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Abstract: The image sensor is the most important part of video and still image processing line in digital video 
or still camera. Data of CMOS process will produce noise in long transmission distance; therefore it must first 
be amplified and integrated each pixel data. The choice of medium and apparatus for transmitting image and the 
other the control signal will be directly related to the quality and reliability of the monitoring system. CMOS 
image sensor has the characteristics of low power, high integration and flexible function. The paper proposes the 
novel image signal analysis of monitoring video based on CMOS image sensor. In this paper, simulation results 
shows by using analog signal hardware simulation that the system can achieve the intended function and achieve 
the ideal effect. Copyright © 2013 IFSA. 
 
Keywords: CMOS, Image sensor, Image signal analysis. 
 
 
 

1. Introduction 
 

Image sensor is the principle of photoelectric 
conversion converts the image data into a device for a 
series of electronic signals. Contact image sensor CIS 
is a new type of image sensor appeared in the late 
80’s, is a kind of photoelectric scanning device based 
on CMOS technology. CIS compared to CCD has the 
advantages of small volume, high speed, low cost, 
simple installation and debugging etc. But whether 
CIS or CCD should consider the interference signal, 
and it is sensor bias and other factors on the image 
signal, only to exclude these effects, to a true 
representation of image information. 

CMOS image sensor is produced in the nineteen 
eighties, the manufacturing technology of CMOS 
technology was not high, and so the noise sensor in 
the application of large, commercial process has been 
very slow. Now, with the continuous improvement 
process, the application range of CMOS image sensor 

is also expanding, relates to the digital products, 
communications, industrial, medical and other fields. 
Compared with CCD, CMOS image sensor has the 
advantages of small volume, low power 
consumption, low cost [1]. CMOS image sensor, 
IBIS5-B-1300 image sensor is a high performance, 
high dynamic range. Image sensor work needs to 
have driven timing signal is correct. 

The system is mainly composed of a plane mirror 
tracking device, control and drive circuit, position 
limiting circuit, CMOS image sensor etc. Tracking 
device object, image sensor is fixed on the plane 
mirror center. The image sensor products are mainly 
divided into CCD, CMOS and CIS sensor three. At 
present, CMOS is not only inexpensive, and has 
realized the digital output, software programmable 
control, greatly reduce the difficulty of system 
design; improve the flexibility of the system, design 
of anti-interference and stability. 

Article number P_1319 
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The image sensor is according to the 
manufacturing process and design. Therefore, the 
final device, light enters from the front line of control 
between the metal, and then focused on the 
photoelectric detector. Since, for the larger pixels, 
FSI is very effective, because the pixel stack (pixel 
stack) and the height of the pixel area ratio is large, 
the pixel aperture is large. Pixel shrinking to a series 
of pixel technology innovation is to solve the 
limitations of front illumination technology in 
material and manufacture. For example, FSI has to 
take a number of technical innovation and process 
improvement, such as the shape optimization of 
micro lens, color filter, optimization of concave type 
pixel array, light guides and antireflection coating 
technology, optical path optimization FSI pixels. 

Recently the CMOS image sensor attached 
importance to the primary reason is that the past is 
much lower than the sensitivity of the CCD gradually 
resolved. As compared with CCD, CMOS sensor has 
a better production, and it is easy to implement other 
logic circuits, SoC (System on Chip) products, and it 
is difficult to achieve in the CCD. Especially the 
CMoS sensor, unlike the CCD requires special 
manufacturing processes; it can be directly used for 
DRAM and other large batch production equipment. 
In this way, CMOS image sensor is likely to cost 
structure formation is different from that of CCD 
image sensor. The paper proposes the novel image 
signal analysis of monitoring video based on CMOS 
image sensor. 

 
 

2. Analysis Monitoring Video  
of Image Sensor 
 
In the monitoring system, monitoring and image 

transmission is a vital part of the system, the choice 
of medium and apparatus for transmitting image and 
the other the control signal will be directly related to 
the quality and reliability of the monitoring system. 
At present, in the monitoring system for image signal 
transmission medium main coaxial cable, twisted pair 
and optical fiber, transmission equipment are 
corresponding to the coaxial video amplifier, twisted 
pair video transmission equipment and optical. 

This change in the field of image sensor is a 
microcosm of the sensor technology changes. New 
technology development of new features, the biggest 
characteristic of sensor technology is introduced into 
the multidisciplinary now, along with the electronics, 
MEMS (Micro-Electro-Mechanical System), the 
rapid development of biotechnology, physics, 
chemistry, optics and so on technology, as well as 
human cognition of natural change, sensor 
technology has entered a critical stage from 
traditional to new breakthrough sensor technology 
development, is expected in the future will show the 
miniaturization, digitization, multifunction, 
intelligent and networked trend. 

Because the camera optical axis and the ground 
form a certain angle, so the imaging are trapezoidal 
distortion; in order to expand the field of vision, the 
wide-angle lens is increasingly used by many teams, 
so there is a barrel distortion. These two kinds of 
distortion, each using wide-angle lens camera team 
have problems [2]. Many teams have avoided this 
problem, directly using the pixel image after 
preprocessing control. But if the pixel is converted 
into the actual physical coordinates, is undoubtedly 
more intuitive, convenient for programming or 
modeling, and the method proposed in this paper, 
which can solve these two kinds of distortion 
effectively, the actual operation is not complicated. 

Image acquisition is the key part of security and 
surveillance video chain, it is because it is closely 
related with the image quality acquired for image 
signal processing ability to extract effective 
information from the video stream, may seem 
esoteric, but in fact, is the sensor quality and 
processing quality of the combination sensor output. 
The development trend of safety monitoring system 
is the image processing function of migration – to the 
network edge is moved to a camera inside, close to 
the sensor, as is shown by equation 1. 

 

))()(())()(())(),(( kxkRkxkRkukxL T   
(1) 

 
Remove the signal on CMOS imaging device in 

the acquisition of photoelectric image signals at the 
same time, the image information it and at the same 
time of each unit, so the speed is much faster than the 
CCD imaging device. Because the CMOS imaging 
device, the column electrode can be high-speed 
driving, plus on the same chip as the A/D conversion, 
image signal can quickly take out, so it can move at a 
very high frame rates. If some designed for machine 
vision CMOS, claims can be up to 1000 frames per 
second frame. 

Control for position, through the I2C bus with the 
external microprocessor to display controller route in 
FPGA. A total of 256 control and parameter register. 
In order to avoid the emergence of television 
interference, through the parameter I2C write must 
deal with in the blanking period. Data input and can 
be activated, the processor release control register. 
Through further register, processor controller rows 
currently displayed. These functions can be solved 
directly in FPGA design. According to the 
monitoring of the IC2 register set, designers need 
from IC2 device (slave), I/O port, state machine 
replication, and these parameters, the access from 
IC2 device (slave) internal memory interface, 
providing for arbitration. For VHDL or Verilog HDL 
to develop the FPGA spend relatively more time, 
code reusability is limited to HDL coding controller. 

Because the experimental plane and true sight 
plane is a pure geometric relation, so this part of the 
conversion function can use geometric derivation. 
The formula is more complex, not the one listed here. 
The disadvantage is that a lot of formula of the 
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maximum of sin(), cos(), the operation of 
trigonometric function, but the single-chip to do this 
operation will spend a lot of time, so we should try to 
avoid trigonometric, square root operation. 
Moreover, if the wide-angle lens or camera frame 
lower, B will be from the A point far away and 
cannot find B. So this method is not universal. The 
experiment itself is more complex, as is shown by 
equation 2. 

 







1

1

2
,

2 ~1
)(ˆ

N

Lk
kj

j
jX

j

W
M
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Using these sensors manufacturers interface, so 
that the electronic image signal from the sensor, and 
into the processing logic downstream. FPGA 
provides a cost effective, very small size of the 
programmable logic platform, can easily converts the 
signal from the image sensor of the interface to a 
digital signal, the logic for downstream processing. 

FPGA provides programmable mechanism of cost-
effective, to adapt to a variety of signal coding 
scheme, register management schemes and sensor 
interfaces, and different types of sensors to provide  
programming support. 

The pixel array is the most important part of 
CMOS image sensor, now most pixel unit using 
active pixel structure, as shown in Fig. 1. PD is 
usually N+ / P-well diodes, the reverse bias of PD, as 
a photosensitive element in the sensor [3]. In the 
charging period, a reset pulse Vreset_p is high level, 
M1 conduction, PD power supply for charging; the 
integration period, Vreset_p is low, M1 is off, due to 
the incident light irradiation, PD generates a reverse 
photocurrent, the discharge of PD; VN node voltage 
N decreases, and the VN of the incident light 
intensity slope drop is proportional to the. When the 
integral cycle is over, the row selection signals 
Vrow_s generates a pulse on the M3, VN the source 
follower output to the post-processing circuit. 

 
 

 
 

Fig. 1. The design of CMOS timing simulation and level conversion circuit 
 
 

The camera has three core components: camera, 
image sensor and compression processing chip. 
Among them, the image sensor is the core part of the 
image acquisition and processing. At present, the 
CCD and CMOS sensors are two kinds of image 
sensors are widely used, both by the photosensitive 
diode (photodiode) is a photoelectric conversion, the 
image is converted into digital data, but the main 
difference is the digital data transfer in different ways. 
CCD no distortion in the transmission of data, so 
each pixel data can be collected to the edge and then 
amplifying processing; and CMOS process will 
produce noise in the data transmission distance is 
long, therefore, must first be amplified, integrated 
each pixel data. Also because of its different data 
transmission mode, CCD and CMOS sensor has 
many differences in effectiveness and application. 

The sensor manufacturers to configure a series 
interface, used for image signal will leave the chip to 
the downstream logic processing. It is very common, 
the data quantity of the same sensor manufacturers 
from the chip extracted according to the need to use 
different interface [4]. For example, modern sensor 
with mega pixel resolution required in the given 
cycle time was more than sensor has only a VGA 
resolution data. Like the high dynamic range (HDR) 
this requirement also increases the amount of data, 
need to read data from the image sensor in each 
image frame, and to support the smooth, low latency 
and high quality video, need to extract frames from 
the sensor chip in a given period of time, it also 
affects the sensor interface selection, as is shown  
by Fig. 1. 
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In addition to mobile phone market, OV7675 has 
attracted a notebook computer, Net book and 
Webcam customers pay more attention to. The 
OV7675's small size allowed ultra-thin camera 
module, when combined with the low light 
performance is remarkable, which of these terminal 
market becomes an attractive solution. 1/9 inch 
OV7675 using 2.5 micron OmniPixel3 – a unique HS 
™ pixel design, which makes it possible to provide 
first-class low light sensitivity best (1800 MV/Lux 
seconds), relative to the solution of most competitive 
VGA, greatly reduce the noise and provides excellent 
color reproduction. The OV7675 SOC sensor 
provides full functional integrity of the VGA 
(640x480) camera, is able to run at full resolution at a 
rate of 30 frames per second, and the user can fully 
control the image quality, format and output  
data transmission. 

Most of the ISP (image processing) parallel 
sensor interface device supports the traditional 
CMOS, but usually lack of high-speed serial interface 
support. Many ISP parallel running speed interface is 
far more than the parallel interface sensor. However, 
because the sensor is moved to different serial 
interface, ISP logic device needs to switch to the 
parallel interface. Therefore FPGA bridging devices 
require high speed serial data into parallel format. For 
manufacturers of ASSP signal processing (they have 
the support of parallel CMOS sensor interface faster 
ready-made products), FPGA solves is connected to a 
high speed serial sensor problem. 

Because the CMOS sensor using CMOS 
technology semiconductor circuit is the most 
commonly used, can easily be peripheral circuit (such 
as AGC, CDS, Timing, generator, or DSP) is 
integrated into the sensor chip, so it can save the 
periphery chip cost; in addition, because CCD uses 
charge transfer way of transmitting data, as long as 
there is a pixel cannot run, will lead to a whole row 
of data cannot be transmitted, so CCD control sensors 
yield many more than the CMOS sensor is difficult, 
even experienced manufacturer also is very difficult 
in the products of the half a year to break through the 
50 % level, therefore, the cost will be higher than the 
CCD sensor, CMOS sensor, as is shown  
by equation 3. 
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The FPGA chip is parallel operation, each 
oscillation cycle can perform tasks, while the 
microcontroller (such as the 8051 series) of each 
instruction requires 12 oscillation cycles. For 
example, changes in I/O port of the fastest also need 
24 oscillation cycle, while FPGA only need  
2 oscillation cycle, so the oscillation period under the 
same, FPGA faster [5]. 

From the current trend, CMOS wins a 
significantly greater chance. On the one hand, with 
the development of technology, the sensitivity of 

CMOS is improved rapidly, it is reported on the 
market at present is committed to research CMOS 
makers have developed CMOS specific 720 p and 
1080 p device sensitivity performance with CCD 
approach. On the other hand, although the same size 
CCD sensor resolution is better than CMOS sensor, 
but if we do not consider the size limit, the advantage 
of CMOS in the volume rate can effectively 
overcome the difficulties of large size of 
photosensitive component manufacture, so CMOS 
will have more advantage in higher resolution. In 
addition, the response speeds of the CMOS faster 
than CCD, a large amount of data, so it is  
more suitable to the characteristics of high- 
definition monitor. 

Programmable logic as a bridge between the 
image sensor and ASSP is facing three challenges. 
First of all, the FPGA must provide support for the 
interface signal. Second, FPGA I/O must have the 
gearing logical enough to support a fast serial sensor 
interface. Third, the FPGA must provide cost-
effective very small size, to adapt to the modern 
camera for compact appearance requirements. 

Color sensor used in this design is CLS9032. The 
sensor has 2 vertical connecting the PN junction, the 
thickness can be to an optical filter to the role of 
color sensors play. The shorter wavelengths of light 
on the silicon surface are absorbed, and the longer 
wavelength light to reach the deeper position will be 
absorbed. This sensitivity based on spectrum, to 
select the signal according to the wavelength of light 
(color). The use of logarithmic current between the  
2 photodiode ratio methods is as signal processing. 
Irradiation with light of different colors, the 3 pin of 
the color red, green, blue sensor area will output 
current signal, but the current signal corresponding 
color pin output than the other pin output current 
signal strength. Using this principle can effectively 
avoid the output current external environment caused 
by the ups and downs, so this device has  
high reliability. 

The sensor core (Sensor Core) part comprises a 
photosensitive array, exposure control and readout 
circuit, variable gain amplifier (PGA) and an analog-
to-digital converter (ADC), mainly to complete the 
image acquisition function. Data of the original 
image sensor nuclear export to image processor 
(ISP), ISP completed a series of image processing 
and image conversion function, which comprises the 
following process: compensation, digital gain and 
white balance, lens shading correction, bad pixel 
detection and correction, color interpolation, 
smoothing and edge enhancement, GAMMA 
correction, color correction, brightness, saturation 
and contrast adjustment, image size conversion, color 
space conversion, image data packing output. The 
control module to complete the automatic exposure 
control, automatic white balance, 50 Hz/60 Hz 
scintillation detection and other functions, to control 
the sensor core and ISP, communication and  
multimedia processor. 
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In the monitoring system, monitoring and image 

transmission is a vital part of the system, the choice 
of medium and apparatus for transmitting image and 
the other the control signal will be directly related to 
the quality and reliability of the monitoring system. 
At present, in the monitoring system for image signal 
transmission medium main coaxial cable, twisted pair 
and optical fiber, transmission equipment are 
corresponding to the coaxial video amplifier, twisted 
pair video transmission equipment and optical. 

In the process of use, there are moments in non 
detection work. But this system also is in working 
state, SOPC will control the A/D converter to sample 
and the SOPC itself will be processed after the 
conversion to digital signals, and produces the color 
alert. In order to eliminate the false alarm and it is 
required magnification control amplifier. The 
incident differs a few nm light is amplified; the 
electric signals of the great difference, the numerical 
A/D conversion will overflow or close to overflowing. 
Using this characteristic, set a limit value, if the value 
than the upper limit, then system to make non 
detection work of judgment, the program execution is 
restarted. 
 
 
3. Image Signal Analysis Based  

on CMOS Image Sensor 
 

CMOS was an important chip in the computer 
system; it can save large amounts of data required for 
the system boot. In the early nineteen seventies, it 
was found, introducing CMOS photo diode can be 
used as a sensor, but in terms of resolution, noise, 
power consumption and image quality than CCD at 
the time difference, could not obtain development. 
With the development of CMOS technology, CMOS 
technology uses standard CMOS imaging device for 
producing high quality, low cost. This device is 
convenient for mass production, the characteristics of 
low power consumption and low cost are 
businessmen dream of. Now, CCD and CMOS both 
exist, CCD temporary or “mainstream”, but the 
CMOS will replace CCD and become the mainstream 
of the image sensor. 

