existing Nuclear Power 
Plant Environmental Radiation 
Monitoring System 

 
In-plant area radiation monitoring system 

includes processes, radiation monitoring and 
sampling of airborne and exhausts flow as well as 
regional radiation monitoring. The environmental 
radiation monitoring system is used to measure the 
environmental γ radiation, contamination level of 
ground and road, particulate and iodine for 
atmospheric activity monitoring and radioactive 
fallout in environmental area inside the boundary of 
nuclear power plant under normal operation. So that 
the radiation impact and contamination level of 
environmental area inside the boundary of nuclear 
power plant can be monitored and analyzed. Usually 
the measuring points include the plant area and 
around the 5 km radius, 20-30 km and 30 km outside. 

The system also serves auxiliary monitoring of 
nuclear accident of nuclear power plant. Due to the 
situation of environmental radiation and radioactivity 
is closely related to meteorological conditions, the 
plant needs to configure the meteorological 
monitoring tower. The meteorological parameters to 
be collected include temperature in room and outside, 
humidity, rainfall, rain forecast, air pressure, wind 
direction and wind speed. In this paper, the 
application background mainly focused on the 
environmental radiation monitoring system around 
the plant. 

After years of development, monitoring 
technology has been transferred from the means 
based on the analog signal transmission to the digital 
network monitoring pattern. The traditional 
environmental monitoring of radiation and 
meteorological information is based on wired 
communications mainly adopting the Fieldbus and 
industrial Ethernet. Fieldbus and industrial Ethernet 
are wired communication solutions to communicate 
digitally among industrial field of intelligent 
instruments and meters, controllers, executing units 
and transmit information between their on-site 
control devices and advanced control systems. 
Fieldbus technology is relatively mature; industrial 
Ethernet has higher communication rate and can 
interconnect with the Internet. However, these two 
techniques are based on wired communication 
connecting a variety of sensing and executing devices 
on the industrial site. One of their major drawbacks is 
the complexity of construction and maintenance, poor 
scalability, cumbersome wiring affecting appearance. 
Additionally, it is difficult for some mobile devices to 
manage. In recent years wireless sensor network 
provides a good solution to address these issues. The 
performance comparison of cable industrial networks 
and wireless sensor network is shown in Table 1. 

 
 

Table 1. Performance comparison of cable industrial network and wireless sensor network. 
 

Performance Cable industrial network Wireless sensor network 
Communicate rate 
Flexibility 
Cabling 
Environmental limitations 
Interference ability 
Cost 
Mobility 
Scalability 

High 
Poor 
Difficult 
High 
Strong 
High 
Poor 
Poor 

Low 
Good 
Easy 
Low 
Weak 
Low 
Good 
Good 

 
 

3. Wireless Sensor Network Technology 
 

As a new type of wireless network technology, 
the wireless sensor network provides a low-cost, all-
round method of sensing the physical world and 
triggers profound changes in the field of 
measurement and control. Wireless sensor network is 
a kind of autonomous network system consisting of a 
large number of tiny sensor nodes with 
communication and computing function deployed in 

the monitored area. Wireless sensor networks 
monitoring system has the following advantages: 

(1) Low costs and easy to install. Since wireless 
sensor networks use wireless communication and 
multi-hop routing, no additional cables and relay 
equipments are required. Further, communications 
nodes have low costs and the entire system does not 
require wiring, which saves production and 
installation costs of the entire monitor system and can 
be seamlessly upgraded. 
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(2) Easy extension and easy maintenance. When 
the scale of production changes, wireless sensor 
networks are easy to expand without re-planning the 
whole monitoring system; when the network node is 
damaged, it is easy to replace the same type of nodes. 
For the newly added control node, if the original 
design using cable way did not reserve the cabling 
space, it will inevitably involve the cabling problem. 
Wireless communication avoids this problem [3-5]. 

Existing nuclear power plant radiation monitoring 
system uses a distributed radiation monitoring device. 
Each monitor is composed of one or more radiation 
detectors and a dedicated radiation processor. Each 
radiation processor is responsible for receiving, 
processing and storing radiation measurement data, 
and sending alarm and measurement data to the 
monitoring center. Since radiation monitoring system 
of nuclear power plant contains the large number of 
discrete monitoring objects and the monitoring points 
are scattered far from each other, the cabling is a big 
bottleneck. It is expensive to completely construct 
wired network for each monitoring terminal. When 
carrying out upgrading of monitoring equipments and 
adding new monitoring nodes, manufacturers face 
difficulties of non-uniform agreement, complex 
wiring and construction. 

The existing radiation monitoring system usually 
were built as wired communication networks and is 
possible to use the communication protocols of 

RS232, RS485, CAN and so on [6]. In order to be 
compatible with the original radiation monitoring 
equipment, this paper presents an advanced 
heterogeneous multi-network monitoring system 
based on wireless sensor network. Without 
undermining the existing nuclear power plant 
radiation monitoring equipment, through the 
introduction of the wireless gateway, the solution 
builds the heterogeneous network monitoring system 
not only with greater flexibility, scalability and 
reliability, but also with lower upgrading costs [7]. 

The key point of the design is how to ensure real-
time network transmission and reliability. It is hard to 
achieve the requirement because the network 
heterogeneity will lead to often frequent change of 
communication path, available bandwidth and link 
characteristics. 

In this paper, the technology feasibility of 
heterogeneous wireless network implementation is 
presented from the engineering application point of 
view. By comparing the most widely used and mature 
technologies of several wireless communication (see 
Table 2), it is shown that believe that heterogeneous 
wireless network is a relatively feasible monitoring 
solution to meet the nuclear radiation on-site 
requirement, based on the ZigBee wireless sensor 
network technology and complemented by long-
distance mobile GPRS wireless communication. 

 
 

Table 2. Comparison of wireless communication network technologies. 
 

Technology Distance Transfer rate Frequency Consumption Cost Applications Others 

Bluetooth 10 m 1 Mb/s 2.4 GHz Low Low Mobile phone 

Anti-jamming 
capability is not 

strong, 
information 

security 

WLAN 100 m 

11 Mb/s 
(802.11b)；  
108 Mb/s  
(802.11 g) 

2.4 GHz High High

SOHO、Home wireless 
network and the 

inconvenience of the 
building or premises to 

install cables 

 

Infrared Data 
Transmission 

1 m 16 Mb/s Infrared Ray Low Low PDA、Mobile phone 
Line of sight 
transmission 

NFC 20 cm 424 kb/s 13.56 MHz Low Low

For cellular devices, 
Bluetooth devices, Wi-Fi 

devices "virtual 
connection" 

Two-way 
identification 

and connection

ZigBee 100 m 10 kb/s～250 kb/s 
868 MHz 
915 MHz 
2.4 GHz 

Low Low

Industrial monitoring, 
sensor networks, home 

monitoring, security 
systems and toys 

More simple and 
practical 

GPRS 
CDMA 

far 
115 kb/s 

153.6 kb/s 

900/1800 
MHz 

800 MHz 
(In China) 

High High
Mobile office, industrial 
control, remote telemetry 

"High Speed" 
and "always 

online" 
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4. Heterogeneous Wireless Monitoring 
Network Design 

 

4.1. ZigBee-based Wireless Monitoring Node 
Design 

 
ZigBee is a specification for a suite of high level 

communication protocols using small, low-power 
digital radios based on the IEEE 802.15.4-2003 
standard. Usually it is used for wireless connections 
via short-range radio. The technology defined by the 
ZigBee specification is intended to be simpler and 
less expensive than others, such as Bluetooth. ZigBee 
is targeted at radio-frequency (RF) applications that 
require a low data rate, long battery life, and secure 
networking. The Application Programm Interfaces 
(APIs) of net and application layers are standardized 
by the ZigBee Alliance.7 ZigBee can be used for 
industrial control, embedded sensing, medical data 
collection, smoke and intruder warning, building 
automation, home automation, security system, etc. 

General packet radio service (GPRS) is a packet 
oriented mobile data service available to users of the 
2G cellular communication systems as well as in the 
3G systems. In 2G systems, GPRS provides data 
rates of 56-114 kbit/s. It can be used for Internet 
connection and data transfer, etc. GPRS is a best-
effort packet switched service, as opposed to circuit 
switching, where a certain quality of service (QoS) is 
guaranteed during the connection for non-mobile 
users. GPRS data transfer is typically charged per 
megabyte of traffic transferred, while data 
communication via traditional circuit switching is 
billed per minute of connection time, independent of 
whether the user actually is using the capacity or is in 
an idle state. The provided service is efficient and 
wide since the mobile networks almost covers 
everywhere. 

The ZigBee-based wireless monitoring node 
consists of four parts: monitoring device (or sensor), 
processor module, wireless communication module 
and the power supply module. Monitoring device or 
sensor is used directly in the external perception or 
control component; The processor module is 
responsible for controlling the operation of the entire 

node, and storage and process the own data collected 
or the control data sent by the main control room; 
Wireless communication module is responsible for 
wireless communication with the master node, the 
exchange of control information, and sending and 
receiving data collected; Power supply module 
provides the system with the energy required to run. 

In the nuclear power plant, the node of 
environmental radiation monitoring can be divided 
into two categories: mobile node and fixed node. The 
mobile node is of low-power for monitoring 
temperature and humidity, or other auxiliary 
parameters. Due to lower power consumption, it can 
be battery-powered. Thus, it can be put unattended in 
the field as needed. It is very convenient to use. The 
fixed node is used for radiation monitoring of 
specific parameters of large and complex equipments 
or various types of control devices, such as 
environmental γ radiation instrument and so on. They 
are generally able to provide serial RS232 or other 
communication interface. Therefore, it can be used to 
send and receive data by taking advantage of these 
interfaces to connect to the wireless communication 
module. Because of these equipments and devices’ 
large size and power-hungry, they are usually fixed in 
a suitable location using the direct electricity supply. 

The system uses the CC2430 chip as a data 
communication terminal. CC2430 is a ZigBee system 
on a chip (SoC) launched by TI/Chipcon, which 
integrates the processor module and wireless 
communication module. The chip solution not only 
integrates 2.4 GHz RF transceiver CC2420 of 
IEEE802.15.4 as well as enhanced 8051MCU with 
industry-standard, but also includes 128 KB FLASH, 
8 KB SRAM, as well as many other powerful 
peripherals. Since the CC2430 is fully compatible 
with the hardware layer and physical layer of 
IEEE802.15.4/ZigBee, it can do wireless 
communication in line with the existing standards of 
the physical layer (PHY) and media access control 
layer (MAC). This is more helpful to carry out 
ZigBee prototypes and products development. The 
diagram of wireless monitoring node adopting 
CC2430 is shown in Fig. 1 [7]. 

 
 

 
 

Fig. 1. Wireless Monitoring Node. 
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4.2. Wireless Monitoring Sub-network Design 
 

IEEE802.15.4 defines the PAN coordinator, 
coordinator and general equipment. Correspondingly, 
ZigBee Alliance names them as: network 
coordinator, network router and network terminal 
equipment. The network coordinator is in the center 
of the network and is mainly responsible for the 
establishment and configuration of networks; router 
is mainly responsible for searching, creating and 
recovering the routing information of network 
packets, and also for forwarding the network packet; 
network terminal has functions of joining and quiting 
network, and can receive and send network packets; 
whereas the device does not allow routing or 
forwarding packets. Network coordinators and 
routers are full-function devices (FFDs), while the 
terminal nodes belong to reduced functionality 
devices (RFDs). FFD can communicate with each 
other or RFD. However, RFD can only communicate 
with the FFD and RFD cannot do it with each other. 

ZigBee networks can be organized according to 
application fields into three kinds of topology 
structures: star networks, mesh networks and cluster 
networks, as shown in Fig. 2. In the star schema, all 
the devices can only communicate with the central 
node called network coordinator. Different with the 
star network, in the mesh network any two FFDs can 
communicate directly as long as their wireless 
radiation fields cover each other. Each FFD can be 
considered as a network router and can route and 
forward network packets. The cluster network can 
actually be treated as a complex star-shaped network, 
an extended star topology or a topology consisting of 
a number of simple star-shaped networks. In the 
cluster network, the network coordinator, routers and 
terminal equipment features clear. As opposed to 
Mesh network, to build cluster network is relatively 
simple and the required resources are relatively 
small. Further, it has the function of routing and 
forwarding, which also expands the scope of the 
network traffic. Therefore, here the cluster network is 
used to design wireless subnet. 

 
 

 
 

Fig. 2. Topology Structure of ZigBee Network. 
 
 

ZigBee network contains up to 65535 nodes in a 
large network if using cluster-like network structure. 

It can meet the needs of the vast majority of network 
sensor nodes. However, because the data 
transmission between ZigBee coordinator and ZigBee 
router is too large and all communications data are 
gathered into the coordinator in order to interact with 
the outside world in a sub-network, it becomes the 
communication bottleneck. Further, because ZigBee 
network uses the medium access control mechanism 
and the confirming frame response mode of CSMA 
/CA, and the validation mechanism if CRC-16 ITU, 
the communication rate can be affected greatly if all 
nodes in a network and the collision domain is large. 

In addition, on the radiation monitoring site, 
monitoring instruments and monitoring devices may 
spread to encompass a large area; whereas the 
ZigBee belongs to short-distance communication. If 
used in a wide range of physics areas, ZigBee must 
join the multi-level routing, which will result in 
higher costs and is likely to cause data bottlenecks. 
Therefore, to improve the transmission efficiency, 
reduce the wireless network transmission signal 
collisions, reduce the delay time and make 
convenient system management and maintenance, the 
cellular network architecture is introduced into the 
ZigBee network. According to geographical 
locations, the entire wireless sensor network is 
divided into multiple sub-networks. The 
geographically close nodes are formed into a sub-
network, as shown in Fig. 3. Adjacent sub-networks 
using different frequencies and non-adjacent sub-
networks can use the same frequency. According to 
IEEE802.15.4-2003 protocol, the total distribution of 
16 channels at 2.45 GHz meets the needs of the 
system and has no waste of radio frequency 
resources. 

 

 
 

Fig. 3. Wireless Cellular Network. 
 
 

4.3. Design of Heterogeneous Wireless 
Master Network 

 
The multiple cellular sub-networks are composed 

according to the principle of geographical proximity. 
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Due to the distribution of nuclear power monitoring 
systems, different sub-networks may be spaced very 
far between each other. However, the central nodes 
of these sub-networks (coordinator) must gather data 
to a monitoring center. As ZigBee is used for short-
distance wireless communication, long-distance 
communication means should be adopted between 
these centers to monitoring center. Similarly, in order 
to avoid cabling problems, wireless communication 
approach has higher priority to apply. 

This designed heterogeneous wireless network is 
shown in Fig. 4. In the factory environment radiation 
monitoring system, the central node of each cellular 
network is connected to the monitoring center via 
GPRS by Internet/Intranet. Because of the high cost 
of GPRS, if all nodes use GPRS wireless 
communications, the costs will greatly increase. 

Further, since GPRS is a kind of high-power 
communication, energy supply is also a big problem 
for battery-powered nodes. Therefore, in the design, 
GPRS is only used to connect the central node of 
each cellular network to the monitoring center. By 
this way, we can not only greatly reduce the number 
of GPRS terminals and lower costs, but also avoid 
the energy supply issue when low-power detection 
terminal communicate using GPRS. 

The wireless LANs composed of cellular 
networks using ZigBee, combined with the wireless 
wide area networks consisting of GPRS long-distance 
communication technology, constitute a 
heterogeneous wireless network, which combines the 
two kinds of wireless communications with their 
respective advantages, avoids their shortcomings and 
therefore has a more prominent advantage. 

 
 

 
 

Fig. 4. Heterogeneous Wireless Monitoring Framework. 
 

 

5. Conclusion 
 

In some specific industrial site, wireless 
communications have their irreplaceable advantages. 
It has important theoretical significance and 
prospects of industrial applications to study the 
integration of advanced wireless communication 
technologies and wired network and constitute a 
hybrid heterogeneous network systems. In this paper, 
the designed nuclear power plant radiation 
monitoring system uses ZigBee network 
communication as the core, combining with cellular 
network architecture and GPRS long-range wireless 
communications. The advantages of ZigBee and 
GPRS are taken and the cost and implementation 
factors are considered. The signal collision is reduced 
and the efficiency and quality of wireless 
communications is improved. The proposed 
heterogeneous wireless network can be used to 
achieve the expansion and transformation of the 
original system without breaking or changing the 
original structure and layout. It has a strong 

application value for seamlessly upgrading the 
current radiation monitoring system of nuclear power 
plant. 
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Abstract: Fatigue fracture is the most common failure mode of engineering equipment. It is difficult to monitor 
the fatigue crack because the fatigue crack is very small. The sizes of fatigue cracks are about several 
micrometers to several decade millimeters. Acoustic emission (AE) of material is a common phenomenon; In 
fact, it has relation with the material states. In this paper, the acoustic emission test method about crack is used 
and the characteristics of different phases of aluminum alloy cracks are analyzed. Practical test shows the AE 
method could detect the cracks that common method could not detect them. To predict the length of crack 
precisely is important. AE can predict the size of crack quite well. The result is of practical engineering 
significance. Copyright © 2013 IFSA. 
 
Keywords: Acoustic emission, Fatigue damage, Signal analysis. 
 
 
 
1. Introduction 
 

Engineering equipments often fail while running 
or not running. That usually causes casualties and 
property losses. For mechanical structures, fracture is 
the most common failure mode. However, it is 
difficult to monitor the cracks while the equipment is 
running. Acoustic emission (AE) is a common 
phenomenon. Usually it is the stress wave produced 
by the sudden internal stress redistribution of the 
material caused by the changes in the internal 
structure. Possible causes of the internal-structure 
changes are crack initiation and growth, crack 
opening and closure, twinning, dislocation movement, 
and phase transformation in monolithic materials. 
Most of the sources of AEs are damage-related; thus 
the detection and monitoring of these emissions are 
very useful to predict material failure. Besides the 

applications of AE in research endeavors, AE has 
been widely used in industries, including for the 
detection of faults or leakage in pressure vessels, 
piping systems, and tanks. AE is also a good method 
to monitor the welding and corrosion progress [1-7]. 

Acoustic emissions can be created in a controlled 
environment, and they can also occur naturally. 
Therefore, as a means of quality control, the origin of 
AE is hard to pinpoint. As early as 6,500 BC, potters 
were known to listen for audible sounds during the 
cooling of their ceramics, signifying structural failure. 
After 1900’s, many scientists’ works advanced the 
research. Joseph Kaiser did a lot of work on AE, and 
his research is generally recognized as the beginning 
of modern day acoustic emission testing. 

There are two differences between the AE 
technique and other nondestructive evaluation (NDE) 
methods; the first difference is that AE detects the 
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activities inside the materials, while other NDE 
methods attempt to examine the internal structures of 
the materials. Furthermore, AE only needs the input 
of one or more relatively small sensors on the surface 
of the structure or specimen being examined so that 
the structure or specimen can be subjected to the in-
service or laboratory operation while the AE system 
continuously monitors the progressive damage. Other 
NDE methods, such as ultrasound and x-ray, have to 
access the whole structure or specimen, and therefore, 
the structure or specimen often needs to be 
disassembled and taken to the laboratory to be 
examined, the second difference is that AE deals with 
dynamic processes, or changes, in a material. This is 
particularly meaningful because only active features 
are highlighted. The ability to discern between 
developing and stagnant defects is significant. 
However, it is possible for flaws to go undetected 
altogether if the loading is not high enough to cause 
an acoustic event. Furthermore, AE testing usually 
provides an immediate indication relating to the 
strength or risk of failure of a component. Other 
advantages of AET include fast and complete 
volumetric inspection using multiple sensors, 
permanent sensor mounting for process control, and 
no need to disassemble and clean a specimen [8]. 

The disadvantage of AE is that commercial AE 
systems can only estimate qualitatively how much 
damage is in the material and approximately how 
long the components will last. So, other NDE 
methods are still needed to do more thorough 
examinations and provide quantitative results. 
Moreover, service environments are generally very 
noisy, and the AE signals are usually very weak. 
Thus, signal discrimination and noise reduction are 
very important [9-13]. 

 
 

2. Specimens and Sensors Layout 
 
A. AE test of tensile specimen 
Lots of research results showed that different 

material has different properties and the same 
material has the same characteristics. To gain the AE 
properties of a material, it is necessary to obtain the 
characteristics of static tensile test. Hereinafter a 
tensile test of aluminum alloy will be done to get its 
basic characteristics. The drawing of the specimen is 
shown in Fig. 1. 

 
 

 
 

Fig. 1. Tensile specimen. 
 
 

The instrument which is used in the test is PCI-2 
Acoustic emissions instrument; it is a product of PAC 
Company of USA. The tensile testing machine which 
is used is WDW-100 tensile testing machine, it is a 
computer controlled machine, the largest load is  
100 KN and the tensile velocity is 1mm/min. Fig. 1 
and Fig. 2 are the specimen drawings and sensors 
layout. 

 
 

 
 

Fig. 2. Sensors location on tensile specimen 
 
 
B. AE test of fatigue crack 
Fatigue failure is a quite common failure mode of 

Mechanical components. So it is significant to study 
the behavior of AE of fatigue crack. In this research, 
the notched specimen is designed as Fig. 3 and the 
sensors layout is shown in Fig. 4. The sizes of 
notched specimen are the same as tensile specimen 
except the notch. The model of fatigue apparatus is 
PLS-100 electro-hydraulic servo fatigue testing 
machine. The maximum load is Fmax = 100 KN and 
the maximum stroke is 50 mm. Fatigue test 
parameters is as follows: stress ratio: r = 0.1, 
frequency: f = 10 Hz, mean load: Fm = 8.8 KN, load 
amplitude: Fa = 7.2 KN, the cross section of notched 
part: A = 85 mm2, the maximum nominal stress of the 
cross section of notched part: Smax = 82.35 MPa. 
Based on above data the stress concentration factor of 
notched specimen is 2.0. When testing, after a certain 
period, stop the machine and a replica method was 
used to get the crack shape and size. Then the crack 
can be measured under microscope and the length of 
crack was write down, at the same time, the cyclic 
number was enregistered. When the crack was large 
enough, it could be observed through reading 
microscope. To do the experiment, the parameters in 
Table 1 are used. 

 
 

Table 1. Parameters of AE test. 
 

Parameters Values 
Frequency (kHz) 100~1000 
Preamplifier plus (dB) 40 
Threshold (dB) 40 
PDT (µs) 300 
HDT (µs) 600 
HLT (µs) 1000 
Sampling frequency (MHz) 5 
Highpass filtering (MHz) 0.1 
Lowpass filtering (MHz) 1 
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Fig. 3. Notch specimen. 
 
 

 
 

Fig. 4. Sensors location on notch specimen. 
 
 
3. Results and Discussion 
 

The stress - strain curve of tensile test of 
aluminum alloy and the counts number every 0.2 s is 
shown in Fig. 5. The accumulation of counts of AE 
along with time is shown in Fig. 6. Through Fig. 5 
and Fig. 6 it is seen that the curve of accumulation of 
counts and the stress-strain curve is alike. 

 
 

 
 

Fig. 5. Stress – strain curve and AE counts. 
 
 

 
 

Fig. 6. Time history of counts. 

In Fig. 5 and Fig. 6, there are two periods that the 
AE counts raise quickly; the reason of AE counts 
increase quickly is the fault of the material and 
plastic deform, and the reason of AE counts increase 
quickly is the crack propagation. Fig. 7 is the 
accumulative curve of counts. 

 
 

 
 

Fig. 7. Accumulative curve of counts. 
 
 

The fatigue test results of specimens were 
analyzed. The sensor of the second channel collected 
the hits, counts and energy signals. Fig. 8 - Fig. 10 
are the statistical figures about hits, counts and 
energy in one second. The Waveform and frequency 
spectrogram of a single hit are shown as Fig. 11 and 
Fig. 12. 

 
 

 
 

Fig. 8. Statistical chart of hits. 
 

 
 

Fig. 9. Statistical chart of counts. 
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Fig. 10. Statistical chart of energy. 
 
 

 
 

Fig. 11. Waveform of hits. 
 
 

 
 

Fig. 12. Frequency analysis. 
 
 
Through replica method and statistic analysis of 

acoustic emission signal, it can be seen that the 
acoustic emission signals of fatigue crack are much 
more complex than those of tensile test. From test it 
can be seen the characteristic of are different at 
different phase of fatigue crack including fatigue 
crack initiation, fatigue crack propagation and fatigue 
crack unstable extension. While crack initiation the 
acoustic emission signals are very weak. When 
several small crack coalesce, the acoustic emission 
signals became stronger and with high energy as 
shown in Fig. 9. In addition, when during the phase 
of crack quick propagation and fracture, there are a 
lot of acoustic emission signals sent out. From 
frequency analysis as shown in Fig. 12, it can be seen 
that the frequencies of acoustic emission signals are 
mainly concentrate between 100 kHz – 300 kHz. 
Usually liquid flow noise of the hydraulic system and 
mechanical impact noise frequency are less than  
100 kHz. However, for the noise of mechanical 
friction, its frequencies are close to the frequencies of 
acoustic emission signals of crack. On this occasion, 
it is difficult to exclude the noise signals by 

Frequency domain analysis. Through the test results, 
it can be seen that the energy of acoustic emission 
signals is larger than the energy of noise signals. In 
this condition, we can improve the threshold to filter 
out the noise. 

 
 

4. Conclusions 
 
AE is a powerful NDT method; in this paper the 

behaviour of AE of a certain aluminum alloy material 
is studied. The advantage of AE to detect cracks is 
that the locations of cracks have little effect on the 
results. In this paper the properties of AE of fatigue 
crack are studied. The results shows that the 
frequency of AE of fatigue crack between 100 kHz – 
300 kHz and at different period of crack propagation 
the characteristics of AE are different. At the period 
of crack initiation and quick propagation, there are 
lots of AE signals and the parameters such as counts, 
hits and energy etc. all changed relatively. When 
using the auxiliary method such as replica method 
and microscope method as compare, AE can predict 
the size of crack quite well; it is significant to 
engineering practice. 
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Abstract: The Radio Frequency Identification (RFID) system has been widely used in almost every aspects of 
the society. At present, the problem of security and privacy become a key factor of severely blocking the 
widespread of its usage. However, due to restraints on RFID tag’s manufacturing cost, the traditional methods of 
encryption are not good candidate to defend the security of wireless communication channel between reader and 
tag. Designing lightweight or ultra-lightweight RFID authentication protocol has become a hot research topic 
recently. This paper proposes a new ultra-lightweight RFID authentication protocol with high robustness and 
execution efficiency. The proposed protocol requires only simple bit-wise operations, it has the characteristics of 
low storage requirement and communication cost. At the same time, through elaborate mechanism design, avoid 
the vulnerability of the existing ultra-lightweight authentication protocols. Copyright © 2013 IFSA. 
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1. Introduction 
 

Compare with bar-code, Radio Frequency 
Identification (RFID) has mesh points of non-contact 
recognition, batch read and remote access, 
identification of high speed moving object. It was 
widely used in supply chain management, access 
control, payment, retail inventory control or product 
tracking. With popularization and application of 
large-scale RFID system, the cost of RFID tag is one 
of the key factors that limit its development. 
However, the cost is too low is bound to bring about 
lower the tag’s computational capabilities, storage 
capacity. Consequently, the traditional encryption 
schemes are no longer suitable for low-cost RFID 
tag, conduct correlation researches of lightweight or 
ultra-lightweight security mechanisms have become a 
hot research topic recently. 

Recently, many ultra-lightweight protocols for 
RFID system have been proposed. However, they 

have varies of flaws and weaknesses more or less. In 
2006, Peris-Lopez et al. proposed a family of ultra-
lightweight mutual authentication protocol, namely, 
UMAP protocol family [1-3], creates an interesting 
research direction. In UMAP, only simple bit-wise 
operations were adopted. Hence, the computational 
cost were very little suitable for low-cost tags. 
However, these protocols were demonstrated very 
vulnerable to de-synchronization attack, disclosed 
attack [4]. Chien et al. [5] proposed a new ultra-
lightweight authentication protocol (SASI protocol) 
[5], this protocol introduced ROT  operation and 
new and old dynamic identification provide greater 
security than UMAP. However, it is still vulnerable 
to trace attack, de-synchronization attack and full-
disclosed attack [6, 7]. Gildas Avoine proposed a 
passive full-disclosure attack on SASI that works 
with any definition of the rotation [8]. P. D’Arco 
proposed de-synchronization attack and disclosed 
attack to SASI [9], only need 48.5 times to form 
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1. Introduction 
 

Compare with bar-code, Radio Frequency 
Identification (RFID) has mesh points of non-contact 
recognition, batch read and remote access, 
identification of high speed moving object. It was 
widely used in supply chain management, access 
control, payment, retail inventory control or product 
tracking. With popularization and application of 
large-scale RFID system, the cost of RFID tag is one 
of the key factors that limit its development. 
However, the cost is too low is bound to bring about 
lower the tag’s computational capabilities, storage 
capacity. Consequently, the traditional encryption 
schemes are no longer suitable for low-cost RFID 
tag, conduct correlation researches of lightweight or 
ultra-lightweight security mechanisms have become a 
hot research topic recently. 