According to the control timing characteristics of 
CIS sensor, CPLD sensor provides the clock signal 
for CIS CIS_CLK, a strobe signal CIS_SI and a light 
source control signal CIS_LED. When the 
microprocessor P_EN is set to a high level, and it is 
CPLD at the initial state. When P_EN is low, CPLD 
is in the preparation stage. At this time, once the 
microprocessor to L_EN tube generates a pulse signal 
on the foot, CPLD will then automatically generates 
the CIS_SI signal to start the CIS, while the internal 
counter CPLD to the external CLK to count. In the 
control signal is generated by AD converter based on 

CPLD value. The timing circuit hardware description 
is as follows, where CNT is a 0 to 685 of the counter, 
as is shown by equation 5. 
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In an infrared image transmission system, multi-
channel communication situation exists, the infrared 
image and other information through the air channels 
to the accused platform, send to the battlefield state * 
estimation, target selection and control instructions. 
In the wireless channel wartime always exist in the 
noise, interference, multipart fading and other effects, 
which requires the design of transmission system 
should adopt effective data to reduce the transmission 
bit rate compression method, try to save the 
transmission channel bandwidth, but also introduce 
error control mode to resist interference channel 
noise. 

Standard IC fabrication technology and imaging 
technology in continuous progress, and it is promoted 
by the front illumination (FSI) development of image 
sensor technology [6]. In this technique, such as the 
human eye eagle, light falls in front of IC, and then 
through the reading circuit and interconnection, was 
finally converged to the photoelectric detector. FSI is 
the mainstream technology currently used by the 
image sensor, has confirmed the mass production 
capacity, high reliability and high yield and attractive 
price and other advantages, greatly promoting its 
application in many fields of mobile phone, notebook 
computer, digital camera and digital camera etc. 
These advantages, coupled with the high performance 
characteristics, making this technology has a unique 
cost, performance and value orientation, the future 
application can be further expanded. 

Contact image sensor (CIS) is composed of a row 
of the same width and scans the original photoelectric 
sensor array, LED light source array and cylindrical 
lens array of components such as a new image 
sensor. These components are integrated in a strip in 
the square box, without the need of additional optical 
accessories, not to adjust the optical path and depth 
of field, has the advantages of simple structure, small 
volume, convenient application and etc. In some 
applications of CIS sensors than CCD or COMS 
sensor has incomparable advantages. In a very wide 
range of fax machines, scanners, currency sorter 
against the application of zero field, as is shown by 
equation 6. 
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In recent years, tube designers removed from the 
MCP ion barrier film to get no film light tube, while 
adding 1 automatic door switch power supply, the 
switch speed control photoelectric cathode voltage, 
and improved the low corona imaging technology, 
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helps to enhance the visual performance in bright 
sunlight. It is developed the first successful MCP 
imaging without membrane tube, in the target 
detection range and improved resolution, especially 
in very low light conditions. Automatic pulse gated 
power supply and its key techniques related to the 
new high performance without membrane MCP, 
photoelectric cathode and MCP with and without 
halo imaging technology [7]. This film without the 
BCG-MCPIV generation LLL tube technology 
although just started but good performance so that it 
will become the new hot spot image intensifier 
technology field, as is shown by Fig. 2. 

The photodiode is arranged in the chip, can 
minimize the no uniformity of the incident light 
radiation, thereby increasing the color recognition 
accuracy; on the other hand, 16 photodiodes of the 
same color are connected in parallel, uniform 
distribution in the diode array, can eliminate the 
position error of color. When working, through two 
programmable pin to dynamically select the desired 
filter. The sensors are typically the output frequency 
range from 2 Hz~500 kHz, the user can also through 
two programmable pin to select the output scaling 
factor 100 %, 20 % or 2 %, or a power off mode [8]. 

 
 

 
 

Fig. 2. CMOS sensor and FPGA I/O with image analysis. 
 
 

Only with the intelligent video surveillance 
products as an example, although has made great 
progress, the optimal methods in the field of 
intelligent video analysis there is no generally 
recognized [9]. The complexity of its research 
content, which makes the algorithm complexity is 
high, the limited scope of application, the methods 
and tools of diversity, not the robustness, accuracy, 
speed meets the common needs. At the same time, 
the network of video surveillance system and 
distributed processing requirements, and large-scale 
installation cost, size and power constraints, the 
computing power and bandwidth have become the 
mainstream of video surveillance system in the 
embedded processor to continuously improve. 
Instead of intelligent analysis of video coding 
standard, is DSP's play, as is shown by equation 7. 
 

0,0,0||),(|| 21  yxf  (7) 

 
Because the CIS integration superiority, makes 

the CIS compared to CCD with the interface more 
varied. The current monitoring using CIS not only 
can output RGB, YUV, CCIR656 and other digital 
signal, and can simulate the PAL/NTSC television 
signal system, not only meet the traditional CCTV 

application, also can satisfy the applications such as 
IP Camera and other digital. In addition, CIS also 
provides the I2C control interface, convenient 
external MCU control of CIS. CCD image sensor can 
only output analog signals, if you want to increase 
the variety of interface; you need “sleeve” with the 
use of it. 

The past, performance and quality requirements, 
the digital SLR Camera application has been the most 
standard CMOS image sensor barriers to entry. 
Relying on its unique pixel technology innovation 
and it is the new Aptina MT9H004 into this growing 
market in various application attractive choices. In 
fact, CMOS image sensor shipments analysis firm 
TSR predicts a digital SLR camera market will from 
2007 4000000 to 2013 12500000, a large part of this 
growth comes from compact emerging in the market 
without a mirror products division. 

At the same time, video monitoring has its special 
requirements for confidentiality and other security 
technology, whether it is business or home appliance, 
equipment have been illegal intrusion and hacker 
attacks, to fully guarantee the safety equipment is a 
great challenge for product design. At this time, a 
single chip CMOS sensor products built-in ISP 
showed be congenitally deficient disadvantage, 
because it still could not complete such a complex 
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function, and must be equipped with image processor 
can separate meet the requirements. Although ASIC 
has a cost advantage, but it has inherent defects in the 
improvement and upgrading of the media formats, 
algorithm, video surveillance market continuous 
improvement in audio and video standard unceasing 
evolution and the algorithm, ASIC is inferior to 
many. 

 
 

4. Novel Image Signal Analysis  
of Monitoring Video based  
on CMOS Image Sensor 
 
Dynamic range is a measure of the scene image 

sensor for a larger difference between the 
performance of light and shade of light. In practical 
application, reflected in the image sensor can be in 
one image can clearly show the dark scene, and can 
clearly display the well-lit scene [10]. Especially 
when the Camera alignment window, you can see the 
window scene, but also can see out of the window of 
the scene, but not “overexposed” phenomenon. The 
dynamic range is higher, and that in different 
situations, image sensor performance. At present, the 
high-end CIS can achieve up to the dynamic range of 
more than 100 dB, and the dynamic range of 
common basic CCD at about 60 dB. From the 
dynamic scope, CIS be a stroke above. 

ME1010 is a comprehensive image sensors use 
convenient, use the patent structure development, 
designed to make it easier to form a whole and 
computer products. CCD image sensor is different 
from the traditional or some new CMOS image 
sensor, ME1010 image sensor can provide very  
low X-Y address image output, so as to connect 
computer or DSP. It provides 352 × 290 pixels  
(352 × 288 effective pixels), an on-chip amplifier and 
supporting the ADC circuit, as is shown by  
equation 8. 
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Image signal processing traditional is 

accomplished through image processor. With the 
continuous development of CMOS technology, also 
appeared the image signal processing (ISP) is built 
into the CMOS image sensor in the single chip 
products, this kind of sensor products with integrated 
function modules inside some image processing 
algorithms, including auto exposure, auto white 
balance, and color transformation of these basic 
algorithms. These kind of ASIC products appear once 
controversial, because although the ISP built-in 
sensor has lower power consumption and saving the 
occupied area advantage, but the mobile phone 
applications, from a cost perspective, ISP will be 
integrated in the sensor cost in mobile multimedia 

processor or base band is much higher than the  
ISP integration. 

The main difference between CMOS Image 
Sensor is made of a photosensitive unit and readout 
circuit structure is different in different 
manufacturing process. The photoelectric conversion 
realize CCD photosensitive unit, output in order to 
charge storage and charge transfer mode, need 
special process implementation; CIS image 
photographic unit for the photodiode, may be in 
general CMOS integrated circuit process to achieve, 
in addition to the image processing circuit, power 
consumption of the integrated and the lower  
the higher. 

The image sensor can be said to be in the digital 
video or still camera video or still image processing 
line is the most important part of. If there is no 
sensor, there is no image signal processed [11]. As 
everyone knows the sensor is not standardized. In the 
scheme, they are different from the following: 
conversion of visible or infrared light into electrical 
signals in the way; especially before the signal from 
the chip, the signal by encoding and compression 
(sometimes) way. The sensor internal registers are 
programmed by the way, in order to adjust the gain, 
exposure time, sensor models (such as linear, HDR), 
the sensor image coordinates. 
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The CIS sensor is high speed, if directly by a 

microprocessor (MPU) control timing generation CIS 
sensor, is the consumption of processor time and 
resources. Therefore, the drive circuit used CPLD as 
the control core; the microprocessor does not directly 
control the CIS sensor. The microprocessor only need 
is to control the CPLD page to enable signal (P_EN) 
and line enable signal (L_EN) the two signals line. 
CPLD can automatically generate A/D converter, 
control the timing generation, data storage and the 
ping-pong memory bus switching function of the CIS 
sequence control. The CPLD independently 
accomplish the image acquisition and data storage, 
reduced the control microprocessor on the bottom of 
the device, and improves the efficiency of the 
microprocessor in the image processing. 

The main part of the software for the PC machine, 
and it is PC machine environment for Windows XP, 
using the software Microsoft Visual C++6.0 and 
Matlab 7. Startup VC++ is responsible for calling a 
sun function, altitude angle and the azimuth angle to 
return the current monitoring, and transformed into 
FYP and FWP operation steps. By calling the 
Windows API function, to realize the transfer of data 
between PC and MCU. By programming with MCC 
VC++ and Matlab, control of image acquisition 
camera in video surveillance, according to deviation 
monitoring the centurion coordinates and image 
coordinates of the center into FYP and FWP 
correction step number. 
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In order to improve the efficiency of the system, 
and it is when the CPLD in the acquisition of data, 
the microprocessor finished the processing of image 
data, so using double buffer in the system. When 
CPLD is to RAM1 write data, and buffer of RAM2 
bus control is to the microprocessor. When the 
microprocessor finished in RAM2 data processing 
and CPLD to complete the current image acquisition, 
switching bus, the CPLD will be the next image data 
is written to the RAM2, the RAM1 bus control 
switch to the microprocessor. The bus switch 
triggered by the rising edge of P_EN EXCH signal 
inversion. The following program is EXCH signal in 
different situations, the bus working state of 
hardware description, as is shown by Fig. 3. 

System working process: start, PC VC++ calls the 
sun function video motion control of height, angle 
and the azimuth angle of access to surveillance video, 

and transformed into the operation step pitch and 
level of the stepper motor, through the RS 485 bus 
communication with MCU, drive tracking device 
operation, ensure that the video monitoring spots in 
from the perspective of CMOS image sensor. 
Through the realization of MCC VC++ and Matlab 
joint programming, real-time control of image sensor 
collect the monitoring video image. VC++ program 
for every 4 min automatically calls take a photo 
sensor, processing the Matlab images, to calculate the 
deviation of surveillance video center coordinates 
and image coordinates of the center, into a horizontal 
and pitching motor need to adjust the number of 
steps, return to VC++ again, sent to MCU, stepper 
motor driver, and a fine adjustment of plane mirror 
tracking device, the monitoring video always in the 
image center position. 

 
 

 
 

Fig. 3. Comparison results of image signal analysis of monitoring video based on CMOS image sensor with CCD. 
 
 

The author of this article innovation: bus 
switching and microprocessor interface function with 
CPLD as the core to realize CIS sensor timing driver, 
A/D converter control, double buffer; the 
microprocessor does not directly control the device, 
improves the efficiency of microprocessor; the use of 
video surveillance work mode of double buffer, 
image acquisition and image processing to realize the 
parallel work, improve the performance of image 
processing system. 
 
 
5. Conclusions 
 

Because the CIS fabricated in a standard CMOS 
process, the readout circuit (including CDS correlated 
double sampling, automatic gain amplifier AGC), 
analog-digital conversion circuit (ADC), image 
signal processing (ISP), television signal encoding 
circuit (TV-Encoder) are all integrated on a single 
chip. While the CCD manufacturing process because 
of special and complex, the need for a separate 
existence, processing circuit supporting the use of, it 
is “CCD chip set in the application”. “CCD” contains 
a CCD image sensor, V-Driver (timing control /CCD 
multi-channel power, gradually be integrated with 
CDS/AGC circuits), CDS/AGC (readout circuit 

corresponding to the CIS), DSP (corresponding to 
CIS ISP) four. The paper proposes the novel image 
signal analysis of monitoring video based on CMOS 
image sensor. As one of the most important technical 
index of image sensor, the image sensor sensitivity is 
a measure of sensitivity to light. 
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Abstract: Image acquisition system consists of four major components: CMOS circuit cameras, camera cache 
control logic, SRAM memory and embedded system bus interface. Wireless sensor network is composed of 
numerous tiny sensor nodes which are randomly laid in a specific detection area consisting of self-organizing 
networks. The paper presents development CMOS sensor image acquisition system based on Wireless sensor 
networks and develops image acquisition system works by sending the correct timing signal for CPLD to 
CMOS image sensor, drive their normal work to take the appropriate shutter mode, and the collected image data 
manipulation packages, output to the USB chip, then the incoming image data transmission chip host. 
Experimental results show that the designs of the image sensor drive timing to meet the image requirements. 
Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor network, CMOS, Image Acquisition, Image Sensor. 
 
 
 
1. Introduction 
 

The user can control two digital methods to alter 
the default parameters of CMOS image sensors, 
CMOS image sensors that better meet the 
requirements of the specific application environment. 
One way is through the number of pins on the 
external pull-up or pull-down resistors to change the 
default parameters, and the other way is through the 
I2C bus programming CMOS image sensor internal 
registers to change the default parameters. CMOS 
image sensors as a limited number of pins, the former 
method can only change the default parameters for 
the most commonly used. The latter method, you can 
change all of the default parameters. 

Wireless sensor node structure, the data collection 
includes various sensors and analog, and to obtain 
necessary sensors for sensing a variety of external 
information and through analog-digital conversion to 

convert the information into a digital signal processor 
can handle, is detected form of signals needed to 
determine the type of sensor. Data processing section 
including embedded processor and a memory, the 
main parts of the sensor nodes to coordinate the 
collaborative work, such as the sensor for processing 
the information obtained the power supply mode of 
operation selection automatically. 

CMOS imaging unit consists of a CMOS image 
sensor, a control circuit, the power supply and the 
external circuit. Cypress’s image sensor with high-
speed image sensor chip CMOS LUPA-300, it is in 
full resolution (640 × 480) to provide the highest 
operating speed of 250 fps [1]. Control circuit is 
mainly constituted by a microprocessor and FPGA, 
microprocessor ATMEL Corporation AT89S51 
microcontroller, which has ISP (In System 
Programmable) function, the program easy to 
modify; FPGA using XILINX XC2S200’s Spartan II 
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series chip, according to different the need for field-
programmable, general good. 

A large number of tiny wireless sensor nodes are 
randomly laid sown in a particular fixed network 
infrastructure is not easy detection area. These nodes 
are self-organized manner to dynamically build 
networks, collaboration and awareness, collection 
and processing of the network coverage area at any 
time and at any place within a specific information, 
embedded systems within the network of these data 
to certain rules of calculation and data fusion, and 
through random self-organizing wireless 
communication networks to multi-relay system with 
temporary or long-term monitoring of the entire 
wireless link within the region to send data to a 
remote terminal for centralized treatment. WSN 
network generally include: sensor nodes, Sink nodes, 
interconnected networks and user terminals. 

CMOS sensor image acquisition mode is active, 
the photosensitive diode charge generated by the 
transistor amplifier output directly, but the CCD 
sensor is a passive collection, the applied voltage 
required to allow movement of charge in each pixel, 
so external power supply is usually required to 
achieve 12-18 V; therefore, CCD sensor in addition 
to the power management circuit design more 
difficult than (need external power IC), high drive 
voltage power far more so than CMOS sensor level. 
In the image acquisition, the image sensor output 
sync timing signal identification need to use the 
ARM interrupt, and interrupt handling, the 
microprocessor needs to complete the program jumps 
to save the context of the work, reducing the speed of 
image acquisition, suitable for acquisition speed less 
demanding, low power consumption occasions. With 
CPLD to identify the image sensor synchronization 
timing signals, without going through the 
microprocessor interrupt, and system acquisition 
speed increase, but the involvement of CPLD system 
power consumption will increase. The paper presents 
development CMOS sensor image acquisition system 
based on Wireless sensor networks. 

 

 

2. Design of CMOS Sensor Image 
Acquisition System 
 

In each pixel CMOS sensor is needed to achieve a 
certain number of transistors electronic shutter 
function, increased electronic shutter function will 
increase the number of transistors in the pixel. 
Compression sensitive area should reduce the duty 
cycle of the device, particularly in the pixel size 
further reduced when this contradiction is more 
prominent. CMOS sensor, the designer uses at 
different times for different lines rolling shutter 
exposure resolve this problem, this approach is to 
reduce the pixel transistors, improved duty cycle, but 
moving targets in high-performance applications will 
be significant image distortion, so only suitable for 

certain commercial applications. Besides the larger 
size of the pixel can be used to both high 
performance and image at the same time are having a 
similar exposure CCD electronic shutter function. 

This article is using this solution to solve a single 
processor can not complete image capture issue. 
Specific program was developed by a programmable 
logic device comes with MT9V011 interface, control 
the image data to an SRAM cache, and then notify 
the processor to read data. So while addressing the 
processor I/O, and memory is not big enough slow 
two questions, can set up the system to complete the 
image acquisition. Image acquisition system frame 
system consists of four major components: CMOS 
circuit cameras, camera cache control logic, SRAM 
memory and 32-bit embedded system bus interface. 
System Camera cache control logic circuit  
consists of CPLD (programmable logic device) 
EPM7128S implementation. 

CMOS image sensor dynamic range is defined as 
the maximum non-saturated signal light conditions 
with no noise ratio of the standard deviation [2]. The 
dynamic range of the image sensor is very important 
indicator of the quality of the image has a great 
influence and improve the dynamic range can be 
improved image contrast and resolution. Have a 
variety of programs have been proposed to improve 
the dynamic range: Chen Xu et PMOS pixel units 
used as a replacement (Reset) switch, and using a 
complementary source follower to adjust the signal to 
the rail to rail, but this structure occupies a plurality 
of pixels in the area, reducing the percentage of the 
photosensitive area (Fill Factor), while the PMOS 
low mobility of carriers rate, extending the charging 
time, reducing the frame rate of the sensor. 
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Currently the CMOS image sensor is divided into 

a passive pixel sensor (PPS) and an active pixel 
sensor (APS). PPS simple structure, high quantum 
efficiency, but the drawback is noise, and is not 
conducive to the development of large arrays; APS 
pixel is added in at least one transistor to achieve 
signal amplification and buffering, improved PPS 
noise problem, but worsen the threshold value and 
gain consistency, but also reduces the fill factor. 

High frame CMOS imaging system working at 
full resolution frame rate of up 250 ftp, image size is 
640 × 480 pixels, so its data rate of about 768 Mbit/s, 
we use a static memory device of SRAM for data 
output CMOS Camera storage time, so do not affect 
the operating speed CMOS camera, suitable for 
image data post-processing and analysis. This design 
uses IDT’s CMOS SRAM devices 71V416VL 
complete imaging unit output data for high-speed 
storage. 71V416VL storage capacity of 4 Mbit, clock 
cycle is 15 ns, the working voltage of 3.3 V. System 
uses two chips of the storage array. 
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CMOS image sensor with a digital / analog hybrid 
image processor, greatly reducing the image 
processing part of the power consumption. Chip as 
well as low-power mode and standby mode, you can 
further reduce power consumption, ideal for use in 
portable devices. OV5006 CMOS camera module 
series consists of two sub-series: OV5016 OV5026 
sub-series and sub-series. Which OV5016 sub-series 
are compatible with the PAL system, OV5026 sub-
series is compatible with the NTSC system. 

FPGA to CMOS high-speed data acquisition 
method, the CMOS device through the FPGA to 
become active in a controlled manner, PC can be 
indirectly addressed memory bank operation. In this 
system using the PC’s parallel port to achieve a high-
speed CMOS signal acquisition and processing, 
according to the aforementioned method of 
production of hardware and software systems, the 
actual sampling rate reached steady 15 frames / s, the 
system has been applied in the pipeline NDT 
prototype, the effect good [3]. This signal acquisition 
method can also be needed in many other high-speed 
image data acquisition occasions. 
 
 

 
 

Fig. 1. Design of CMOS Sensor Image Acquisition System. 
 
 

CMOS sensor in the improved resolution and 
sensitivity deficiencies, to apply more sophisticated 
imaging products, CCD and CMOS image sensors, 
the current is almost equal in terms of price. This is 
mainly CCD with a mature technology and market, 
CMOS devices have a high technology market 
development costs. CMOS and CCD image sensor 
photoelectric conversion on the same principle, are 
fabricated on a silicon integrated circuit technology 
curved process line equipment also similar, but 
different production processes and make the two 
different device structures and performance 
capabilities of the device has a large difference. 
Visible CMOS and CCD image sensors complement 
destroy anyone who does not appear the outcome, in 
the foreseeable future will coexist development and 
common prosperity of the image sensor market. 

Because the system is not a real-time image 
acquisition and processing, the digital CMOS image 
sensor can reduce the rate of the output image. This 
can change the input clock to achieve. CPLD system 
clock using 40 MHz, after 10 minutes after the clock 

frequency is as a CMOS image sensor of the clock. 
This reduces the image output rate, reducing the 
processor load for image data processing, the 
processor idle time for other control operations. As 
CPLD CMOS image sensor to read the image data 
outputted and the SRAM cache, so the CPLD logic 
chip image sensor is mainly based on the timing of 
the output image data and to write the SRAM read 
and write timing. CPLD chip control logic circuit 
mainly consists of an electronic hardware description 
language write state machine implementation. There 
are also some additional gates, multiplexers and 
adders, which together form a state machine and 
camera system cache control logic circuit, as is 
shown by equation 2. 
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A typical CMOS image sensor typically includes: 

an image sensor core, the corresponding timing logic 
and control circuit, AD converter, memory, a timing 
pulse generator and a decoder, etc., the timing control 
circuit is used to set the operating mode of the sensor, 
resulting in timing data, control data, such as the 
output. Pixel signal collected on the chip is 
exaggerated, AD conversion, storage, etc., at last, the 
digital signal can be output needs, you can also 
output analog signals, which are designed to provide 
users greater flexibility.  

Image Acquisition System uses an image 
acquisition unit to complete the system of data 
collection tasks. Since a large amount of data 
collected, so the acquisition unit acquisition rate and 
data transmission systems have high demands. 
Acquisition interface circuit and hardware data bus 
and control bus, and provides a standard data 
acquisition card interfaces; acquisition card through 
acquisition interface circuits and systems control bus 
and data bus based on PCI bus frame grabber. 

The video capture system as a whole can be 
divided into three parts according to the function: 
CMOS imaging section, CPLD timing control section, 
USB transmission parts. The entire image acquisition 
system works as follows: through the CPLD to send 
the correct timing signal to CMOS image sensors, 
drive their normal work, to take the appropriate 
shutter mode, and the collected image data 
manipulation packages, output to the USB chip, USB 
transfer chip and then the image data into the host, 
and through the upper application to get the collected 
images [4]. 
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CMOS technology can be used for radiation 

production; this product compared with the CMOS 
image sensor usually has a strong resistance to 
ionizing radiation (ionizing radiation). Thick 
epitomical layer or the use of CMOS technology 
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backlighting little improvement, the sensor can be a 
near infrared (NIR) sensitivity is improved, leading 
to a new medical image processing applications. The 
cost-effective splicing technology to take advantage 
of 8-inch wafers, the future can also use the 12-inch 
wafer production of large (up to wafer level) CMOS 
image sensors. 
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CMOS sensor can capture the light signal is 

significantly smaller than the CCD elements, low 
sensitivity; reflected in the output, that is the CMOS 
sensor to capture the image content is more abundant 
than CCD sensors, image detail is lost in serious 
condition and the noise significantly, which early 
CMOS sensor is used only for low-end occasions a 
big reason. Another opening rate CMOS trouble is 
caused, it can not be comparable to the pixel density 
point of the CCD, because with increasing density of 
the photosensitive member will thus reduce the 
proportion of area, the CMOS low aperture ratio, the 
effective sensitive area pitifully small, image detail is 
lost as the situation will be more severe. Therefore, 
under the premise of the same sensor size, CCD pixel 
size is always higher than the same period of the 
CMOS sensor. 

The design of the final selection NiosII processor 
system is to complete the color signal processing and 
identification, NiosII processor system-on-chip 
systems include NiosII CPU, on-chip RAM, timers, 
ADC interfaces, Avalon bus, Avalon tristate bridge, 
PIO, JTAGUART other parts. In addition, the chip 
extends the Flash (used to store programs and 
corresponding data) and SSRAM, as is shown  
by equation 5. 
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CYPRESS USB transfer part of the selection of 

the company’s EZ-USB FX2 chip, which is a 
USB2.0 integrated peripheral controller, the chip 
supports 12 M/S full-speed transmission and 480 M/S 
high-speed transmission, you can use (with) four 
kinds of USB transmission: control transfer, interrupt 
transfer, block transfer and isochronous transfer; this 
device integrates an enhanced 8051,8.5 kB of RAM, 
4 kB FIFO memory, serial interface engine (SIE), 
General Programmable Interface (GPIF), I/O ports, 
data bus, address bus. 

Based on high-speed CMOS image sensor with an 
image acquisition system is easy to control, safe, 
reliable, stable performance. The system can not 
change the system in accordance with requirements 
under the premise of hardware extensions, the image 
less demanding situations can increase the image 
compression unit to increase the flexibility of the 
system, making it wider range of applications. 

However, the present system can only output the 
CMOS camera image data stored in real time, and 
then the stored computer data acquisition and 
processing, that while not affecting the operating 
speed CMOS camera, but can not be real-time 
monitoring, is only suitable for image data post-
processing and analysis. 
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In the data sampling period, will READY pulled, 

said it is collected, then the FPGA based on the 
OV7620 VSYNC, HREF, PCLK produce an image 
MEM_WR (write signal) and ADDRESS (address), 
OV7620 read data into the cache, to the next VSYNC 
signal, which means that a data has been mined out, 
and then sent to the PC for the READY signal, the 
image acquisition is complete, if the PC does not give 
acknowledge signal ACK, FPGA start sampling the 
next frame data into the cache, and overwrite the 
original some data; if PC response, FPGA stop 
sampling data. 

ME1010 sensor type CMOS image sensor, and its 
peripheral circuits and the driving circuit has an 
address decoder, a data bus, the sampling clock and a 
control circuit, A / D control circuit components [5]. 
Key circuit is relatively simple, mainly meter flower, 
length, Pause, etc., to achieve total spend, length, 
suspension overhaul and other functions. The 
reference voltage circuit for the image sensor is to 
provide A / D converter reference voltage level. 
 





n

i
ii

n

i
i baxybaF

0

2

0

2 )(),(   (7) 

 

CMOS integrated circuit using MOSFETs, and 
are complementary structure, working two series FET 
conduction is always in a tube, and the other 
MOSFET is off, the circuit static power is 
theoretically zero. In fact, because of the leakage 
current, CMOS circuits there are trace static power. 
Typical power consumption of a single gate value is 
only 20 mW; dynamic power dissipation (at 1 MHz 
operating frequency) is only a few mW. Wide range: 
CMOS IC power supply is simple, small power 
supply, basically do not need regulation. Domestic 
CC4000 series of integrated circuits, and it is 
available in 3 ~ 18 V voltage to work. 

By function and composition of the system is 
divided into two parts, prepared as two 4-layer PCB 
board. The first part is the front imaging portion, 
CMOS image sensor and LDO power composed of a 
CMOS image sensor as the core, and the external 
resistor and capacitor, and two PC104 interface, 
constituting the front board; the second part is the 
rear end of the timing control and USB data 
acquisition part, including CPLD, JTAG interface 
and power supply and USB transmission chip LDO, 
constitute the back-end circuit boards. This part of 
the front end through the PC104 interface and 
connected to control the output timing of the CMOS 
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image sensor and USB data acquisition 
synchronization chip timing for data transmission; 
two circuit boards using Protel platform to  
build the circuit. 
 

)()( ,1,,, mXGmX ViirDri   (8) 

 
TLC5540 reference voltage by a precision voltage 

reference TL431, resistors R6 and R7 form a circuit. 
TLC5540 the CLK pin and OE pin directly controlled 
by the CPLD, respectively AD_EN and AD_CLK. 
When the CPLD AD_EN generated when the falling 
edge, CPLD enable the OE pin TLC5540 data AD  
[0 ... 7] read to the CPLD’s internal registers and the 
signal from analog to digital conversion process. 

CPLD of the CMOS image sensor using the data 
collection methods, the CMOS active components 
can be changed through the CPLD in a controlled 
manner, the realization of high-speed CMOS image 
sensors read the data, produced by the method 
according to this system, after experimental 
verification results good [6]. The signal reading 
method can also be many other high-speed image 
data acquisition to occasions. 

Image sensor drive timing is correct or not it can 
work play a decisive role. This paper analyzes the 
CMOS image sensor IBIS5-B-1300 timing of work, 
based on the design of two configuration registers, 
and two shutter modes, and FPGA embedded digital 
clock management unit (DCM) to complete the 
system clock and ACD clock design. Experimental 
results show that the design of the image sensor 
drives timing to meet the driving requirements. 
 
 

3. Research of Wireless Sensor Networks 
and Image Sensor 

 
For the self-organizing wireless sensor networks, 

the network topology control has a special 
significance. Topology control through automatic 
generation network topology to improve the routing 
protocol and MAC protocol efficiency for data 
fusion, time synchronization and other lay a good 
foundation, help save node energy and prolong the 
network lifetime. Network topology control current 
research problem is to meet the network coverage 
and connectivity of the premise, by the power control 
and backbone node selection, eliminate unnecessary 
wireless communication between nodes  
generate a link energy-efficient data forwarding 
network topology. 

Sensor network energy constraint exists. 
Reducing the amount of data can be effectively save 
energy, each sensor node in the data collection 
process, can use the node’s local computing and 
storage capacity data fusion process, removing 
redundant information, to achieve the purpose of 
energy saving. For nature prone to failure, the sensor 
nodes need multiple copies of data fusion technology 
to data integration, improve data accuracy, data 

fusion technology to save energy, improve the 
accuracy of the information at the same time, at the 
expense of other aspects of performance for the price. 
The first is the cost of the delay in the process of data 
transfer is easy to find a route for data fusion, data 
fusion operations, data fusion while waiting for the 
arrival of other data. 

The design of the traditional design methods and 
methods based on the combination of chip design, the 
use of integrated circuits and complex programmable 
logic device (CPLD) together to achieve system 
function, the system has high integration, reliability, 
flexibility, designed to facilitate debugging and so on. 
The system with the two boards to complete the 
overall system construction, one for driving and 
controlling the CMOS image sensors to capture 
continuous video images; another one representing a 
USB data acquisition card, the former image data 
acquisition, transfer the PC input [7]. 
 
 

 
 

Fig. 2. Design of Wireless sensor networks and Image 
Sensor figure. 

 
 

Wireless sensor networks as a task-based network, 
the need for data collection, transmission and 
integration, as well as the task of coordination control. 
How to ensure the confidentiality of task execution, 
the reliability of the data generated, the efficiency of 
data fusion and data transmission security, has 
become wireless sensor network security issues 
requires a comprehensive consideration of the 
content, in order to ensure the confidentiality 
arrangement of tasks and task execution results of 
safety transfer and integration, wireless sensor 
networks need to implement some basic security: 
confidentiality, point to point message authentication, 
integrity, identification, freshness, authentication 
broadcast and security management.  

Wireless sensor network is composed of 
numerous tiny sensor nodes are randomly laid in a 
specific detection area consisting of self-organizing 
networks. These tiny sensor nodes powered by 
battery, and is in inaccessible areas is not easy to 
replace the battery, in order to try to extend the 
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lifetime of wireless sensor networks, all the 
phenomenon of inefficient energy use must be 
eliminated [8]. Therefore, the design of effective 
strategies to prolong the network lifetime for wireless 
sensor network design core problem, as is shown by 
equation 9. 
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The sensitivity of the image sensor largely 

depends on the pixel size, pixel size and large 
specific applications that require large area image 
sensor customized. Internal multiplexer technology 
can support higher frame rate random windows. If the 
window size is reduced to a smaller ROI (circle the 
target area), and it is then the fastest speed of the 
device frame rate of up to 170,000 frames per second. 
Most sensors are used 0.25 processes. 