Recently, many ultra-lightweight protocols for 
RFID system have been proposed. However, they 

have varies of flaws and weaknesses more or less. In 
2006, Peris-Lopez et al. proposed a family of ultra-
lightweight mutual authentication protocol, namely, 
UMAP protocol family [1-3], creates an interesting 
research direction. In UMAP, only simple bit-wise 
operations were adopted. Hence, the computational 
cost were very little suitable for low-cost tags. 
However, these protocols were demonstrated very 
vulnerable to de-synchronization attack, disclosed 
attack [4]. Chien et al. [5] proposed a new ultra-
lightweight authentication protocol (SASI protocol) 
[5], this protocol introduced ROT  operation and 
new and old dynamic identification provide greater 
security than UMAP. However, it is still vulnerable 
to trace attack, de-synchronization attack and full-
disclosed attack [6, 7]. Gildas Avoine proposed a 
passive full-disclosure attack on SASI that works 
with any definition of the rotation [8]. P. D’Arco 
proposed de-synchronization attack and disclosed 
attack to SASI [9], only need 48.5 times to form 
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success de-synchronization attack on average. In 
addition, design the full-disclosed attack can disclose 
all the secret data. Pedro Peris-Lopez et al. (2009) put 
forward another ultra-lightweight authentication 
protocol, namely, Gossamer protocol [10]. The 
protocol introduced Double-Rot and 
mixbits algorithm which can better resistance to all 
sorts of common attacks. Thus, attackers can hardly 
get any useful information from tags. However, 
Tagra et al. proved that the protocol was insecure to 
de-synchronization attack [11]. Yun Tian (2012) 
proposed a new ultra-lightweight mutual protocol 
with permutation(RAPP protocol) [12], where the 
protocol adopted Per  operation to break the orders 
of bits, compare with SASI protocol reached better 
encrypted and authentication effect. Unfortunately, 
Due to the design flaws, Wang Shao-Hui and Zahra 
Ahmadian, respectively, proposed effective de-
synchronization attack and full-disclosed attack to 
RAPP protocol [13, 14].  

In this paper, we propose a new ultra-lightweight 
RFID authentication protocol for low-cost RFID 
system. The proposed protocol can provide a 
security, stable and efficient channel for the legal tags 
and readers. The rest of this paper is organized as 
follows: Section 2, a new security protocol is 
proposed and description in details. Section 3, 
informal security analysis of the proposed protocol’s 
ability against the attack modes, these attacks form 
great threats to existing RFID security protocols. 
Section 4, provide corresponding performance 
evaluation for the designed protocol. Finally, 
concludes are given in Section 5. 

 
 

2. An Ultra-Lightweight RFID Protocol 
for Low Cost RFID Tags  

 

2.1. Preliminaries and Notations 
 

The RFID system mainly includes backend 
server, reader and tag. Due to working in Wireless 
network environment, the channel between reader 
and tag is vulnerable to a variety of severe attack 
modes. At the same time, due to backend server and 
reader have adequate computer power, storage space. 
The channel between them can adopt traditional 
encryption technology, the interactive operation 
between backend server and reader can be considered 
to be secure. To simplify the analysis, we only need 
design and analysis security certificate mechanism 
between reader and tag. 

The notations used in the paper are denoted as 
follows: 

 : Bit-wise XOR 1n : Random number  

 : Addition mod 2 m, m=96    
ID : Static identification of the tag         

/old newIDS IDS : Tag’s old/potential next dynamic 

identification 

/old nextK K : Tag’s old/ potential next dynamic key 

( , )Rot x y : An ( )w y -bit left rotation on x , 

defined as follows: 
 

z

{z=z ( );}

;

x

w y

return z


  (1) 

 
where ( )w y  denotes the Hamming weight of y . 

( , )mixbits x y : Defined as fol1ows: 

 
z

( =1; <32; ++)

{z=(z 1)+z+z+y;}

;

x

for i i i

return z




 (2) 

 
( , ) :Per A B   Let A and B are two L-bit word, 

where ia  and ib  is the thi  bit of A and B, such 

as: 1 2 1 2... ... ... ...i L j LA a a a a B b b b b  ,   

where ( ) ( )w A w B m  , and 

1 2 1 2
... 1, ... 0

m m m L
k k k k k kb b b b b b

 
       ,

( , )Per A B denoted as: 

 

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

m L L m m
k k k k k k kPer A B a a a a a a a

  
  (3) 

 
The shared secret values include 

ID , /old nextK K  between reader and tag. To solve 

the problem of traceability, the dynamic identity 
IDS and secret key K  are updated after each 
authentication session to resist traceability. 
Meanwhile, to resist de-synchronization attack, after 
each session ends, old and potential next dynamic 
identification and key were shared by reader and tag. 
 
 
2.2. Protocol Description 
 

The Protocol’s thumbnail as shown in Fig. 1, it 
can be divided into two stages include: identification 
and authentication stage, update stage. The protocol 
detail is described in the following: 

Phase 1: Identification and authentication 
Step 1. ReaderTag: Hello  
The reader transmits handshake information 

“ Hello ” to tag 

Step 2. Tag   Reader: IDS  
After receiving the reader’s handshake 

information, the tag transmits its dynamic identity 
IDS to the reader. 

Step 3. ReaderTag: A  and B  
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READER TAG

Update stage

 
 

Fig. 1. An ultra-lightweight RFID protocol for low cost 
RFID Tags. 

 
 

After receiving the tag’s IDS , If the 

corresponding newIDS  cannot be found in the 

backend database, the reader will regenerate 
handshake information “ Hello ” to the tag. By this 

time, the tag will set oldIDS IDS and 

retransmits it to the reader. Or else, the reader adopts 
Pseudo-random number generator (PRNG) generates 

a random number 1n , computer A  and B  as 

following: 
 

1A K n    
 

1 1

1 1 1

( , ( , ))

( ( , ), ( , ))

B per K n mixbit K n

per mixbit n K Rot n n

 


 (4) 

 

Step 4. Tag   Reader: C  

Upon receiving the reader’s message ||A B , the 

tag derives 1n  from the equation : 

 
'
1=n A K . (5) 

 

Then the tag computer 'B  with '
1n  and K  by the 

following equation: 
 

1 1

1 1 1

' ( ', ( , '))

( ( ', ), ( , '))

B per K n mixbit K n

per mixbit n K Rot n n

 


 (6) 

If 'B B , the authentication gets through, the 
reader can be seen as legal. Then the tag computer 
C  as following equation: 

 

1

1 1

( , ( , ))

( ( , ) , )

C per ID n Rot K K

per mixbit n K ID n

 
 

 (7) 

 
The tag sends C  to the reader. When the C is 

received, then the reader computer 

corresponding 'C with local value in the backend 

server, if 'C C , the mutual authentication gets 
through, the protocol step into next phase, or else, the 
authentication protocol is failed. 

 
Phase 2: Key updating  
When the identification and authentication Phase 

between the reader and the tag is gets though, they 
update their Key and IDS each other in themselves as 
following equations: 

 

oldIDS IDS  (8) 

 

oldK K  (9) 

 

1

1

( ( , ) ,

( , ) )
newIDS mixbit Rot K ID n ID

Rot n K K

  


 (10) 

 

1

1 1

( , ) ( ( ,

( , )), ( , ))
newK per K n per mixbit K

Rot n K n Rot K K

 


 (11) 

 
Then both of them will update and save their 

, , ,old new old newK K IDS IDS  in themselves, and 

update stage is finished. 
 
 

3. Protocol Security Analysis 
 

Currently, these attacks to break existing RFID 
authentication protocol mostly include as following: 
For one thing, attackers try to destroy the mutual 
message’s confidentiality, integrity, availability; For 
another thing, an attacker could mount attacks by 
protocol’s weaknesses, such as: de-synchronization 
attack, replay attack, disclosure attack and so on. We 
discuss our protocol’s security as following: 

Mutual authentication and Data confidentiality: 
Because of only genuine reader and genuine tag share 
secret values ,K IDT , the mutual authentication 

between the tag and the reader can be go through by 
the messages , ,A B C  which are generated by the 

mixed operation of 1, ,K IDT n . At the same time, 

without knowledge of K , it is difficult to an attacker 

deduce the random number 1n from || ||A B C . 
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Thus, under the random number’s protection, ensure 
the confidentiality and integrity of the static 
identification IDT  and secret value K . 

Tag anonymity and un-traceability: After every 
time success mutual authentication, the update of 
shared secret K  and tag’s dynamic identification 

IDS  involve random number 1n . Meanwhile, the 

introduced of ( , )mixbits x y operation overcome the 

weakness of hamming weight-invariant of RAPP 
protocol. Thus, the adversary cannot trace the same 
tag by the invariance of IDS .  

Resistance to replay attack: Due to the generation 
of message || ||A B C  involved new random 

number 1n in each session, the attacker try to replay 

the message will not be approved. Moreover, the 
attacker could intercept the transmission of message 
C lead to the reader didn’t update inter secret values. 
Meanwhile, send last time ||A B  to the tag. 

However, the attacker cannot get any secret 
information and tag’s internal states keep the same as 
the last session. It makes absolutely no sense to 
attacker. 

Resistance to de-synchronization attack: Due to 
the use of radio link between the reader and the tag, 
the messages transmission can be interrupt easily by 
the malicious attacker or various natural factors. 
Hence, accidental transmission can result in de-
synchronization between genuine reader and genuine 
tag. However, the protocol keeps the old and new key 
and dynamic identification, namely, 

,( , , )old new old newK K IDS IDS . Hence, even if the 

message C  transmission failed, the reader and the 
tag can make authenticate each other by the old key 
and dynamic identification. Thus, the protocol can 
return to the synchronization state. 

In addition, the attacker make de- synchronization 
attack by change one or small bits in A , then obtain 
coordinated correctness pair ( ', ', ')A B C by change 

some bits on B  or C . However, it is impossible to 
this way of attack, because of any slight changes can 
make the B  and C  almost change into a totally 
different number in our protocol. 

Resistance to disclosure attack: The attacker may 
though change one or some bits in A and modified 
some bits on B  and transmission them to the tag to 
verified the correctness of forged ( ', ')A B , then 

infer some useful information from the response of 
the tag. However, constructed such ( ', ')A B  is 

almost impossible in our protocol, due to any slight 
modification in A  will result to B  varies greatly. 
Hence, the attacker cannot get any useful information 
for deduce secret information.  

In addition, the introduce of mixbits operation 
overcome the vulnerability of RAPP protocol 
proposed in [13]. 

In RAPP protocol, due to the improper use 
( , )ROT x x , lead to the problem as following: 

When 1[ ] [ ]i ix x  , at the same time, 

denote[ ]ix stand for the bit at i position in x , , 1i ix   

stand for the string with the same bit as x  other than 

the bit of i and 1i  : 
 

, 1 , 1

, 1 , 1

,

( , ( , ))

( , ( , ))

( , ( , ))

( , ( , )) 0

i i i i

i i i i

s t

per y ROT x x

per y ROT x x

per y ROT x x

per y ROT x x

 

 


 


  

 (12) 

 
The attack may adopt this vulnerability obtain the 

bit adjacent relation in x  bit by bit.  
In our protocol, the mechanism of 

1 1 1( ( , ), ( , ))per mixbit n K Rot n n effectively 

inhibited this way of attack, 

when 1[ ] [ ]i in n  ,

, 1 , 1 , 1( ( , ), ( , ))i i i i i iper misbits n K ROT n n    and 

( ( , ), ( , ))per misbits n K ROT n n  have nothing 

relationship. 
 
 

4. Protocol Performance Evaluation 
 
Under the premise in security， computational 

cost, communication cost, storage requirement are 
metrics for evaluating whether a protocol’s 
performance is fine. Table 1 compares the 
performance of our protocol with some common 
ultra-lightweight authentication protocols proposed 
recently. The protocol proposed in this paper has 
good performances base on ensure security.  

Computational cost: The protocol only adopts 
simple bit-wise operation, such as XOR  operation, 
modulo addition operation. In addition, we adopt 
non-triangular operations, such as ROT  

operation, mixbits  and per operation. The 

mixbits  operation only requires some right shift 
operation and modulo addition operation, the 
per operation only requires some simple 

permutation operation. Hence, even if to low-cost 
tag, these operations are easy to implement. At the 
same time, compare with SASI and RAPP protocol, 
our protocol only use one time pseudo random 
number generator in an interaction session, so save 
the computational cost and time. 

Communication cost: The interaction messages 
transmitted between the tag and the reader mainly 
include || || ||IDS A B C . The whole transmitted 

message demand 384 bits. Due to the fewer bytes in 
the transmission channel, the data transport time 
effective is cut. 
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Table 1. Comparison of Ultra-lightweight  
Authentication Protocols. 

 

Protocols U-MAP 
family

SASI GOSSA
MER Ours

Protect user 
privacy

Resistance to 
Desynchronizatio

n attacks 

Resistance to 
Disclosure attacks 

Mutual 
Authentication

Total messages 
for mutual 

authentications

Mesmory size 
on tag

Mesmory size for 
each tag server

Operations in 
the tag

NO

NO

YES

YES

NO

NO

YES

NO

YES

YES

YES

YES

NO

YES

YES

YES

4L6L5L4-5 L

5L7L7L6L

6L 4L 4L 5L

L designates  the bit  length of variables  used

RAPP

YES

NO

NO

YES

9L

5L

5L

 
 
 

Storage requirement: Each tag require 96 bytes 
read-only memory to preserve the static identification 
of tag, at the same time, needs 384 bytes erasable 
memory for the update of 

( , , , )old new old newIDS IDS K K in each session. 

Hence, the protocol needs little storage requirement 
and meet the requirement of low-cost RFID tag. 

 
 

5. Conclusion 
 
Privacy and security issues have become 

enormous challenges to the current RFID domain. It 
is one of the key problems to be solved that design 
high performance, strong security ultra-lightweight 
RFID authentication protocol for ensure the security 
of the channel between the reader and the tag. In this 
paper, we proposed a novel new ultra-lightweight 
RFID authentication protocol, the protocol require 
only simple bit-wise operation, meanwhile, ingenious 
adopt two non-triangular proposed recently: 
mixbits and per  operation. Through the elaborate 

design, the protocol achieves better encryption and 
authentication effects. In addition, overcome the 
problem of pure to adopt per per operation which 

result in de-synchronization attack and full-disclose 
attack. The informal analysis indicated that the 
protocol resistance to common attacks in wireless 
transmission network. At the same time, compare 
with many existing ultra-lightweight authentication 
protocols, the protocol have characteristics of low 
computational cost, communication cost and storage 
requirement. Hence, the protocol proposed in this 
paper is highly efficient for low-cost RFID tags. 
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Abstract: The FM modulation improves the anti-interference ability by sacrificing the bandwidth of the 
communication channel. In the underwater acoustic communication, as the bandwidth of the communication 
channel is very limited, the theory and experiment study show that if we are not deal with the original signal, the 
modulated signal cannot be transmitted through the underwater channel. In the research of underwater FM 
system, we find a better way to filtering and AGC. Adding filtering and AGC can not only control the 
bandwidth of the modulated signal but also improve the anti-noise ability integrally. Copyright © 2013 IFSA. 
 
Keywords: Underwater acoustic communication, FM modulation, Filtering and AGC. 
 
 
 
1. Introduction 
 

The common kind of modulation about 
underwater communication is SSB modulation, 
because compared with the FM modulation, the SSB 
modulation use a narrower bandwidth. [1-2] 
However, the anti-noise ability of the SSB 
modulation is not well while compare to the FM 
modulation. To balance the use of bandwidth anti-
noise ability, base on the main frequency field of man 
voice, if we can add effectively filtering and 
amplitude control on the voice before FM 
modulation, we can control the bandwidth of the 
modulated signal and improve the anti-noise ability 
integrally. The filter is five orders Butterworth low-
pass filter. This paper mention three AGC methods, 
the method of amplitude equalization can control the 
bandwidth of the modulated signal and improve the 
anti-noise ability integrally, but it will also bring 
major background noise. The method of amplitude 

limiting can control the bandwidth of the modulated 
signal but can’t improve anti-noise ability obviously 
[3]. The third method is AGC, it’s the comprehensive 
of amplitude limiting and amplitude equalization, it 
use different gain on the signals with different range 
of amplitude, it can control the bandwidth of the 
modulated signal and improve the anti-noise ability 
without bring a major background noise. It is a suited 
AGC method for the underwater FM system. 

 
 

2. The Modulation Theory of FM 
 
Frequency modulation means that the 

instantaneous frequency changed proportionally by 
the modulation signal [4]. The FM modulation signal 
can be given as 

 

))(2cos( 0  dttmKtfAS fFM 
 

(1) 
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Here the fK is the sensitivity of frequency 

modulation, its unit is ( V/Hzrad  ), the maximum 

frequency shift is 


2

|)t(m|K
f

f


, and the index of 

modulation is m
f f

f
B




, the bandwidth of modulated 

signal is )mff(2B   , the mf is the maximum 
frequency of the signal. Compared with the wireless 
channel on the land, the most special characteristic of 
underwater channel is its exceeding limited 
bandwidth. Though the formulation of bandwidth we 
can find that the FM modulation system which is 
used on the land can’t be used in underwater sound 
communication. If we can make the maximum 
frequency of the sound within a limited range, we can 
really reduce the occupy bandwidth of the modulated 
signal. 

The bandwidth of the underwater transducer is 
fixed. One side, we hope to make the bandwidth of 
the modulated signal within the effective range of the 
underwater transducer. On the other side, we hope to 
use the bandwidth of the transducer effectively so 
that we can improve the anti-interference ability. 

From )mff(2B    and 


2

|)t(m|K
f

f


, the 

bandwidth B can be expressed as  
 

m
f

m
f

f2|)t(m|
k

)f
2

|)t(m|k
(2B 




  
(2) 

 

For the filtered sound signal, it’s maximum 
frequency fm is fixed, so the question can be convert 
to how to get the optimal answer of )t(mk f   when 

the B has a obvious upper limit. 
 
 

2.1. Relationship Between Bandwidth and 
)t(mk f   

 
From the formulation 2 we can know that 

bandwidth B and )t(mk f   has a linear relation, it 

means that when the bandwidth has a maximum, the 
)t(mk f   will have a maximum too, the index of 

the frequency modulation will be high, certainly the 
anti-noise ability will be better. For the FM 
modulation system, the sensitivity of frequency 
modulation fk  is usually fixed, so we can see that 

|m(t)| have a linear relation with bandwidth B. 
 
 

2.2. Relationship of fB , and )(tm  when 

fK  is Fixed 
 

Set the modulation signal as 
)1000sin())40cos(1()( ttAtm   , the 

waveform as Fig. 1 shows. For different A, we can 
get different frequency spectrum of (signal spectrum) 
and the envelope which is generated by the 
corresponding fm constant [5] as the Fig. 2 to Fig. 4 
had shown. 
 
 

 
 

Fig. 1. The modulation signal waveform (A=1). 
 
 

 
 

(a). Single spectrum. 
 

 
 

(b). Envelope of FM index. 
 

Fig. 2. Single spectrum and FM index (A=1). 
 
 

The horizontal ordinate of (a) of Figs. 2, 3, 4 
means the times of the frequency resolution k , the 
corresponding frequency is fkf  , the horizontal 

ordinate of the signal spectrum in the behind is also 
the times of the frequency resolution k. Make a 
compare with Fig. 2,3,4: the bigger of the modulating 
signal’s amplitude the bigger range of the modulated 
signal’s amplitude, the bigger of the modulating 
signal’s frequency spectrum range, the bigger of the 
modulating signal’s amplitude dynamic range the 
bigger of the corresponding fm constant’s dynamic 
range. The mf f)1(2B   shows that the 

bandwidth may surpass the bandwidth of the 
underwater acoustic transducer, so the maximum of 
the amplitude need to be limited. To make sure the 
bandwidth of the modulated signal is in the range of 
the effective bandwidth and make the fm constant 
have a small dynamic range, we need to add an Auto 
Gain Control (AGC). 
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(a). Single spectrum. 
 

 
 

(b). Envelope of FM index. 
 

Fig. 3. Single Spectrum and FM Index (A=5). 
 
 

 
(a). Signal spectrum. 

 

 
 

(b). Envelope of FM index. 
 

Fig. 4. Signal spectrum and FM index. 
 
 

3. Algorithm Theory and Simulation 
 
3.1. Amplitude Equalization 
 

The ideal of this algorithm is to modulate signal 
with full bandwidth, and adjust the amplitude of the 
input sound signal to a same maximum voltage under 
the stationary sensitivity of frequency modulation. 
The principle block diagram is like the Fig. 5. 

The main job of the delay block is to deal with the 
part of real number and make sure the number of it’s 
sampling is the same as the part of imaginary [6], 
when we simulation on the PC we can leave out the 

delay block. Presume there is a real signal x(t), the 

analytic signal of it is 
^

a )t(xj)t(x)t(x  , and it is 

a complex signal, the 


)t(x  is the Hilbert transform of 

the x(t),  
 

t

1
*)t(x)t(x





(* means convolution) (3) 

 
 

)(nVi

dV

)(iA )(nVo

  
 

Fig. 5. The block diagram of amplitude equalization. 

 

The analytic can be express as
t

1
*)t(x)t(x





, 

makes )(tA  equal to )t(x)t(x
2

2


  , the A(t) is 

the envelope of x(t). Presume that 

)wncos()i(A)n(Vi  , dV is the amplitude we need, 

the output is 
 

)wncos(V)wncos()i(A*)i(A/V

)n(V*)i(A/V)n(V

dd

ido




 
(4) 

 

The output will be stabilized at dV , this is the 

principle of equalization amplitude algorithm. The 
bandwidth of the transducer is kHz10 , presume  

fK = 9000( V/Hzrad  ), the corresponding dV  is  

3 V. In the simulation A must can make the 
amplitude of the original modulating signal bigger 
than 3. The result is show in Fig. 6. 

Picture (a) (b) in the Fig. 6 means the waveform 
of the original signal and equalization amplitude,  
Fig. 6 (c) means the signal spectrum by the direct 
frequency modulation from the original signal, 
compare with the Fig. 6.(c) (d), we can find that 
equalization amplitude before modulating can reduce 
the occupy frequency of the modulated signal. Fig. 
6(e) (f) means the FM index between equalization 
amplitude and not equalization amplitude. Make a 
compare between them we can find that the FM index 
is reduce after equalization. Base on the 

mf f)1(2B   we can see that use the equalization 

amplitude we can control the occupy frequency of the 
modulated signal obviously, by this way we can 
make sure the bandwidth of the modulated signal is 
in the effective range of the underwater acoustic 
transducer. Use the voice signal to text, we find that 
the equalization amplitude will bring a major 
background noise, the MOS grade is in 3, so we need 
to consider limiting algorithm. 
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 (a). Original input signal. 

 

 
(b). Amplitude equalization. 

 

 
(c). Signal spectrum of direct FM. 

 

 
(d). Signal spectrum of amplitude equalization FM. 

 

 
(e). FM index of direct FM 

 

 
(f). FM index with amplitude equalization. 

 
Fig. 6. The Effect of amplitude equalization. 

3.2. Amplitude Limit 
 
The basic idea of the amplitude limiting algorithm: 

to the modulating signal which have a big dynamic 
range, we only need to make sure the maximum 
bandwidth of the modulated signal is no large than 
the maximum bandwidth of the effective bandwidth 
[7] e functional block diagram is shown in Fig. 7. 

Set an appropriate threshold (if use the hardware 
circuit we can use diode to realize), the simulation 
result is show in Fig. 8. 

Compare with (a) (b) in the Fig. 8, we can find 
that use the limiting algorithm we can reduce the 
frequency range of the modulated signal, the compare 
with (e) (f) show that use the limiting algorithm the 
dynamic range of the FM index is still big and there 
is a small part than 1, the anti-noise ability will be 
low. The same to the analysis of Fig. 7, limiting can 
control the range of the modulated signal’s 
bandwidth to adjust to the bandwidth of the 
underwater acoustic transducer. 

 
 

3.3. The Suitable AGC Algorithm 
 

For equalization amplitude algorithm (Fig. 6), 
even though we can use the bandwidth well, but the 
test result show that as the part of unvoiced sound 
and the part of voiced sound will be amplify at a 
same value in sometime, it will bring a large noise, 
the quality of sound will decline quickly; for the 
amplitude limiting algorithm(Fig. 8), even though we 
can insure the bandwidth of the modulated signal is 
in the range of the effective bandwidth, but the 
dynamic range of the signal amplitude is still big, the 
frequency-modulation index of many small-signal is 
low, the corresponding ability will be low, the use 
ratio of the bandwidth is very low too. 

Analysis the two drawbacks of the above 
algorithms and then design an AGC algorithm to 
overcome the drawbacks of those two algorithms as 
effectively as possible. The idea of this algorithm is: 

equalization the  11 , xx  to a number ±A , to the 

amplitude in the range of  21 , xx   use the 

dynamic gain algorithm to amplify, and equalization 
all other number to ±B so that we can small the 
dynamic range. It’s functional block diagram is show 
in Fig. 9. 

 

 
 

Fig. 7. Functional block diagram of amplitude algorithm. 
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(a). Original input signal. 

 

 
(b). Amplitude limit output. 

 

 
(c).Signal spectrum of direct FM. 

 

 
(d).Signal spectrum with amplitude limit. 

 

 
(e). FM index of direct FM. 

 

 
(f). FM index with amplitude limit. 

 
Fig. 8. The result of amplitude limit. 

 
 

Fig. 9. Functional block diagram of AGC. 
 

The corresponding relation between input, output 
and the amplify times is shown in Table 1. According 
to Table 1, set 2.0x1  , 5.1A  , 8.2x2  , 3B . 

Takes the dynamic gain function between [-x1, x1] as 
 

bxxak  2
2 )(  (5) 

 

After amplification, the output is 
 

xky   (6) 
 

According to the corresponding relation in above, 
we set a as 1.321., b as 1.07, we will get the 
simulation picture as in Fig. 10. Set different number 
we can get different result of AGC. Base on the way 
to analysis Fig. 6, compare with Fig. 10 and Fig. 8, 
Fig. 6, the ACG algorithm can meet the 
requirements: the AGC algorithm is design on the 
merit and demerit of the two algorithms, first this 
algorithm can insure the bandwidth of the modulated 
signal is in the range of the effective bandwidth, 
retain the acoustic of the sound well, it can also 
improve the FM Index and anti-noise ability. After 
test, the sound signal which is modulated by this 
modulation system can be demodulated well. 
 

Table 1. The relation between input and output. 
 

Input voltage magnification times Output 

[- 1x ， 1x ] amplitude equalization ±A 

[± 1x ,± 2x
]  

b)xx(*a 2
2   ±[A,B

] 

Surpass 2x or 

small- 2x  
amplitude equalization ±B 

 

4. Conclusion 
 
There are many differences between underwater 

communication and land communication, it mainly 
embodied in the complexity of the channel. When we 
study the underwater communication we always 
reference the technical of land communication base 
on the special character of underwater sound 
communication channel. This paper is base on the 
bandwidth of underwater sound communication 
channel and the limited of it to design a suitable AGC 
module in the FM system before the modulation, 
make the system suitable to underwater 
communication. 
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(a). Original input signal. 
 

(b). AGC output. 

  
(c). Signal spectrum of direct FM . 

 
(d). Signal spectrum with AGC. 

  
(e). FM index of direct FM. 

 
(f). FM index with AGC. 

 
 

Fig. 10. The result of AGC. 
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Abstract: Underwater acoustic (UWA) channel is a complex time-, space- and frequency-variant channel. So to 
realize the high efficiency and real-time transmission of image with great data quantity, it will refer to both 
source coding and channel coding. In underwater acoustic channel, the Joint Source and Channel Coding 
(JSCC) get better performance than separated coding. To aim at the image transmission in UWA communication 
system, this paper presents joint source and channel coding approach, putting forth the technology of joint 
source and channel coding in image transmission in the underwater acoustic channel. And it is an active attempt 
that the joint source and channel coding combines with OFDM technology to insure image transmission with 
high quality in underwater acoustic channel. Studies also show that the method can get better balance between 
bit error rate and code length, and the image can get better anti-noise property. 
Copyright © 2013 IFSA. 
 
Keywords: Image transmission, Underwater acoustic, Joint source-channel coding. 
 