For the large amount of image data, if the use of 
the serial RS-232 protocol for data acquisition, image 
data acquisition speed can not meet the requirements 
needed; rather use USB data acquisition, although 
able to meet the required speed, but requires 
peripherals must support the USB protocol, while the 
USB protocol commonly used engineering software 
interface is not widespread, difficult to use. Some 
users to take advantage of the standard parallel port 
(SPP) for data acquisition, but SPP agreement 
150 kb/s transfer rate for image data acquisition, also 
seems too low. 

Wireless sensor network energy consumption 
mainly in communication and computing aspects. 
Communication energy related portion includes a 
transmitter, transponder and receiver. Transmission is 
mainly used to send control signals to route the 
request and response, and the node generates and 
transfer of data packets, the receiver for receiving 
data and control packets, the control packet may put 
the node as an end point may also be via the node is 
forwarded to other nodes. A clear understanding of 
these wireless mobile devices energy characteristics 
for the design of efficient wireless communication 
protocol has a very important significance. A typical 
mobile wireless communications device may be in 
one of three modes: transmit mode, the receive mode 
and monitor mode. When the node is in transmit  
mode energy up. 

In different applications, the sensor network 
nodes composition varies, but generally by the data 
acquisition, data processing, data transmission and 
power supply that 4 parts (see equation 10). 
Depending on the application requirements, the 
system may be positioned to determine the position 
of the sensor nodes, a mobile unit so that the sensor 
can move in the area to be monitored or with power 
supply unit from the environment to obtain the 
necessary energy. In addition, there must be some 
relevant parts of the application, for example, there 
may be some sensor nodes or in the deep sea, there 
may be chemical contamination or biological 

contamination in place, which requires the design of 
sensor nodes using some special precautions. 
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CMOS image sensor based on surveillance 

camera is basically a two-chip solution that contains 
a standard CMOS imaging sensor and an integrated 
CMOS image sensor interface, including digital 
image processing unit, a microcontroller, TV 
Encoder and Peripheral Interface variety of digital 
image processing functions such as control chip. This 
has powerful capabilities of digital system 
architecture, to meet the fundamental right from a 
surveillance camera digital functions growing 
demand [9]. At present, this two-chip solution 
economically more reasonable – and the yield 
difference between CMOS process, put a lot of 
digital processing functions and the associated 
storage unit integrated with CMOS imaging sensors 
lack economic feasibility. 

As wireless sensor networks exist large number 
(thousands) of sensor nodes, nodes in the network 
cost is not too high, the node can not be installed in 
addition to small size of the local oscillator and a 
wireless communication module for synchronization 
outside the more device, therefore, the price and 
volume of the wireless sensor network time 
synchronization is important constraints. Most 
wireless sensor network nodes are deployed in 
unattended remote or dangerous areas, and so can 
only carry a small number of limited energy, even 
listening communication will consume energy, and 
time synchronization mechanism must be designed to 
take into account energy problem. 
 
 
4. Development CMOS Sensor Image 

Acquisition System based on Wireless 
Sensor Networks 
 
CMOS image sensor of simple structure, internal 

integration, so only a few external control signal to 
complete the output video image capture, the system 
timing using VHDL hardware description language 
design, the core part of a finite state machine, the 
specific state relationship is as follows [10]. The 
system works as follows: When the system is 
powered on, CPLD generates a reset signal resets the 
entire chip to its initial state, and then injected into 
parallel data on the chip, CMOS image sensors to the 
special register to write a predetermined value, such 
as pixel integration time is set, the pixel read row 
number, the output amplifier gain and  
other parameters. 

FPGA to CMOS high-speed data acquisition 
method, the CMOS device through the FPGA to 
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become active in a controlled manner, PC can be 
indirectly addressed memory bank operation. In this 
system using the PC’s parallel port to achieve a high-
speed CMOS signal acquisition and processing, 
according to the aforementioned method of 
production of hardware and software systems, the 
actual sampling rate reached steady 17 frames / s, the 
system has been applied in the pipeline NDT 
prototype, the effect good. 

Wireless sensor network transmission medium 
can be wireless, infrared or optical media. For 
example, and it is in the dust projects and the use of 
optical is media for communication [11]. There 
sensor networks using infrared technology, they all 
require line of sight between the two sides of the 
transceiver transmission path. And a large number of 
sensor network node based on RF circuit, wireless 
sensor networks recommend using license-free 
frequency bands (ISM). The physical layer 
technology selection, signal propagation 
characteristics of the environment, the physical layer 
technology is the energy consumption of key design 
issue. A typical channel sensor networks belonging to 
near terrestrial channel, its propagation loss  
factor greater. 
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Sensor architecture by two fractions and it is a 

quarter or a pixel array formula composition. Parallel 
output for analog output, or a 10-bit digital output or 
digital serial LVDS outputs. Each output can be up to 
50 million times per second sampling rate, so that we 
can achieve 5.5 billion pixels per second throughput. 
So far, it is the image sensor having a maximum 
throughput of consecutive pixels. Image quality at 
least 10-bit precision, and it is so the digital camera, 

the data throughput for the second 55 Gbit. Such 
high-speed applications typically require six 
transistors snapshots pixels, and require high 
sensitivity and dynamic range [12]. The sensitivity of 
the image sensor largely depends on the pixel size, 
pixel size and large specific applications that require 
large area image sensor customized. 

In this paper, high-speed CMOS image sensor 
LUPA-300 is briefly introduced, and based on this 
sensor, the design of high frame rate CMOS imaging 
unit, an image storage unit, an image data acquisition 
unit and system software, to establish a high-speed 
CMOS image acquisition system. 

Host application developed using VC + +, VC + + 
using the MFC framework, the preparation of a 
multi-threaded image acquisition and processing 
procedures. User by calling the correlation function, 
you can complete the configuration of the data 
acquisition card. Applications received through the 
PCI bus SRAM memory of the original image data 
after the data to be received, the application can 
perform simple image data processing and analysis, 
and the image is displayed, while the image data is 
stored on the hard drive, complete the image data 
acquisition, display and storage. Applications can 
also capture images for further processing. 

In order to verify the system to achieve the image 
acquisition function, the need for CPLD cached is 
data processing and display the image. Since the PC 
has a wealth of software and hardware resources, so 
we use a PC to display images, validate the 
correctness of image capture function. The specific 
method is: the system host processor LPC2104 
SRAM read the image data sent through the serial 
port to the PC, the PC receives the data and writing 
software to do simple processing on the PC can be 
displayed on the screen image, which can  
verify system. 

 
 

 
 

Fig. 3. Comparison development of CMOS sensor image acquisition system based on Wireless sensor networks. 
 
 

The system’s data acquisition module EZUSB 
FX2, USB transmission chip, and it are by writing 
firmware, so that the chip operates at high speed bulk 
transfer mode. The system uses a chip SLAVE FIFO 
transfer mode is not via a USB chip enhanced 8051 
core control and intervention, the data directly 

through the USB bus, the high-speed transmission to 
the pc machine. Finally, write the upper Visual C 6.0 
client program, using multi-threading technology to 
create two threads: USB transfer threads and real-
time image display thread, realized in the PC 
machine in real-time image display. Taken from the 
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test identification rate target image can be seen, 
CMOS image sensor imaging clear, stable and high 
resolution. Entire CMOS video capture system 
structure is simple, easy timing design, short 
development cycle; the finished size is small, 
peripheral devices, low cost, using USB bus-
powered, plug and play, with high practical value. 

Wireless sensor network is a random dispersal 
through the monitoring area to deploy a large number 
of sensor network nodes, each node through self-
coordination, self-configuring a network, you can not 
rely on other ancillary facilities or that means to 
configure the network. As energy constraints, 
environmental interference and vandalism and other 
factors, the sensor nodes will damage, leading to 
some node does not work, there are some nodes to 
compensate for the failed node to increase the 
monitoring accuracy and added to the network, so 
that the sensor network nodes number to dynamically 
increase or decrease, so that the resulting network 
topology changes dynamically. This requires that the 
sensor nodes self-organizing capacity to adapt to this 
dynamic network topology. 
 
 

5. Conclusions 
 

CMOS image sensor based video acquisition 
system. USB2.0 data bus transmission system using 
data and power to the system, and it is greatly 
reducing the system size and power consumption. As 
the structural characteristics of the CMOS image 
sensor, this is suitable for large area array image 
acquisition. The paper presents development CMOS 
sensor image acquisition system based on Wireless 
sensor networks. Wireless sensor network domain 
existing Ad Hoc network is quite different, resulting 
in many of the existing network technologies and can 
not be directly applied to wireless sensor networks. 
MAC protocol for wireless sensor networks is the 
main objective of saving and self-organization, and 
each node fairness and latency is secondary. 
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Abstract: The purpose of building smart home system is some home devices (audio and video equipment, 
lighting systems, air conditioning control, security systems, digital cinema systems, network appliances, etc.) 
through smart home network automation, broadband and wireless networks, and we can achieve remote control 
home devices. The paper proposes application of RFID technology and ontology model in designing smart 
home system. RFID system is composed of two parts: the read / write unit and electronic transceiver. RFID 
technology can identify the moving objects and can also identify multiple tags; the operation is fast and 
convenient. Ontology is the concept of shared explicit and formal specification; it can be used to describe the 
concepts and relationships between concepts. This paper uses RFID embedded platforms and other types of 
home sensor ontology model to design a smart home control system. Copyright © 2013 IFSA. 
 
Keywords: Smart home, RFID, Ontology. 
 
 
 
1. Introduction 

 

Smart Home is a comprehensive interdisciplinary. 
Intelligent home furnishing can be defined as a 
process or a system, the use of advanced computer 
technology, network communication technology, 
integrated wiring technology, will work with family 
life various subsystems related, organically unifies in 
together. Intelligent home furnishing goal is to use 
various methods or equipment to make home 
furnishing life automation, intelligent home 
furnishing, to become more comfortable, safe and 
effective, so as to improve people’s quality of life. 

Smart Home is the use of micro electronic 
technology, electronic electric appliance product or 
system integration or control in the home. Home 
network is in the home range (can be expanded to a 
neighbor, PC, home appliances, small) security 
system, lighting system and wide area network 
connecting a new technology. Network appliance is a 

common household appliance using digital 
technology, network technology and intelligent 
control model of household electrical appliances 
technology design improvement. Network appliance 
is a kind of low price, convenient operation, strong 
practicability, with the main function of PC home 
appliance products [1]. Smart home furnishing now 
in the initial stage, the intelligent home furnishing 
limited by product manufacturers, in a short period of 
time has not unified standard protocol, it is generally 
a manufacturer to make system development alone. 

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. RFID technology can identify the 
moving objects and can also identify multiple tags; 
the operation is fast and convenient. 
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Ontology is a description of the shared concepts 
clear, formal specification, can be used to describe 
the relationship between concepts and, describes the 
modeling means of semantic knowledge in the 
semantic Web, semantic Web system as the core, it is 
the formal definition in common in the domain 
knowledge. Therefore, study on the theories of 
ontology for semantic annotation is very important. 

Smart Home is a residential platform, buildings, 
network communications, information appliances, 
equipment, automation, assembly systems, structures, 
services and management as one of the efficient, 
comfortable, safe, convenient, environmentally 
friendly living environment. Smart home can be 
defined as a process or a system. The use of advanced 
computer technology, network communication 
technology, integrated wiring technology, will work 
with home life about the various subsystems together 
organically, through integrated management, make 
home life more comfortable, safe and effective. The 
paper proposes application of RFID technology and 
ontology model in designing smart home system. 

 
 

2. Development of Smart Home System 
based on RFID Technology 
 

Smart home control system is based on HFC, 
Ethernet, field bus, public telephone network, 
wireless network transmission network for the 
physical platform, computer network technology as 
the technology platform for the application of field 
bus operating platform, a complete set of home 
communications, home automatic control equipment, 
home security and other functions of the control 
system. Intelligent home control system’s overall 
goal is through the use of computer technology, 
network technology, control technology and 
integration technology to build a community and the 
whole family to the city’s comprehensive information 
services and management systems, in order to 
improve residential high-tech content and residents 
live environmental levels. 

The basic principle of RFID Technology: label 
into the field, RF signals received reader, by sending 
the induction current of energy out of the product 
information stored in the chips (Passive, Tag, passive 
tags or passive tags), signal or take the initiative to 
send a frequency (Active Tag, active tags or active 
tags); reader to read and decode, sent to the central 
information system on the data processing. 

According to the smart home furnishing system 
needs to carry out development and design, mainly to 
achieve the following goals: design when the air 
conditioning switch users need remote control, as 
long as the use of mobile phone short message sends 
the specified command, by receiving GPRS module, 
and the short message is translated into commands 
can be identified to the family controller, the 
controller through processing, will the command sent 
to the controller is connected with the air conditioner 

through wireless transmission module ZigBee, 
control of the air conditioner is realized by  
the controller. 

Smart home not only has the traditional 
residential function, providing comfortable and safe, 
high-quality and pleasant family living space. The 
original will be transformed into a passive static 
structure with active intelligence tool that provides a 
full range of information exchange capabilities to 
help families keep the information exchange with 
external flow, optimize people’s lifestyles and help 
people to arrange a time effective to enhance the 
security of home life even for a variety of energy cost 
savings [2]. System’s network capabilities to provide 
remote control, home appliances (air conditioning, 
water heaters, etc.) control, lighting control, indoor 
and outdoor remote control, curtain automation, 
burglar alarm, telephone remote control, 
programmable timing control, and computer control 
and other functions and means, as is shown  
by equation 1. 
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Electronic label is a carrier of information, 

usually by the coupling element (coil, microwave 
antenna) and memory for storing and microelectronic 
chip application identification information. 
Information stored in the data obtained by the reader, 
a typical reader comprises a high frequency module 
(transmitter and receiver), the control unit and a 
coupling element (antenna). According to the 
electronic tag has no power can be divided into active 
and passive RFID electronic tag, according to 
different types of memory can be divided into 
internal use only label and read-write tag. 

RFID tag antenna has two forms: (1) the antenna 
wire wound inductor antenna; (2) the imprint in the 
dielectric substrate or printed spiral antenna rot. 
Antenna is determined by the carrier frequency, tag 
package form, performance and assembly cost 
factors. For example, need mH inductance frequency 
is less than 400 kHz, this type of antenna can only 
use wire wound inductor fabricated; frequency in 
4~30 MHz, only a few Yu, a few turn wire wound 
inductors can, or use the moment rot antenna 
dielectric substrate. 
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Embedded smart home to make the system 

greatly enhanced processing power that can bring 
more lifelike images and more realistic voice. 
According to the real-time operating system 
customization system can not only maximize the use 
of hardware resources but also to avoid too large a 
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system caused by system redundancy. Generally only 
one main processing chip and it is the system 
architecture more clear and simple. Software using 
hierarchical design, easy maintenance and upgrades, 
greatly improving the code efficiency and shorten the 
development cycle. 

RFID technology is a new automatic 
identification technology of non-contact, automatic 
recognition of multiple targets through its radio 
frequency signal to stationary or moving, acquisition 
data and efficiently, with Internet technology further 
combine can also realize the target tracking and the 
worldwide information sharing [3]. Identify work 
without human intervention, fast and convenient 
operation, can work in harsh environment. As a 
wireless version of the RFID bar code, bar code 
technology has not possessed by the non-contact, 
reading speed, no wear, without environmental 
impact, waterproof, antimagnetic, high temperature 
resistant, long service life, reading distance, the label 
data can be encrypted data storage capacity, larger, 
storage information easily change, has the advantages 
of preventing conflict function, can simultaneously 
process multiple cards etc... 

RFID technology is widely used and promoted in 
the low frequency. The frequency is mainly carried 
out by inductively coupled way, also is the write coil 
and inductor coil in transformer coupling at the 
reading. Voltage through the role of reader 
alternating field in the sensor antenna induction is 
rectified, can be used as a power supply voltage. The 
magnetic field region can be well defined, but the 
field falling so fast, as is shown by equation 3. 
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Intelligent residential lighting control system can 

control part of incandescent, fluorescent, and a 
variety of new lamps on and off, or dimming 
functions. Can be distributed multi-point control, 
centralized control, remote telephone and automatic 
process control. Lighting can be a single point of 
control, there may be a combination of the lighting 
group control. Meanwhile, the system has high 
reliability; it can completely replace the traditional  
mechanical switches. 