 
 
1. Introduction 
 

The use of acoustic wave as message carrier to 
transmit in a complex time-space and frequency-
variant and multipath transmission underwater 
acoustic channel, is currently the only effective 
means to achieve underwater wireless 
communication optional. To complete image 
transmission which contains a great amount of data 
in underwater acoustic channel, effective source 
coding and channel coding is indispensable. In 
occasion that separation best hypothesis of separation 
theorem is impossible, balance the source coding bit 
rate and channel coding rate’s influence to distortion, 
a kind of Joint Source-Channel Coding to distribute 
appropriate resources in both source coding and 

channel coding by a joint strategy in order to make 
the communication system to be more optimal is 
getting more and more widespread attention in the 
communications sector [1]. 

In this paper, making use of Turbo code’s 
characteristic of being suitable for the different code 
rate, we do different error correction protection 
according to the level of its importance for the 
reconstructed image whose original image data 
compressed by SPECK algorithm based on the 
wavelet transform. This source-based optimization of 
channel coding takes full advantage of characteristic 
that Source encoded data stream is in order of 
importance, and improve the shortage that SPECK 
algorithm is very sensitive to the bit error. In order to 
verify the performance of this Joint Source-Channel 
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Coding’s unequal error protection channel coding, 
This paper introduces a BSC and White Gaussian 
noise channel model, verifying the performance of 
joint coding in the above two kinds of model. 

 
 

2. Joint Source-channel Coding Schemes 
 
The Joint Source-Channel Coding based on 

SPECK compression coding and Turbo code that is 
proposed in this paper belong to channel coding 
based on the source optimization. It’s principle is to 

optimize the distribution of redundant bit or the 
emission energy in different information bits. In 
order to get better transmission quality, the more 
important source data will be distributed more bits(or 
more emission energy), and the data that is less 
important will be distributed less bits to obtain a 
minimum end-to-end distortion [2-4]. The concrete 
realization of Joint Source-Channel Coding scheme 
will be described in the following sections, and the 
principle block diagram of JSCC combined with 
OFDM is shown as Fig. 1. 
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Fig. 1. The principle block diagram of JSCC combined with OFDM. 
 
 

2.1. SPECK Compression Code 
 
SPECK code is a kind of image coding scheme 

based on wavelet transform, including initialization, 
sort, refine and quantization four steps. The wavelet 
transform using wavelet transform that is constructed 
by lifting scheme includes the following three steps: 
split, forecast and update, the core of it is 
representing it with a more compact form according 
to some correlation between the data. SPECK code 
makes the low-frequency information of image 
concentrating in the upper left corner, and using set 
partitioning to encode the important information 
priority [5-7]. It makes important information of 
image is concentrated in front of the code stream, so 
that when doing channel encoding, it can be so easy 
to encode the important information and unimportant 
information separately.  

The steps of SPECK coding algorithm includes: 
Initialization: In this step we divide the image 
coefficients matrix that after being processed by 
wavelet transform into two sets and initialize the 
threshold and the important coefficients list (LSP) 
and unimportant coefficient list (LIS); Sorting Pass: 
This step includes ProcessS(S) and PrecessI(I), in 
ProcessS(S), we sort the LIS and judge the 
importance of the sets of LIS, and in PrecessI(I), we 
Judge the importance of the remaining blocks and 
split; Refinement Pass: We output some specific bits 
in this step; the last step is Quantization Step. The 
flow chart of SPECK coding is shown as Fig. 2. 

 

 
Fig. 2. The flow chart of SPECK coding. 
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2.2. Turbo Code 
 

Turbo codes can achieve a better balance 
between the decoding complexity and bit rate, using 
low bit rate to do channel encode for important 
information, and using high bit rate for unimportant 
information [8]. As for decoding, bit streams having 
different bit rates should correspond different 
iteration times in order to reduce the bit error ratio of 
important information as much as possible and 
improve the rate of decoding, at last to achieve a 
better balance of the error rate and the decoding 
speed [9]. 

Turbo Code encoder comprises two feedback 
systematic convolutional (RSC) encoder connected 
in parallel by an interleaver. Encoded parity bits 
going through puncturing array, thereby generating a 

code word of different bit rates [10]. The structure 
diagram of Turbo code encoder is shown as Fig. 3. 
Turbo decoder uses a feedback structure, decoding in 
an iterative manner, while the use of iterative decode 
is exactly one of underlying reason of why Turbo 
code can have good performance, it improves the 
decoding performance by exchanging the soft 
information of component decoder. The decoding 
algorithm introduced in this paper is SOVA 
algorithm, it is generally connected into parallel 
cascade form, it uses the later bits of information to 
improve the credibility of the verdict earlier, it can be 
divided into following steps, the structure diagram of 
Turbo code decoder is shown as Fig. 4: Calculated 
path metrics and measurement; Updated reliability 
metrics; Subtracting the inner information and get 
outer information value required by the next step.  
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Fig. 3. The structure diagram of Turbo code encoder. 
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Fig. 4. The structure diagram of Turbo code decoder of SOVA algorithm. 
 

 
2.3. Joint Source-Channel Coding Realization 
 

Joint Source-Channel Coding principle block 
diagram is shown as Fig. 5. Its realization is as 
follows: Wavelet transform: In this paper, lifting 
scheme is used to do three-level wavelet transform 
for image. SPECK code: In order to facilitate the 
procedures for the processing of the wavelet 
coefficients, the coefficients matrix after wavelet 
transform is stretched into a one-dimensional array in 
accordance whit the Z-shaped; LISi list records the 
location of the collection in LIS list (the collection 
list of unimportant coefficients), LISj list records the 

size of LIS collection, LSP (the collection list of 
important coefficients) list records the locations of 
elements. Then according to threshold value T, 
scanning the wavelet coefficients one by one from 
the lowest sub-band. The length of important 
information should be designed. This length can be 
decided by the size of the lowest-frequency 
information after wavelet transform, the size of the 
high frequency part of information that changes 
greatly like information representing the edge of 
image and the size of sequence header. In this paper, 
the first 1/4 part of the total frame is set as the 
important information. The selection of the 
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component encoder: Turbo code used PCCC 
structure is selected in this paper, the structure of two 
component encoder (RSC1 and RSC2) is the same, 
the RSC encoder of (17, 15) structure is used. The 
random interleaver is used, the code elements are 
interleaved after a set of random numbers being 
pretreated. According to the length of important 
information, first coding the important information 
that is in the front of the data stream by code rate of 
1/3 in parallel convolution way, and coding the 
unimportant information by code rate of 1/2, then 

according to puncturing matrix 1 0

0 1
P

 
  
 

 to 

puncture. The coding scheme in this paper is aim at 
underwater acoustic channel (UAC), the conditions 
of UAC is bad, but it’s the only effective means of 
optional underwater wireless communication. The 
decoding of Turbo code uses SOVA iterative 
decoding, important information after coding by code 
rate of 1/3 uses the iterative number of 6, as for 
unimportant information, the number is 4.  

 
 

 
 

Fig. 5.The principle block diagram of JSCC. 
 
 
3. Introduction of Channel Model  

and Method of Image Analysis 
 
Channel is an essential part of any 

communication system, and the discussion in this 
paper mainly based on UAC. UAC has numbers of 
unfavorable factors like high ambient noise, narrow 
bandwidth, low useful carrier frequency, large 
transmission delay and so on. It can be one of the 
most difficult wireless communication channels. The 
simulation experiments in this paper using two 
analog channels: white Gaussian noise channel and 
Binary Symmetric Channel [11].  

 
 

3.1. White Gaussian Noise Channel 
 

Gaussian channel often refers to the weighted 
white Gaussian noise (AWGN) channel. In such 
noise assumption as in the entire channel bandwidth, 
the power spectral density is a constant, and the 
amplitude found Gaussian probability distribution, 
i.e. the so-called white noise. Ideal white noise is not 
present, but if the uniform distributed frequency 
range of the noise power spectrum is greater than 
actual bandwidth of the system, then this noise can be 
regarded as white noise. Gaussian channel is of great 
significance for evaluating the upper bound of the 
performance of a system. In this paper, additive white 
noise is discussed, which is present in dependent of 

information signal, and interferes with the 
information signal in a superimposed form. 

 
 

3.2. Binary Symmetric Channel 
 

Binary Symmetric Channel is a discrete channel. 
Its input and output are both this two symbols: 0 and 
1, transmits 0 and receive 1 or transmits 1 and receive 
0, which both have the same probability. So called 
channel is symmetrical. The conditional error 
probability represented by p. Binary symmetric 
channel transition probability is shown in Fig. 6. The 
reason to choose such a simple channel like BSC is 
that it meets the lowest error protection requirements 
of transmitting any source information in a physical 
channel, in which a relatively simple environment 
can help us better understanding the problem.  

 
 

1 p

1 p

p
0 0x 

1 1x 

0 0y 

1 1y   

 
 

Fig. 6. Binary symmetric channel transition probability. 
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3.3. Image Quality Measure Standard 
 

PSNR, the traditional objective evaluation method 
based on the statistical properties, is the difference in 
mathematical statistics. It’s a measure of image that 
pays attention to rebuilding, or how similar the 
reconstructed image to the original one. )y,x(I  

represents the original image, )y,x(I ' represents 

distorted image, MN is the size of image, m is the 
maximum value of a pixel can be achieved. The 
expression of PSNR is described as Eq. (1).  

 
2

10
' 2

10log
1

[ ( , ) ( , )]
x y

m
PSNR

I x y I x y
MN




 
(1) 

 
 

4. The Results of Joint Source-Channel 
Coding and Analysis 

 

4.1. BSC Channel 
 

In this paper, the simulation is done in an 8 bit’s 
Lena picture whose size is 256  256. The lifting 
scheme of wavelet transform is used. Transform 
number is three, and compression ratio is 14:1. The 
code stream after SPECK coding is divided into  

20 frames. Turbo code uses RSC (17, 15) to do 
separated source-channel equal error protection 
channel coding and joint source-channel unequal 
error protection channel coding for experimental 
image. In binary symmetric analog channel, code rate 
of 1/2 and iterative decoding time of 4 are used for 
EEP coding. As for the UEP proposed in this paper, 
the code rate of the first 5 frames (important 
information) are 1/3, and the iteration is 4, while the 
other frames use the code rate of 1/2, and the iteration 
is 2. When BER is 10-3, 510-3, 10-2, and 510-2, 
doing experiment repeatedly to get average PSNR 
value, the results is in Table 1. 

Through the experiment, we decide that when the 
PSNR value of reconstructed image is lower than  
15 dB, the image is unrecognizable (Fig. 7 (e): EEP 
BER=510-2, PSNR=14.9041), and when the PSNR 
value of reconstructed image is 29.1182 dB, the 
image is error-free restored (Fig. 7(b):  
UEP BER= 10-2, PSNR=29.1184). During these two 
level of pictures, there're Fig. 7(c) (EEP, BER=10-2, 
PSNR=22.8346) and Fig. 7(d) (UEP, BER= 510-2, 
PSNR=22.513). While Fig. 7(a) is the Initial ‘Lena’. 
As the result, in case of high BER (BER>510-3), the 
performance of UEP is better than EEP, but is not 
obvious. In the following section, further simulation 
will be done in white Gaussian noise channel. 

 
 

Table 1. Comparison of EEP and UEP under different channel BER. 
 

Type/BER 10-3 510-3 10-2 510-2 
EEP 29.1182 29.1182 22.8345 14.9041 
UEP 29.1182 29.1182 29.2284 22.5134 

 
 

   
   

(a) (b) (c) 
   

  
 

(d) 
 

(e) 
 

Fig. 7. EEP vs.UEP (for Lena). 
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4.2. White Gaussian Noise Analog Channel 
 

The experiment was divided into the following 
three groups. In group one the SNR is 2.0 dB, 
experimenting for many times, and the experiment 
condition is EEP with code rate of 1/2 and decoding 
iterations of 6. In group two the SNR is 2.0 dB, 
experimenting for many times, the experiment 
condition is UEP with code rate for important 
information (first five frames) of 1/3 and decoding 
iterations of 6, code rate for unimportant information 
of 1/2, and decoding iterations of 4. In group three 

the SNR is from 0.5 dB to 3.0 dB, the experiment 
condition is EEP and UEP. After groups of 
experiments of above settings, we choose some 
groups of results representative in this paper to 
analyze the impact of different source and channel 
coding scheme for image transmission rebuild. Ex1 
and Ex2 taken EEP scheme, and Ex3 taken UEP 
scheme, Table 2 shows the comparison of total BER 
and PSNR of EEP and UEP by giving the number of 
error bits when the signal-to-noise ratio  
(SNR = 2.0 dB) are the same. 

 
 

Table 2. The comparison of total BER and PSNR when SNR=2.0 dB. 
 

Frame sequence  1 2 3 4 5 6 7 8 9 10 Total BER 
Ex1’s number of error bits: 6 0  8  0  0  3  10 2 6 0 0.0020 
Ex2’s number of error bits: 0 22  8  18  0  0  2 11 8 2 0.0034 
Ex3’s number of error bits: 0 0  0  0  0  0  7 6 8 2 0.0019 

Frame sequence 11 12 13 14 15 16 17 18 19 20 PSNR 
Ex1’s number of error bits: 0 6  0  5  0  17  4 8 0 0 9.3427 
Ex2’s number of error bits: 0 0  2  0  15  26  0 10 6 0 15.8950 
Ex3’s number of error bits: 0 6  0  4  2  8  6 24 0 0 21.4604 

 
 

From the above data we can see that Ex1 and Ex2 
are most representative groups in the EEP 
experiments. In Ex1 first frame transforms 6 bits’ 
error bits, while in Ex2 there is no error in the first 
frame. Although the total BER of Ex1 is lower than 
Ex2, but its PSNR value is lower than Ex2, and from 
image we can see that the result of Ex2 shows the 
broad contours of image while the result image of 
Ex1 is unrecognizable. It shows that important 
information is sensitive to error, although the BER of 
Ex3 is similar to Ex1, because the location of error 
bits are different, so the PSNR value of reconstructed 
image of Ex3 is bigger. Experimenting in condition 
of UEP for numbers of times, the results show that 
the first five frames’ accuracy is ensure in this way, 
so the problem of not rebuilding the image would not 
happen in condition of EEP. From Fig. 8(a) (EEP 

SNR=2.0dB, PSNR=9.3427), we can see that SPECK 
using the block-based coding structure, when error 
bit happens in transmission, only the block that has 
error bits is influenced. SPECK coding has strong 
error tolerance and overcomes the shortcomings of 
EZW that error bit will influence the whole structure 
of tree and having great damage to image. When 
SNR is 1.0 dB, the experiment is operated in 
condition of EEP. The image is unable to rebuild 
when the PSNR value is only 7.94 in EEP condition. 
When the experiment is in condition of UEP, the 
image can be rebuilt. We also learnt the average 
PSNR value can be 20.65 in this condition (as shown 
in Fig. 8 (d)).There're another two examples shown in 
Fig. 8(b) (EEP SNR=2.0dB PSNR=15.8950) and  
Fig. 8(c) (UEP SNR=2.0dB, PSNR=21.4606). 
 

 
 

 
 

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

Fig. 8. Error for UEP and EEP. 
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In this paper, the experiments are in conditions of 
UEP and EEP when SNR is from 0.5 dB to 3.0 dB. 
Image after processing is difficult to identify because 
some results of the experiments are close to each 
other. In this paper, the PSNR value is shown instead 
of image after processing, in order to get data more 
objectively, we repeat every kind of experiment  
30 times and averaging the results. The results are 
shown in Fig. 9. As shown in the Fig. 9, when SNR 
is high, the performance of EEP and UEP is close to 
each other, and if the SNR decline, the performance 
of EEP declines sharply. At the same time, the 
performance of UEP is being stabilized, the PSNR 
value is at least 20 or more. Foregoing, this paper 
presents that Joint Source-Channel Coding scheme is 
conducive to the error control for image in high-noise 
channel, Giving full consideration to the information 
of the source coding when channel coding, it makes 
error control more targeted. As seen from the 
simulation results, whether it’s the subjective feeling 
of image quality evaluation or using objective 
mathematical formula PSNR, the quality of 
reconstructed image in condition of joint coding type 
UEP after being transmitted in high-noise channel is 
obviously better than image that is in condition of 
separation coding type EEP. 
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Fig. 9. The comparison of performance of EEP and UEP. 
 
 

5. Conclusions 
 
Joint Source-Channel Coding can achieve a better 

balance between characteristic of real-time and high-
quality reconstructed image in the image 
transmission for the needs of practical application. 
According to the degree of importance of data stream 
after source encoding, it does channel coding of 
different bit rates. At the decoding, on the basis of 
different bit rates, it chooses different iterations. This 

method will speed up the decoding speed, lower 
latency, and also get a better reconstructed image 
quality. 
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Abstract: In order to improve target identification capability of the compound detection platform, the system 
information have been shared by using the cross-layer information fusion, the feature of the environment or the 
characteristics have been received by different detection platform, and using the characteristics by data link for 
the detection parameters of wireless sensor networks modified adjusted to improve the performance of the entire 
detection system by comprehensive utilization of information resources. This article have explored the 
combined method of the cross-layer information sharing and target identification information and proposed a 
cross-layer information target recognition fusion algorithm for multi-institutional, multi-layered compound 
network based on the combination of anti-jamming technology and evidential reasoning. The results of 
experiment and simulation show that the method not only expand the functionality of the system based on the 
original detection systems, but also more substantial the target recognition capability of the wireless sensor 
network, thus improving the detection performance of the compound detection system. Copyright © 2013 IFSA. 
 
Keywords: Cross-layer technology, Information fusion, Anti-jamming, Evidential reasoning, Target 
recognition, Wireless sensor networks. 
 

 
1. Introduction 
 

Information fusion means the procession such 
as detection, correlation, correlation, estimated 
processing and synthesis to the information and data 
from multiple sources, to thereby obtain the precise 
state and type determination, to make the quick and 
complete situational and environmental estimates. 
Information fusion technology can improve the 
reliability and robustness of the detection system, and 
enhance the trustworthiness of the data and the 
resolution of the system. There are many kinds of 
information fusion technology, such as D-S evidence 
reasoning, neural network, expert system and so on 
[1-4].  

Wireless sensor network is a wireless network by 
the self-organization of each sensor node, sensing, to 
conduct the real-time detection, collection and 
processing the information of the object being 
monitored in a collaborative way, and send these 
information to the users who needs them accurately 
in real-time. In practical applications, the amount of 
data acquired by the wireless sensor network is huge, 
it is difficult to upload process them all, so it need to 
be performed to fusion treatment at the node level 
[5]. Cross-layer design is an effective way to improve 
the overall performance of wireless sensor networks, 
wireless sensor networks are resource-constrained 
network, and are often used in combination with 
other detection platform in the system design. There 
are complementary characteristics of information 
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between different detection platforms, but often in a 
different hierarchy in the network is divided. The 
cross-layer design is proposed for wireless sensor 
network characteristics. Cross-layer information 
fusion can share the information from the different 
detection platform at the data processing to get the 
effect and performance that the original information 
fusion method is difficult to obtain [6-9]. In practical 
applications, when the environment or status 
information has been passed to the wireless sensor 
network by the detection platform in the upper, 
wireless sensor networks can change their work or 
algorithm to adapt to the dynamic change detection 
environment based on this information, thereby 
improving the detection performance of the overall 
network. One typical application of wireless sensor 
network is target recognition. This article mainly 
research cross-layer information application in target 
recognition.  
 
 
2. Cross-Layer Sharing of Information 

and Analysis on the Combination 
Method of Target Recognition 

 
2.1. Cross-Layer Technology 
 

Traditional hierarchical network protocol is very 
successful for wired network, but there are two major 
problems what are non-optimal and not flexible under 
certain network conditions of the hierarchical 
structure. The cross-layer technology is a key 
theoretical innovation in wireless communication 
systems. The cross-layer design method use the 
original fragmented network layers as a unified 
whole for design, analysis, optimization and control, 
while taking full advantage of the strong correlation 

between the layers to conduct the overall 
optimization of the network [10-14]. 

The cross-layer design is a method which is able 
to provide a score-layer design more rich layer 
algorithms, protocols and architecture, for wireless 
communications networks, especially wireless sensor 
networks such resource-constrained network is 
extremely important. Cross-layer design can be 
divided into 3 kinds such as bottom-up, top-down 
cross-layer design, and integrated cross-layer design. 
Cross-layer design techniques can be used to 
optimize the target, optimizing the input variables, 
optimize the allocation and other aspects. This paper 
mainly studies the application of cross-layer 
information in data fusion algorithm [15-16]. 

Multilayer compound detection system (Fig.1) 
mainly refers to the different platform according to 
the different structure mode to form a unified 
detection system. At present, wireless sensor network 
has widely used in multilayer compound detection 
system. This situation makes across-layer data fusion 
became more and more important. 

For the multilayer compound detection system, 
detection platforms in high level tend to have better 
hardware and information resources. The cross-layer 
design can achieve hardware optimization and 
software correction of wireless sensor network 
system by using layer feedback mechanism, in order 
to achieve the expansion and optimization of the 
multi-layer compound detection system’s overall 
target performance. For using cross-layer information 
there are many kinds of methods. But in practical 
application, it often needs to look for a kind of 
convenient and effective way. An important 
application of sensor networks is target recognition. 
So how to combine the cross-layer information and 
the target recognition is an important problem in 
research.  

 
 
 

 
 

Fig. 1. The multilayer compound detect system diagram. 
 
 
2.2. Analysis on the Interference Problem  

of the Target Recognition 
 
In all kinds of target detection system, the 

interference problems are widespread. This 
interference may come from the environment, and 
also likely to come from within the system. 

Interference in the detection system formed into the 
noise or false signal, so the detection performance of 
the system is greatly reduced. Signal-to-noise ratio is 
an important index of detection system. How to 
eliminate interference, and improve the signal-to-
noise ratio of the detection system is an important 
work for detection system design. 
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There are many ways to eliminate interference. It 
can be used to improve design or shield interference 
sources for solved the internal interference. It can 
also take protective measures for external 
interference. But these methods need to increase the 

cost of hardware. Data fusion through making full 
use of the information without any increase in cost of 
system can eliminate some interference, and improve 
the detection ability of the system. As shown in  
Fig. 2, this method has good application value. 

 
 

 
 

Fig. 2. The principle diagram of the data fusion to solve the problem of interference. 
 
 

2.3. Analysis on the Combination of the 
Cross-Layer Information and Target 
Recognition 

 
In wireless sensor networks, there are a variety 

of the target information fusion algorithms. How the 
cross-layer information combined with the original 
algorithm is a real problem, it depends on the species 
and the role of cross-layer information. The cross-
layer information can be divided into Target 
information, environmental information and system 
information. Which system information is mainly 
used to optimize the management of the hardware 
between cross-layers [17-20]. Target information and 
environmental information can be used as the 
feedback information of the cross-layer information 
fusion to improve and optimize the detection 
performance of the system. Because of the detection 
platforms in high level tend to have better hardware 
and information resources. This paper mainly studies 
the combination impact of the environmental 
information of the upper platform or a variety of state 
information in the system underlying wireless sensor 
network information fusion [5-13]. 

In practical engineering applications, wireless 
sensor networks are vulnerable to affected by a 
variety of on-site environmental interference, the 
target detection probability of a single sensor is often 
a function of environmental parameters. When the 
environment becomes worse, the ability of the sensor 
to identify the target greatly reduces. There are many 
de-noising algorithm for composite Gaussian noise 
interference already. However, in practical 
applications the noise source having a complicated 
and, in particular, there is some noise in other 
specific distribution [7-23]. Due to limited resources, 
wireless sensor networks often can’t obtain the 
characteristics of this type of noise. In this case, it 
can be removed through the cross-layer information 

fusion method using in the underlying detection 
platforms and high-level detection platform for 
information exchange and integration, thereby 
increasing the detection probability of each single 
sensor. 

Assume the measurement equation of a sensor iN  

is: 
 

,]),([   VWHaQfX iii
 (1) 

 
where the sensor output ,LRX  the target signal 

input L
i RQ  , the sensor internal parameters 

variable nRiH  , the environmental noise isW , the 

internal noise isV . 
For the sensor in   VW  itself can’t be 

detected and the noise with specific distribution can 
be first detection by the upper platform, get specific 
noise database, or transfer to the top platform through 
cross-layer information fusion detected by the 
underlying platform. The impact of such noise can be 
eliminated by subtracting this part of the component 
from the output signal when it appears in the system. 
Noise feature extraction process diagram is shown in 
Fig. 3 and the cross-layer data fusion process diagram 
is shown in Fig. 4. 

 
,]),([

'''   VWHaQfX iii
 (2) 

 
where '

iX  is the sensor output, which is de-noised 

through cross-layer information.   '' VW  is the 

sensor noise which is de-noised through cross-layer 
information. 

The target recognition capability of sensor has 
been strengthen after the de-noised, and the target 
detection probability has been improved. In this case 
the wireless sensor network can continue to 
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synthesize multi-source sensor information by the 
combination rules from D-S evidential reasoning 
approach. Upload to the compound detection system 
application platform after get the data. The reasoning 
of D-S evidential reasoning sees literature [3-12]. 
The values of W  and Bel  under D-S combining 
evidence, its construction rules are as follows: 
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where in represents A ’s basic probability 
number 1)(0  AR . 

The algorithm described above has certain 
universality. Its core is through cross-layer 
information fusion to extract interference signal 
characteristics, so as to get the algorithm for 
eliminating interference. By eliminating interference 
it achieved the purpose to improve the detection 
probability of a single sensor. Used to improve the 
detection probability of sensor and combined with  
D - S evidence reasoning method make improving 
the detection performance of the entire detection 
system. 

We can see that in Fig. 3, the interference signals 
which the sensor detected are transmitted to the upper 
platform, and the upper platform generate the 
algorithm to eliminate interference through analyzing 
the cross-layer information. That can be seeing in the 
Fig. 4, when detection system to detect interference 
again, the interference is eliminated by the algorithm 
which system generated. This cross-layer information 
fusion method takes effective use of the whole 
detection system resources, and this method saves 
resources and costs for system design at the same 
time. It is worth mentioning that this cross-layer data 
fusion method to compound detection system needs 
good cross-layer data communication ability. This 
should be given consideration in system design.  

In Fig. 3 and Fig. 4, we see the interference 
characteristics of the database have very big effect, 
and the use of the database is very flexibility. 
Interference signals data can obtain through the 
calculation and simulation. It can also be obtained by 
simulation test data accumulation. For example, 
suppose that a detection system to work in the field, 
and it often affected by the climate. We select the 
rain as a kind of environmental interference objects 
to study. Before the formal use of the detection 
system, we place the sensors of the detection system 
in the field to detect the output signal on a rainy day. 
The echo signal contains the formation of the rain’s 
interference signal. Extracted the characteristic 
signal, we can get the rain algorithm of interference 

signal through the analysis, at the same time; we can 
get the method to eliminate these interference. In this 
way, we also can get algorithms that to remove other 
interference. 

 
 

 
 

Fig. 3. Noise feature extraction flow diagram. 
 
 

 
 

Fig. 4. Cross-layer data fusion flow diagram. 
 
 
3. Target Recognition Algorithm  

of Cross-Layer Information Fusion  
 

Assume the measurement equation of a sensor 

iN  is: 

 
,]),([   VWHaQfX iii
 (4) 

 

where the sensor output LRX  , the target signal 
input LRiQ  , the sensor internal parameters variable 

nRiH  , the environmental noise is W , the internal 

noise is V . 
Assume )(

""   VW  is the specific noise data 

of upper platform detective. 
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where '
iX  is the sensor output, which is de-noised 

through cross-layer information. ''   VW  is the 

sensor noise which is de-noised through cross-layer 
information. 

Assume SNR of the original sensor iN  is  , and 

the probability of detection is P , after subtracted 
""   VW  from iX , SNR ' of iN :  
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In practical applications, the sensor largely 
depends on the SNR of the target detection 
probability, so assume the detection probability of 

sensor iN  after correction is 'P . 
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where λ is the correction factor, When the probability 
of detection of each sensor in accordance with the 
original wireless sensor network (6) is amended, by 
(3) D - S evidential reasoning combination rules for 
multi-source sensor information synthesis, to get the 
final result. 

 
 

4. Experimental and Analysis 
 

In order to test the effect of cross-layer data 
fusion in the flied of target recognition, the system 
has conducted to test, calculation and comparative 
analysis. In order to contrast the results of the 
analysis, the detection probability of wireless multi-
source sensor after modified is continued to carry out 
the synthesis by D-S evidential reasoning method. 
Assume target recognition framework is 

1 2 3{ , , }   Π , which 1 2 3, ,    are 3 targets, the 

system uses 3 kinds of ground wireless sensor, The 
upper detection platform is airborne detection 
application platform. There are Cross-layer data 
transmission functions between the sensors and 
airborne platforms. In a sampling period, the 

1 2 3, ,   ’s detection probability of sensor ξ1 are 

(0.2, 0.15, 0.2).The uncertainty is 1-0.2-0.15-

0.2=0.45. The 1 2 3, ,   ’s detection probability of 

sensor ξ2 are (0.15, 0.2, 0.15). The uncertainty is 1-

0.15-0.2-0.15=0.5. The 1 2 3, ,   ’s detection 

probability of sensor ξ3 are (0.25, 0.15, 0.2). The 

uncertainty is 1-0.25-0.15-0.2=0.4. 
In the test, the 3 kinds of sensors are subject to 

electromagnetic interference from the environment 
having a specific pattern, which is shown in Fig. 5. 
The maximum of the signal amplitude is the target 
signal in the figure, and the remainder is 
characterization interference. The characterization 
interference is uploaded to the airborne platform by 
cross-layer data transmission, at the same time, the 
airborne platform using its powerful hardware and 
software resources also conducts detection analysis to 
the feature interaction, the database of the 
characterization interference and anti-jamming 
algorithm have been established. When the sensors 
are interference by the characterization interference 
again, the environmental interference is filtered out 
by the software directly when the data is downloaded 
to the sensors through the data transmission of the 
airborne platform cross-layer, which is shown  
in Fig. 6. 

 
 

 
 

Fig. 5. The characterization interference. 
 

 
 

Fig. 6. The sensor signal after cross-layer information  
fusion processing. 
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As can be seen from the Fig. 5, the environ-
mental interference has specific frequency and 
amplitude characteristics. These kinds of information 
feature have different place from target information, 
and it is a powerful evidence to eliminate interference 
signals. After access to the feature information, 
system can formulate corresponding algorithm to 
eliminate the interference.  

After filtering the characterization interference, 
the SNR of sensor is 1.8 tines improved, select λ=0.8, 
then the detection probability of sensors have 
increased after the cross-layer information fusion 
processing. Shown in Fig. 7, the connection above is 
the connection of sensor’s detection probability after 
cross-layer information fusion processing. The 
connection below is the connection of the original 
sensor’s detection probability. As can be seen in the 
Table 1, after the cross-layer information fusion, the 
detection probability of sensors ξ1 are improved from 
(0.2, 0.15, 0.2) to (0.288, 0.216, 0.288), and the 
uncertainty is reduced to 0.208.  

 
 

Table 1. Comparison of sensor ξ1
’
 s detection probability. 

 
Detection probability  Г1 Г2 Г3 

PA 0.2 0.15 0.2 
PB 0.288 0.216 0.288 

Note: 
PA: Probability before cross-layer information fusion processing 
PB: Probability after cross-layer information fusion processing 

 
 

When the cross-layer information introduced, 
sensor detection probability is improved because 
environmental noise elimination have been wipe off. 
For the noise is systemic, the probability of 
improvement is generality to all of sensors. As can be 
seen in the Table 2, the detection probability of 
sensors ξ2 are improved from (0.15, 0.2, 0.15) to 
(0.216, 0.288, 0.216), and the uncertainty is reduced 
to 0.28.  

When each sensor's detection probability 
increases, we can use D - S evidence reasoning 
method to synthesis. So we can get at last the 
detection probability of the whole system. This is a 
method of combined the cross layer technique and 
the D - S evidence reasoning. 

 
 

Table 2. Comparison of sensor ξ2 
’
 s detection probability. 

 
Detection probability  Г1 Г2 Г3 

PA 0.15 0.2 0.15 
PB 0.216 0.288 0.216 

Note: 
PA: Probability before cross-layer information fusion processing 
PB: Probability after cross-layer information fusion processing 

 
 

Based on D-S evidence reasoning theory, the 
uncertainty of the whole detection system also 
decreases when each detector to improve detection 
probability. As can be seen in the Table 3, the 

detection probability of sensors ξ3 are improved from 
(0.25, 0.15, 0.2) to (0.36, 0.216, 0.288), and the 
uncertainty is reduced to 0.136. System uncertainty 
reduction fully shows the effectiveness of cross-layer 
information exchange. At the same time, the 
combination use of D - S evidence reasoning and 
cross-layer information fusion make the effect more 
apparent. 

 
 

Table 3. Comparison of sensor ξ3 
’
 s detection probability. 

 
Detection probability  Г1 Г2 Г3 

PA 0.25 0.15 0.2 
PB 0.36 0.216 0.288 

Note: 
PA: Probability before cross-layer information fusion processing 
PB: Probability after cross-layer information fusion processing 

 
 

The above calculation results can image 
represented by the diagram below. In the diagram, 
the above attachment's represents the modified sensor 
detection probability, and the below represents sensor 
detection probability that did not modified.  

As can be seen from the detection probability of 
the 3 kinds of sensors after correction, the ability of 
target detection have been improved because of the 
improving of sensor’s SNR after cross-layer 
information fusion. In this model, the detection 
probability of the sensor is improved by 1.44 times. 
Then we compare the results of the 3 kinds of sensors 
between used and unused cross-layer information 
fusion to D-S evidential reasoning method of 
synthesis. 

The detection probability of sensors ξ1, ξ2, ξ3 in 
the case of uncorrected and correction of cross-layer 
information fusion D-S evidential reasoning approach 
synthesis one by one. As shown in Fig. 7, the 
connection above is the results connection of sensor’s 
detection probability after cross-layer information 
fusion process D-S evidential reasoning method 
synthesis. The connection below is the results 
connection of the original sensor’s detection 
probability D-S evidential reasoning method 
synthesis. As can be seen, the detection probability of 
sensors ξ1, ξ2 in the case of not conduct cross-layer 
information fusion are (0.2423, 0.2393, 0.2423), the 
synthesis detection probability of sensors ξ1, ξ2, ξ3 
are  (0.3187, 0.2098, 0.2823). But after the 
information fusion, the detection probability of 
sensors ξ1, ξ2 are (0.3046, 0.2962, 0.3046), the 
synthesis detection probability of sensors ξ1, ξ2, ξ3 
are (0.3865, 0.2603, 0.3265). And the uncertainty is 
reduced from 0.1892 to 0.0267. 

It can be seen from the Table 4 and the Table 5, 
the results of D-S evidence reasoning derived from 
the basis of the probability of each sensor. This cross 
layer data fusion through the cross layer data 
exchange method increased the probability of sensor. 
So it improves the detection performance of the 
entire system. 
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Fig. 7. Comparison of sensor detection probability between 
before and after correction. 

 
 

Table 4. Comparison of ξ1, ξ2’s D - S synthesis results. 
 

Detection probability  Г1 Г2 Г3 
PA 0.2423 0.2393 0.2423 

PB 0.3046 0.2962 0.3046 
Note: 
PA: Probability before cross-layer information fusion processing 
PB: Probability after cross-layer information fusion processing 

 
 

Table 5. Comparison of ξ1, ξ2, ξ3’s D - S synthesis 
results. 

 
Detection probability  Г1 Г2 Г3 

PA 0.3187 0.2098  0.2823 
PB 0.3865  0.2603  0.3265 

Note: 
PA: Probability before cross-layer information fusion processing 
PB: Probability after cross-layer information fusion processing 

 
 

The above calculation results can image 
represented by the diagram below. In the Fig. 8, the 
above attachment's represents the results of D-S 
evidence reasoning that carry out the cross layer data 
fusion, and the below represents the results of D-S 
evidence reasoning that did not.  

 
 

 
 

Fig. 8. Comparison of the results of D-S synthesis between 
before and after the cross-layer fusion 

 
 

It can be seen from the comparison that the D-S 
evidential reasoning method based on the cross-layer 
information fusion has been greatly improved than 

the original one in the system. In the D-S evidential 
reasoning method of cross-layer information fusion, 
the SNR of the sensors has been improved by the 
introduction of cross-layer information fusion, and 
the reliability of the system has been significantly 
improved which amended the original target 
detection probability. 

In practice, there are many methods to choose 
from in information fusion. Which kind of methods is 
chosen depends on the function of the system and 
implementation method. But no matter which kind of 
method, using cross-layer information can solve 
many practical problems. Especially for large-scale 
wireless sensor network system, the information of 
cross-layer transmission has important application 
value. Due to the rapid development of satellite 
communication, makes the cross layer data 
transmission is very convenient. This is a big support 
to across-layer technology application. System 
designers in structure design can be using cross-layer 
information fusion technology as much as possible in 
order to use system resources more effectively. 

 
 

5. Conclusion 
 

The wireless sensor network is a resource-
constrained network, but it can achieve sharing 
resources by cross-layer information fusion method 
in a multi-institutional, multi-layered compound 
detection network. In this paper, the corresponding 
algorithm has been designed by the characteristics 
extraction and information sharing of environmental 
interference noise to correct the detection probability 
of the sensor. Compared with the method which has 
not conducted the cross-layer information fusion, the 
method which has conducted the cross-layer 
information fusion has higher detection capability 
and lower uncertainty of making the D-S evidence 
reasoning synthesized. The cross-layer information 
fusion method which is proposed in this paper after 
appropriate change can be used for the analysis and 
identification of a specific target. 

The difficulty of cross-layer design method is 
how to use cross-layer information. In actual design, 
it needs to start from the actual situation of system 
and select the appropriate algorithm. Cross-layer 
design method has great flexibility; especially the 
combination method with cross-layer design and 
information fusion has a considerable extent on the 
uncertainty. When faced with a specific design goal, 
in order to achieve satisfactory results, the method 
needs to analysis and demonstration of the system, 
select or construct appropriate principles and 
algorithms. 
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Abstract: To improve the detecting ability on the felling target tree of forest harvester, a simple sensor system 
have been employed in the present paper, and to make the data obtained from laser scanner and camera can be 
merged into a new image several methods have been employed by researchers. However these methods usually 
standardized the image for fusion which takes lots of resources. In the present paper, a simple but useful method 
has been used to make this fusion process much more economize At last, as the experiment results show that, 
with the adaptive calculation on the number of pixels in the segmentation grids, the pixel level fusion effect was 
good enough for detecting the felling target. Copyright © 2013 IFSA. 
 
Keywords: data fusion, laser scanner, adaptive round algorithm, pixel fusion. 
 
 
 
1. Introduction 
 

For enhancing the automation and the work 
efficiency of the forest harvester further, optimizing 
the felling operation, improving the utilization of 
forest resources and protecting the forest ecology 
environment, some aspects should be studied deeply 
such as the operating environment perception, 
manipulator path planning, attachment obstacle 
avoidance and the vehicle cross ability, etc. In order 
to resolve the problems which the forest harvester 
meets, a measurement system which is built by the  
2-D laser scanner is adopt to obtain the laser scan 
data of the living-tree in the stage of the observation 
and identification of the felling operation.  

In the research of the automatic navigation in the 
forest and the independent felling and cultivating 
operation of the forest harvester [1-4], the mobile 
environment measurement system, composed by 2-D 
laser scanner which is SICK-LMS291 and digital 
camera, is used to perceive the position of the felling 
and cultivating targets and obstacles in forest [5-8]. 

On the basis of the above, in order to further improve 
the identify ability on the felling and cultivating 
target [9], we conducted a research on the pixel level 
fusion for matching the 2-D laser scanning points of 
felling and cultivating target surface and the true 
color pixels of target in image [10-14]. 

There are many researches with a mobile laser 
scanner to measure the location and the diameter of 
the felling target tree. For example, Jaakko Jutila, 
Kosti Kannas et al. Studied the method on diameter 
and location measurement of tree parameters by 2D 
Laser scanner mounted on a mobile ATV platform 
[15]. The error of the tree diameter calculations is  
4 %. Thies Michael, Pfeifer Norbert et al. use 
terrestrial laser scanner to capture the geometric 
aspects of a tree: the radius, length and diameter of 
the trunk and individual branches [16]. Matti Öhman, 
Mikko Miettinen et al. use the 2D scanning laser 
range finders, machine vision systems and GPS to get 
information about the surrounding forest, such as tree 
diameters, positions and stem density. This 
information can be used on-line for the simultaneous 
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localization and mapping for the forest harvesters or 
off-line in a forest asset management system [17, 18]. 
But there is a problem of the method mentioned 
above which is that the measuring results of laser 
scan could not be displayed quickly, easily and 
intuitive for the operator. 

Based on the data collected by the measuring 
system, we use a method to fuse the two kinds of data 
together and show it on the image of the display. But 
during the process of the research, the laser scanning 
points of target surface could not match the true color 
pixels of target in image due to image horizontal 
distortion. To solve this problem, we use a way 
named parabola grid method to divide image into n 
grids along the horizontal direction according to the 
number n of laser beams of 2-D laser scanning points. 
Use n as index value, and then build matching 
relationship between the depth information of target 
surface of 2-D laser scanning points and the true 
color pixels of target in image. However, due to the 
number N of pixels in the horizontal direction in 
image and the number n of segmentation grids are 
integers, according to the quadratic parabolic 
function calculation, it may lead to the appearance of 
fractional number of pixels in each grid and make the 
summation of all pixels contained in grids much 
smaller than N, which directly result in the failure of 
the fusion matching. So that, an adaptive rounding 
calculation was developed, by adopting the parabolic 
method to segment image, it could make the number 
of pixels of each grids to be an integer, and the error 
between the summation of the number of pixels in 
every grid and the number N of pixels in the 
horizontal direction of image is not greater than 1 
pixel, meanwhile ensuring that the distribution of the 
number of pixels in every grid follows the form of 
the class quadratic parabola segmentation. 

 
 

2. Experiment Materials 
 

2.1. Measurement System 
 
The system of the data measurement on living-

trees in the forest land includes a LMS291 type 2D 
laser scanner produced by SICK company, Germany, 
a 24 V DC power supplied for scanners, a computer 
for data storage and analysis and a camera which can 
be used for take a picture of the scanning vision. 

In the host computer, the programming executes 
the communication with LMS291 laser scanner 
through Active X named Microsoft Comm Control 
6.0 in Visual Basic 6.0 to set the operating 
parameters of the scanner and read the stored scan 
data. 
 
 
2.2. Parameters of System 
 

The maximum measurement range of LMS291 
laser scanner is adjustable (8 m, 16 m, 32 m, 80 m), 

the scan angle is about 100 ° / 180 °, the scan angle 
resolution is adjustable(0.25°, 0.5°, 1.0°), too. 
According to the principle of LMS291 laser scanner, 
the size of the smallest target δmin should be 
ascertained in order to set the scanner parameters in 
the field experiment correctly, the calculation 
principle is shown in Fig. 1. 
 
 

 
 

Fig. 1. The calculation principle of the minimum  
measure size. 

 
 

Where, θ is the scanning angle resolution, Rmax 
is the maximum measurement range, so, 

 2
min max2 1- cosR  .The value being calculated 

of δmin is shown in Table 1. 
 
 
Table 1. The calculated δmin with different scanning angle 

resolution and range. 
 

Scanning angle resolution 
(°) 

0.25 0.5 1 

Rmax=8 m， δmin(mm) 34.89 69.78 139.55 
Rmax =16 m，δmin (mm) 69.78 139.56 279.11 
Rmax =32 m，δmin (mm) 139.56 279.11 558.22 
Rmax =80 m，δmin (cm) 34.89 69.78 139.55 

 
 

It can be seen that with the angular resolution 
and the maximum measurement distance of laser 
scanner increases, the minimum measure size also 
increases, which results in that within the scope of 
the measurement, the scan recognition ability 
declines. Therefore, it’s necessary to select the 
appropriate maximum range and minimum angle of 
resolution according to the certain operating 
conditions. 

Because forest harvester’s largest felling range 
is about 12m, and its felling goal is mainly on the 
artificial forest, while the ideal felling diameter class 
of artificial forest is above 260 mm. Also, 
considering the scanning speed and some other 
factors, it’s perfect to set the scanning laser scanner 
angle as 180°, the scan angle resolution as 0.5° and 
the largest measuring range as 16 m. 

With the scan operation starts from 0°, 
beginning with the counter-clockwise, every interval 
of 0.5° fired a laser to measure distances, to 180° 
terminated, a total of 361 sets of data. 
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3. Theoretical Introduction 
 

3.1. Parabolic Segmentation 
 

According to the principle of camera, we assume 
the visual angle of the camera wide-angle lens 
imaging in the horizontal direction is α, which is 
evenly divided into n pieces by equiangular line with 
angle for β, then α=nβ. It means that the visual angles 
of shooting areas between each dividing line are 
equal, which are shown as shooting area 1, shooting 

area 2 and shooting area i in the Fig. 2. The surface 
of CMOS imaging sensor is constituted by pixel 
array, therefore, the sizes of imaging areas on the 
CMOS imaging sensor corresponding to the same 
shooting range areas are different, which means that 
the imaging point numbers are different. In the Fig. 2, 
imaging area 1, imaging area 2 and imaging area i are 
corresponding imaging position of shooting area 1, 
shooting area 2 and shooting area i on the CMOS 
imaging sensor. 

 
 

 
 

Fig. 2. The theory of parabolic segmentation of the imaging areas of the imaging sensor. 
 
 

Based on the above theory, we suppose that in the 
horizontal direction of the image, the number of pixel 
points can be divided into n parts, and each part 
corresponding to a specific shooting area. In this 
paper, a quadratic curve is used to fit this mapping 
relation. Quadratic fitting segmentation equation is 
shown as formula 1 below. 

 

 2
Y A X H B  

, (1) 

 
where:  

A is the Quadratic term coefficient of quadratic 
fitting function; 

H is the abscissa of symmetry axis of quadratic 
fitting function, i.e. the segmentation index serial 
number corresponding to the imaging area of the 
image center; 

B is the ordinate of vertex of quadratic fitting 
function, i.e. the number of pixels contained in the 
imaging area of the image center; 

Y is the number of pixels in the grid corresponded 
to each imaging area after segmentation. 

As an input value, variable X represents the index 
subscript of the serial number of image 
segmentations. Its value is shown as formula 2. 

 

  1 2 1, , , ,i i nX x x x x x  
 (2) 

 
The value of xi in formula 3 is shown as formula 3.  

 1,2, , 1, ,ix i i n  
 (3) 

 
As an output value, variable Y represents the 

number of pixels, corresponding to the serial number 
of image segmentations, in each grid of each 
horizontal imaging area mapping after segmentation; 
yi is the number of pixels corresponding to every 
index value xi, and the summation of all satisfies the 
formula 4 below. 

 

1

n

i
i

y N



 

(4)  

 
In formula 4, N is the summation of pixels on the 

horizontal midline. 
To solve the value of each parameter, make H 

such as formula 5 and B such as formula 6 below. 
 

1 2

n
H T 

 
 

(5)  

2

N
B T

n
 

 
(6)  

 
T1-Constant coefficient, used to control the 

abscissa of the lowest point of the quadratic fitting 
function, i.e. the center position of image 
segmentation. 
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Fig. 3. The parabolic segmentation of the imaging areas of the imaging sensor corresponding  
with the shooting areas. 

 
 

T2-Constant coefficient, used to control the 
ordinate of the lowest point of the quadratic fitting 
function, i.e. the least pixels number contained in a 
group after abscissa segmentation, which could be set 
according to different shooting situations. 

Bring formula 1 into formula 4, while the result is 
shown as formula 7. 

 

  2

1 1

n n

i iy A x H B N    
 

(7)  

 
After calculation, we get formula 8 below. 
 

 
    

6

21 2 1 6 1 6

N nB
A

n n n Hn n nH




    
 

(8)  

 
Based on the above analysis and calculations, we 

can set the values of B and H to control the position 
of quadratic fitting parabola. And set the value of A 
to control the shape and size of the quadratic fitting 
parabola opening and adjust the number of pixels of 
every horizontal segment grid. 

 
 

3.2. Principle of Adaptive Rounding 
Algorithm 

 
Based on the above segmentation principle, the 

quadratic parabola abscissa xi that represent the index 
values of the matching of the grids after segmentation 
and the 2-D laser scanning data are integers. During 
the process of calculations, there will be some cases 
that the pixels number in grid corresponding to each 
index value may not be integer and the summation of 
pixels in every grid may not be N, which will lead to 
pixel drifting in the data fusion between image and 2-
D laser scanning data. Therefore, in order to improve 
the pixel level fusion effect of the 2-D laser scanning 
data and digital image, an adaptive rounding 
algorithm was employed to ensure that the number of 

pixels in the grid after segmentation is an integer and 
the summation of pixels in every grid is N. 

Firstly, according to the results iy  of formula 1, 

make rounding and summation calculations by ceil 
and floor algorithms respectively. The results are 
shown as formula 9 and 10. 

 

1

n

fi f
i

y N



 

(9) 

1

n

ci c
i

y N



 

(10) 

 
In the formula 9 and 10,  

fiy  is the number of pixels in each grid after floor. 

ciy is the number of pixels in each grid after ceil.  

fN is the summation of pixels in every grid after 
floor. 

cN is the summation of pixels in every grid after 
ceil. 

According to the results of calculations, 
determine the relationship between the summation 
results of the two algorithms and the number of 
pixels in the horizontal direction of original image. If 

fN N  or cN N , it indicates that the calculation 
results of the above two algorithms cannot satisfy the 
requirements of rounding calculation of formula 4. 

Secondly, we set the boundary starting 
parameter 1u , and 2u  the initial rounding parameter. 
Then, take the adaptive rounding calculation. 
Through the comparison between the calculation 

results iy  in formula 1 and the initial rounding 

parameter, we could determine the rounding direction 
according to the polarity of the difference between 
the fractional part of iy  and the initial rounding 
parameter. After the adaptive rounding calculation, 

make summation by
1

n

i
i

y

 , and compare the 
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summation results and the summation N of pixels on 

the horizontal midline of image. If 
1

- 1
n

i
i

y N


 , 

then
1

n

i
i

y N


 , it indicates that the adaptive 

rounding results satisfy the requirements of 

segmentation. If 
1

- 1
n

i
i

y N


 , then determine the 

polarity of 
1

-
n

i
i

y N

 . When 

1

- 0
n

i
i

y N


 , make 

'
2 2u u , then continue adaptive rounding summation 

calculation until 
1

n

i
i

y N


  that the adaptive 

rounding results satisfy the requirements of 

segmentation. If 
1

- 0
n

i
i

y N


 , make '
1 1u u , then 

continue adaptive rounding summation calculation 

until
1

n

i
i

y N


  that the adaptive rounding results 

satisfy the requirements of segmentation. 
 
 

4. Experiments 
 
The test data collection site is an artificial forest 

land on the south side of the forestry technology 
building in Beijing Forestry University in Beijing, 
China. The images adopted in test are shot by 
panoramic camera rotated 180 degrees, which is 
shown in Fig. 4. In Fig. 4, the number N of pixels on 
the horizontal mid-line of the image is 6558. 

The test results with the laser scanner LMS291 in 
the test site is shown in Fig. 5.  

 
 

 
 

Fig. 4. The image data for the experiment  
 
 

 
 

Fig. 5. The two-dimensional laser scanning data for the experiment. 
 

According to formula 5 and 6, set the constant 

coefficient T1=0.2i,  1 5i ，
; T2=0.1j,  110j ，

, then 
use formula 1 calculate the number of pixels in every 
grid after segmentation. Based on the principle of the 
fusion matching of digital image and laser scanning 
data, assume that the center point of image coincides 
with the central original point of laser scanning data, 
then T1=1, and taking values of T2 for 0, 0.2, 0.4, 0.6, 
and 0.8, respectively, calculate the number of pixels 
in every grid by using no rounding algorithm and ceil, 
floor, round, adaptive algorithms respectively. The 
distribution of pixels number in every grid is shown 
as y, floor(y), ceil (y), round (y) and round_par (y) in 

Fig. 6.Calculate the summation of pixels on the level 
midline of this image with all above rounding 
algorithms simultaneously, and the calculation results 
are shown in Table 2 below.  

Using adaptive rounding algorithm, T1=1, and 
taking values of T2 for 0, 0.2, 0.4, 0.6, and 0.8 
respectively, the rounding parameters and the number 
of iterations are shown in Table 3 below. 

According to the results of Table 2, calculate the 
difference between the summation of the pixels in 
every grid with the 4 different rounding algorithms 
and the number of the pixels of the mid-line of the 
image, which are shown in Table 4 below. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 6. The number of the pixels in the grids after calculations with different rounding algorithm. 
 
 

Table 2. The summation of the pixels in every grid with the 5 different algorithms. 
 

No.  sum y
   sum floor y

 
  sum ceil y

 
  sum round y

 
  sum round_par y

 
1.  6558 6388 6748 6556 6558 
2.  6558 6367 6728 6572 6558 
3.  6558 6385 6746 6551 6559 
4.  6558 6372 6733 6557 6557 
5.  6558 6376 6737 6558 6558 
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Table 3. The rounding parameters and the number of iterations with the adaptive rounding algorithm. 
 

No. u Calculating times 
1.  0.488281 7 
2.  0.546875 5 
3.  0.484375 5 
4.  0.5 0 
5.  0.5 0 

 
 

Table 4. The difference between the summation of the pixels in every grid with the 4 different rounding algorithms  
and the number of the pixels of the mid-line of the image. 

 

No. 
  

 
sum floor

sum

y

y
 

  
 

sum ceil

sum

y

y
 

  
 

sum round

sum

y

y
 

  
 

sum round_par

sum

y

y
 

1.  -170 190 -2 0 
2.  -191 170 14 0 
3.  -173 188 -7 1 
4.  -186 175 -1 -1 
5.  -182 179 0 0 

 
 

5. Results 
 
According to the calculation results, the 

summation of pixels in each grid is greater than the 
numbers of pixels on the mid-line of original image 
with ceil and round algorithms. Therefore, only using 
the floor and the adaptive algorithms could achieve 
matching of the image data and the 2-D laser 
scanning data, but the two algorithms have certain 
difference in matching effect. 
 
 
5.1. The Effect of Fusion Matching  

with the Floor Algorithm 
 
Using floor rounding algorithm to calculate the 

number of pixels in every grid, can achieve matching 
of image data and 2-D laser scanning data, and the 
results are shown in Fig. 7. In the Fig. 7 (a-e) are the 
effects of the fusion matching of 2-D laser scanning 
data and digital image when T1=1, and the values of 
T2 are 0, 0.2, 0.4, 0.6, and 0.8 respectively.  
Fig. 7 shows that, after the floor rounding calculation, 
the summation of pixels in every grid is less than it 
on the image mid-line without rounding calculation. 
Therefore, there will be some no matching of image 
data and laser scanning data, which is less effective. 
 
 
5.1. Optimal Matching Fusion Result 

 
Based on the adaptive rounding algorithm, 

through the adjustment of setting opening parameters, 
when T1=0.876, T2=0.925, the matching fusion effect 
of 2-D laser scanning data and target position of 
image is better. At this time, making the adaptive 
rounding parameter, the result of matching fusion is 
shown in Fig. 8. 

 
6. Discussion and Conclusions 
 

The summation of pixels in every grid calculated 
by ceil rounding algorithm, is greater than the 
summation of pixels on the mid-line of image 
without any rounding algorithm, namely the number 
of pixels on the mid-line of original image. 
Therefore, part of the 2-D laser scanning data cannot 
match the image reasonably, and this will lead to the 
loss of matching target. Consequently, ceil rounding 
algorithm is not suitable for this kind of rounding 
calculation of the number of pixels in every grid of 
image segmented horizontally by parabola. 

The summation of pixels in every grid calculated 
by the round algorithm, which is not far from the 
summation of pixels on the mid-line of image 
without any rounding algorithm, namely the number 
of pixels on the mid-line of original image. But to a 
certain extent, there is a phenomenon that the 
summation of pixels in every grid after rounding is 
greater than the summation of pixels on the mid-line 
of image without any rounding algorithm. 
Consequently, the round algorithm is not suitable for 
this kind of rounding calculation of the number of 
pixels in every grid of image segmented horizontally 
by parabola. 

The summation of pixels in every grid calculated 
by the floor rounding algorithm, is less than the 
summation of pixels on the mid-line of image 
without any rounding algorithm, namely the number 
of pixels on the mid-line of original image. Then, part 
of the 2-D laser scanning data cannot match the 
image reasonably, and this lead to the loss of 
matching target. Consequently, the floor rounding 
algorithm is not suitable for this kind of rounding 
calculation of the number of pixels in every grid of 
image segmented horizontally by parabola. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
Fig. 7. The matching results between the image data and two-d laser scan data, while the calculation of the number  

of the pixels in each grid with floor rounding algorithm. 
 
 

 
 

Fig. 8. The optimal matching results between the image data and two-d laser scan data, with T1=0.876, T2=0.925. 
 
 

The summation of pixels in every grid calculated 
by using adaptive rounding algorithm, which is 
basically equal to the summation of pixels on the 
mid-line of image without any rounding algorithm, 
namely the number of pixels on the mid-line of 
original image. The error is not greater than 1 pixel, 
so the 2-D laser scanning points can basically match 
the target pixels of image. Consequently, the adaptive 
rounding algorithm is suitable for this kind of 
rounding calculation of the number of pixels in every 
grid of image segmented horizontally by parabola. 