Smart home modular design can be adapted to the 
needs of a variety of occasions to protect the interests 
of users and allows the system to gradually put in 
place. Between modules follow certain protocol, you 
can communicate and coordinate with each other. 
Practicality: people buy home automation products 
are more convenient to enjoy a comfortable life, not 
chase the trend concept. Popularity: home automation 
system should be cost-oriented, high-performance 
target design, households are more price-sensitive, 
and so the technology used in smart homes can be 
more economical. Meanwhile, home automation 
systems compatible with the user should be able to 

maximize the existing electrical equipment, 
protecting user investment. 

RFID (radio frequency identification) system is 
composed of two parts: the read / write unit and 
electronic transceiver. The reader through the antenna 
emits electromagnetic pulse; the pulse transceiver 
receives and sends the stored information to the 
reader as a response. In fact, this is the memory data 
read, write or delete non-contact processing. 
Technically speaking, "smart tags" contains RFID 
circuit including the RFID chip with RFID RF part 
and a thin antenna loop, the antenna with a plastic 
sheet is embedded into the tag, as is shown by Fig. 1. 

 
 

 
 

Fig. 1. Development of Smart Home System based  
on RFID Technology 

 
 

Signal receiver, commonly called the reader. 
According to the label type supports different with 
the different function, the complexity is 
significantly different [4]. The basic function is to 
provide the reader with the label of the path for data 
transmission. In addition, the reader also provides 
signal state quite complex control, parity error 
checking and correction functions. In addition to 
store label need to transfer information, but also 
must contain certain additional information, such as 
the error checking information etc. The 
identification data and additional information is in 
accordance with the structure of the certain 
together, and in a particular order to send. 

Household equipment, including electrical 
equipment, automatic monitoring centralized, and it 
is remote control, remote offsite (via telephone or 
the Internet) to monitor, control and data 
acquisition. (A) monitoring and control of 
household appliances, according to a preset program 
requirements for water heaters, microwave ovens, 
video audio and other home appliances to monitor 
and control. (2) heat meters, gas meters, water 
meters, meter data acquisition, measurement and 
transmission according to the requirements of 
residential property management data collection 
procedures set by the sensor on the heat meter, gas 
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meter, water meter, power meter amount for 
automated data collection, measurement, and will 
gather the results transmitted to a remote residential 
property management system. 

The RFID subsystem by RFID label, RFID 
reader and RFID software application support 
system. Each user is holding RFID tags from main 
label and tag. Main label is pasted on the mobile 
phone shell, from the label shape from ordinary 
card; mobile phone is not suitable for the 
environment. Because the online without mobile 
phone support, and it is so from the label on the 
type of business to be less main label, mainly some 
small offline payment business. According to the 
characteristics of mobile payment business, storage 
space in the RFID tags can be divided into: 
application identifier directory, issue area, the 
personal information of the user, mobile payment 
business district and other business application 
reservation data area, as is shown by equation 4. 
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RFID IC has a 154 bit memory, for storing tag 

data. IC also has a turn-on resistance modulation 
gating low tube (CMOS), working with a certain 
frequency. When the reader transmits 
electromagnetic wave, the tag antenna inductive 
voltage reaches VPP, the device, sending data back to 
Manchester. Data transmission is through tuning and 
tuning external resonant circuit to complete the. 
Specific process is as follows: when the data to a 
logic high level, gated pipe cut-off, cut wave 
frequency tuning circuit is tuned to the reader, is this 
state of tuning, induction voltage maximum [5]. 
Thus, tuning and tuned in the tag coil generates an 
amplitude modulation signal, the reader detects 
voltage waveform envelope signal can be 
reconstructed, data from the tags. 

RFID reader can read the data stored in the tags. 
Auto-ID plans to EPC system development has 
become a global standard, the standard mainly 
includes: the specific code to target recognition 
(EPC); definition of the data owner (EPC manager); 
the rest of the information code is defined and 
marked goods; definition parameters, such as 
inventory unit number; convert the EPC code into the 
Internet address (ONS object naming service); used 
to describe the target (physical markup language 
PML); gathering and processing RFID data (Expert 
System); assigned to a specific number of each kind 
of target (serial number). 
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Smart home control system can be defined as a 
process or a system. The use of advanced computer 
technology, network communication technology, 
integrated wiring technology, will work with home life 
about the various subsystems together organically, 
through integrated management, make home life more 
comfortable, safe and effective. Compared with 
ordinary home, smart home features not only 
traditional residential function, providing comfortable 
and safe, high-quality and pleasant family living space. 
The original will be transformed into a passive static 
structure with active intelligence tool that provides a 
full range of information exchange capabilities to help 
families keep the information exchange with external 
flow, optimize people’s lifestyles and help people to 
arrange a time effective to enhance the security of 
home life even for a variety of energy cost savings [6]. 
System’s network capabilities to provide remote 
control, home appliances (air conditioning, water 
heaters, etc.) control, lighting control, indoor and 
outdoor remote control, curtain automation, burglar 
alarm, telephone remote control, computer control and 
other functions and means. 

Things smart home automation control system 
integration products, computer network systems and 
network communication technology, and the various 
home devices (such as audio and video equipment, 
lighting systems, curtain control, air conditioning 
control, security systems, digital cinema systems, 
network appliances, etc. ) through the intelligent 
home network networking automation, through 
broadband and wireless network, you can achieve 
remote control home devices. Compared with 
ordinary home, smart home not only offers 
comfortable and high-quality family living space, to 
achieve a more intelligent home security systems; 
also the home environment from the original passive 
static structure into the wisdom of having a dynamic 
tool that provides a full range of information 
exchange capabilities, as is shown by equation 6. 
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RFID reader mainly includes the issue of reader 

and RFID POS. Issue of reader is the main issue 
before the initial configuration of RFID tag, RFID tag 
to the main, from the write data and the activation of 
RFID label; in addition, it read and writes access to 
the highest. RFID POS is required to read RFID tag 
information, while the other transaction information 
such as transaction serial number, merchant code, 
business code, payment amount is sent to the mobile 
payment platform, and after receiving the complete 
payment confirmation message according to the 
payment business requirements to specific data is 
written to the RFID tab. 

RFID is a RF analog front-end (RF AFE) and 
base band signal processing monolithic integrated 
circuit two parts. Baseband system includes a control 
logic (or microprocessor) and the necessary memory, 



Sensors & Transducers, Vol. 156, Issue 9, September 2013, pp. 18-25 

 22 

AFE energy and RFID signal interface, to provide the 
necessary base band system work on power and clock 
and other auxiliary signal, complete the receiving and 
sending data. Because RF AFE shielded power, smart 
cards on the clock, reset (POR) signal of contact with 
the outside world, reducing the attack points in a 
certain extent, and the contact type intelligent card 
compared to a certain improvement in security. 

Smart home system integration of computer 
technology, communications technology, and control 
technology will work with home life about the 
various subsystems together organically, through 
integrated management, make home life more 
comfortable, safe and effective. Generally smart 
home system to achieve the functions required 
lighting control, electrical control, security alarm and 
other functions [7]. The Smart home system designed 
to meet the basic functions required to achieve the 
functions are: mobile phone users to send text 
messages to receive control commands to the GSM 
terminal module, turn on the lights, turn off the 
corresponding control and lighting system with 
automatic dimming function, when indoor light 
intensity changes, intelligently control the number of 
lamps to light off. 

Smart home products for the home environment, 
appliances provide a shared access centers to realize 
the Smart home environment and its equipment 
management, remote management, centralized 
management and resource sharing. With the network 
technology rapid development in the foreseeable 
future, in the intelligent residential to broadband 
networks will be home computers, televisions, home 
appliances, security systems and other fused 
autonomous control, extensions, enjoy work, study, 
entertainment, family integrated information  
service platform. 
 
 
3. Using Ontology Model to Building 

Smart Home System 
 

Smart home control system usually consists of 
system server, Family Controller (various modules), 
a variety of routers, cable modem head-end 
equipment CMTS, switches, communications, 
controller, wireless transceiver, a variety of probes, 
sensors, various implementing agencies, printers and 
other major components. Smart home control system 
can be defined as a process or a system [8]. The use 
of advanced computer technology, network 
communication technology, integrated wiring 
technology, will work with home life about the 
various subsystems together organically, through 
integrated management, make home life more 
comfortable, safe and effective. 

Smart home control system whose hardware 
consists of the following major parts, namely the 
control unit, sensor data acquisition systems, 
interfaces, and power supply. Integral part of the 
control unit controls function; sensor data acquisition 

system, complete alarm signal processing and 
transmission; compared to various parts of the power 
supply supplies power. Sensor temperature sensors, 
smoke sensors, pressure sensors, light sensors. 

Definition of ontology from the form of point of 
view there are many, but from the connotation, 
different researchers is unified with the body, take it 
as the field (field range can be a specific application, 
can also be a wider range of different subject (people), 
the machine, the software system. For 
communication between (dialogue), interoperability, 
sharing and so on) a semantic basis, namely ontology 
provides a consensus [9]. But the consensus ontology 
provides objective is more important is the machine 
service, the computer can not like people fully 
understand the semantics expressed in natural 
language, it can only take the text as a string 
processing. Therefore, to discuss the ontology in the 
field of computer, and it is to discuss how to express 
recognition of common knowledge, formal and 
conceptual, as is shown by Fig. 2. 
 
 

 
 

Fig. 2. Using Ontology Model to Building Smart  
home Systems. 

 
 

The formal is definition of ontology. As can be 
seen from the definition of core ontology defines the 
connotation and extension of knowledge, knowledge 
is composed of concept and relation instances of the 
knowledge base. The definition and instantiation 
knowledge process is called ontology instantiation. It 
is defined as follows: the body (or core ontology) 
said is available as follows [10]. 
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To describe and store Ontology, people study a 

lot description language, mainly divided into two 
categories: one is based on the Al ontology language, 
mainly in the following language or environment 
represented: KIF and Ontolingua, OKBC (open 
knowledge base connectivity), Loom, OCML 
(operational conceptual modeling connectivity), 



Sensors & Transducers, Vol. 156, Issue 9, September 2013, pp. 18-25 

 23

FLogic like. In recent years, with the development of 
Web technology will be combined with the Web 
Ontology Web development is the inevitable trend in 
this context, they have appeared in a series of Web-
based ontology languages such as RDF and RDFS, 
OIL, DAML, OWL (Ontology Web language), 
SHOE (simple HTML Ontology extension), XOL 
(XML one based Ontology an exchange language), 
OML (ontology markup language) and so on. Which, 
in addition SHOE is HTML-based, the rest are  
based on XML. 

Mobile phone users is to send text messages using 
the GSM network control commands to the GSM 
transceiver control terminal, the realization of 
household appliances, curtains remote control. The 
design of the smart home, the curtain is controlled by 
stepper motors and DC 5 V analog appliances and 
curtains, small motor controller. 

Environmental monitoring and alarm system, 
through the gas sensing sensors to monitor the room 
environment, when the index exceeds the set value, 
the alarm signal will immediately feedback via SMS 
to a smart phone, and can be based on the content of 
the feedback, make on-site processing, such as 
remotely open the windows, start ventilation 
equipment [11]. Intelligent security, security system 
with fingerprint recognition system, when the current 
entry is correct fingerprint access control system 
lifted, when the current entry is incorrect fingerprint 
access control system via the GSM network to send a 
message prompts the user into a stranger, as is shown 
by equation 8. 
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When users need to switch the remote control 

window, as long as the specified command using a 
mobile phone to send text messages via GPRS 
module receives and short message translated into 
commands can be identified to the family 
transmission controller, the controller has been 
treated by the ZigBee module wireless transmission 
to send commands to the controller connected with 
the windows, through the realization of the controller 
to control the windows. 

Smart home control system hardware consists of 
five of its major parts, namely switched telephone 
network portion of program-controlled exchange 
signaling, control unit, sensor data acquisition 
system, GSM module TC35 modem with the 
interface and power supply section [12]. Program-
controlled telephone switching network exchange 
signaling some of the major components MT8870 
and a voltage detector, the system control section 
which is a key element which is integral with the 
control unit controls some features; sensor data 
acquisition system, GSM module TC35 modem and 
the control unit performs an alarm such as signal 
processing and transmission; compared to various 
parts of the power supply supplies power. 

Ontology is domain experts and professional 
staff, with the continuous development of ontology, 
the ontology application gradually to the 
popularization, now more and more ordinary users 
began to establish their own body. Therefore, a lot of 
ontology construction tools were developed to build 
their own body to assist the user. At present, many 
domestic and foreign research institutions and 
scholars have a lot of Ontology development tools, 
the common feature of these tools is: by providing a 
good GUI interface, so that the construction of 
ontology instances and the information resource 
ontology annotation becomes simpler, easy  
to operate. 

 
 

4. Application of RFID Technology  
and Ontology Model in Designing 
Smart Home System 
 
Smart home system consists of six modules 

circuits: GSM module and a GSM transceiver 
STC89C52 communications constitute control 
terminal circuit, dual MCU communication circuit, 
smoke sensor circuit, windows and curtain control 
circuits, lighting adjustment circuit, analog appliance 
circuits. The design STC89C52 as the core for smart 
home control block diagram of the hardware circuit, 
and it is in order to ensure reliable implementation of 
functions, circuit design with dual CPU architecture. In 
software programming work by the master and slave 
means to achieve the overall control system. 

Things to smart home into the system, subsystem 
coordinate unconnected, there must be a strong 
compatibility central home processing platform, to 
accept and process control facilities give a message, 
and then send a signal to the appliance you wish to 
control or any other home subsystems. Functions of 
the central processing platform is Smart LAN at home, 
planning household subsystem guide and a variety of 
signals, with it, you can hand-held wireless remote 
control devices and home for rapid communication 
subsystem. Home central processing platform must 
also have good scalability to meet the user in the 
course of the growing demand points. 

RFID application architecture: such as all kinds of 
RFID application system software and hardware and 
data interface technology and service technology. 
RFID system integration and data management: 
integrated technology such as RFID and wireless 
communication, sensor network, information security, 
industrial control, RFID, middleware technology 
application system, a mass of RFID information 
resources organization, storage, management, 
exchange, distribution, data processing and cross-
platform computing technology [13]. RFID public 
service system: to provide the basic service system to 
support RFID social application certification, 
registration, code management, coding system 
mapping, code analysis, searching and tracking 
technology and services, as is shown by equation 9. 
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RFID tags embedded products, card reader, RFID 
middleware and object name server ONS (Object 
Name Server), IS information server (Information 
Server), IS query. Context awareness is a kind of 
environmental information label sensor network and 
based on RFID, context-aware systems based on RFID 
and wireless sensor network is in this environment 
information label as the main object of the build for 
the future of various environmental. In the future, the 
RFID tag components and sensors will be integrated 
into the perception of label (Sensing Tag, SG), family 
or building automation system will automatically 
control the indoor environmental equipment. 

Semantic Web ontology is located seven fourth 
layer architecture, will introduce the Semantic Web 
ontology architecture is to capture the relevant 
knowledge in the field, provide a common 
understanding of the domain knowledge to identify 
common recognition in the field of vocabulary, and 
gives them the relationship between words and 
vocabulary clear definition of the concept through to 
describe the relationship between the concept  
of semantics. 

In the model building phase, an abstract 
representation of domain knowledge ontology 
modeling occupy most of the time, knowledge 
representation that is found in related field concept, 
conceptual integration between the level of potential 
relationships between concepts and axioms [14]. 
Because the body can not determine the domain 
ontology modeling phase involved all instances of the 
field, so the ontology modeling stage is generally no 
need to consider the field of instances. Typically 
researchers hope to establish a body which has got to 
versatility, able to represent all the knowledge of a 
particular field. 

The entire system as a smart home information 
center console control center, which is responsible for 
the coordination of the various modules can be sent to 
the host mobile terminal query and command 
information, air conditioning control module and 
curtain control module for the intelligent control 
module has a separate module control programs, they 
sent to the host temperature and humidity information, 
but were conditioned to receive control signals sent by 
the host, the host queries the way through the process 
to obtain this information. Human body sensing 
module with gas leak detection module can only send 
signals to the host, the host gets its information 
through the interrupt mode. 

1) The ontology L (K2) in the grid nodes are small 
to large content stored in the order in the  
queue V; 

2) The working principle of the RFID system point 
of view, the system generally consists of signal 

transmitters, signal receiver, transmitting and receiving 
antennas of several parts; 

3) GPRS communication module is installed in the 
smart home controller, the main function of the 
network connected to the Internet via GPRS networks, 
and establish a communication link with the 
monitoring center, two-way data communication; 

4) if f*({x*})Intent(inf(L)) then 
if Extent(inf(L))= then  

Intent(inf(L)):=Intent(inf(L))f*({x*}); 
5) Software design mainly consists of the following 

major sections: the data acquisition and data analysis 
part and Analysis control part. 

The use of smart home system design XSBase270 
embedded platform, C8051F series microcontroller, 
MAX232, and various types of home sensor design a 
smart home control system. System design include: 
system design and debug hardware and control 
software to program and debug. The system uses a 
variety of sensors to detect and feel the outside of the 
signal, and through a program has been set to complete 
the intended action, and ultimately intelligent. 

This smart home system adopts XSBase270 
configured 32M FLASH ROM, 64M SDRAM, and 
equipped with a touch screen, Ethernet, USB, serial 
port, CF / MMC, PCMCIA and other interfaces. Smart 
home system meets the hardware requirements for the 
control center. In a smaller volume of the 
overwhelming majority of the integration of embedded 
systems commonly used functions. XSBase270 
development platform built-in GPS module, you can 
directly XSBase270 platform validation and 
development of GPS navigation applications or engage 
in research, as is shown by Fig. 3. 

Smart home system is to test first unit test, mainly 
in the completion of each module of the entire system 
after a comprehensive test to determine compatibility 
between modules to ensure the overall system 
performance and stability. In this section will be 
windows, curtain remote control, gas detection 
module testing, lighting control system testing. Test 
environment for the indoor room temperature, 
electromagnetic environment as dense urban 
neighborhood. The paper proposes application of 
RFID technology and ontology model in designing 
smart home system. 

Reader according to different structures and 
techniques may be read or read / write device, the 
RFID system information control and processing 
center. Usually coupled to the reader module and it is 
the transceiver module, and the control module and 
interface unit. Between reader and transponder 
generally use half-duplex communication for 
information exchange, while the reader through a 
passive transponder coupled to provide energy and 
timing. RFID system is aimed at the identification 
information environment can identify and  
use of resources. 
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Fig. 3. Comparison results of designing smart home system based on RFID with ontology. 

 
5. Conclusions 
 

Smart home control system’s main functions 
include communications, automatic control equipment, 
and security three aspects. With the development of 
new technologies and automation, increasing the 
number of sensors used, the function is getting 
stronger; various sensors have been standardized, 
modular, which gives smart home control system 
design. Ontology is used to describe a certain area or 
even a wider range of concepts and relationships 
between concepts, making these concepts and 
relationships within the shared recognition with 
common, clear, single definition, in order to achieve 
between human and machine interaction. RFID 
software application support system includes a run on 
the tag and reader software and between the reader and 
the mobile payment platform between the middleware. 
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Abstract: The nodes of wireless sensor network are mainly responsible for the collection and processing of the 
information and send to neighboring nodes. The paper presents design and development of multimedia video 
monitoring system based on wireless sensor network. Video monitoring system is designed to analysis and 
judgment of target behavior in the scene, so that let the computer correctly understanding of the target behavior 
analysis and the classification of the target. The wireless sensor network self-organization protocol is analyzed 
and studied. This paper designs a real-time transmission system of adaptive network video monitoring. FISCO 
can not only guarantee the arrival of a new node quickly joins, but caused only local changes in network 
communication structure. The results show that different structures may have different maintenance methods 
and energy consumption, global and local structure is better than pure global structure type.  
Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor network, Video monitoring system, Self-organization protocol, Multimedia. 
 
 
 
1. Introduction 
 

Wireless sensor network is deployed in the region 
to monitor many micro-sensor nodes, through 
wireless communication to form a multi-hop self-
organized network system, its purpose is to 
cooperative sensing, collecting and processing the 
network coverage area perceived objects, and then 
send to the observer. Sensor, sensing object and the 
observer constitute the three elements of wireless 
sensor network. These small sensors generally 
referred to as the sensor node (senor node) or dust 
(mote). There are one or several base stations 
generally such networks (called gathering base 
station) to focus on the small. 

Sensor nodes by airplane seeding artificial 
arrangement, etc., are deployed in the perception of 
objects inside or near. These nodes through the self-

organizing way constitute wireless sensor network, in 
a collaborative manner perception, acquisition and 
processing network coverage information specific to 
the region, can realize the acquisition, processing and 
analysis of any place at any time, and the data is 
transferred back to the Sink nodes in a multi-hop 
relay nodes, Sink emission ability! With high power, 
the whole area of the data to the remote control 
center for centralized processing. Satellite link can be 
used as a sink link; with the help of unmanned 
aircraft recovery of sink nodes in the monitoring area 
above the data is also a kind of way. 

The video monitoring system is one of important 
modern safety precautions. The infrared perimeter 
alarm system, peripheral electronic fence, access 
control intercom system and indoor infrared alarm 
system constitute the safety barrier of modern 
intelligent buildings [1]. Video monitoring system 
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structure includes two parts, one for the front-end 
monitoring, and the management of the background. 
Fang Anzhuang was in need of surveillance camera, 
commonly known as the front-end monitoring. Front-
end monitoring functions include the collection and 
coding of video processing. Then through video 
cables or network is to send data to the distal end of 
the end, commonly known as video surveillance 
management background. Management background 
will be responsible for decoding video data received 
and displayed, so as to achieve the effects of real-
time monitoring. At present, the market demand of 
monitoring is not limited to large factories, banks and 
other places, the ordinary family is also an urgent 
demand for monitoring and real-time monitoring, 
monitoring of the interaction of the people there are 
increasingly high requirements. 

All of the wireless sensor network nodes have the 
same function, but at one time, each node may be 
performing different functions. According to the 
function, can put the nodes into the sensor nodes, 
cluster head node and sink node 3 types. When a 
node as a sensor node, is mainly collected data about 
the surrounding environment (temperature, humidity, 
brightness and) and A/D conversion, by the 
processor, and finally by the communication module 
to send to neighboring nodes, and the nodes to 
executive function data forwarding, or send the data 
sent over to the sink node the node or nodes closer to 
the sink node; when a node as cluster head node, 
main is to collect all the nodes in the cluster to collect 
information, data fusion, sent to the sink node; when 
a node as the sink node, its main function is to 
connect sensor network and external network (such 
as the Internet) the data, collected by sensors to the 
user through the Internet or satellite transmission. 
The paper presents design and development of 
multimedia video monitoring system based on 
Wireless Sensor Network. 
 
 
2. Self-Organization Protocol  

for Wireless Sensor Network 
 
Wireless sensor network is composed of a number 

of low power consumption, small size of sensor 
nodes, and the wireless communication mode since 
the formation of a network. These distributed nodes 
can cooperate to implement monitoring, sensing and 
collecting all kinds of environment information, has a 
very broad application prospects. In recent years, 
research in wireless sensor network is very rapid, 
gained abundant research achievements. The self-
organizing algorithm is one of the core technology of 
wireless sensor network, through the good network 
topology automatically generate self-organizing 
algorithm, can improve the routing protocol and the 
media access control (Medium Access Control, 
MAC) the efficiency of the protocol, can lay the 
foundation with the step and the goal of many aspects 
of data fusion, time, but also conducive to save 
energy of the node to prolong the network lifetime. 

This paper analyzed the wireless sensor network 
MAC protocol the problem: S-MAC protocol 
according to the data flow in the network is not 
adaptive to change the duty ratio, further saving 
energy; at the same time, also discusses the problems 
of a MAC layer protocol for this problem based on 
the development of it [2]. On this basis, put forward 
according to the node data packet retransmission 
times to determine when the former network data 
flow rate, which is based on a weighted 5 period the 
average retransmission times judge network data 
flow current, when the average value exceeds a 
threshold, it should increase the sense of time duty 
ratio, conversely, decreased sense time of the duty 
ratio, and emergencies should be on the network data 
flow suddenly increased, the node listens time duty 
ratio were amplified, so as to cope with large data  
traffic in the network. 

Wireless sensor network using the traditional 
“flat” structure, micro sensor nodes deployed for 
isomorphic data acquisition in the monitoring area, 
each node’s computing ability, communication 
distance and energy supply is quite. The node of the 
data collected through multi-hop communication 
manner, by means of forwarding to other nodes in the 
network, the data back to the sink node, the sink node 
to connect with other networks, remote access and 
network query, management. Flat structure of the 
network can work, but with the increasing of the 
number of nodes, expanding network coverage, the 
communication path length will lead to increase the 
probability of packet loss, network performance 
degradation, can also cause the intermediate nodes 
for forwarding data more energy consumption, 
reduce the network life cycle. 
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Energy-saving MAC protocols in wireless sensor 

network research work shows when sending a RTS 
packet, the remaining time domain has been sent to 
the entire message reserved channel occupancy time, 
and then the data and ACK packets in time with the 
packet to send descending. And repeat work shows, 
when a fragment of the sender’s packet is not 
received ACK, it immediately retransmission and the 
expansion of the residual time. Because each packet 
and ACK have the remainder of the domain, so even 
if a node to wake up (due to retransmission delay 
time), can also be the time remaining until the new, 
and again into sleep, waiting for the end of 
transmission. The use of ACK in each data segment 
after the purpose is to prevent the hidden terminal 
problem. 

Wireless sensor network architecture design an 
adaptive is difficult, partly because of the wireless 
sensor is dynamic and mobility is very high, on the 
other hand is because wireless sensor by computing 
ability, communication ability and energy constraints. 
So, for the development of wireless mobile sensor 
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network protocols and architecture must have ability 
of self configuration and self adaptation, and it 
increases with the expansion of network scale and the 
sensor network members, but also has scalability and 
high reliability. Usually use network coverage and 
network core node way now to find the members in a 
communication network, but due to the core node 
coverage and maintenance cost is very high, these 
methods are not suitable for wireless sensor networks. 
 
 

 
 

Fig. 1. Self-organization Protocol for Wireless  
Sensor Network. 

 
 

In the process of transmission, it is possible to a 
neighbor node wakes up or a new node joins. If the 
node is the receiver neighbors rather than the 
sender, it would not hear the sender of the data 
being transmitted. If the receiver does not send 
ACK frequently, the new node may be false from 
the carrier sense it concluded in the media is free, 
and began to send data, resulting in the transmission 
will be available was damaged in the recipient. 

The nodes of wireless sensor network is a 
wireless sensor network deployed to the study area 
for collecting and forwarding information, object 
collaboration to complete the assigned task. The 
sensor node is the basic unit of wireless sensor 
networks; node design directly affects the quality of 
whole network. The nodes of wireless sensor 
network is mainly responsible for the collection and 
processing of the information around, and send the 
collected data to the neighboring nodes or node 
adjacent nodes send data is forwarded to the base 
station or closer to the base station [3]. It is 
generally composed of data acquisition module 
(sensor, A/D converter), processing module 
(microprocessor, memory), data forwarding module 
(wireless transceiver module) and power  
supply (battery). 

 










1

0

1

0

2 )/()),((
M

i

N

j

NMMEANjifSTD  (2) 

 
This paper first describes the definition of 

wireless sensor networks and its architecture, node 
structure and network protocol stack, and the widely 
application of wireless sensor network. Then 
analyzes the difference between wireless sensor 
network and other networks, as well as the 
characteristics of wireless sensor network self-
organization protocol, and according to the 
organizational structure of wireless sensor network of 
self-organizing protocols are classified, according to 
the classification of self-organization protocol in each 
category, and proposed a self-organizing protocol 
FISCO. At the end of each class of self-organizing 
protocols are simulated, and the Imote2 platform 
realized these self-organizing protocols. 

Wireless sensor network consists of sensor nodes 
in spontaneous networks, sensor nodes have limited 
capacity and energy resources information processing 
is one of the major characteristics of the wireless 
sensor network [4]. In wireless sensor networks, there 
is no communication model and the center of 
predefined control unit, connect the network 
effectively without human intervention. In the sensor 
network, sensor nodes are usually placed in no 
infrastructure. Position sensor nodes could not 
precisely determined, each neighbor relationship 
between nodes in advance do not know, as by 
airplane seeding a large number of sensor nodes to a 
vast area of virgin forest, or randomly placed into 
human inaccessible or dangerous area. This requires 
the sensor node has the ability of self-organization, 
automatic configuration and management, to form a 
multi-hop wireless network system monitoring data 
through the topology control mechanism and  
network protocol. 
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This algorithm uses the LEACH algorithm in the 

“wheel” thought; each round consists of 2 stages: one 
is the cluster establishment stage; two stages is the 
data transmission. In a cluster, mainly to complete 
the generation of cluster head selection marry cluster, 
and time allocation; in data transmission phase, 
mainly to complete the various sensor nodes send the 
collected data to upload to the base layer, which 
includes the necessary data fusion, data encryption 
and so on. 

Wireless ad hoc network is composed of tens to 
hundreds of nodes, using wireless communications 
network, dynamic multi-hop mobile peer-to-peer 
network. Its purpose is to through dynamic routing 
and mobility management technology of multimedia 
information transmission with quality of service 
requirements flow. Usually the node with energy 
supply continued. Wireless sensor networks with 
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wireless ad hoc networks have similarities, but there 
is great difference. Wireless sensor network has no 
communication structure defined in advance, no 
center control unit, in this sense, wireless sensor 
networks and wireless ad hoc network is very similar, 
but the wireless sensor network more vulnerable to 
low processing ability, limited energy and a large 
number of nodes deployment of chaos. 

Wireless sensor network is used for low power 
wireless communication technology (such as 
IEEE802.15.4) to communicate in a wireless ad-hoc 
manner [5]. To construct a no human intervention 
effectively connected network, there are two key 
mechanisms: self configuration and self organization. 
Since the configuration is to solve the problem of 
dynamic distributed network address assignment and 
network configuration parameters, and the self-
organizing network is constructed to provide 
effective communication. In order to confirm the 
nodes in the network and the establishment of a 
connected network, each node in the target network 
must have a unique identifier, as is shown by 
equation 4. 
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Methods using cluster heads multi-hop data 

transmission, how to elect the next hop cluster head 
node is highlighted in this part of the problem. Firstly, 
a threshold value TD_MAX, if the cluster head to the 
rendezvous point distance is less than TD_MAX, 
directly with the converging point of communication; 
otherwise, it should be possible to use multi-hop 
routing mode transmits the data to the sink node. 
Suppose that D (A, DS) >TD_MAX, each cluster 
head near the cluster computing in cluster head A the 
first episode, Erelay=d2 link quality cost brought 
about by (A, X) +d2 (X, DS). Among them, D (A, X) 
is the first A cluster to cluster head X distance. 

In some protocols, nodes with flooding queries 
are organized into the global tree (global tree). This 
kind of network structure is a plane without a local 
structure. Another type of protocol, and the existence 
of global structure and local structure (global tree and 
local cluster), most of the protocols are such. The 
protocol consists of two stages. First of all, node 
based on heuristics or probability of different 
algorithms are organized in clusters; then the cluster 
head will be further organized into a global tree, 
cover the entire network, to ensure connectivity. 
Between two adjacent cluster heads can be connected 
directly, can also be called gateway (gate) 
intermediate nodes connected. The network structure 
of cluster head direct connections between will 
produce a stratified, cluster head has a variety of 
power requirements can be adjusted. 
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Wireless sensor network in a highly dynamic 
environment, mobile and communication failure will 
always occur, thus not only to adapt to dynamic 
characteristics of network and network information 
transmission function correctly, but also to maintain a 
certain degree of rationality, that is to say reliability 
is a very important factor. Therefore, in the network 
architecture in the hierarchy with the absolute 
mobility model and relative stability model, and use 
distributed cyber source to find ways to avoid 
causing the whole network fault conditions due to a 
problem of single point. 

The communication model in wireless network is 
a graph G = (V, E) said, V is the vertex set, E V2 is 
the set of edges. Only the vertex v can correctly 
receive vertex u messages between V and u, and then 
the edge (U, V) exists [6]. We assume that all nodes 
in wireless range are the largest R, and all of the links 
(U, V) is symmetric: (U, V) = (V, u). This map is a 
non directed graph (non-orientation). We assume that 
there are some obstacles in the communication area, 
only between points u and V when the distance is less 
than the transmission range R, link exists only 
between u and V, while (U, V) is E. E= (U, V) ∈ 
V2d (U, V) ≤ R. 