In conclusion, with a simple tree detecting system 
which composed by a 2-D laser scanner and a digital 
camera can be used to detect the position of trees in a 
measuring field and using parabola to segment the 
image and grids horizontally, could achieve the basic 
matching of image data and 2-D laser scanning points 
without distortion correction to the image. Using the 
adaptive rounding algorithm to calculate the number 
of pixels in every grid, could ensure that the number 
of pixels in every grid is not only integer but follow 
the quadratic parabola distribution, and it is also 
equal to the number of pixels on the mid-line of the 
original image. With this research, the result could 
reduce the working pressure of the operator and 

improve the working efficiency of the forest 
harvester. 
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Abstract: Microelectromechanical (MEMS) bring the great revolution in microfluidics. Particularly 
microchannels are extensively studied in last few years. This paper presents the microfluidic analysis of  
T-junction type microchannel. ANSYS has been used for microfluidic analysis. The length of microchannel is 
1000 µm and length of T-junction is 500 µm. The diameter of microchannel is 100 µm. The velocity and fluid 
flow variation through the T-junction have been analyzed in computational fluid dynamic (CFX) environment at 
applied pressure of 100 kPa, 200 kPa and 300 kPa. The maximum velocities vector at the T-Junction walls 
3.910e1, 5.701e1 and 7.734e1 have been achieved. The flow rates of 341, 572 and 673 mL/min have been 
observed through the microchannel with diameters of 100 µm. Copyright © 2013 IFSA. 
 
Keywords: Finite element method, MEMS, Microfluidic, Microchannel. 
 
 
 

1. Introduction 
 

Microfluidics deals with the manipulation, 
precise control and behavior of fluids. It is the most 
popular branch of micro-electromechanical system 
(MEMS). Significant research has been conducted by 
the researcher during the last decade to the 
application of microfluidics [1]. Implementation of 
many manipulation components, which includes 
channels, valves, filters and mixers are the major goal 
of the research [2]. Microfluidic devices are 
microneedles, micropumps, micromixers and 
microchannels. Microneedles are used for fluid 
transport. MEMS based microneedle has length of 
microneedles less than 1 mm. These needles do not 
create any kind of pain when inserted into the body. 
The important applications of microneedles are in 
extraction of blood, cancer therapy, dentistry, and 
drug delivery systems. Micropump is also an 

important device of microfluidics. It is used to deliver 
drug into the body. These devices provide the 
mechanism to the system in order to get specified 
volumes of therapeutic drugs. Micropumps consist of 
following components like actuator, chamber, 
membrane and diaphragm [1]. Micromixer is also an 
important component of microfluidics systems. This 
device is used to mix fluids based on moving micro 
parts. There are large applications of micromixers in 
chemical industries, medicine industries and 
biomedical analysis. Passive micromixers and active 
micromixers are two types of micromixer [3, 4]. 
Microchannels are extensively used in the study of 
fluid flow and its characteristics. Microchannels are 
three basic types such as sinusoidal microchannel, 
curved microchannel and straight microchannel. 
These types of microchannels are extensively used to 
determine the experimental and numerical values of 
fluid flow and its flow characteristics. Other types of 
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microchannels are developed by using the 
combination of above three types of microchannels, 
these includes spiral microchannel, snake fang 
microchannel, etc. Ali et al. 2010 [5] reported on the 
flow and heat transfer analysis for peristaltic flow of 
an incompressible viscous fluid in a curved 
rectangular channel. The governing equations for 
stream function and temperature field are derived 
under long wavelength and low Reynolds number 
assumptions. The obtained solutions are then 
analyzed with the help of graphical results. Guo et al. 
[6] presented the numerical investigation of viscous 
dissipation effect on the thermodynamic performance 
of the curved square microchannels in laminar flow. 
The classical Navier-Stokes equation has been 
adopted, aniline and ethylene glycol has selected as 
the working fluids. The results show that the heat 
transfer entropy generation number and frictional 
entropy generation number augment relatively under 
viscous dissipation effect for the case of fluid heated, 
and the opposite results can be found for the case of 
fluid cooled. Xuan et al. 2011 [7] presented the mass 
transfer characteristics of a two-layer laminar flow in 
a curved microchannel by computational fluid 
dynamic simulation. The findings are useful for 
improving the design of microfluidic devices. The 
results show that the inter-stream mass transfer can 
be reduced by increasing the density ratio and 
reducing the Re and the aspect ratio. It is concluded 
that properly designed curved microchannels can be 
applied to the microfluidic devices, such as 
membrane less microfluidic fuel cell. Zhizhao et al. 
2010 [8] reported on the study of flow field inside a 
droplet moving in microchannels. He presented an 
analytical method to investigate the flow field inside 
a confined droplet (a plug) moving in curved micro-
channels with high aspect ratio. The flow field is 
compared against a one-dimensional solution and the 
published experimental data. The results suggest that 
the vortex pattern of the plug can be controlled by 
designing the channel geometry. Lu et al. 2011 [9] 
investigated the effects of channel surface wettability, 
channel cross-sectional geometry and channel 
orientation on the two-phase flow in parallel gas 
channels. The flow pattern map, channel flow 
distribution, pressure drop and flow visualization 
were analyzed to obtain the flow characteristics in 
each case. The result suggests that the proton 
exchange membrane fuel cells with hydrophilic 
channels surface would have higher and more stable 
performance than non-treated channels. Sinusoidal 
channel geometry is more likely to form film flow 
compared to rectangular and trapezoidal geometries. 
Lower pressure drop is also found in the sinusoidal 
channel. The rectangular and trapezoidal channels 
behave similarly to each other. Heidary et al. 2010 
[10] reported on the effect of nano particles in 
sinusoidal microchannel. Convection (mode of heat 
transfer) and flow in sinusoidal channel was studied 
numerically. Two temperatures were taken, 
Temperature of input fluid (Tc) and temperature of 
walls (Tw). Tc was taken less than Tw. The 

governing equation were used and numerically 
solved. The thermal conductivity was improved by 
adding nano particles in fluid but a pure one. 
Waseem et al. 2011 [11] reported on cell sorting 
system, its design and simulation. ANSYS has been 
used for analyzing the microchannel which was 
sinusoidal. The channel consisted of internal diameter 
of 15 µm and length of 160 µm. The inertial effects 
during the interaction of solid and fluid has been 
investigated by modeling nineteen objects (solids) of 
3µm diameter each into the microchannel. These cell 
sorting system have many clinical and biomedical 
applications on extensive basis. The pumping 
mechanism has been provided by micro pump. The 
flow of micro pump has been controlled by the use of 
flow sensor. An electronic module is used for this 
purpose and flow has been controlled by using 
electronic module. Samples are then delivered to cell 
detection sorting system that detects the cells but the 
infected ones and furthermore are sorted with sorting 
system. Bilhan et al. 2010 [12] reported on the 
application of two different kind of techniques which 
were neural networks for straight microchannels. 
Side weirs are widely used in environmental and 
hydraulic engineering applications. Fazeli et al. 2010 
[13] have discussed the production of hydrogen 
reactor by computational fluid dynamic (CFD) 
modeling in a zigzag and a straight coated 
microchannel. Steam reforming (SR) heat is provided 
on Cu/ZnO/Al2O3, which is a catalyst from total 
oxidation (TOX) methanol. Conduction of heat takes 
place between the zones from TOX to SR with the 
help of a steel separator within the two channels. 
Comparison of heat amalgamation occurs in a 
straight and zigzag geometry of micro reactor with 
the help of CFD modeling. Zigzag geometry is more 
reliable than straight because of better mass and heat 
transfer. There is greater change of methanol from 
one phase to other in zigzag geometry than straight. 
Zigzag micro channels outlet has better selectivity for 
hydrogen mole fraction and less for carbon mono 
oxide than straight one. Lu et al. 2010 [14] reported 
on the parallel channels which were straight ones and 
numerically evaluated the mass transfer in them. 
Flows are separated by permeable membrane and 
restricted within the channel. Channel flow and ultra-
filtration flow which are the two types of flow are 
given by Navier- Stokes and Kedem-Katchalsky (K-
K) equations in this simulation work. Process of 
hemodialysis is investigated by computation of solid 
its outcomes give the idea of ultra-filtration along 
permeable membrane and solute and flow division 
within the channels. Emiroglu et al. 2010 [15] have 
studied neural networks in order to idealize the 
discharge capacity of side-weir which was triangular 
labyrinth placed on straight micro channel. Devices 
used for flow distraction are side weirs. These 
devices have vast application inland drainage and 
irrigation. Predication of discharge coefficient is a 
basic thing for the design of side weirs. Artificial 
neural network (ANN) is used to calculate the 
discharge coefficient of side weirs. To estimate the 
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performance of model statistics which were used are 
mean absolute errors (MAE), root mean square errors 
(RMSE) and correlation coefficient (R). ANN model 
results and measured values have high-quality 
agreement. Masuda et al. 2011 [17] reported a 
relation between water droplet behavior and cell 
voltage. Pattern of cells used are parallel, straight and 
serpentine channel. Three cells with different channel 
pattern are formulated. Water droplets in cathode 
channel are visualized by operating these different 
channel pattern cells. Water droplet behavior in cells 
and performance is compared by changing different 
operation conditions. Consecutive process of water 
action is termed as flooding, flushing and plugging. 
These come into view in every channel pattern cell. 
Typical cell voltage deviation is shown by each 
channel cell pattern. Serpentine one channel cell is 
much better among the three cells because of its 
accurate performance and high for bearance. Wang et 
al. 2010 [18] have studied flooding process of liquid 
water The Study involves a cathode which was 
proton exchange membrane fuel cell (PEMFC) along 
with channels which were straight, parallel and a 
permeable layer. Worner et al. 2010 [19] have 
studied estimate of residence time distribution of 
laminar flow in a channel which was straight 
rectangular. Roudet et al. 2011 [20] have discussed 
hydrodynamics and transfer of mass in liquid-gas 
flow system and channels which were used are 
square and straight. Yaroshchuk et al. 2011 [21] have 
discussed transfer properties in electrolyte solutions 
of long straight nano channels. General expressions 
for different transfer properties have been attained in 
terms of electrostatic potential division in nano 
channel, integration of ion division coefficients and 
solution of Stokes expression for long straight nano 
channels. These expressions were specified to long 
straight slit like nano channels by use of Poisson-
Boltzmann approach. 

Here, in this paper the authors discussed the T-
junction microchannel. The fluid velocity and flow 
characteristics have been analyzed in modeling using 
finite element software ANSYS. 
 
 
2. Design of Microchannel 
 

In fluid transport systems the polyglycolic acid 
(PGA) has been consider as an important polymer. 
Materials made from polyglycolic acid are preferable 
to standard, non-biodegradable surgical alternatives 
due to the many benefits they yield. One major 
benefit of PGA sutures is that they support faster 
wound healing than traditional synthetic sutures that 
can slow or even jeopardize proper healing. 
Similarly, the enzyme reaction that occurs between 
tissue and the PGA is negligible and does not 
produce any adverse effect for the wound or 
surrounding tissue. Also, as they are absorbed into 
the surrounding tissue, there is no need to further 
traumatize the area with their removal. That’s why in 
multiphysics analysis of T-Junction type 

microchannel PGA has been considered as a channel 
material. The Simulation carried out using finite 
element software ANSYS. Straight microchannel 
with T-junction has been considered for microfluidic 
analysis. Length of microchannel is 1000 µm and 500 
µm for T-junction. The diameter of microchannel has 
been considered 100 µm during the simulation. The 
geometry of microchannel is shown in Fig. 1. 

 
 

 
 

Fig. 1. Geometry of T-junction. 
 
 

3. Simulation 
 

ANSYS software tool has been used in 
computational fluid dynamic analysis. After making 
3D model meshing has been applied on it. Mesh 
model has been shown in Fig. 2.  
 
 

 
 

Fig. 2 .Mesh Model of T-Junction. 
 
 

Then initial and boundary conditions of 3D model 
have been defined in ANSYS CFX module. The CFX 
model of T-Junction is shown in Fig. 3. 

At the inlet of microchannel pressure of 100 kPa, 
200 kPa and 300 kPa have been applied. The pressure 
at the outlet has been considered to be zero. As a 
working fluid acetone at 25 0C was used. Then in 
CFX module the solution has been obtained. The 
fluid pressure, velocity and flow rate through the 
microchannel has been studied. The pressure 
distribution visualization through the microchannel at 
applied pressure is shown in Fig. 4. 
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Fig. 3. CFX model of T-junction. 
 

 
 

Fig. 4. Pressure distribution of T-junction (a) 100 kPa,  
(b) 200 kPa, (c) 300 kPa). 

The fluid velocity distribution visualization 
through the microchannel at applied pressure  
100 kPa, 200 kPa and 300 kPa are shown in Fig. 5. 
The maximum velocities at the T-Junction 3.910e1, 
5.701e1 and 7.734e1 have been achieved. It has been 
observed that the pressure and velocity through the 
channel have similar pattern. 

 
 

 
 

Fig. 5. Velocity variation of T-junction (a) 100 kPa,  
(b) 200 kPa, (c) 300 kPa. 

 
 

4. Results and Discussions 
 

The velocity variations through the microchannel 
at different length for applied pressure of 100 kPa, 
200 kPa and 300 kPa are shown in Fig. 6. The chart 
count shows the distance along the length of 
microchannel. 
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Fig.6. Velocity along the the length of microchannel  
(a) 100 kPa, (b) 200 kPa, (c) 300 kPa. 

 
 

The variation in the velocity at applied 100 kPa is 
between 21 to 35 m/sec. The variation in the velocity 
at applied 200 kPa is between 33 to 57 m/sec and the 
variation in the velocity at applied 300 kPa is 
between 40 to 68 m/sec. It was observed that the 
applied pressure has linear increased while the 
velocity variations have not been increased linearly. 
The fluid flow rate through the microchannel at 
applied pressure of 100 kPa, 200 kPa and 300 kPa is 
shown in Fig. 7.  

 
 

 
 

Fig. 7. Flow rate through the microchannel at applied 
pressure of 100 kPa, 200 kPa and 300 kPa. 

5. Conclusions  
 

This paper presents the simulation of T-Junction. 
ANSYS has been used for multifield analysis. The 
diameter of 100 µm is considered for microchannel. 
The fluid velocity and flow variation has been 
analyzed at applied pressure of 100 kPa, 200 kPa and 
300 kPa through the T-junction. The flow rates of 
441, 573 and 681 mL/mint have been observed at 
applied pressure of 100 kPa, 200 kPa and 300 kPa. 

 
 

References 
 
[1]. Muhammad Waseem Ashraf, Shahzadi Tayyaba and 

Nitin Afzulpurkar, Micro electromechanical systems 
based microfluidic devices for biomedical 
applications, IJMS, 12, 2011, pp. 3658-3704. 

[2]. Gina S. Fiorini and Daniel T. Chiu, Fabrication and 
application of disposable Microfluidic devices, 
Biotechniques, 38, 2005, pp. 429-446. 

[3]. Nguyen, Nan-Trung and Wereley, Steven T, 
Fundamentals and Applications of Microfluidics, 
Artech House. 

[4]. Teffen and Schönfeld, Friedhelm, Microfluidic 
Technologies for Miniaturized Analysis Systems, 
Springer. 

[5]. N. Ali, M. Sajid, T. Javed, Z. Abbas, Heat transfer 
analysis of peristaltic flow in a curved channel, 
International Journal of Heat and Mass Transfer, 53, 
2010, pp. 3319–3325. 

[6]. Jiangfeng Guo, Mingtian Xu, Jun Cai, Xiulan Huai, 
Viscous dissipation effect on entropy generation in 
curved square microchannels, Energy, Vol. 36,  
Issue 8, August 2011, pp. 5416–5423. 

[7]. Jin Xuan, Michael K. H. Leung, Dennis Y. C. Leung, 
Meng Ni, Density-induced asymmetric pair of Dean 
vortices and its effects on masstransfer in a curved 
microchannel with two-layer laminar stream, 
Chemical Engineering Journal, 171, 2011,  
pp. 216–223. 

[8].  Zhizhao Che, Teck Neng Wong, Nam-Trung 
Nguyen, An analytical model for a liquid plug 
moving in curved microchannels, International 
Journal of Heat and Mass Transfer, 53, 2010,  
pp. 1977–1985. 

[9]. Zijie Lu, Cody Rath, Guangsheng Zhang, Satish G. 
Kandlikar, Water management studies in PEM fuel 
cells, part IV: Effects of channel surface wettability, 
geometry and orientation on the two-phase flow in 
parallel gas channels, International Journal of 
Hydrogen Energy, 36, 2011, pp. 9864-9875. 

[10]. Heidary, M. J Kirmani, Effect of Nano particle on 
convection in sinusoidal microchannel, International 
Communications in Heat and Mass Transfer, 37, 
2010, pp. 1520-1527. 

[11]. Muhammad Waseem Ashraf, Shahzadi Tayyaba, 
Dhananjay W. Bodhale, Nitin Afzulpurker, 
Designing and simulation of microchannel for cell 
sorting system, in Proceedings of the 1st International 
Conference on Manipulation, Manufacturing and 
Measurement on Nanoscale, 29 August- 2 September 
2011, Changchun, China.  

[12]. Omer Bilhan, M. Emin Emiroglu, Ozgur Kisi, 
application of two different neural network 
techniques to lateral outflow over rectangular side 



Sensors & Transducers, Vol. 152, Issue 5, May 2013, pp. 146-151 

 151

weirs located on a straight channel, Advances in 
Engineering Software’s, 44, 2010, pp. 831-837. 

[13]. Ali Fazeli, Mohsen Behnam, hydrogen production in 
a zigzag and straight catalytic wall coated micro 
channel reactor by CFD modeling, International 
Journal of Hydrogen Energy, 35, 2010,  
pp. 9496-9503. 

[14]. Junfeng Lu, Wen-Qiang Lu, A numerical simulation 
for mass transfer through the porous membrane of 
parallel straight channels, International Journal of 
Heat and Mass Transfer, 53, 2010, pp. 2404-2413. 

[15]. M. Emin Emiroglu, Hayrullah Agaccioglu, Nihat 
Kaya, Discharging capacity of rectangular side weirs 
in straight open channels, Flow Measurement and 
Instrumentation, 22, 2011, pp. 319-330. 

[16]. Hiromitsu Masuda, Atsushi Yamamoto, Kazunari 
Sasaki, Sangkun Lee, KoheiLto, A visualization 
study on relationship between water-droplet behavior 
and cell voltage appeared in straight, parallel and 
serpentine channel pattern cells, Journal of Power 
sciences, 196, 2011, pp. 5377-5385. 

[17]. M. Emin Emiroglu, Omer Bilhan, Ozgur Kisi, neural 
networks for estimation of discharging capacity of 
triangular labyrinth side-weir located on a straight 
channel, Expert Systems with Applications, 38, 2011, 
pp. 867-874. 

[18]. X. Wang, B. Zhou, liquid water flooding process in 
proton exchange membrane fuel cell cathode with 
straight parallel channels and porous layer, Journal of 
Power Sources, Vol. 196, 2011, pp. 1776-1794. 

[19]. M. Worner, approximate residence time distribution 
of fully develop laminar flow in a straight rectangular 
channel, Chemical Engineering Science, Vol. 65, 
2010, pp. 3499-3507. 

[20]. M. Roudet, K. Loubiere, C. Gourdon, M. Cabassud, 
hydrodynamics and mass transfer in inertial gas-
liquid flow regimes through straight and meandering 
millimetric square channels, Chemical Engineering 
Science, Vol. 66, 2011, pp. 2974-2990. 

[21]. A. E. Yaroshchuk, Transport properties of long 
straight nano-channels in electrolyte solutions: a 
systematic approach, Advances in Colloid and 
Interface Science, 2011. 

 
___________________ 

 

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

 
 

http://www.sensorsportal.com/HTML/BOOKSTORE/Smart_Sensors_and_MEMS.htm


Sensors & Transducers, Vol. 152, Issue 5, May 2013, pp. 152-157 

 152 

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

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

 
 
 
 
 

Mass Flow Measurement of Fluids  
by a Helically Coiled Tube 

 
1,2 Tian ZHOU, 1,2,* Zhiqiang SUN, 1,2 Zhenying DONG, 

1,2 Saiwei LI, 1,2 Jiemin ZHOU 
1 School of Energy Science and Engineering, Central South University, Changsha 410083, China 
2 Hunan Key Laboratory of Energy Conservation in Process Industry, Central South University, 

Changsha 410083, China 
* Tel.: +86-731-88876209, fax: +86-731-88879863 

* E-mail: zqsun@csu.edu.cn 
 
 

Received: 26 March 2013   /Accepted: 15 May 2013   /Published: 27 May 2013 
 
 
Abstract: Reliable and accurate measurement of mass flow rate of fluids has become an essential need in 
numerous scientific researches and industrial processes. A novel approach to the mass flow measurement of 
fluids is proposed in this paper by using the pressure drop across a helically coiled tube as input. Experiments 
with water were conducted at 13 groups of inclination angles when the tube diameter, coil diameter, uncoiled 
length and pitch of the helically coiled tubes were fixed. Results show that the method proposed is valid for the 
mass flow measurement of fluids. The relative errors of the mass flow rates measured were basically within  
±6 %. The influence of the inclination angles on the mass flow rates was negligible, which can facilitate the 
setup of measurement system. This approach provides a simple and cost-effective solution to the measurement 
of mass flow rate of fluids for engineering applications. Copyright © 2013 IFSA. 
 
Keywords: Mass flow measurement, Helically coiled tube, Measurement model, Pressure drop, Inclination 
angle. 
 
 
 
1. Introduction 
 

The measurement of mass flow rate of fluids has 
been a fundamental requirement in many industrial 
processes over the last two decades. This is partly 
due to the increasing value of products [1], but it is 
also due to an increasing realization that volumetric 
flow rate is frequently inappropriate [2]. The most 
pronounced merit of mass flow rate is that its value is 
unchanged throughout a flow system under fixed 
working conditions, unlike the volumetric flow rate 
that depends on the state of the fluid measured. Since 
the successful introduction of Coriolis flowmeter, 
researches on the techniques and devices for mass 

flow measurement are stimulated [3, 4]. Presently, 
the availability of mass flowmeters is far inadequate 
to meet the demand. 

The commercially available mass flowmeters, to 
the best of the authors’ knowledge, are the Coriolis 
flowmeter and the thermal flowmeter. The former 
meter is commonly used to measure liquids, whereas 
the latter is mainly for gaseous media. Unfortunately, 
the applications of the two flowmeters are limited in 
engineering fields due to their rigorous installation 
requirement and high maintenance cost. In addition, 
mass flow rates can also be obtained indirectly from a 
volumetric flowmeter combined with a densitometer; 
however, the measurement error of each sensor will 
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cumulate all through. A trend in recent mass flow 
measurement is through the processing of the signals 
from a single or multiple conventional volumetric 
flowmeters with appropriate measurement models or 
compensation algorithms [5, 6]. For example, vortex 
flowmeters using the duct-wall differential pressure 
method (DDPM) has successfully been applied to 
measure the mass flow rates of single-phase flows 
and partial gas–liquid flows [7–10].  

The helically coiled tube, a kind of typical curved 
tubes, has been widely used in industrial processing 
engineering and in the manufacture of apparatus [11]. 
This device is often introduced to heat exchangers as 
a passive heat transfer enhancer [12]. The fluid flow 
phenomena in helical tubes are more complex than 
those in straight tubes, since a secondary flow is 
induced due to the difference in the centrifugal force 
caused by fluid elements moving with different axial 
velocities [13]. Consequently, the pressure drop for 
flow in helically coiled tube is higher than that for in 
straight tube at identical flow rate and tube length 
[14]. Some researches have shown that the pressure 
drop of a helically coiled tube can be correlated to 
various parameters for steady isothermal flow of 
Newtonian fluids [15]. Based on such characteristics, 
the present study attempts to establish a measurement 
model between the pressure drop and the mass flow 
rate in a helically coiled tube. The validity of the new 
model for mass flow measurement is confirmed by 
experimental results, and the influence of inclination 
angles on the pressure drop is also discussed. 

 
 

2. Fluid Flow in a Helically Coiled Tube 
 
The helically coiled tube is a kind of curved tubes 

which each has a three-dimensionally curved tube 
axis. When a fluid flowing through a helically coiled 
tube, centrifugal pull arises due to the curvature of 
streamline, and applies on the fluid together with the 
influence of the boundary layer on the tube wall. 
Consequently, the fluid flows from the inner side of 
the tube toward the tube wall under the action of the 
centrifugal force, and leads to a low pressure region 
at the inner side of the tube. The curved movement of 
the fluid can be maintained if the magnitude of the 
flow velocity is big enough inside the tube; however, 
the fluid's velocity near the tube wall is considerably 
low due to the viscosity which reduces the curved 
movement's radius. As a result, the fluid near the tube 
wall moves along the tube wall to the inner side of 
the tube due to the pressure difference between them. 
At the same time, a backflow occurs at the center of 
the tube because of the fluid’s continuity. Thus a 
secondary flow perpendicular to the tube axis, called 
the Dean vortices, comes into being in the form of 
dual vortices, as shown in Fig. 1. 

The secondary flow merges with the main flow 
along the tube axis and forms a helical fluid 
movement. This superposition of a cross flow in the 
main flow direction makes a big enhancement for the 
heat and mass transfer capability of the fluid since 

they not only rely on fluid's radial dispersion but also 
on the action of secondary flow, which means the 
mass transfer of fluid is improved by destructing the 
boundary layer. The velocity distribution is varied 
because of the vortices formed in the boundary layer, 
resulting in a relatively concentrated energy loss and 
an increasing drag force. 

 

 
Fig. 1. The Dean vortices. 

 
 
3. Measurement Model 
 

The pressure drop Δp between any two positions 
in a helically coiled tube can be calculated by the 
following equation: 
 

 2
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where f is the friction factor, L is the uncoiled length 
of the helical tube, d is the tube diameter, ρ is the 
fluid density, U is the average flow velocity. 

According to the definition of mass flow rate qm, 
it satisfies 
 

 UAq m , (2) 
 
where the cross-sectional area of the helical tube  
A = πd2/4. 

By substituting Eq. (1) for Eq. (2), it yields 
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Numerous experimental investigations revealed 

that the friction factor of smooth helically coiled 
tubes is a function of Reynolds number and/or the 
ratio of d/D (D is the coil diameter) [16, 17]. Some 
studies further demonstrated that the pressure loss in 
a piping system can be expressed as [2] 
 

 






 2

2

1
UKp  , (4) 

 
where K is the coefficient ranging approximately 
from 5 up to 15, depending on the Reynolds number 
and other flow conditions. 

Comparing Eq. (1) with (4), it is rational to 
consider that the combination fL/d may be constant 
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for a specific helically coiled tube within a certain 
range of Reynolds numbers. So Eq. (3) is rewritten as 
 

 pCq m , (5) 
 

where C is the coefficient of discharge that needs be 
determined by experiments. 

Eq. (5) is the theoretical model for mass flow rate 
measurement of fluids using a helically coiled tube. It 
indicates that the mass flow rate is proportional to the 
square root of the pressure drop. Consequently, the 
key issue in this model is to obtain appropriate 
coefficient of discharge of high accuracy through 
experimental tests. 

 
 

4. Experiments 
 
Experiments were carried out on a series of 

helically coiled tubes using water as the working 
fluid at ambient temperature and atmospheric 
pressure. The experimental system is given in Fig. 2. 
The water in a pool was drawn by a pump, and then 
entered a surge tank to smooth oscillations in the 
water flow. The pipe downstream of the surge tank 
was bifurcated into two branches: one is the test 
branch, and the other is the by-pass branch. The 
helically coiled tube was installed in the test branch. 
There was a 1 m long straight pipe upstream of the 
helically coiled tube tested. After flowing through the 
helically coiled tube, the water reached a collection 
tank, and finally recirculated to the pool. A timer 
would be triggered and the volume of water in the 
collection tank would be recorded since the 
beginning of each test, so the volumetric flow rate 
could be obtained from the ratio of the water volume 
to the time. The reference mass flow rate was defined 
as the product of the volumetric flow rate measured 
multiplying the water density at the test temperature 
and pressure. 
 
 

 
 

Fig. 2. The experimental setup. 
 

The structure of the helically coiled tubes tested is 
shown in Fig. 3. The cross section of the tube was 
round shaped. The tube diameter d and the coil 
diameter D were 8 mm and 122 mm, respectively. 
These tubes all have an uncoiled length L of 1020 
mm with a fixed pitch t of 112 mm. During the 
experiments the pressure drops were acquired at 13 

groups of inclination angles θ = 0, ±15°, ±30°, ±45°, 
±60°, ±75°, ±90°. The inclination angle is the 
included angle between the curvature center line of a 
helically coiled tube and the level line. A positive 
inclination angle indicates that the curvature center 
line of the helically coiled tube is above the level 
line. At each inclination angle, the mass flow rates of 
water were varied 100–400 kg·h-1. The pressure drop 
between the inlet and outlet of the helically coiled 
tube was measured by a differential pressure sensor 
of 0.5 % accuracy, and was sampled once a second 
by a paperless data recorder of an accuracy of 0.2 % 
full scale. 
 