Because the nodes of wireless sensor networks 
and traditional ad hoc network node in the 
performance, energy, network and the number of 
deployed in different ways, we first describe the 
model of sensor nodes and the network. In order to 
provide fast, scalable and efficient network 
organization, in order to behind the introduction of 
new structure, defines some specific requirements to 
support self organization and self configuration. 
Wireless sensor nodes deployed in a certain size of 
chaos in the region, we believe that sensor nodes 
have the following characteristics: (1) all nodes have 
the processing power and communication capabilities 
of the same, but they can be equipped with sensing 
module different (temperature, light, wind speed and 
so on.). That is not a node can have an important role 
in the communication structure and information 
processing. (2) All nodes have the same storage node 
energy, once started; the battery will not be replaced. 
Therefore, energy efficiency is the primary 
requirements of protocol design, as is shown by 
equation 6. 
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The plane structure of the network scalability is 
not very good, so it is not suitable for highly 
dynamic, highly mobile characteristics and the need 
for highly scalable wireless mobile sensor networks. 
Therefore a hierarchical network architecture 
design, and which is a hierarchical structure of 
landmarks (LMH) of a kind of improvement. The 
design of the network information into data 
information and control information, the core 
routing node is not used to transfer help within its 
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area of node data and forwarding, but to coordinate 
information transmission path between ordinary 
nodes and network structure based on traditional 
string comparison, ability has the dynamic self-
configuration, and not depending on the area of the 
management and the size of the routing table. 
Because of all the information flow string without 
signposts core node, this increases the reliability of 
the network. 

In a geographical area, a plurality of grouping 
nodes constitutes a cluster. There is a cluster head 
of each cluster, some specific functions for the 
entire cluster. Using the cluster to form a wireless 
network is with distributed cluster head election 
algorithm. There is one based on the minimum 
identification number (ID) cluster head election 
algorithm: in all the neighbors mark the minimum 
node is elected as cluster head [7]. The cluster 
algorithm based on applies only to reach all the 
nodes in the network is assigned a unique 
identification number. Initially, all nodes are 
candidates. 
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In this section of the self-organizing protocol is 
a connected dominating set on the network based on 
CDS (Connected Dominating Set). CDS connected 
dominating set of a small base (Connected 
Dominating Set) is very useful for some protocols, 
such as broadcast protocols in wireless sensor 
networks, because it can reduce the redundant 
messages. CDS connected dominating set minimum 
cardinality (Connected Dominating Set) is called 
MCDS, is a NP problem. Therefore, CDS connected 
dominating set many distributed (Connected 
Dominating Set) algorithm is designed to compute 
an approximate MCDS. Each node having 
algorithms assume that the network has a  
unique label. 

Although the characteristics of the wireless 
sensor network is the backbone infrastructure is not 
physical, but can through the node connected 
dominating set to form a virtual backbone network, 
nodes and the rest to communicate through the 
backbone network. The virtual backbone is 
composed of a few selected by constructing 
algorithm of nodes, can not only bear the routing 
function, but also can flow control, the connectivity 
of network management functions. Only a small 
number of nodes participate in routing function, and 
this will greatly reduce the network cost, improve 
the utilization of system resources. 
 
 
3. Development of Multimedia Video 

Monitoring System 
 

Front-end equipment in video surveillance system 
is a camera. Image sensor is the first element of video 

signal acquisition. The image sensor is a group of 
photosensitive chip; they used the number of pixels 
to record visual information. On the light response 
and the intensity of reaction is converted into the 
corresponding numerical. When light passes through 
from the red, green, blue filter mirror, can get every 
color reaction values. Then, it is in the processing by 
software, to determine each pixel color. Now 
commonly it is used with CCD and CMOS two kinds 
of image sensor. 

In the application of multimedia, video image 
information takes up a lot of space. Not after the 
image video compression for storage and 
transmission has brought great inconvenience. This 
chapter first introduces the mainstream video 
compression standard at present, and then through the 
analysis and comparison of the selection of the most 
suitable for compression method is designed in this 
thesis. Video compression standard MPEG/4 MPEG-
4 is a set of audio, video information coding standard, 
by the international organization for standardization 
of IEC moving picture expert group set. MPEG-4 
multimedia system pays attention to the interactivity 
and flexibility, mainly used in video phone, video 
conference [8]. Coding based on MPEG-4 standard 
object, convenient operation and control. In the bit 
rate control, even in low bandwidth condition,  
MPEG-4 can also use rate allocation method, the 
object of interest to the user multiple distribution of 
bit rate, on the other, less distribution, ensure the 
subjective quality. 
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Video compression is the image compression 

coding, which is convenient for transmission and 
storage capacity decrease. According to analysis of 
statistical characteristics of images, between the 
adjacent pixels, adjacent line or between adjacent 
frames, there are strong correlation. These 
correlations reflect to a large number of redundant 
information in the image, such as due to the presence 
of correlation between adjacent pixels spatial 
redundancy, the spectral redundancy due to the 
presence of correlation between color elements, 
caused by the human visual system the psycho visual 
redundancy etc. The compressed video data is to use 
the statistical characteristics of image signal inherent, 
to reduce the digital transmission rate by removing 
the correlation, to achieve the purpose of 
compression. 

The first problem encountered in video 
surveillance is often extracted from image 
sequences in the interesting part, namely the 
prospects, such as moving people, vehicles and so 
on, can also be called motion detection. Since the 
end of last century, the research technique is widely. 
In the fixed scene conditions, mainly divided into 
two categories: one is based on background 
difference method, the starting point is the 
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background model maintenance monitoring scene, 
the current difference between image and 
background larger parts as foreground; another 
method is a method based on optical flow field, the 
starting point is the large area has obvious motion in 
image sequence as the foreground. Recently some 
scholars morphological filtering is applied to the 
image sequence, space time structure. 

 
 

 
 

Fig. 2. The design of multimedia video monitoring system. 
 
 

The hardware monitoring application system 
architecture of the system is based on a multimedia 
processor ARM9. But currently on the market has a 
lot of monitoring products based on embedded, so 
in order to make the system is competitive in price 
and performance, we must first do the hardware 
research selection, secondly in terms of software, 
requires a combination of hardware platform, in-
depth analysis and detailed design [9]. Streaming 
media system consists of two parts: the server 
system and the operation monitoring at the front end 
of the PC client management system, as is shown by 
equation 9. 
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The ultimate goal of video surveillance system is 
to the scene in the target behavior analysis and 
judgment, in order to let the computer correctly 
understanding of the target behavior analysis, the 
classification of the target. Current research in this 
area is very extensive, classification methods have 
many characteristics in different scenarios, goals are 
not the same, the classification methods are not the 
same, such as the traffic system, by whether the 
periodic motion resolution people and vehicles, can 
also according to the target appearance, shape and 
motion of the statistical characteristics of the truck, 

car to distinguish; on human and animal can be 
differentiated according to their shape 
characteristics of different size and shape; similar 
objects by the shape is very difficult to distinguish, 
for example, on the road bicycle and motorcycle, in 
this case we can use the target movement speed to 
distinguish, because their speed is not the same; 
according to area and compact we can distinguish 
between the individual and the crowd. 

Each local monitoring system adopts centralized 
control of distributed monitoring, fashion design. 
Baoshan court this department as an example: 
system acquisition signal front entrance, walls, 
floors, parking, staircase aisle, registration hall, 
court, detention room and other parts of the 
hospital, do the monitoring without blind angle; 
video signal transmission system using coaxial 
cable or twisted-pair as transmission media, these 
two ways have their own characteristics, the system 
for indoor network information port room using 
twisted pair transmission signal; video signal is sent 
to the monitoring center through the video 
distributor will signal. 

Video transmission system is using coaxial cable 
and unshielded twisted pair category five super 
mixed transmission mode [10]. The wiring simple 
and close to the point of using coaxial cable, wiring 
pipes have difficulty or a distance of more than  
500 meters of the point, the use of the original 
horizontal subsystem or discharge of unshielded 
twisted pair five. Realization of video distribution, 
and when the video signal is transmitted to the 
control room, the first to enter the video signal 
distributor. Video Splitter is a video signal is 
divided into signal multiple identical in the case of 
no loss of signal, and the output to a plurality of 
display device, a device. Its role is to drive the input 
current, because the input current to drive a few 
road the same display equipment, will shunt caused 
driving ability is not enough, so you will need to 
input current can be enlarged, so that the output of 
each road and input are capable of driving the  
same phase. 
 
 
4. Design of Multimedia Video 

Monitoring System based on Wireless 
Sensor Network 
 
Due to the adoption of digital recording 

technology, the recorded image anti-damping anti-
interference ability greatly enhanced. Digital image 
record does not exist copy deterioration, so no 
matter how many times the retrieval or video 
playback will not affect the play of image clarity. 
While recording the conventional way of simulation 
video tape in several retrieval and playback, image 
quality will have certain attenuation and thus 
decrease the signal-to-noise ratio, image after each 
copy will be deteriorated again. Therefore, in the 
video surveillance system, hard disk video recorder 
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instead of analog video recorder will become the 
mainstream trend of technology development. Hard 
disk recorders in video monitoring system should 
have the following basic functions: compression, 
video, image, backup, network, PTZ control etc. 

In the cluster head election stage, the cluster 
head node election in the network. Different 
connected dominating design goal set CDS for the 
purpose of use and different. Design goals may be 
as follows: the performance range, the degree of 
localization, time and message complexity and 
topological stability. In any case, connected 
dominating set CDS algorithm must be distributed 
to local, in order to achieve a set of goals. Said from 
some kind of degree, the cluster head chosen is a 
collection of a relationship exists between the 
points. The simplest method is based on the mark 
ID. Nodes with minimum mark were selected as the 
cluster head. Find the cluster head node, will start 
construction of the maximum independent set, as is 
shown by equation 10 [11]. 
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Data acquisition includes audio and video data, 

audio data through the MIC collection, video data 
collected through the camera (CCD camera or 
CMOS camera) and the A/D converts the analog 
signal into digital signal.  

The local real-time monitoring through the chip 
is to achieve four segment displays. The chip can 
display 16 channel video at the same time, display 
and output can be TV or VGA Monitor. Audio and 
video coding, coding DSP processor through the I 
interface for audio and video data after A/D 
conversion, audio and video data coding 
compressed into MPEG4 video and MP3 audio 
stream by software. Data storage, DSP processors 
will be compressed MPEG4 video and MP3 audio 
stream through DPRAM transmitted to the main 
processor, the main processor audio and video data 
stream is stored to the local SATA hard disk. 
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Because of the special constraints of wireless 

sensor networks, self-organization and self-
configuration independent design will lead to an 
inefficient network. In particular, the configuration 
time and control message cost, node self-
organization has efficiency of a valid address this 
assumption limits the network formation 
mechanism. Since the main task is to ensure that the 
allocation is unique in the whole network to 
address. Since the organization aims are to node 
through the local information network. The network 

structure can be used to produce each logical link to 
the neighbor nodes and each node roles (such  
as leader) to the relationship between  
the representatives. 

Network real-time monitoring, when a remote 
real-time monitoring network client, the encoded 
audio and video stream will be transmitted through 
the network to the client. Local video playback, the 
main processor user selected video read out from 
the local hard disk and through DPRAM transmitted 
to the decoding of DPS processor, the DPS 
processor decodes the audio and video stream. The 
video data is sent to the four segment display chip, 
the audio data is sent to the audio D/A digital-
analog conversion and output. Network playback, 
the main processor user selected video read out 
from the local hard disk and sent to the client 
through the network controller. Audio and video 
data client will receive the package composed of 
frame, and decoding and playing. 

FISCO (Fully Integrated Scheme of self-
Configuration and self-Organization) point of view 
is self configuration and self organization is 
connected together, it can improve efficiency of 
network formation, reduce the information 
consumption, prolong the network life cycle. FISCO 
can not only guarantee the arrival of a new node 
quickly joins, but caused only local changes in 
network communication structure. In this 
mechanism, to avoid periodic reorganization, it can 
reduce message cost and save energy of  
sensor nodes. 

FISCO is an event driven mechanism, including 
the node join, leave and partition management 
process. Local recombination of cluster head and 
gateway conversion for members is to save energy. 
FISCO is carried out in a fixed in the 2D space; 
nodes are randomly distributed, and random in time 
of need. Nodes broadcast transmission radius and 
the same nicest transmission radius. According to 
the geographic locations of the nodes, there will be 
a separate partition. 

In the DVR software system, application of 
multi-process structure, interposes communication 
via parameters. Application can be divided into two 
categories: storage and management system; 
network communication. Network communication 
software mainly includes system management, 
network communication module, communication 
module and real-time network and playback module. 
Other applications are stored in the system and 
management software, including video storage and 
UBS burner and UBS hard disk backup, alarm logic 
management process, image parameter management 
process, PI management process, PTZ control 
management process. In addition, the system 
management and set all are set by the local user 
interface process. 

The simulation on the Transim simulation 
framework, Transim simulation framework is 
developed with OMNet++, OMNet++ is a discrete 
event simulation environment based on C++. The 
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simulation framework of the same means, 
eliminating power model same, transmission model 
of the same, medium access control protocol (MAC 
protocol) messages of the same size. 

The paper presents design and development of 
multimedia video monitoring system based on 
Wireless Sensor Network. Wireless sensor network 
is composed of some finite nodes, the 
communication path between nodes can use the unit 
disk graph to represent, in the unit disk graphs, if 
two nodes in the transmission range, and that 
between the two nodes is a connection. In the unit 
disk graphs, all nodes have the same transmission 
range. The sink node: node does not participate in 
the organization, which in the network; 
communication model: through a multi-hop network, 
node and sink node communication, node and sink 
node does not make a multi-hop communication; 
media access: we use the network model of random 
access. Because the control data overhead, we think 
the complex medium access control is not 
appropriate, but in a dense network. 

In this paper, the design and implementation of 
multimedia video monitoring system based on 
wireless sensor network, key technology of video 
capture, video transmission, video distribution, 

video signal switching, video storage, remote video 
surveillance and other major aspects of research and 
analysis, realizes the real-time remote monitoring, 
also can be local or remote call of video data. 
 
 

5. Conclusions 
 

The platform test, it is difficult to obtain the 
information of nodes during operation. So we need 
some special method to estimate the energy 
consumption of self-organized protocol. We use 
byte information to estimate the energy 
consumption, obtained by byte of information 
results, although the data is not very accurate, but 
reflects a general trend. In the experiment of FISCO, 
gateway and the cluster head failure need not 
through global restructuring. It can be seen from 
Fig. 3, after the 3 round of restructuring, connected 
dominating set maximum independent set (MIS-
CDS) based on the energy consumption will be 
lower than the flooding tree (Flooding tree) energy 
consumption. After about the 8 round after the 
reorganization, FISCO energy consumption will be 
lower than the connected dominating set based on 
maximal independent set (MIS-CDS). 

 
 

 
 

Fig. 3. Comparison results of multimedia video monitoring system based on Wireless Sensor Network. 
 
 

This paper presents a video monitoring system 
network real-time transmission design scheme 
optimization, and modular design, analysis and 
implementation strategies to the working principle 
of the system. To some extent, solve the network 
transmission of real-time monitoring of the client. 
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Abstract: Using rotating modulation techniques for strap-down inertial navigation system (SINS) sensor is a 
self-compensation way to improve the accuracy. Inertial component errors can be effectively inhibited the 
inertial navigation system. The rotation principle and the error analysis of rotary SINS are presented in this 
paper, a two-axis rotary scheme is proposed. Simulation of rotary SINS calculation is made and rotation 
modulation is effective to the output of SINS sensor. Copyright © 2013 IFSA. 
 
Keywords: Error analysis, Rotation, SINS, Rotary scheme. 
 
 
 
1. Introduction 
 

Last century, variety of strapdown inertial 
navigation sensors appeared. Laser, fiber optic 
gyroscope as the representative of the emergence of 
solid state gyro enlarges new energy to the SINS. 
Advanced manufacturing Technology and new 
material could improve the accuracy of SINS to some 
extent, which has its limitation [1]. Compared with 
the general series of SINS sensor, using a rotary 
SINS sensor with rotational modulation 
compensation technology, can effectively inhibit the 
inertia constant drift, which greatly improves the 
inertial navigation accuracy for a long time running. 
It is of great significance especially to ships, 
submarines requiring long-term support of 
autonomous navigation. Research on the rotary SINS 
sensor has a broad and important application  
value [2]. 

Automatic compensation by rotating gyro drift is 
one effective way to achieve high-precision inertial 
navigation. Rotary SINS technology is one of 
correction methods, it has a similar system with the 

platform rotating mechanism. SINS sensor is 
mounted on a rotating mechanism. In accordance 
with certain rules rotation, the inertial component 
errors on SINS can be eliminated [3]. 

Rotating SINS still uses SINS algorithm and the 
basic principle of rotation modulation is shown  
in Fig. 1. 

 
 

2. Error Model 
 
The error equation of SINS reflects the 

relationship between inertial components error and 
positioning error. On the basis of literature, SINS 
error model is: 
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Fig. 1. Principle of rotation modulation. 
 
 
where v  is velocity error vector,   is misalignment 

angle vector, t
bC is direction cosine matrix from 

carrier coordinate to geography coordinate, 
't

bC is 

direction cosine matrix from carrier coordinate to 

calculated geography coordinate. ˆ bf is real 

proportional output, b f and b
ib are measurement 

errors, ˆ t
ie is earth rotation angle rate in calculated 

geography coordinate, ˆ t
et  is  rotation angle rate 

relative to geography coordinate, ˆ t
it is rotation angle 

rate relative to inertial coordinate,  g is error of 

gravity acceleration. 