 

 
 

Fig. 3. Structure of the helically coiled tube tested. 
 
 

5. Results and Discussion 
 
Fig. 4(a) gives the dependence of the pressure 

drop caused by the horizontal helically coiled tube (θ 
= 0) on the Reynolds number that uses the tube 
diameter as the characteristic length. Fig. 4(b) shows 
the corresponding relationship between the mass flow 
rate and the pressure drop. These curves both ascend 
with their abscissas; however, a subtle difference can 
also be observed. The rate of slope of the pressure 
drop over Reynolds number increases incrementally, 
whereas the slope of the mass flow rate over pressure 
drop descends gradually. 

Fig. 5(a)–(b) respectively give the relationships 
between the mass flow rate and the pressure drop at 
various positive and negative inclination angles. The 
tendency of all the data points agrees favorably, 
which indicates the influence of inclination angles on 
the mass flow rate is negligible. The measurement of 
the mass flow rate based on the pressure drop is 
facilitated markedly. So we plot all the data point 
pairs of measured mass flow rate versus pressure 
drop together, as shown in Fig. 6. According to the 
measurement model established as Eq. (5), we 
correlated the measured mass flow rates and pressure 
drops in Fig. 6 with the form of power function, and 
obtained the fitted formula below: 
 

 4863.0007.85 xy  , (6) 

 
whose squared 2-norm of the residual is 0.9971. 
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Fig. 4. Relationships of Reynolds number, pressure drop 
and mass flow rate for the horizontal helically coiled tube 

(θ = 0): (a) pressure drop versus Reynolds number; (b) 
mass flow rate versus pressure drop. 
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Fig. 5. Mass flow rates versus pressure drops: (a) at 
positive inclination angles; (b) at negative  

inclination angles. 
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Fig. 6. Correlation between mass flow rate  
and pressure drop. 

 
 

To verify the model, comparisons between the 
estimated and the reference mass flow rates are made, 
and the relative errors are also given, as shown in 
Fig. 7. The reference mass flow rate qmREF was 
obtained from the measured volumetric flow rate 
multiplying the local density of water. The estimated 
mass flow rate qmREF is calculated by inserting the 
pressure drop measured into Eq. (6). The relative 
error of mass flow rate in Fig. 7(b) is defined as 

 
 

%100
mREF

mREFmEST 



q

qq
e . (7) 

 
The estimated mass flow rates distributed around 

their corresponding reference values in the whole test 
range. The relative errors between the estimated and 
the reference mass flow rates were basically within 
±6 %, except for few cases at low Reynolds numbers 
when the influence of fluid viscosity increased. It 
reveals that the proposed model satisfies a variety of 
industrial applications to mass flow measurement. 

The relative error of the mass flow rate results 
from a few sources and may be reduced to a certain 
extent. In helically coiled tubes a secondary flow is 
induced due to the difference in centrifugal force, 
which is determined by the fluid properties and the 
structural parameters. The pressure drops acquired 
between the inlet and the outlet of a helically coiled 
tube are therefore rather complex and involve 
stochastic instabilities inevitably. Since a sample of 
the pressure drop signal with a finite length is a 
snapshot of ensemble, the average values extracted 
from the sample vary randomly. So the mass flow 
rate is fluctuating intrinsically. The uncertainty in the 
estimation of the mass flow rate may be minimized 
by increasing the sample length, but the response of 
the system would be compromised. In addition, a 
compressibility correction factor can be introduced 
into Eq. (5) to improve the measurement accuracy, 
especially for gaseous media at high pressures. 
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Fig. 7. Verification results: (a) estimated mass flow rate 
versus reference mass flow rate; (b) relative error of mass 

flow rate versus Reynolds number. 
 
 

6. Conclusions 
 

In this paper a novel method is proposed to obtain 
mass flow rate of fluids by a helically coiled tube. 
The measurement model is established using the 
pressure drop across a helically coiled tube as input. 
Experiments with water demonstrate that the model 
proposed is valid and can satisfy many engineering 
applications. The relative errors of mass flow rates 
are basically within ±6 %. These errors appear to be a 
bit large, but in view of the absence of any expensive 
devices for the same application, this approach is 
promising. Another clear advantage of the approach 
is the negligible influence of the inclination angles of 
the helically coiled tube, which can facilitate the 
measurement process considerably. Therefore, this 
approach may provide a simple and cost-effective 
solution to the difficult problem of measuring mass 
flow rate of fluids. However, there is no doubt that 
the feasibility of this approach for larger or smaller 
industrial systems needs further verification. 
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Abstract: To minimize hysteresis and creep for load cells which are force sensors, expensive materials and 
fabrication techniques have to be used instead of steel. It is advantageous to take a load cell of silicon because in 
contrast to metals, it does not suffer from hysteresis and creep. Another advantage of silicon is that standard 
micromachining techniques can be used and accurate micromachined resonant strain gauges can easily be 
integrated into the design. In this study, a comparative creep evaluation was made between the use of two 
standard techniques: ISO 376 and OIML R 60. The results indicate that also the silicon load cell (Si LC) - 
besides the low creep and hysteresis response - is sensitive to the method of applying the load. Therefore, this 
type of cell is more suitable for weighing equipment (balances) use. Copyright © 2013 IFSA. 
 
Keywords: Silicon cell, creep, hysteresis, characterization. 
 
 
 
1. Introduction 

 
Most conventional load cells for loads of 10 kN 

or more contain a spring element made of steel or 
aluminium. This spring element deforms under a 
load, which is measured by a sensor element. 
Usually, the sensor element consists of a number of 
resistive strain gauges that are glued onto the spring 
element. The accuracy of these load cells is limited 
by hysteresis and creep. To minimize these effects, 
expensive high-grade steels are required.  

Monocrystalline silicon does not suffer from 
hysteresis or creep; therefore, it is an ideal material 
for use in load cells. Batch fabrication offers a 
potential reduction in production costs. 

Furthermore, the sensing elements can be 
integrated, thus eliminating the labour-intensive 
positioning of the strain gauges [3]. 

An investigation of the use of single-crystalline 
silicon as a mechanical spring material in load cells 
as the result of the crystalline structure of this 
material, having a very high reproducibility of the 
material properties, is expected. In addition, the 
mechanical aftereffects of single-crystalline silicon 
are smaller by a factor of 100 than in metallic 
materials [4]. Therefore, silicon as a crystalline 
mechanical spring material in combination with 
sputtered-on metal strain gauges seems to provide 
advantages compared to strain gauges glued to 
metallic mechanical springs.   
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Typically, the strain gauge technique is limited 
by a measuring uncertainty of 210-5 (k=2) for 
strain gauge force transducers. With the sputtering 
technique, the strain gauge material is vaporized, 
for example, by ion bombardment and is deposited 
on the mechanical spring in the form of a thin film. 
The production of small structures is one of the 
advantages of this technique. Furthermore, the 
sputtering technique shows negligible strain gauge 
creep effects compared to conventional glue 
connections of the strain gauge [4].  
 
 
2. Experimental Setup 
 
2.1. Previous Experimental Work  

on Silicon LC in 2009 and its Mounting 
(OIML R60) 

 
The Si LC is designed as a double bending 

beam as shown in Fig. 1, with a nominal load of 
3 kg. The length amounts to 165 mm, the height to 
30 mm and the width to 20 mm. Fig. 2 shows the 
geometric dimensions of the silicon load cell used. 
The thickness of the thin places is about 1 mm. 

 
 

 
 

Fig. 1. Silicon load cell with thin-film strain gauges. 
 
 

 
 

Fig. 2. Geometric dimensions of the silicon  
load cell used. 

 

 
Besides the well-known advantages of this 

geometry, such as the broad independence of force 
introduction, the aspects of manufacturing due to 
the processing of Si and the application of thin-film 
SGs by sputtering technology are mainly decisive 
for this geometry. 

The thin-film SGs were applied to the upper 
surface of the Si spring in the area of the thin 
places of the LC body by using sputtering 
technology. The material of the SGs is NiCr and 
the thickness of the SGs amounts to 250 nm. The 
small application area of one SG of only 0.8 mm 
times 1.8 mm leads to a higher sensitivity 
compared to glued SGs with greater application 
areas. After the alignment of each SG in terms of 
similar resistance values, the SGs were connected 
to silicon load cell full bridges. The measurement 
signal of the supplied silicon load cell full bridge is 
the output signal of the LC. 

The experimental results that were obtained 
according to OIML R60 followed this measuring 
procedure for the results presented in Fig. 10. The 
silicon load cell is fixed on the left side by means 
of the accessories. On this side, the load is applied. 
The load introduction is made by means of a piece 
of hardwood to decouple the thermal influence. On 
the hardwood a pile of loads is applied. The loads 
are applied automatically to the LC, step-by-step 
via chain masses. Through the use of nine chain 
masses, the maximum weight amounts to 2.5 kg; 
the experimental setup is shown in Fig. 3.  

 
 

 
 

Fig. 3. OIML R 60 experimental setup 2009. 
 
 
The load duration amounts to 60 s for each step. 

During a measuring cycle, 10 measuring rows are 
completed within a time span of 5 minutes. The 
signal of the silicon cell is continuously recorded. 
For each load step an average value is assigned for 
a duration of 10 s. The starting point is 25 s after 
the end of the load change. 

The whole arrangement is shielded with thermal 
insulation inside of a climate chamber. The engine 
for lifting the weights is outside the box. By means 
of the described measures it is possible to achieve a 
temperature variation of about ± 25 mK during the 
measuring cycles which take four hours. The 
measurements occur at a temperature of 20 oC. To 
minimize the influence due to the mounting and 
dismounting of the silicon cell, the investigated 
silicon cell always remains in the same place [5].  
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2.2. Experimental Work Silicon LC and its 
Mounting (ISO 376) 

 
For measuring the hysteresis and creep in 

accordance with ISO 376, Fig. 4-a indicates the 
experimental setup. 

The LC signals are analyzed by a precision 
operation amplifier with a resolution of 2.5·106 
steps within the measurement range of ±2.5 mV/V. 
The excitation voltage of the full bridges amounts 
to 10 V. 

The measurements are performed at a 
temperature of 20 oC and a relative humidity of  
55 %; the environmental condition is controlled by 
the laboratory air conditioning. During all 
measurements, the arrangement was shielded 
against air flow. 
 
 
2.3. Present Experimental Work on Silicon 

LC in 2011 and its Mounting  
(OIML R60) 

 
The present results are obtained using the setup 

indicated in Fig. 4-b. In this setup, steel plate is 
used instead of a piece of hardwood in the position 
of applying the loads. 
 
 

 
 

Fig. 4-a. ISO 376 experimental setup. 
 

 
 

Fig. 4-b. OIML R 60 experimental setup 2011. 

3. Results and Discussion 
 
3.1. Creep and Creep Recovery According 

to OIML R60 in 2009 
 

Fig. 5 shows the measuring results that were 
obtained on the silicon load cell in 2009 following 
the OMIL procedure, by the designer of this Si LC 
[5]. The creep and creep recovery results indicate 
that the level of measurement values was 
previously higher than in the present measurement 
values. The reason for this may be due to the point 
of applying the load which is not exactly the same 
point in the two periods, although it is the same 
mode as the cantilever beam. This means that the 
defining point of application of the loads must be 
reached to yield the same level of results every 
time for applying the loads.  

 
 

 
 

Fig. 5. Creep behavior at max. load cell (about 30 N) for 
OIML R60 (Direct loading to maximum - for previous 

experimental work). 
 
 

Also, the method of applying the loads is 
different for the two cases. In the previous work, it 
was accomplished by using a piece of hardwood. 
At the present, steel plate is used. This means the 
thickness for the position of applying the load has 
been changed [5]. 

The creep values (Cc) are calculated to compare 
with the acceptable limits according to OIML R60. 
Fig. 6 shows the creep values in terms v according 
to this standard. Cc is found within the standard 
limit. 

 
 

 
         Time in s 

 
Fig. 6. Creep in terms ν according to OIML R60. 
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Cc = (indication – initial indication)/f.  
 
The conversion factor f is equal to 0.000141 since f 
= [indication at 75 % of (Dmax – Dmin) – indication 
at Dmin] / (0.75  n) 
 
Cc(30-20)= -7.09916E-05 
0.15 mpe =0.000525 
0.7 mpe =0.00245 
Cc(30-20) in terms of ν is less than 0.15 mpe 
Also all Cc in terms of ν is less than 0.7 mpe. 
 

Thus the maximum permissible error (mpe) is in 
accordance with OIML R60=0.0035; 
apportionment factor (PLC ) = 0.7. The value of a 
dimensionless fraction expressed as a decimal (for 
example, 0.7) is used in determining mpe. It 
represents that apportionment of a whole error (as 
may apply to a weighing instrument) that has been 
assigned to the load cell alone.  

OIML R 60 classifies load cells in terms of the 
number n of verification intervals . The load cell 
verification interval (v) is the load cell interval, 
expressed in units of mass, used in the test of the 
load cell for accuracy classification; this 
verification interval v is equal to load/n = 0.005. 

We take n=6000 according to OIML R60 for 
load cell selection. Thus the number of load cell 
verification intervals (n) is the number of load cell 
verification intervals into which the load cell 
measuring range is divided. 
 
 
3.2.  Creep and Creep Recovery According 

to OIML R60 and ISO 376 in 2011 
 

From the point of view of using this silicon load 
cell as a force transducer, some experimental work 
was carried out done on the same silicon load cell 
following the ISO 376 standard. The results 
obtained here are compared with the results 
obtained by OIML R60 in the new arrangement in 
2011.  

Figs. 7 and 8 show the comparative creep 
values for a 30 N silicon load cell at maximum 
capacity by loading directly to the maximum load 
following the ISO 376 standard for applying the 
load and the OIML R60 procedure for applying the 
load on the same silicon load cell. The results 
indicate that the creep value in the case of applying 
the load as a cantilever beam following OIML R60 
is less than in the case of applying the load in a 
symmetrical position in accordance with ISO 376 
(central applying load). 

The same results were noted in Figs. 9 and 10 in 
the case of creep recovery. 

This means that the position of applying the 
load onto the silicon load cell has an effect on the 
measuring results. Thus the defining point of 
application of the loads must be reached every time 
to yield the same level of results for applying the 
loads.  

 
 

Fig. 7. Creep behavior at max. load (30 N) for ISO 376  
(Direct loading to maximum). 
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Fig. 8. Creep behavior at max. load (30 N) following 

OIML R60 (Direct loading to maximum - for 
present experimental work). 

 
 

 
 

Fig. 9. Creep recovery behavior at max. load (30 N)  
for ISO 376 (Direct unloading to zero). 

 
 

 
 

Fig. 10. Creep recovery behavior at max. load (30 N)  
for OIML R60 (Direct unloading to zero). 
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To control the temperature effect on the 
measurement process, the arrangement is shielded 
against air flow. Fig. 11 indicates the limits for the 
temperature variation. The figure shows that the 
temperature control is about 0.05 % from the 
experimental condition. 
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Fig. 11. Temperature variation with time during  
creep measurement. 

 
 

Fig. 12 demonstrates the hysteresis, creep and 
creep recovery relation for the silicon cell. There 
are many factors which may affect creep/creep 
recovery behavior; some of them are the strain 
gauge and adhesive selections. Also, solid contact 
between the spring element and the strain gauge 
has an effect on creep/creep recovery 
measurements. This is the reason for the little 
change between the creep/creep recovery values for 
some points. The material used for the manufacture 
of this load cell type has sensitivity to temperature 
changes, so there may be some fluctuation in creep 
measurements due to this temperature factor.  
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Fig. 12. Hysteresis, creep and creep recovery for 30 N 
silicon load cell. 

 
 

The creep contribution to the hysteresis value is 
shown in Fig. 13. Fig. 13 shows that the 
contribution of creep to hysteresis is around 20 %, 
which is compatible with the results for common 
force transducers [6]. 
 

 
 

Fig. 13. Creep contribution to hysteresis. 
 
 

4. Conclusion 
 

In legal metrology, load cells made of metallic 
mechanical springs with glued foil strain gauges 
are used almost exclusively for weighing 
instruments with less than 10,000 verification 
intervals. A new strain gauge load cell has been 
developed to extend the range of application up to 
precision measurements. The new load cell consists 
of a mechanical spring made of single crystalline 
silicon (silicon spring) and thin-film strain gauges 
applied by using sputtering deposition technology. 
Thin-film technologies, such as sputtering 
deposition, reduce time-dependent effects during 
strain transmission from the mechanical spring to 
the strain gauges, compared to glued foil strain 
gauges. 

Experimental investigations indicate that the 
silicon load cell - besides the low creep and 
hysteresis response - is also sensitive to the method 
of applying the load. Due to good compensation, 
temperature effects are still there, but the 
temperature stability during the experiments is very 
good, as shown in Fig. 11. 

The recommendation for future work on this 
type of load cell is to improve the method of 
applying the load and to define the point of load 
application.  
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Abstract: Proper electrical noise research based on estimation of electronic element structure defectiveness and 
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reliable elements are expected to be revealed with the help of proper noise power parameters. The appropriate 
examples of experimental parameter determination and defectiveness evaluation are notified.  
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1. Introduction 
 

Reliability of solid electronic elements (EE) is 
immediately related to the state of their inner 
structure - the number of crystal lattice defects and 
their type (microcracks, dislocations, interstitial 
atoms, defects and etc.) - and hence additional inner 
tension caused by defects presence [1]. 

Nowadays, defect revealment in an EE structure 
comes down to endeavors to activate the hidden 
defects of an element (integral schemes of a module) 
before its deliverance to a consumer. Those stimuli 
could be different variants of electro-, thermo- or 
combined trials, energy-scrapings and so on [2]. An 
element is subjected to considerable loadings 
(temperature, electric, extreme transitional 
processes). Such deeds make apparent the hidden 
element defects, but consequently the latter might 

become superficial. In this case potentially unreliable 
elements either fracture or their characteristics 
unallowably change. Time consumed by such a 
quality control and potential unreliability diagnostics 
makes tens and hundreds of hours. Thus, time losses 
stand in the way of producing the quality and 
reasonable-cost elements of radio-electronic 
apparatus. The decrease in the consumed time could 
be reached at the expense of growing influence-
intensity. Hereby the hidden cracks become evident 
sooner but meanwhile new defects could appear 
consequently of the extreme intensity. For instance, a 
thirty-hour test of semiconductor elements at the 
temperature 150 0С is equivalent to the performance 
of trials during 168 hours at 125 0С [3]. We should 
also take into consideration that with increase in 
temperature, element damages caused by massy 
uncontrolled inner currents or other effects that are 
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not liable to regulation while element testing under 
the condition of high temperatures could befall.  

The duration of an EE test constitutes a main 
problem both for manufacturer and consumer. Rather 
little number of EE refusals could be treated as the 
issue of insufficient test duration and vice versa their 
large amount could confirm the excessiveness of a 
test term. 

Following from the aforesaid, the highest 
topicality should be referred to the methods of 
nondestructive diagnostics of an EE inner structure. 
One of them is the EE diagnostics by dint of elements 
proper noise that is singled out by rather small time 
consumption and absence of damage risk for the 
researched element. 

 
 

2. Objectives of the Work 
 
The main work ambition is to research the 

possibility and develop the method of estimating the 
defectiveness of an electronic elements inner 
structure through the parameters of proper electric 
noise, following the alteration in spectral density of 
noise power. 
 
 
3. Theoretical Research 
 

The noise that is unaltered by the working mode 
of an element in an electric circuit belongs to the EE 
proper noise. First of all, it is a thermal noise whose 
power depends on the temperature of an element. As 
was proved in the research [4], the flicker-noise 
whose intensity (energetic spectrum S(f)) rises with a 
frequency fall should also be referred to this sort. In 
[5], the flicker-noise is characterized as such that 
appears in the systems remaining in a thermodynamic 
disequilibrium. 

Naturally, we should invest some efforts in order 
to get the system out of the equilibrium, characterized 
by a certain minimal level of inner energy. The latter 
is converting into the inner energy additionally 
accumulated by the system. For instance, in the case 
of a crystal body, it is the energy of inner strains, 
dislocations, microcrack surfaces and etc. Evidently, 
the flicker-noise is an issue of the presence of extra 
energy exceeding the minimally possible system 
energy. Therefore it could be determined through the 
measured flicker-noise. 
The energetic spectrum of the proper noise SН(f) of 
the system, remaining in a disequilibrium state and 
simulating the real EE, is determined according to 
[6]: 
 

1

f τ

H Pf τ

e
S (f)= S (f)

e



, (1) 

 
where SР(f) is the energetic spectrum of system noise 
in a quasi-equilibrium state; τ is the system relaxation 
constant; f is the frequency. 

For quasi-equilibrated EE systems, the energy 
spectrum of the proper noise SР(f) is determined by 

that of thermal noise: 4PS (f)= k T , where Т is the 

EE temperature. At 1f τ <  the expression (1) 

comes down to 

1

1

f τ
P

H P Pf τ

S (f)e
S (f)= S (f) + S (f)

e τ f



. 

The dependence of an EE proper noise energetic 
spectrum on the frequency f is notified in the Fig. 1.  

 
 

 
 

Fig. 1. Frequency dependence of an EE proper noise 
energetic spectrum. 

 
 

The hatched area in the Fig. 1 corresponds to the 
noise energy due to the additionally accumulated 
inner energy exceeding the energy of the system 
remaining in a quasi-equilibrium state. This extra 
energy that could be evoked by the EE structure 
defects causes the appearance of a disequilibrium 
system state. The frequencies f01,  f02, f03 correspond 
to the values of the frequency f at which 

0nH PS (f ) S (f) . To wit, f0n is the frequency above 

which the flicker-component of noise is equal to zero. 
In the Fig. 1 we can observe that f0n depends on the 
relaxation constant τ: the higher τ, the lower f0n. The 
value f0n could be determined from the ratio 

0n

0n
1,001

1

f n

f n

τ
e
τ

e



(the power of noise at the frequency 

f0n is for 0.1 % larger than that at the frequencies f > 
f0n), where τn is the relaxation constant for the 
concrete EE type. Made in [7] research has shown 
that the relaxation constant of the researched system 
depends on the characteristics of its inner structure.  

The value τ could be calculated by means of the 
experimentally determined frequency characteristics 

of system proper noise [6]: 
0

1
τ =

f
, where f0 

corresponds to the frequency at which: 

0 1,58H PS (f )= S (f) . 

The EE noise power is related to their energetic 

spectrum by the ratio  
2

1f

f

P = S f df , where f1 
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and f2 are the lower and upper frequencies of the 
bandwidth within which a noise level is determined. 

From (1), the power of EE proper noise consists 

of the power of thermal noise 
2

1

Ò P

f

f

P = S (f)df  and 

that of flicker-noise related to the presence of 

structure defects
2

1

H H T

f

f

P = S (f)df P . Hence the 

noise power caused by the defectiveness of EE 
structure is determined as: 

 

2

2 1

1

4 4 ( )
1

f τ

H f τ
f

f
e

P = kT df kT f f
e

 
  (2) 

 
Since the first component of the expression (2) is 

given in the form:  

2 2

1
1

1 1
4 4 ln

1 1

ff τ

ff τ
f

f τ

τ
e e

kT df = kT
e τ e

 
    

 , 

then at 1 0f   the value of the expression (2) in 

general case depends on f2 that is determined as 

2 0nf = f . 

 
 

4. Experimental Research  
 

The resistors manufactured in the form of a 
conductive film: a) from metal-silicon alloy layered 
on the ceramic pivot SM(f); b) from metal oxide on 
the surface SC(f), and also on the ceramic epitaxial-
planar diodes SD(f) have been used to exemplify the 
experimental research of an EE proper noise 
energetic spectrum. The gained results are notified in 
the Figure 2 and approximated by the curves defined 
after the formula (1). Values of relaxation constants 
determined by dint of the attained frequency 
spectrum, make: τМ = 0.005 s; τС= 0.003 s;  
τD = 0.0013 s. 

The noise powers caused by the defectiveness of 
EE inner structure are determined following the 
formula (2). In the case of a resistor with the 
conductive film made from metal-silicon alloy 
layered on a ceramic pivot with the nominal power of 
dissipation 0.125 W, the noise power РНМ makes 
21.9·10-18 J/s within the bandwidth from f1 = 10-20 Hz 
to f2 = 1200 Hz. For a similar resistor with the film of 
metal oxide on the surface, РНС = 39.210-18 J/s 
within the bandwidth from f1 = 10-20 Hz to  
f2 = 2000 Hz. In the case of high-frequency silicon 
diode, РНD = 84.510-18 J/s within the bandwidth 
from f1 = 10-20 Hz to f2 = 4500 Hz. The difference in 
the values РН is related to peculiarities of inner 
structure of the mentioned elements, namely to the 
number and type of defects. Defects of a resistor 

structure are evidently caused by the heterogeneity of 
a conductive film as well as its additional 
imperfections of the vacancy type. 

 
 

 
 

Fig. 2. Energetic spectra of proper noise of resistors SM(f), 
SC(f) and a high-frequency diode SD(f). 

 
 
A higher noise level within the range of low 

frequencies for a high-frequency diode as compared 
to resistors is explained by the necessity of additional 
considering the p-n junction defects and these of 
concentrating the less important charge carriers. 

The influence of the relative number of EE 
structure defects on flicker-noise has been 
scrutinized. For this purpose, the spectral densities of 
noise powers  fS  of the same type resistors with 

different sizes, which assure the various dissipative 
powers – 0.25 W, 0.5 W and 1.0 W, have been 
studied. At the equal technology of manufacturing a 
conductive film, the defectiveness of resistors per 
their surface unit is less for resistors whose sizes and 
dissipative powers are larger. The results of 
measuring the  fS  noise in the resistors with a 

metal-silicon surface layer characterized by 
approximately equal value of electric resistance but 
different dissipative power are notified in the Table 1. 

 
 

Table 1. Spectral density of electric noise power in the 
resistors with a metal-silicon surface layer. 

 
 fS ·1021, J 

№ 
R, 

Ohm 
Dissipative 
power, W f=80 

Hz 
f=200 

Hz 
f=300 

Hz 
f=8000 

Hz 
R1 11796 0.25 49.71 23.36 21.24 16.00 
R2 10908 0.5 48.13 22.76 20.46 16.00 
R3 10682 1.0 47.14 21.34 20.04 16.00 
R4 10887 0.25 64.37 24.23 18.86 16.00 
R5 10782 0.5 61.14 23.96 17.83 16.00 
R6 10875 1.0 52.12 21.45 18.45 16.00 
R7 12335 0.25 55.13 24.81 20.01 16.00 
R8 11038 0.5 52.73 23.83 20.08 16.00 
R9 10713 1.0 50.17 2.03 19.04 16.00 

 
 

As is evident in the Table 1, the spectral density 
of noise power at the low frequencies rises with a fall 
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in resistor dissipative power. Hereby the noise level 
at the frequencies from 8000 Hz and higher, i.e. 
within the area of thermal noise, does not depend on 
the dissipative power. A higher noise level within the 
range of low frequencies for resistors with less 
dissipative power could serve as the confirmation of 
the decisive defectiveness influence exactly on the 
parameters of a noise flicker-component. 

Besides, it is underlined (Table 1) that resistors of 
the same type manufactured following the same 
technology (R1, R4, R7 of equal powers) are marked 
by different values of proper noise within the range 
of low frequencies. Analogical traits concern also the 
comparable among themselves resistors R2, R5, R8, 
as well as - R3, R6, R9. This contrast is explained by 
the different resistor defectiveness and may constitute 
the ground for the proposed method of EE rejection 
due to the characteristics of inner state and structure. 

To ascertain the influence of the researched 
element state on the level of its noise, the parameter 
study of proper resistor noise with the conductive 
film of metal oxide layered on the surface at the 
presence of mechanical film damages has been 
conducted. The results of research are proposed in the 
Fig. 3, here SC(f) – energetic spectrum of the output 
resistor with the electric resistance up to 20.03 
kOhm; S1(f), S2(f), S3(f) – energetic spectra of 
resistors with the damaged conductive film whose 
electric resistances make R1=26.78 kOhm, R2=23.56 
kOhm, and R3=39.62 kOhm respectively. 

The relaxation constants of the researched resistor 
specimens represented also in the Table 2 as well as 
the noise powers, calculated after the formula (2) at 
the lower frequency value of the calculated range: f1 

= 10-20 Hz, have been determined through the gained 
frequency-dependences (Fig. 3). 

 
 

 
 

Fig. 3. Frequency-dependence of the spectral density of noise power of resistor 0.125 W with the surface metal oxide film: 
S1(f), S2(f), S3(f) – damaged film; SC(f) – intact film. 

 
 

Table 2. Alteration in electric resistance, relaxation constant and noise power of resistors with the damaged surface layer. 
 

Resistor 
Relaxation 

constant 
τ, s 

Upper noise 
frequency f2, 

Hz 

Calculated 
noise power 
РН, 1018 J/s 

Noise power caused by a film 
damage RRN PPP  , 1018 J/s 

R(0.00%) 0.003 2000 39.2 0.00 
R1(33.7%) 0.0024 2500 45.6 6.4 (16.3%) 
R2(17.6%) 0.0027 2200 40.6 1.4 (3.6%) 
R3(48.0%) 0.0022 2800 49.5 10.3 (26.7%) 

 
 

The results provided in brackets reflect the 
relative increases in resistor electric resistance and 
resistor noise power due to conductive film damages 
(their output values make correspondently  
20.03 kOhm and 39.2·10-18 J/s). Proportional rise of 
the resistor noise power with the damaged conductive 
film of an electric resistance nominal value confirms 

the presence of flicker-noise sensitivity to the 
characteristics of the EE researched structure. Thus 
the EE manufactured following equal technologies 
with smaller damages and thus more reliable are 
characterized by the lower level of flicker-noise. 

The gained results allow us to confirm that the 
dependence of flicker-noise on the structure 
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peculiarities could be used for EE rejection. Hereby 
the index of evaluating a flicker-noise level is the 
noise power estimated after (2). 

The flicker-noise power could be related to 
energy of mechanical strains inside EE, since the 
decrease in mechanical strains of the based on 
chromium film is supposed to be accompanied with 
the decrease in a flicker-noise level and 
correspondently that in noise power [5]. The further 
research in this respect could provide the extra 
information on a pre-destructive state of the 
considered system, at which the power of noise 
caused by structure defects remains at the limit of 
РНmax admissibility. 

 
 

5. Conclusions 
 

1. In comparison with other nondestructive 
methods of EE inner structure defectiveness 
diagnostics, the method of research by dint of electric 
noise power is multipurpose, and enables detecting 
the potentially low-reliable elements. 

2. With involving the dependence of flicker-
noise parameters on the controlled object structure, 
we could diagnose the EE state and its evolution, 
especially at the primary stages of defects formation. 
Owing to the measurement of current fluctuation 
parameters, the method of EE noise spectroscopy 

could be applied to reliability diagnostics of both 
analog and digital EE to the same extent. 
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Abstract: The dynamics characteristics of Lorenz chaotic system are determined by the control parameters. 
This paper takes Lorenz chaotic system as an example to do simulated realization by using the more intuitive 
phase graph and time-domain graph, as well as with the help of LabVIEW and MATLAB. The programming 
language characteristics of LabVIEW and MATLAB are studied. It is realized effectively with mixed 
programming method of LabVIEW and MATLAB. It is shown to be mutually complementary in superiority, to 
simplify the programming and improve programming efficiency with LabVIEW and MATLAB mixed 
programming. 
Copyright © 2013 IFSA. 
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1. Introduction 

 
Chaos is a special moving form of nonlinear 

dynamics system, which is a seemingly irregular, 
intrinsic stochastic movement appeared in a 
deterministic system. In general, chaotic phenomena 
belonging to a deterministic system is difficult to 
predict and hide in a complex system. But it is not 
decomposed, which presents a variety of chaotic and 
rather rules image [1]. Chaos theory is one of the 
most important achievements in nonlinear science, 
which has been widely used in meteorology, 
quantitative economics, electronics, communication, 
automatic control, military and other fields. In 1900, 
Pecora and Carroll firstly observed the phenomenon 
of chaos synchronization in the electronic 
experiments of the United States Navy laboratory [2]. 

Dynamic model of chaotic system is a system of 
ordinary differential equations (ODE), and the exact 
solution is so difficult with the analytic method, 

which is present with the rapid development of 
computer, such as Euler method, Adam method and 
Runge-Kutta method. But all these methods need to 
write lengthy procedures, and if the step size is not 
set properly, the calculating error will be large. 

This paper selects the Lorenz chaotic system as 
the experimental model, Based on the mixed 
programming with LabVIEW and MATLAB, it 
analyses the equation of Lorenz chaotic system 
analysis of Lorenz chaotic system and rapidly gets 
the experimental results and simulation diagram. 
Experiments prove that the simulation equation of 
Lorenz chaotic system has the certain universal, such 
as fast, convenient, effective features. 

 
 

2. Software of LabVIEW and Matlab 
 
LabVIEW is an abbreviation of Laboratory 

Virtual Instrument Engineering Workbench and is 

Article number P_1208 

http://www.sensorsportal.com


Sensors & Transducers, Vol. 152, Issue 5, May 2013, pp. 169-173 

 170 

graphical programming software which is launched 
by National Instruments Corp. 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 [3]. 

MATLAB is developed by Math Works Corp. of 
the United States in 1984. This software has the 
advantages of strong function, high efficiency, easy 
visualization, etc... It is based on the vector and an 
array of complex matrix. With its powerful scientific 
simulation, graphics and rich toolbox function, a 
large number of stable and reliable algorithm library, 
it can be greatly simplified in control system, fuzzy 
logic, neural network, signal and system, wavelet 
analysis, chaos theory and other fields [4]. 

 
 

3. Lorenz Chaotic System's Dynamics 
Characteristics 
 
Mathematically, a given initial values are 

determined by the dynamic system. We can infer the 
long-term behavior of the system back to its past 
form. But in 1963, MIT of America meteorologist E. 
N. Lorenz found in the atmosphere that atmospheric 
convection model is determined by the third-order 
ordinary differential equations to describe. But when 
you select certain parameters, it can become 
unpredictable. If solution of the differential equation 
to determine the dynamic characteristics of the 
atmosphere is chaotic, the weather forecast will be 
impossible for a long period of time. Since the 
arbitrarily small perturbations, such as vibrations of 
the butterfly wings are likely to change the weather 
on the other side of the earth at some point in the 
future. This is known as the butterfly effect [1]. 
Therefore the famous chaotic model of Lorenz was 
proposed and the discovery of Lorenz chaotic 
attractor is a sign of chaos theory, which opened a 
new era of chaotic development. In 2007, Chu Yan-
dong proposed a new chaotic system similar to that of 
a Lorenz system, because the three equilibrium points 
of the system are non zero, so the system has more 
topology and complex dynamic behavior than Lorenz 
[5, 6]. 

Lorenz chaotic dynamic equations of the system 
are described below. 

 

( )

( )

dx
a y x

dt
dy

x c z y
dt
dz

xy bz
dt

  

   

  

 
(1) 

 
Form (1), where x, y and z are the physical 

quantities with time and t is the variation of time, a, b 
and c are the positive parameters. When the 

parameters are not the same, the state of equation is 
different. When the values of a=10, c=28 and b=8/3, 
the system of Lorenz has a chaotic attractor. When 
the values of a and b are kept constant, and c>24.75, 
the Lorenz system becomes a chaotic state. 

The system has several basic properties below. 
 Symmetry and invariance; 
 Dissipative and the existence of attractor; 
 The equilibrium points. 
Form (1), where three equilibrium points are  

O (0, 0, 0), F1( 6 2 ,6 2 ,27 ) and F2( -6 2 ,-6 2 ,27 ). 
They are all nonzero equilibrium points. So the 
system of Lorenz is provided with the topological 
structure and more complex dynamic behavior. By 
using the linear stability theory, three equilibrium 
points of the system are the focus-saddle or saddle-
node, which are unstable fixed point. 

The dynamical behavior of Lorenz chaotic system 
is determined by the control parameters of a, b and c. 
To observe the system dynamics, phase diagram, 
time-domain figure and Lyapunov exponent method 
are used, but the phase diagram and time-domain 
figure are more intuitive. The process of phase 
diagram is by the change of system state with time. In 
this paper, the simulation of Lorenz chaotic system's 
dynamics characteristics is studied by using the 
methods of phase diagram and time domain. 

 
 

4. The Simulation of Lorenz Chaotic 
System's Dynamics Characteristics 
Based on Mixed Programming with 
LabVIEW and Matlab 
 
Mixed programming with LabVIEW and 

MATLAB language, which includes the interface 
technology of ActiveX function and MATLAB script 
node of LabVIEW. Two kinds of methods have their 
own advantages and disadvantages. According to 
different application requirements, the customer can 
significantly improve the efficiency of program 
development by choosing the reasonable method. 

LabVIEW uses ActiveX technology to execute 
the MATLAB script node. Therefore, MATLAB 
script node can only be used on Windows platform. If 
you use the MATLAB script node in LabVIEW and 
must have a legitimate license MATLAB6.5 or 
higher version of the computer. The MATLAB script 
node can support the following data types, such as 
Real, Complex, 1-D Array of Real, 1-D Array of 
Complex, 2-D Array of Real, 2-D Array of Complex, 
String and Path. The user must select the data types 
according to the specific situations [7]. 

Form (1), where the initial values are 
(0) 12 (0)=2 (0) 9, [0,15]  x y z t， ， . The user 

programs to realize the dynamical behavior‘s 
simulation of Lorenz chaotic system. Fig. 1 shows 
the time domain graph of the three components 
X、Y and Z (attractors). And Fig. 2 shows the phase 
diagram of any two components of X, Y and Z 
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(attractors). At the same time Fig. 3 shows the phase 
diagram of the three components of X, Y and Z 
(attractors) by using software of MATLAB. And  
Fig. 4 shows the block diagram of simulation by 
using mixed programming with LabVIEW and 
MATLAB. 

MATLAB supports ActiveX automation 
technology. ActiveX automation is the component 
object model based on COM (Component Object 
Model) technology, which allows the application or 
component to control another application or 
component of the operation, including automation 
server and automatic controller [7]. MATLAB 
automation server function allows the execution of 
MATLAB commands in other applications can be 
realized, and can exchange data with the MATLAB 
workspace. 

Run the VI program, you find that the results are 
identical in Fig. 1, Fig. 2 and Fig. 3. When MATLAB 
is activated, the difference is that the MATLAB 

command window immediately disappears. The 
results returned to the front panel LabVIEW and 
MATLAB graphics display. Fig. 5 shows the block 
diagram of simulation by using the ActiveX function 
of LabVIEW. 

 
 

5. Verification of "Butterfly Effect" 
 

Lorenz chaotic system dynamics equations are 
highly sensitive to initial values. When the initial y 
value has a very small change, the numerical 
solutions of Z are obtained, where y is 2.01 or 1.99. 
Fig. 6 shows that the highly sensitive curve Z of 
solutions of initial value. We can see from Fig. 6 that 
the Z numerical solution of difference will be more 
and more. Because of the extreme sensitivity of 
chaotic system to initial conditions, their phase 
diagrams will soon become dissimilar. 

 
 

 
 

Fig. 1. The time domain graph of the three components X, Y and Z (attractors). 

 

 
 

Fig. 2. The phase diagram of any two components of X, Y and Z (attractors). 
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Fig. 3. The phase diagram of the three components of X, Y and Z (attractors) by using software of MATLAB. 
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Fig. 4. The block diagram of simulation by using mixed programming with LabVIEW and MATLAB. 
 
 

 
 

Fig. 5. The block diagrams of simulation by using the ActiveX function of LabVIEW. 
 
 

0 2 4 6 8 10 12
5

10

15

20

25

30

35

40

45

y=2.00

y=2.01

y=1.99

 
 

Fig. 6. The highly sensitive curve Z of solutions of initial value. 
 

 
5. Conclusion 

 

(1) In this paper, taking the Lorenz chaotic system 
as the experimental model, two methods of using 
LabVIEW and MATLAB mixed programming 

language analyze the dynamics of Lorenz chaotic 
system equation. Two methods have different 
features. 

(2) MATLAB script node has the characteristics 
of multiple input, multiple output and the volume of 
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processing information can be great. But the 
MATLAB script node can only be used for the 
Windows operating system platform. The MATLAB 
command window opens when you run VI, which 
can interfere with foreground program running, or 
even crash the program in the background. On the 
other hand, when the MATLAB script node is 
finished in the execution, MATLAB will not 
automatically shut down. Method of using MATLAB 
script nodes, it is so easy but is not conducive to a 
large application development. 

(3) The method of using the ActiveX function has 
the ability to control MATLAB. Through the 
program users can open and close the MATLAB 
which hides the taskbar icon of MATLAB and 
MATLAB command window. This can transmit a 
character array with MATLAB. MATLAB script 
node does not have this function. The ActiveX 
function is suitable for the larger application 
development. 
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Abstract: The Nanostructure plays a crucial role in surface plasmon resonance applications. In this paper, a new 
nanostructure with strong dual-band surface plasmonic resonance is proposed. The nanostructure resonant 
behavior in terms of wavelength position, magnitude and bandwidth was developed, and its ability to detect 
refraction indices, particularly for solution concentration determination, is theoretically studied by using the 
integration commercial code CST Studio Suite. A high enhancement factor 232 times that of common dipoles 
and dual bands (wavelengths = 778 and 1118 nm) are achieved from the structure. The dependence of resonance 
on the environmental index with different increments and detection effects on three solutions are further 
investigated. The results demonstrate that the resonant wavelength linearly increase with increased index, and 
resonant peak decrease. Meanwhile, the bandwidth of the resonance spectrum is broadened by the growth of 
index. The sensitivity is more than 950 nm/RIU and the resolution is about 10-3 refractive index units (RIU) 
when we detect the environmental index by the resonant wavelength. However, the sensitivity is about  
231307 (V/m)/RIU by using the resonant peak for detection. This study may be useful in the fields of 
biosensors, solar batteries, microstructure devices, and measurements. Copyright © 2013 IFSA. 
 
Keywords: Optics, Surface plasmons, Sensor, Plasmonics, Nanostructure. 
 
 
 
1. Introduction 
 

The surface plasmon polarizations (SPPs) is a 
kind of electromagnetic field localized on the surface 
of metal, which propagates along the interface 
between metal and medium, and decay exponentially 
among both sides on the perpendicular direction of 
the interface. The surface plasmon resonance (SPR) 
can trigger strong electromagnetic fields by several 
orders of magnitude, and confine this strong 
enhancement of light into a spot which is smaller 
than the diffraction limit in nanoscale [1, 2]. In recent 
years, a great number of studies on optical properties 
of plasmonic metallic nanoparticles and nanost-
ructure have been carried out due to their potential 

applications in many field such as the development of 
high efficiency solar cells [3], biosensors [4, 5], 
metamaterials [6], enhanced nonlinearities [7], 
enhancement of radiation efficiencies [8], terahertz 
detection [9] and enhancement of light propagation in 
superluminescent diodes [10]. 

As the fact of the dependence of the resonance on 
the nanostructure’s geometry, it is common to tune 
the plasmon resonance of a nanostructure by 
changing the shape and size of the structure. Since 
the SPR was observed, many nanostructures such as 
dipole antenna [11, 12], bow-tie antenna [13],  
V-shaped antenna [14], and cross resonant antenna 
[15], are designed to achieve preferable effects of 
field enhancement and localization. However, for the 
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demand of a variety of nanostructure in the 
application of the SPR, it is a useful work to find new 
nanostructure and studying its properties and 
applications. The main purpose of this study is to 
develop new nanostructure useful in the application. 
In this paper, a newly designed nanostructure is 
presented and studied by using the integration 
commercial code CST Studio Suite [16], and its 
application in detecting environmental index is also 
analyzed and discussed. This template provides 

authors with most of the formatting specifications 
needed for preparing their articles. 

 
 

2. Model and Computation Method 
 
The new nanostructure we studied is illustrated in 

Fig. 1, total dimensions are set as 
215 nm × 32 nm × 35 nm. The material of the 
nanostructure used is gold.  

 
 

 
 

Fig. 1. Configuration of the structure: (a) top view parallel to the X-Y plane and (b) a single arm. 
 
 

To calculate better the dielectric constants of gold, 
modified Drude mode is adopted to characterize the 
dispersion characteristic of the reliance of dielectric 
constants on wavelength for gold in visible and near-
infrared [17]. From electronic theory of metal, a wide 
used dispersion relation of Drude model can be 
obtained mathematically as Eq.(1) [18]. 

 
2

2
( ) p

j


  

   


 (1) 

 

where p denotes plasma frequency ，  is the 
collision frequency or Relaxation time. In this study, 
Related parameters are referred in Ref. [19] and 
compared with the experimental data in Ref. [20] we 

choose  =-24.9+i1.57,  =1, corresponding 

wavelength is 810 nm, p =1.18648549755864E+16 
rad/s,  =1.41063934395421E+14 1/s.  

The Finite integration method (FIM) or finite 
integration technique (FIT) and the CST software are 
utilized to compute and analyze the architecture 
proposed. the solution accuracy of which was 
previously validated by comparing with other 
methods [21-23]. Hexahedron cell is used to 
discretize the simulation object which is also 
discretized with 10  10  10 meshes adequate to 
provide an accuracy for the calculation of structure, 
and perfect matched layer to fit the radiation 
boundary condition. The CST software was used in 

our work, which software has been adopted to study 
the surface plasmonic resonance and its application 
by many researchers. The nanostructure is 
illuminated with a linearly polarized plane wave as a 
broadband spectrum incident source, with its 
propagation oriented very normal to the structure 
along z axis. The incident electric field vector is  
1 V/m aligned with the long orientation of the 
structure. 
 
 
3. Resonance of the Nanostructure  
 

In this section, the new nanostructure is analyzed 
and compared with the dipole antenna to characterize 
its spectral response and resonance effects in visible 
and near-infrared inside the gap. The dipole type has 
the same geometry size with this nanostructure, with 
a total volume 215 nm × 32 nm × 35 nm and a 15 nm 
wide gap in the middle. Fig. 2 shows the field 
distribution curves of the new nanostructure and 
common dipole. From Fig. 2, we can observe that the 
enhancement factor of the dipole type is about  
1541 times at 825 nm wavelength, and the new type 
has two very larger peaks, which are 358254 times 
(signed by E1) at 1114.5 nm (W1) and 337178.5 
times (E2) at 777.5 nm (W2). E1, W1, E2, and W2 
represent their enhancement factors and 
corresponding wavelengths. Obviously, E1 and E2 
are 232 times and 218 times that of the common 
dipole, respectively. 
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Fig. 2. Field distribution in two areas for the groove-resembled structure. Inset: relative intensity of the dipole structure  
as a function of wavelength as a comparison. 

 
 

The contour maps depicted in Figs. 3 and 4 
demonstrate the localization of the resonance in the 
gap. Fig. 3 and Fig. 4 show there are two resonant 
areas with different resonant frequency in the gap. 
The electric field distribution of the first resonant 
area is illustrated in Fig. 3. Fig. 3 shows that resonant 
frequency is 269 THz (wavelength =1115 nm), the 
peak of resonant e-field is about 746 V/m. Fig. 4 is 
the overall field distribution of the second area. From 
the Fig. 4, we can see the second resonant locates in 
the side area, the resonant frequency is 385.6 THz 
(wavelength=778 nm), and the peak of the e-field is 
558 V/m. To explain this phenomena, the local 
plasmonic coupling of energy between the 
symmetrical arm-pairs and between the middle and 
side arms can account for the strikingly strong 
enhancement and the emergence of dual resonance 
response spectral bands in different ranges, which 
may enable the detection of the environmental index 
of materials, such as solution concentration and gas 
content. 
 
 

 
 

Fig. 3. Overall filed distribution in the middle area  
of the gap at resonant wavelength (1115 nm). 

 

 
 

Fig. 4. Overall field distribution in the side area of the gap 
at resonant wavelength (778 nm). 

 
 

4. Detection of Environment Index and 
Solution Concentration  

 
Given the unique behaviors of this new structure, 

its application in the detection of environmental 
refraction index and concentration of solutions is 
presented in this section. The influence of 
environmental index on the resonance spectrum is 
firstly investigated. Fig.  5 shows the change of the 
resonant wavelength with index n. Fig. 5 exhibits a 
clear trend of the alteration of the resonance spectrum 
at the middle area of the gap where the index varies 
from 1 to 1.7 with step 0.1. With an increasing index, 
the resonant peak almost linearly decreases 
(sensitivity is about 23130.7/0.1 RIU or 
231 307 RIU-1), and the resonant wavelength moves 
to a longer wavelength with a slope about  
95 nm/0.1 RIU.  

The bandwidth of the resonance spectrum becomes 
wider with the increase of index, which may show 
that we can detect index by measuring resonant 
bandwidth. 

 
 



Sensors & Transducers, Vol. 152, Issue 5, May 2013, pp. 174-179 

 177

 
 

Fig. 5. Resonant spectrum as a function of index with an increment 0.1 RIU at middle area.  
Inset: detailed resonant peak and position curves. 

 
 

The above analysis indicates that, apart from 
geometry, shape, and substrate, the environmental 
index also plays a considerable role in the resonance 
spectrum, including intensity, wavelength, and 
bandwidth, as studied in literature [11]. These 
previous studies have shown sensitivities of only 
400–490 RIU-1 for the dipole type and  
500–510 RIU-1 for the bowtie type, which are below 
than the sensitivity shown in this paper (larger than  
950 RIU-1). 

To study further the sensitivity of the dependence 
of the resonance spectrum on the index, four 
increments of index n with different orders of 
magnitude (0.1, 0.01, 0.005, and 0.002 RIU), are 
utilized to calculate the enhancement peaks and 
corresponding wavelengths (Fig. 6). Thus, four 
curves can be achieved for every factor (peak or 
wavelength as a function of index n). Fig. 6 illustrates 
the comparison of curves for enhancement peak (E1) 

and resonant position (W1) of the four cases of index 
increment in the middle resonance area. For the 
enhancement peak, the fluctuation of the curve 
becomes stronger as the increment decreasing from 
0.1 to 0.002. However, in some local index scopes 
(such as 1–1.23, 1.3–1.36, 1.415–1.45, 1.5–1.53, and 
1.54–1.67), the linearity is well maintained, that is to 
say, the resolution of E1 can reach about 10-6 RIU, as 
the previous section calculates. Combined with 
resonance position (W1) which is linear with index n 
and with a resolution of about 10-3 RIU for the entire 
index range, the resonant area in the middle gap 
shows a relatively high sensitivity (global:  
950 nm/RIU, local: 231307 (V/m)/RIU). We can also 
see that the dependence of resonant wavelength on 
the environmental index in more linear range than the 
resonant peak on the environmental index. So it is 
better to detect the resonant wavelength at sensing 
application. 

 
 

 
 

Fig. 6. Resonant peaks and positions as a function of index n with increments of 0.1, 0.01, 0.005,  
and 0.002 RIU at the middle area. 
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The three solutions, with different linear 
proportions between their concentrations and 
corresponding index, show slopes of 0.027 RIU per 
10 % concentration (RIU/10 %) for calcium chloride 
(CaCl), 0.015 RIU/10% for sodium chloride (NaCl), 
and 0.02 RIU/10 % for Sucrose. The relation between 
concentration and index for these three solutions (at 
20 °C) is referred to the online data [24]. All three 
solutions selected have a linear relation between their 
concentration and index. 

Fig. 7 is the relation curves between the resonant 
wavelength (W1 in the fist resonant area and W2 in 
the second resonant area).From the curves in Fig. 7, 
we can find that the resonant wavelength (W1 and 
W2) for all solutions almost maintain the same 
linearity as their index as a function of concentration. 
Their sensitivities are listed in Table. 1. Therefore, 
this new nanostructure can be used to detect the 
environmental index by measuring the resonant 
wavelength with high sensitivity. 
 
 

 
 

 
 

Fig. 7. Resonant wavelength and concentration for calcium 
chloride, sodium chloride, and sucrose: (a) in the first 

resonant area (W1), (b) in the second area (W2). 
 
 
Table 1. Detection sensitivities of the parameters for 

calcium chloride, sodium chloride, and sucrose. 
 

Solution W1 (nm/10%) W2 (nm/10%) 
CaCl 27.65 16 
NaCl 19 10 
Sucrose 19.4 11.65 

 
 

5. Conclusions 
 
We numerically study the optical plasmonic 

resonant properties of a gold nanostructure as well as 
its abilities in detecting the refraction index and 

concentrations of solutions. The nanostructure shows 
that it has high enhancement in different spectral 
bands. The resonant wavelength linearly increase, 
resonant peak decrease, and the bandwidth of the 
resonance spectrum become wider with increase of 
index. The sensitivity of the dependence of the 
resonant spectrum on the environmental index with 
different index increments is studied. The sensitivity 
is more than 950 nm/RIU and the resolution is about 
10-3 refractive index units (RIU) when we detect the 
environmental index by the resonant wavelength. 
However, the sensitivity is about 231307 (V/m)/RIU 
by using the resonant peak. At last, the sensitivity on 
concentrations of three usual solutions (CaCl, NaCl 
and Surcose) are also analyzed and discussed. Results 
demonstrate that the structure exhibits a high 
sensitivity (about 950 nm/RIU) in detecting index by 
resonant wavelength. The resonant wavelength for all 
solutions also maintains the same linearity as the 
relation between their index and concentrations. The 
results achieved in this paper are useful in cases 
where high enhancement is needed. The high 
efficiency of the energy collection resulting from the 
strong enhancement and multiple resonant areas also 
provides a relatively high reference value for the 
application of plasmonic nanostructures in 
environmental detection. 
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Abstract: A glucose biosensor based on glucose oxidase immobilized by electrospinning nanofibrous 
membranes has been developed. Nanofibrous membranes were electrospun from the solution of 
poly(acrylonitrile-co-acrylic acid) containing carbon nanotubes suspension and directly deposited on Pt 
electrodes for immobilizing glucose oxidase. The morphologies and structure of the nanofibrous membranes 
with or without carbon nanotubes were characterized by scanning electron microscopy. The fabrication 
parameters of nanofibers were optimized such as thickness of the nanofibrous membranes and mass ration of 
carbon nanotubes. The biosensor showed the relationship with a concentration range of 0.1–10 mM and 
response time was 60 s. The sensitivity of carbon nanotubes modified biosensors was two times larger than 
which of no carbon nanotubes modified ones. The pH effect, interference and lifetime of biosensors were 
discussed. Copyright © 2013 IFSA. 
 
Keywords: Electrospinning, Glucose biosensor, Enzyme immobilization, Carbon nanotubes. 
 

 
 
1. Introduction 
 

The glucose biosensors are regarded as the most 
successful electrochemical sensors so far. They are 
widely applied in human blood glucose monitoring 
and other analytical detections due to their 
advantages of rapid analysis, high selectivity, ease of 
operation and portability [1-3]. In order to detect the 
concentration of glucose in biological samples 

repeatedly or continuously, it is necessary to 
immobilize enzymes on the sensing area [4]. The 
technique used to immobilize the enzyme is one of 
the key factors in developing a reliable biosensor. 
Various enzyme immobilization approaches have 
been employed to date, including covalent binding 
[5] and entrapment in gels or polymer matrices [6, 7]. 
Nanofibrous membranes are characterized by large 
surface area-to-volume ratio, high porosity and 
interconnectivity. These features make them to be 
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optimal candidates as carrier material in enzyme 
immobilization [8, 9]. 

Electrospinning was first reported by A. Formhals 
in 1934 [10] and P. K. Baumgarten fabricated 
nanofibers successfully using electrospinning 
technique in 1971 [11]. However, this technique 
applied in nanofibers fabrication did not attract 
scientists’ attention broadly until 1990’s when the 
research on nano-materials began to bloom. 
Electrospinning produces polymer filaments using an 
electrostatic force. A polymer solution (e.g. cellulose 
acetate), is fed through the spinneret (e.g. a pipette 
tip) under an external electric field of high voltage 
power, between the spinneret and the grounded 
collecting metal plate, a suspended conical droplet is 
formed. Once the applied electric field is strong 
enough to overcome the surface tension, a tiny jet is 
ejected from the surface of the droplet and drawn 
toward the collecting plate. Meanwhile the solvent in 
the jet stream evaporates and a non-woven fiber with 
diameters ranging from tens of nanometers to 
microns is produced [9, 12]. Electrospinning has been 
discovered as a unique technique and an easy method 
for generating non-woven fibrous articles from a rich 
variety of materials [13]. 

Electrospun nanofibrous membranes possess an 
extremely high surface-to-volume ratio, tunable 
porosity, and malleability to conform over a wide 
variety of sizes and shapes [9]. In addition, the 
membranes composition can be controlled to achieve 
desired properties and functionality. Due to these 
advantages, electrospun nanofibers have been 
demonstrated as suitable substrates for immobilized 
enzymes. Compared to other immobilizing 
technologies, electrospinning boasts several 
advantages in producing polymer nanofibers, such as 
larger surface area for enzymes or bioactive 
components to attach to; much bigger mass-transfer 
rate of the substrate to the active site of an enzyme; 
more durable for repeating usage and can be 
conveniently recovered from a reaction solution 
when used as supports for biocatalysts [14]. At 
present, materials such as polyvinylpyrrolidone 
(PVP), poly (vinyl alcohol) (PVA), polyacrylonitrile 
(PAN) and chitosan have been used for 
electrospinning due to their good properties in 
forming fibers and membranes. An electrospun PVP 
membrane was prepared to immobilize urease and to 
develop a urea detector [15]. PVA was widely used 
by electrospinning technology to immobilize glucose 
oxidase (GOx) [16, 17], cellulase [18], luciferase [19] 
and lipase [20]. PAN nanofibers could be fabricated 
by electrospinning with fiber diameter in the range of 
150–300 nm, providing huge surface area for lipase 
immobilization [21]. 

Carbon nanotubes (CNTs) have been recognized 
as one of the most promising electrode material since 
the first electrode application in the oxidation of 
dopamine in 1996 [22], because of their excellent 
properties such as superb electrical conductivity and 
remarkable mechanical strength and modules. The 
similarity in length scales between nanotubes and 

redox enzymes suggests interactions that may be 
favorable for biosensor electrode applications [23]. In 
view of the advantage of CNTs, it is expected that 
CNTs filling electrospun nanofibers can enhance the 
activity of the immobilized redox enzymes and to 
increase the sensitivity of biosensors potentially. 

In this work, a reactive group containing 
copolymer, poly(acrylonitrile-co-acrylic acid) 
(PANCAA) was electrospun on Pt electrode to 
immobilize GOx covalently on the nanofibrous 
membrane. Multi-walled carbon nanotubes 
(MWCNTs) were co-electrospun with PANCAA and 
experiments data indicated that MWCNTs filling 
increased the current of GOx electrode obviously. Its 
advancements over prior technology are faster 
response time, lower detection limit of glucose and a 
more versatile design.  

 
 

2. Experimental 
 

2.1. Materials 
 

The copolymer poly(acrylonitrile-co-acrylic acid) 
(PANCAA) was synthesized by a water phase 
precipitation copolymerization process [24]. The 
viscosity averaged molecular weight (Mv) was 
8.32104 g/mol. The molar content of acrylic acid in 
this copolymer was about 10%. MWCNTs prepared 
by a chemical vapor deposition process were 
purchased from Shenzhen Nanotech Port Co., Ltd. 
(China). N-(3-dimethylaminopropyl)-N’-ethyl- 
carbodiimide hydrochloride (EDC) and 
N-Hydroxysuccinimide (NHS) were purchased from 
Shanghai Medpep Biochemical Technology 
Development Co., Ltd. (China), both of which were 
HPLC grade. GOx (EC 1.1.3.4, from Aspergillus 
niger) and D-glucose anhydrous (C6H12O6, AR) was 
obtained from Sigma (USA) and Sinopharm 
Chemical Reagent Co., Ltd. (China), respectively. 
Other chemicals including N,N’-dimethylformamide, 
phosphate and borate, sodium chloride (NaCl) and 
calcium chloride (CaCl2) were of analytical-reagent 
grade without further purification. Double-distilled 
water was used in all experiments. 

Glucose standard solutions of different 
concentrations were prepared one day prior to use, 
carried out in a 50 mM borate-phosphate buffer 
solution (BPBS, pH 6.0) and stored at 4 C. 

 
 

2.2. Apparatus 
 

The morphology of the PANCAA nanofibrous 
membranes was evaluated by field emission scanning 
electron microscopy (FEI, SIRION-100, USA). 
Before analysis, the samples were sputtered with gold 
using Ion sputter JFC-1100. Amperometric 
measurements were performed by a CHI760B 
Electrochemical Work Station (CH Instrument Inc., 
USA). 
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2.3. Electrode Preparation 
 

Before electrospinning, the surface of Pt electrode 
was polished thoroughly with 0.03 micron Al2O3 
power, rinsed with 5.0 wt.% sulphuric acid and 
distilled water in turn. 

MWCNTs were treated with a mixture of 
concentrated sulfuric and nitric acids (3:1, 98 % and 
70 %, respectively) at 40◦C, in order to uniformly 
disperse MWCNTs in the copolymer matrix. 
PANCAA was dissolved in DMF with 5 wt.% 
concentration at 100◦C and different concentration of 
MWCNTs (0, 5, 15, 25 and 35 wt.%) was suspended 
in the PANCAA solution for optimization. 
Electrospinning was worked out using a syringe with 
a 1.2 mm diameter stainless steel spinneret at an 
applied electrical potential difference of 14 kV over 
15 cm gap between the spinneret and the Pt electrode 
surface which was connected to a 12×12 cm 
aluminum foil. The aluminum was connected to the 
ground to help provide a stable electric field. A 
microinfusion pump was set to deliver the solution at 
a flow rate of 1.0 mL/h using a 20 mL syringe. The 
electrospinning setup is shown in Fig. 1. During 
electrospinning the temperature and relative humidity 
was kept at 20-25 C and 35-45 %, respectively.  

GOx was covalently immobilized onto the fibrous 
membrane deposited electrode with the EDC/NHS 
activation procedure. After rinsed by BPBS (pH 6.0), 
the pretreated electrode surface covered by the 
fibrous membranes was submerged into an 
EDC/NHS solution (10 mg/mL in BPBS, the molar 
ratio of EDC to NHS = 1:1) and shaken gently for 2 h 
at 4 C. Then, the activated surface was washed 
several times with BPBS, and immersed into GOx 
solution (4.0 mg/mL in BPBS). GOx immobilization 
was conducted at 4 C for 24 h. Finally, the 
PANCAA and PANCAA/MWCNTs fibrous 
membranes with GOx immobilized were washed and 
rinsed in BPBS to remove the unfixed enzyme and 
then were dried at room temperature. 

 
 

 
 

Fig. 1. Schematic illustration of electrospinning PANCAA 
on Pt electrode.  

2.4. Measurements 
 

Amperometric measurements were carried out 
using a CHI760B Electrochemical Work Station at 
room temperature at about 22 C. The enzyme 
modified electrode was used as working electrode 
while a bare platinum disk and Ag/AgCl were used as 
counter and reference electrodes, respectively. The 
working potential was 0.8 V versus the Ag/AgCl 
reference electrode. All electrodes were immerged in 
5 ml glucose standard solution to measure the 
biosensor response. Current–time curves of the 
amperometry were recorded using an IBM PC 
compatible computer via a RS232 series port 
communicating to the Electrochemical Work Station. 
The response time of the sensors was 60 s. The 
calibration curve was obtained by testing samples of 
different glucose concentrations to investigate the 
characteristics of the biosensor to determine the 
glucose concentration. 

 
 

3. Results and Discussion 
 
3.1. Field Emission Scanning Electron 
Microscopy  
 

Field emission scanning electron microscopy was 
employed to evaluate the morphology and fibrous 
membranes. As shown in Fig. 1, the fibrous 
membranes were deposited onto Pt surface of the 
electrode using the special electrospinning setup. 
Then GOx was directly immobilized onto the 
membrane through EDC/NHS activation procedure. 
Fig. 2 shows the images of pure PANCAA and 
MWCNTs filled PANCAA fibrous membranes. The 
latter one was interspersed with many beads, but 
fewer beads in pure PANCAA nanofibrous 
membranes. The beads were very common nanofiber 
defects. Their formation was dependent on some 
parameters, such as the spinning solution and the 
relative humidity of the surroundings. According to 
our study, MWCNTs filling has little effect on the 
enzyme loading. 

 
 

3.2. Optimization of Membrane Amounts 
and PANCAA/MWCNTs Mass Ration 

 
The amounts of the PANCAA fibers film were 

determined by the flow rate of the spinneret and the 
electrospinning time. A microinfusion pump was set 
to deliver the solution at a flow rate of 1.0 mL/h. So 
with the electrospinning time increased, the fibers 
membrane amount increased considering the rate was 
constant. Generally, the thicker the nanofibrous 
membranes were, the more enzymes could be 
covalently immobilized, but the analyte diffusion 
would be retarded. Our experiment results are shown 
in Fig. 3. When the electrospinning membrane 
amount was less than 1.6 mg/cm2, the response 
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current was not high enough because little enzyme 
was covalently immobilized. When the membrane 
amount was more than 1.6 mg/cm2, the response 
current increased slightly. In our experiments, the 
optimal membrane amount was 1.6 mg/cm2 and 

electrospinning time was 4 hours. 
 
 

  
 

(a) 
 

 
 

(b) 
 

Fig. 2. SEM images of electrospun PANCAA fibers (a) 
and PANCAA-MWCNTs fibers (b). 

 
 

 
 

Fig. 3. Effect of electrospinning time on response 
current to 5 mM glucose. 

 
 

The response of different amounts (0, 5, 15, 25 
and 35 wt.%) MWCNTs filled PANCAA nanofibrous 

membrane with GOx immobilized to 5 mM glucose 
was compared in experiments. It can be demonstrated 
that the current increases until the ratio rises up to 25 
wt.% according the experiment data. This can be 
attributed to the formation of percolating network 
among MWCNTs and to much more MWCNTs 
protruded out of the nanofibers, which enhance the 
electrical conductivity of the nanofibrous membrane 
and increase the opportunity for GOx to interact with 
MWCNTs. However, the current changes little as the 
MWCNT/PANCAA mass ratio increases from 25 to 
35 wt.%. A MWCNTs/ PANCAA mass ratio of    
25 wt.% was chose as the optimal and final recipe of 
the biosensor in the following experiments. 

 
 

3.3. Sensor Characteristics 
 

The calibration curve of the biosensor modified 
by PANCAA/GOx and PANCAA/MWCNTs/GOx is 
shown in Fig. 4. 

 
 

 
 

Fig. 4. Calibration curves of the PANCAA/GOx and 
PANCAA/MWCNTs/GOx sensors. 

 
 
Sixteen different glucose concentrations were 

measured using the electrodes and each concentration 
was measured 5 times. The calibration curve 
indicated that the linear range of the glucose 
electrode response was from 0.1 to 10 mM, and the 
limit of detection was 5.5 μM (calculated as three 
times the signal-to-noise ratio). The apparent 
Michaelis constants and the maximum current 
density for these electrodes were calculated to the 
electrochemical version of the Michaelis-Menten 
Equation  

 

max[ ] /( [ ])app
Mj j S K S   (1) 

 

where app
MK is the Michaelis constant and maxj  is 

the maximum current density. 
These parameters were recorded in Table 1. 
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Table 1. The electrochemical parameters of 
PANCAA/GOx and PANCAA/MWCNTs/GOx sensors. 

 

Electrode PANCAA/GOx 
PANCAA/MWCNT

s/GOx 

Calibration 
Equation 

I(μA) = 
0.0856C(mM) + 

+0.0855 

I(μA) = 
0.1626C(mM) + 

+0.1142 
R² 0.9972 0.9927 

Sensitivity 
2.73 μA mM-1 

cm-2 
5.18 μA mM-1 cm-2 

R.S.D (n=5) 4.59 % 3.33 % 
app
MK  10.38 mM 21.48 mM 

jmax 52.9 μA cm-2 163.9 μA cm-2 
 
 

3.4. pH Effect 
 

The response of the glucose biosensor depends on 
the activity of immobilized GOx, which is related to 
the pH of the solution. The pH influence was 
investigated by amperometric measurement of 5 mM 
glucose in BPBS of different pH values between 4.0 
and 8.0. As shown in Fig. 5, the maximum response 
current was observed at pH 6.0. 

 
 

 
 

Fig. 5. Effect of pH on the response current  
to 5 mM glucose. 

 
3.5. Interference Study 
 

In order to demonstrate the selectivity of the 
PANCAA/MWCNTs/GOx biosensor, the 
interferences of electroactive compounds to the 
glucose response were examined. Some electroactive 
compounds, such as ascorbic acid (AA) and uric acid 
(UA), may interfere in the detection of glucose. The 
normal levels of AA and UA in human blood are 
0.023–0.034 mM (0.40–0.59 mg dl−1) and 0.12–0.42 
mM (2.0–7.0 mg dl−1), respectively. When the patient 
is taking vitamin C, the concentration of AA in his or 
her blood will increases. So the responses of the 
sensors to 0.17 mM (3.0 mg dl−1) AA, 0.48 mM (8.0 
mg dl−1) UA with glucose concentration at 5 mM 
were measured (Table 2). It can be considered that 
there is no difference among the responses of glucose 
with AA or with UA and that of glucose alone (P > 
0.05 by paired t-test,     n = 4). The interference of 
AA and uric acid UA to the glucose response was 
effectively eliminated by the PANCAA fibers. 

Table 2. Influence of electroactive interferents  
on the response of glucose biosensors. 

 

Substance 
Response 

Current (μA) 
R.S.D. iG+I/iG 

Glucose(5 mM) 1.067  5.86 %  1 

Glucose(5 mM) 
+AA(0.17 mM) 

1.010  6.02 %  0.97 

Glucose(5 mM) 
+UA(0.48 mM) 

1.174  2.99 %  1.06 

 
 

3.6. Sensor Lifetime 
 

The operational stability was examined by 
measuring the response to 5 mM glucose. The 
PANCAA/MWCNTs/GOx sensors were stored at   
5 C in the dark for 4 weeks, while measurements 
were conducted every 2 days during the first week 
and then once a week subsequently. The response 
remained 57.9 % of the initial value in 2 weeks and 
40.0 % in 4 weeks. The experimental data about the 
lifetime of the sensor are shown in Fig. 6. 

 
 

 
 

Fig. 6. The lifetime of PANCAA/MWCNTs/Gox. 
 
 

4. Conclusions 
 

In summary, the electrospun MWCNTs-filled 
PANCAA nanofibrous membranes were applied to 
immobilize glucose oxidase for fabricating glucose 
biosensors, which could be used for multi-time 
measurements. The reactive groups EDC/NHS 
possessed by the membranes were used for the 
covalent immobilization of GOx. The parameter of 
nanofibrous membranes fabrication was optimized 
such as the amount and the mass ration of MWCNTs 
vs. PANCAA. The results from chronoamperometric 
measurements showed that sensitivity of MWCNTs 
modified biosensors was ca. two times larger than 
which of no MWCNTs modified ones. However, 
there are several problems need to resolve, such as 
improving the adhesion between nanofibrous 
membrane and the Pt electrode surface, extending the 
lifetime and decreasing the response time of 
MWCNTs modified biosensors. Therefore, clarifying 
the interactions of embedded MWCNTs with enzyme 
will be necessary in future study. 
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Abstract: According to the new requirement of constructing “resource sharing and service on demand” wisdom 
city system, this paper put forward the platform architecture of cloud service for wisdom city management 
which support IaaS, PaaS and SaaS three types of service model on the basis of researching the operation mode 
of the wisdom city which under cloud computing environment and through the research of mass storing 
technology of cloud data, building technology of cloud resource pool, scheduling management methods and 
monitoring technology of cloud resource, security management and control technology of cloud platform and 
other key technologies. The platform supports wisdom city system to achieve business or resource scheduling 
management optimization and the unified and efficient management of large-scale hardware and software, 
which has the characteristics of cross-domain resource scheduling, cross-domain data sharing, cross-domain 
facilities integration and cross-domain service integration. Copyright © 2013 IFSA. 
 
Keywords: Wisdom city, Cloud service, Cloud resource. 
 
 
 
1. Backgrounds and Problems 
 

With the city management transiting to the 
“resource sharing and service on demand” serving 
management model gradually, wisdom city is 
becoming a new mode of city development which is 
generally recognized at home and abroad, and it also 
makes the construction of public service platform for 
wisdom city become the focus of people’s eyes. 
There are not only information sharing and 
interaction requirements between multiple 
application systems in wisdom city system, but also 
various application systems often need the co-
extracted data to calculate and present results 
comprehensively at the same time, thus needing a 
more powerful information processing center to 
process all kinds of information [4]. Therefore, the 
traditional data center with integrated service model 
can not meet the requirements of the wisdom city 
system construction. As a new mode of information 

service, the cloud service, which is a service supply 
mode supporting heterogeneous facilities and 
resources sharing that based on network, with on-
demand dynamic expansion ability and property 
investment high ratio (compared to the traditional 
data center, hardware investment at least down more 
than 30 %), is considered to be a effective way to 
solve the problems in wisdom city system 
construction at present.  

At present, researches on wisdom city and cloud 
service mainly focus on the architecture of cloud 
service system which based on cloud computing 
industry. The typical system of cloud services for 
wisdom city includes: 1)E-government cloud 
management system, such as using the powerful 
processing capabilities of the data set of cloud 
computing platform, then through the comparison 
between urban planning map and remote sensing 
situation graph, which marks illegal constructions 
automatically and has statistical analysis.  
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2) Electricity cloud virtualization management 
system, which through cloud computing, collecting 
kinds of relevant data from power supply end to the 
client, and uploading it to intelligent power analysis 
and control center through the information 
exchanging network. Meanwhile, some of these 
information have to be integrated analysis and data 
mined so as to adjust the way of using the electricity 
aim at reducing the electricity costs to users. 
3)Intelligent transportation system of cloud 
management, such as the intelligent acquisition of 
traffic information, flow, voice, pavement, traffic 
accidents, weather, temperature and so on, monitor 
and schedule all kinds of city's transport system to 
protect people, vehicles, roads and environment to 
exchange information closely, real-timely and stably 
to improve the efficiency of the transportation 
system. 4)Intelligent tourism platform of cloud 
services, as Wu Xue defined: intelligent tourism is a 
kind of tourism which meet the requirements of the 
service and using end to handle the comprehensive 
information of tourism conveniently through the 
massive information storage and intelligent 
computing service which provided by cloud 
computing center which based on online service [5]. 
But overall, the existing wisdom city management 
system still faces the following problems: the 
application is limited in single domain, city 
management resources are too scattered, cross-
domain data sharing has difficulties, lacking of 
unified resource scheduling, lacking of standard 
specification seriously and so on. Therefore, 
according to the new requirements of the construction 
of "resource sharing and service on demand" wisdom 
city system, research on the construction of wisdom 
city service platform which under the cloud services 
environment so as to achieve cross-domain resource 
scheduling, cross-domain data sharing, cross-domain 
facilities and service integrating. 

 
 

2. The Overall Architecture  
of the Platform 
 
In this paper, we put forward cloud computing 

service platform for wisdom city, as you can see the 
chart below. This platform system contains four 
levels including the resource layer, virtual layer, 
management layer and service layer, and its core is 
based on constructing a cloud service resource pool 
which uses the technology of virtualization and 
isomorphism to build a public service cloud model of 
wisdom city which is independent on the different 
departments application system in the original city 
management, and through the use of five 
management and through the use of management 
subsystems and its key technology to provide all 
kinds of public services including wisdom network 
service, wisdom urban management service and 
wisdom traffic service for wisdom city system users 
in IaaS, PaaS and SaaS three models [3]. The five 

management subsystems are: storage system of cloud 
data, dynamic deployment system of cloud resource, 
dynamic scheduling system of cloud resource, 
dynamic monitoring system of cloud resource and 
security management system of cloud resource [1]. 

Among them, 1) The core of the resource layer is 
to enhance the storage capacity and the computing 
capability of the system effectively so as to meet the 
increasingly demand of wisdom city management 
through the existing hardware equipment together by 
virtual technology; It establishes various computing 
resource pool, storing resources pool, software 
resources pool on this basis through the 
heterogeneous software which are same or similar 
type and information resources which are isomorphic 
,in order to make wisdom city which under the cloud 
computing environment has the foundation of 
collaborative work. 2)The core of virtual layer is to 
virtualize one or more isolated execution 
environment to used for running the operating system 
and application; Accordingly, different application 
requirement of wisdom city management needs 
different types of exclusive cloud of wisdom city and 
public cloud service architecture which based on the 
integration of exclusive cloud so that the dynamic 
deployment of various resources of wisdom city 
system becomes more flexible and convenient, and 
the utilization rate of physical facilities resource also 
increases greatly. 3) The core of management layer is 
to take the responsibility for the dynamic storage of 
cloud data, dynamic deployment, dynamic scheduling 
and dynamic monitoring of cloud resource, security 
management of cloud service and other functions. 
Among them, the dynamic storage of cloud data 
support the dynamic and efficient storage of 
distributed data resources and computing resources, 
and can get a large number of different types of 
storage devices in the network together by the 
application of software to collaborative work and to 
provide external function of data storage and access 
[2]. The dynamic deployment of cloud resource 
support system provides standardized resource 
template so that users can choose application 
procedures, computing resources or storage resources 
module according to their requirement to get rapid 
deployment. The dynamic scheduling of cloud 
resources support virtual resources of dynamic 
allocation system to ensure that all resources can be 
utilized effectively. The dynamic monitoring of cloud 
resources support real-time monitoring of various 
cloud service resources and adjust the distribution of 
cloud services resources automatically. The cloud 
security management can guarantee the safety of 
mass cloud data in the system to support normal 
operation of cloud service platform for wisdom city. 
4) The core of service layer is to support platform 
based on IaaS, PaaS and SaaS three models, and 
provides all types of users with all kinds of wisdom 
city management services including wisdom network, 
wisdom city management, wisdom traffic, wisdom 
logistic, wisdom data and so on. 
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Fig. 1. The platform architecture of cloud computing service for wisdom city. 
 
 

3. Key Technologies and Methods 
 
3.1. Research on the Method of Constructing 

the Cloud Resource Pool 
 

The core of cloud service platform for wisdom 
city management is to split massive stored data or 
calculated procedure into multiple smaller data or 
subroutine with lower coupling through virtualized 
technology automatically, and then delivers these 
data or subroutine to a huge "Cloud System of City 
Management" which insists of multiple servers to 
schedule collaboratively and do parallel distributed 
computing. Virtualized technology is designed to be 
isomorphic processing among various types of cloud 
services resources, and construct the cloud resource 
pool which supported by cloud service platform 
system of wisdom city management. The cloud 
resource pool has the characteristic of resource 
sharing, demand assignment, dynamic extension, 
standard service and automatic management. When 
the users of wisdom city management apply to use it, 
the cloud service resource pool can randomly pick 
out cloud service resources for the current request 
service, and then the cloud service resource has to be 
recycled by the resource pool until the user finish his 
requirement. In the cloud services platform of 
wisdom city management, common types of cloud 
service resources pool include cloud computing 

resource pool, cloud storing resource pool, cloud 
application resource pool, etc. We can use the 
construction of cloud computing resource pool 
technology which based on memory compression 
algorithm, cloud storing resource pool construction 
technology which based on two-level storing 
virtualization technology and cloud resource pool 
sharing technology which support cross-regional 
work to construct the method of cloud resource pool 
mentioned above. 

 
 

3.2. Research on Dynamic Scheduling 
Technology of Cloud Resource  

 
There exists a large-scale of low-cost computing 

nodes which insist of cloud services platform for 
wisdom city management. On one hand, these nodes 
limited by computing, storing and broadband 
capability, which need to seek good computing 
resource scheduling strategy to shorten the time to 
find a suitable virtual machine resource for users’ 
task, and speed up the uses’ task assigned to the 
suitable virtual machine to ensure that the users’ 
work could be finished on time. On the other hand, 
the scale of cloud computing for wisdom city tends to 
be very large at a specific time, while different from 
the exclusive resource allocation mode in the network, 
all the resources from cloud service system of 
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wisdom city will be shared by all users 
simultaneously. It means that the users’ task in the 
cloud service system of wisdom city will be divided 
into process or even granularity level, and thus needs 
a more efficient strategy for cloud resource allocation 
or scheduling [6]. In addition, the cloud service 
system network environment and cloud resource 
spatial distribution of wisdom city are often in an 
unpredictable state. Based on this condition, we can 
use the ant colony to optimize algorithm and find out 
the computing resources in the unknown network 
topology, and use relevant operation of pheromone, 
backward and forward ant to choose the most suitable 
one or several to allocate them to user, until it can 
meet users’ requirement [7]. 

 
 

3.3. Research on Dynamic Monitoring 
Technology of Cloud Resource 

 
In the cloud service system of wisdom city, all 

kinds of cloud resources have used virtualized 
technology, and most of the resource characteristics 
are hidden, but the cloud service system of wisdom 
city also need user’s information demand such as 
processor speed and memory size to help the users 
find out the suitable cloud service resources. At the 
same time, it needs the system to support the 
monitoring of the stated information of cloud 
resource to solve the fault of a certain node in cloud 
system. The data we get from the cloud resource 
monitoring can be used for the discovery and 
distribution, task scheduling and load balancing of 
cloud service resource. Based on this condition, the 
cloud services platform for wisdom city management 
requires two models to support cloud resource 
monitoring, the active mode refers to the resource 
monitoring component nodes in cloud service 
platform and the stated information of virtual 
machine from the virtual machine monitor 
acquisition itself and the running virtual machines, 
then transmits its own monitoring information to the 
master node automatically; while, the passive mode 
refers to the master node sends requests to nodes in 
the cloud services platform, then the nodes turn the 
monitoring data back to the master node [10]. 
Through the graphical user interface from master 
node monitoring system, all the nodes of the static 
and dynamic monitoring information can be viewed 
by cloud services platform of wisdom city 
management, meanwhile, it can set up some 
important objects to be monitored by setting 
threshold, and the threshold setting passed the 
threshold to the collector of nodes through interactive 
components. 

 
 

3.4. Research on Control Technology of 
Cloud Security Management 

 

The cloud service platform of wisdom city 
management can be managed and controlled from the 
following four aspects including the design of 

security operation procedure, the security strategy 
and method, the authentication protocol model of 
cloud security based on wisdom city management 
and the encryption of cloud security which can be 
searchable. Among them, 1)The authentication 
protocol model of cloud security based on wisdom 
city management which includes users’ registration 
and mutual authentication between user and access 
public cloud. In registration stage, users interact with 
the private cloud to generate the proxy signature key; 
in mutual authentication phase, users first sent an 
authentication request to access public cloud to see 
weather users are legal or not, if it is legal, then 
answer the authentication information to users to 
invest its legitimacy. 2) The cryptographic 
technology of cloud security which is searchable can 
search the encrypted ciphertext directly, then chose 
ciphertext directly according to the users’ 
requirements and returned it back to the 
corresponding users. In this process, it can not reveal 
any index or file information to cloud service 
providers [8]. Its architecture includes three core 
modules: data processor -- handling data before 
transmit it to the cloud; data validator -- checking the 
integrity of data at any time; token generator -- 
generating token which allows service providers to 
get documents. 

 
 

3.5. The Technology Standards of Cloud 
Computing Services Platform 

 
The cloud services platform for wisdom city 

management only based on strict specifications that 
can make a number of computing entities into a 
perfect system which has powerful computing 
capacity and with the help of infrastructure and 
service (IaaS), platform and service (PaaS), software 
and service (SaaS) and other advanced mode to 
distribute powerful computing capacity to the 
terminal users. The standard system of cloud service 
for wisdom city management includes: 1) Standard 
frame: it involves standard directory system scale, 
system terms and project construction management 
approach of cloud computing service platform for 
wisdom city; 2) The standards of infrastructure 
management: it includes four aspects of 
specifications contains data storing, service 
computing, resource management and system 
monitoring, and also define a logical model to 
manage the resource in the infrastructure which is so 
called service field; 3) The standards of information 
management: it includes all types of information 
management standard of cloud platform for wisdom 
city, such as city management information, users’ 
information, security information, etc; 4) The 
standards of service management: it includes all 
specifications related to the service that provided by 
cloud computing service platform; 5) The standards 
of demonstration application: it includes parking, 
regulation and pubic security in city, etc; 6) The 
standards of operation and maintenance: it includes 



Sensors & Transducers, Vol. 152, Issue 5, May 2013, pp. 186-190 

 190 

four aspects of specification contains the evaluation 
of information resources, the management of system 
operation, the management of system maintenance 
and the security management; 7) The other standards: 
it includes other specification which related to the 
construction and operation of wisdom city [9]. 

 
 

4. Conclusion and Prospect 
 

This paper presents the cloud service platform for 
wisdom city management, meanwhile, it has been 
initially applied in the wisdom city management 
system which taken by one certain Zhejiang 
Technology Group Co., Ltd. This platform can 
effectively integrate, dynamic deploy, schedule and 
monitor the cloud service resource, and allocate the 
cloud computing power and stored resources 
according to the application requirements to realize 
the efficiency optimization of wisdom city 
management. The research shows that with the help 
of the virtual infrastructure of cloud computing 
platform, it can effectively support the wisdom city 
management system to achieve a unified and high 
efficiency platform layer and support primary 
software and hardware management on a large scale 
in wisdom city system, and also support the wisdom 
city management system to realize the optimization 
of business or resource scheduling management to 
reduce the cost of wisdom city management 
effectively. 
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