Where '
3 3[ ] , , 1, 2,3t

t ijC a i j  , each element 

is below: 
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And other parameters are as follows: 
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IMU (Inertial measurement unit) belongs to SINS 
sensor. Gyro and accelerometer are major component 
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of IMU, which directly affect the accuracy of the 
inertial system accuracy. In practice, due to the 
inevitable interference factors which led to the gyro 
and accelerometer produce errors, beginning from the 
initial alignment, the navigational error will grow 
with time, especially in the position error, which is 
the principal inertial navigation system shortcoming. 
IMU has three accelerometers and three angular rate 
sensor (gyroscope) composed of accelerometers to 
sense the vertical plane relative to ground 
acceleration component, the speed sensor to sense the 
angle of the aircraft information [4, 5]. 
 
 
3. Error Analysis 
 

MU is mounted on the rotating frame. Suppose r  
coordinate is a new coordinate rotating with IMU [6]. 
Analyze the effect of rotation. IMU revolves round z-

axis: b b b r r rx y z x y z . 

 
 cos sin 0

sin cos 0 ( )

0 0 1

r b T
b rC C

 
 

 
    
  

, (9) 

 
The output of angular velocity and proportion is: 
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That changes into: 
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The error changes into: 
 

cos sin

sin cos

x yx

y x y

z z

t t

t t

   
    

 

 
  

 
   

 
and 
 

cos sin

sin cos

x yx

y x y

z z

t t

t t

 

 

  
   

     
 
In a complete rotary alternation, the error except 

z-axis could be inhibited. 
 
 
4. Rotation Method and Simulation 
 

Here proposed a two-axis rotary scheme. IMU 
revolves round the z-axis negative 180 degree, y-axis 
negative 180 degree, z-axis 180 degree, y-axis  
180 degree, z-axis 180 degree, y-axis 180 degree,  
z-axis 180 degree, y-axis 180 degree. The error of 
three axes can be inhibited. 

The rotation scheme is shown in Fig. 2. 
 
 

 
 

Fig. 2. Rotation scheme. 
 
 

The attitude angle and the velocity error are 
shown in Fig. 3 and Fig. 4. 

IMU revolves round the y/z axes to make an 
arbitrary axis rotation axis. The sensitive axis 
perpendicular to the shaft axis of inertia element can 
be modulated in a complete cycle, the accumulated 
error tends to be zero. 

And position error for SINS sensor without 
rotation is shown in Fig. 5 and Fig. 6. 

The position error of Rotary SINS sensor is 
shown in Fig. 7 and Fig. 8. 
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Fig. 3. Attitude angle. 
 

 

 
Fig. 4. Error of velocity. 

 

  
 

Fig. 5. Longitude error without rotation. 
 

 

 
Fig. 6. Latitude error without rotation. 

 

  
 

Fig. 7. Longitude error of rotary SINS sensor. 
 

Fig. 8. Latitude error of rotary SINS sensor. 
 
 

The positioning accuracy is superior to the 
traditional SINS. 
 
 
5. Conclusion 
 

Rotary technology improves the accuracy of SINS 
sensor. The system cost is relatively small, the Rotary 
SINS sensor can fully tap the potential to obtain 
higher precision navigation. 
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Abstract: Full optical fiber current sensor phase modulation is the use of magnetic field made the refraction 
different of left-handed and right-handed circularly polarized light, and the linearly polarized light can be 
decomposed into a left-handed and right-handed circularly polarized light. The paper proposes research and 
design of reflective optical fiber current sensor based on improved phase modulation. This paper analyzes the 
current sensor reflective polarization of light changes, and using the Jones matrix analysis method to establish a 
reflective fiber optic current sensor model. Design of reflection type optical fiber current sensor model can 
improve the sensitivity of optical fiber current sensor. Copyright © 2013 IFSA. 
 
Keywords: Optical fiber current sensor, Phase modulation, Reflective optical sensors. 
 
 
 
1. Introduction 
 

Optical fiber current sensor since, has been 
attention. The existing optical fiber current sensor in 
the sensor head which is different can be divided into 
optical fiber current sensor, bulk glass optical fiber 
current sensor and a hybrid fiber current sensor. The 
basic principle of bulk glass optical fiber current 
sensor is: using total reflection, the linear polarized 
light through a glass material internal multiple 
reflections, formed around the closed optical path 
through an electrical conductor. 

Optical fiber sensor has the advantages of small 
volume, light weight, can do the non-contact, non-
destructive in harsh environment and remote 
measurement. Also have the advantages of high 
sensitivity, good reliability, raw material silicon 
resources Wei Fu, anti-electromagnetic interference, 
corrosion resistance, high pressure resistance, good 
electrical insulation properties, bendable, explosion-
proof, wide frequency band, and low loss. At the 

same time, it also makes it easy to connect with the 
computer, the realization of intelligent and remote 
monitoring. To improve the effect on the traditional 
sensors, able to complete the difficult to accomplish 
even cannot finish task in many cases. 

This paper describes the current measurement 
applications in high-strength fiber-optic current 
sensor has the following advantages: fiber-optic 
current sensor is not magnetic saturation, unlike the 
usual electromagnetic transformer dynamic range 
limited by the magnetic saturation effect; fiber-optic 
current sensors resistant to electromagnetic 
interference, low demands on the environment; fiber 
optic current sensors over a wide frequency band, 
resulting in high linearity response; fiber optic 
current sensor size is relatively small, relatively easy 
installation [1]. In short, the fiber-optic current sensor 
has many advantages, especially its insulation 
performance, small size, low cost, and frequency 
bandwidth, short response time, which can be used to 
measure DC, AC and pulse current, so under high 
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pressure is expected to become ideal sensor for the 
measurement of large currents. 

The main disadvantage of phase modulation type 
optical fiber current sensor is: polarization optical 
fiber birefringence induced changes tend to drown 
Faraday rotation angle, so the measurement accuracy 
is reduced. In view of this situation, mainly to solve 
two: one is to improve the intrinsic birefringence of 
optical fiber, but managed to increase the Faraday 
rotation angle. To improve the inherent birefringence 
fiber rate methods have been proposed in the 
previous section, in this chapter, mainly to improve 
the Faraday rotation angle. When light by the 
Faraday rotator is placed in a magnetic field when 
facing the external observation, magnetic induction 
intensity, polarization direction of light always along 
with the magnetic field (H) constitute a right-handed 
helix direction to the direction of rotation, which has 
nothing to do with the direction of propagation  
of light.  

When light waves along the forward and reverse 
direction two times through the Faraday rotator, 
whose polarization direction rotating angle is the 
superposition and not offset, this is the Faraday effect 
of rotation to irreversibility, called the nonreciprocal 
optical rotation. Using the nonreciprocal Faraday 
Effect, improvements are made on the structure, 
namely the reflection type optical fiber current sensor 
model. The paper put forward research and design of 
reflective optical fiber current sensor based on 
improved phase modulation. 
 
 
2. Study on Phase Modulation Type 

Optical Fiber Current Sensor 
 

Full optical fiber current sensor phase modulation 
is the use of magnetic field made the refraction of 
left-handed and right-handed circularly polarized 
light is different, and the linearly polarized light can 
be decomposed into a left-handed and right-handed 
circularly polarized light, and transmit a distance, 
showed linear polarized light vibration surface rotates, 
the rotation angle depends on the propagation along 
the magnetic field direction of circularly polarized 
light and left-handed right-handed circularly 
polarized light refractive index difference. Phase 
generated so by measuring the polarization and right-
handed circularly polarized light propagating a 
distance difference measurement, can also make  
the current. 

Phase modulation sensor and its basic principle is 
to use the object to be measured to the sensitive 
element, make the sensitive components of the 
refractive index and propagation constant changes, 
resulting in optical phase changes, the interference 
fringes produced by two beams of monochromatic 
light changes, to determine the phase change in the 
amount of light by detecting the interference fringe 
variation, thus get the information of the measured 
object. Usually the photo elastic effect, the sound 

pressure or vibration sensor using current, magnetic 
field sensor; magnetostrictive effect; using 
electrostrictive electric field, and the use of optical 
fiber voltage sensor Saigenake rotating angular 
velocity sensor effect (FOG). This kind of sensor is 
with high sensitivity. But because must use special 
fiber and high precision detection system, so the  
cost is high. 

Optical fiber current sensor based on the Faraday 
Effect of magneto-optical materials, in a transparent 
medium optically isotropic, external magnetic field H 
can make the plane of polarization of polarized light 
propagating along the direction of the magnetic field 
in the medium surface is rotated, and the deflection 
angle can be determined by the analyzer. Its principle 
as shown in Fig. 1, B is two polarizer angle, theta 
into planar light through the angle of magneto-optic 
crystal after the occurrence. 
 
 

 
 

Fig. 1. Design of phase modulation type optical fiber  
current sensor. 

 
 

Optical fiber current sensor has the following 
advantages: (1) the insulation performance is very 
good, from materials: the use of optical fiber current 
sensor materials are mainly quartz fiber, an insulator 
itself is very good; (2) the core contains no fiber 
current sensor structure, because of the absence of 
magnetic saturation, ferromagnetic resonance and 
other issues, the measurement accuracy is improved. 
(3) the strong electromagnetic interference resistance, 
signal optical fiber current sensor to transmit by the 
light, with resistance to electromagnetic interference, 
measurement accuracy so that it can increase it. 

The dimming control circuit for photoelectric 
coupler MOC3041 as the SCR drives; isolation and 
can realize the strong, weak [2]. MOC3041 has zero 
crossing detection circuit, when P0.O is low, the 
voltage output end 6 pin, 4 pin between the slightly 
zero, MOC304.1 internal bidirectional thyristor, 
trigger external thyristor T1 conduction. When PO.0 
is high, and it is MOC304l internal bidirectional turn-
off, and it is external thyristor T1 shutdown. 

The low-pressure side not fiber current sensor has 
caused high risk for open circuit, thus eliminating the 
flammable and explosive traditional electromagnetic 
current transformer problem. Optical fiber current 
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sensor is small in size, light in weight. Sensing head 
of optical fiber sensor, the weight is less than l kg, 
adapted to the power protection and measurement of 
digital, intelligent and the development trend of 
optical communication. The dynamic range of the 
measurement, can maintain a good linearity in a wide 
range of current. 
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Thru-beam sensor if the light emitting device and 
receiving from light, and it can make the detection 
distance. A light emitting device and a receiving 
device of photoelectric switch is called bisection 
separated photoelectric switch, referred to as the 
photoelectric switch. Its detection distances of up to a 
few meters or even tens of meters. When using the 
light emitting device and a light receiving device are 
respectively arranged in the detection of the two 
sides, detection by optical path is blocked, the light 
receiving device on the action of a switch control 
signal output. 

Laser light emitted from the light source through 
the polarizer for linearly polarized light, through the 
coupler is divided into two parts, respectively after 
1/4 delay is transformed into rotation circularly 
polarized light are same, clockwise and 
counterclockwise direction through the sensing fiber 
ring, due to the Faraday effect, the plane of 
polarization of the two circular polarization light  
is rotated, and then after another 1/4 delay to 
transform into linearly polarized light returns  
polarizer interference. 

Because the rotation of polarization of light 
beams interference surface point of equal size, in the 
opposite direction, so the phase difference of two 
times for the Faraday shift, so the sensitivity in the 
same number of turns at two times the polarization 
modulated fiber optic current sensor. Phase only 
needs to detect the output light difference can get the 
current to be measured, so the effect of power 
fluctuation on the system than the polarization 
rotation scheme, system stability is better than the 
polarization modulation scheme of main 
disadvantage is the structure contains the Sagnac ring 
structure, so it is easily influenced by the Sagnac 
effect, as is shown by equation 2. 
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Fiber optic fiber sensors only as transmission 

medium, only has the transmission light effect, to the 
outside information “feel” is to rely on other material 
sensitive element to complete, therefore, must add 
other sensitive components to form the sensor on the 
surface of optical fibers or intermediate. Thus, fiber 
sensor is interrupted, discontinuous, interrupted part 
to connect the sensitive elements of other media. 

The maximum current can be measured value is 
greater, so in the experiment of increasing angle B 

way to increase the measuring range. But in practice, 
increasing the angle of B to will make the focusing 
optical path becomes more difficult to a certain value, 
and the small signal more difficult to measure, in the 
previous experiments generally B=45 degrees or less 
value. In this experiment the laser of 2 MW adjusted 
light source, the magneto-optical crystal light into 
1 m away in order to eliminate the birefringence may 
appear in the first focus, and sealed the jointing 
surface using optical glue, so that the optical path 
adjustment is more easy to operate, so the angle B 
chose 80 °. In the formula, B in the sensor after the 
completion of angle is constant, so as long as 
measured by P, the P0 value will be the current value, 
as is shown by equation 3. 
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Transmittance of T is one of the temperature T 

and the transmission wavelength lambda function. 
Based on the theory of solid physics and 
electromagnetic can get its concrete expression. But 
the transmittance of T thus obtained (a, t) is a very 
complicated formula, the practical application is not 
easy. According to the shape of the curve can be 
approximated to the combination of the 3 lines as 
shown in it [3]. The first section is λ < lambda T, T=0; 

△the second paragraph is λ T< λ < lambda T+  T, 
△then sharply; third section is λ > lambda T+ , then a 

gradual linear approximation. The intersection point 
of the 3 straight A, B, C coordinates are a (λ T, 0), B 
(λ T+ Δ, Tb), C (100). 

In the TFFI interferometer, in order to reflect the 
formation of optical surface, surface of the plating a 
layer of film on the optical wedge, and the coating 
has certain thickness, so the coating on the surface of 
the reflection light will form the interference, will 
affect the measurement results. Therefore, coating 
thickness should be controlled in the center 
wavelength of the 1/4 light source, such as a light 
source wavelength is 600 nm~1000 nm, the coating 
thickness is 800 nm (refractive hypothesis of the 
coating material rate was 1), this kind of coating on 
the surface of most of the reflective phase difference 
of 180 DEG, intensity attenuation. 

Photoelectric sensor is an optical transmitter and a 
receiver face-to-face mounted on both sides of a slot 
is the slot photoelectric. Light emitting device can 
emit infrared or visible light; in the open case optical 
receiver can receive the light. But when the channel 
object is detected, the light is blocked, photoelectric 
switch action. The output of a switch control signal, 
cut off or connected to the load current, thus 
completing a control action. Trough switch detection 
distance because of the overall structure of the limit 
is generally only a few centimeters. 

Photoelectric sensor through the Faraday rotation 
angle measurement of polarized light, and it is 
thereby measuring the current indirect. The current 
sensor with a wide linear range, good stability, high 
precision, less affected by linear birefringence in 
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optical fiber advantages; but there are large 
processing difficulty, the sensor head is fragile, high 
cost, and the inevitable reflection of light in the 
process of introducing reflective phase shift, so that 
the two orthogonal linear polarized into elliptical 
polarized light, thus affecting the performance of  
the system. 
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In the optical path design and it is using the new 

structure. The dark grey arrow line transmission path 
of the light in the sensor: the light emitted by the light 
source with optical fiber sensor by entering the self 
lens, reflected by the evaporation of reflecting film 
right-angle prism change for linearly polarized light 
into the magneto-optical crystal, polarization by a 
magnetic field modulation polarized light passes 
through a rectangular prism analyzer and the 
corresponding the other area through the selfoc lens 
fiber into the photoelectric detector. 

Photoelectric detector choice to make the spectral 
responsively of R (λ) corresponding to the light peak 
wavelength, the best makes the peak response 
wavelength corresponding to the peak wavelength 
and light source, to achieve the maximum output. 
Therefore, selection of silicon PIN photodiode as 
photo detector, stable performance, its price is cheap, 
easy to use, especially in the 800 ~ 900 nm band 
photoelectric conversion efficiency is the highest, 
consistent with the working wavelength selected light 
source LED. 

In this paper, dimming control according to the 
luminance calculated value; the P87LPC768 PWM 
output duty ratio is based on counting image CNSW 
register value and comparative mapping register 
CPSWn value determination, the PWM output 
remains high during the period of MCU clock pulse 
number (CNSW - CPSWn+1). Thus, the greater is 
the high level of CPSWn, the time is short, the 
dimming control circuit of T1 turn-on time is longer, 
the brightness of lighting equipment is higher; the 
brightness and lighting equipment is low, as is shown 
by equation 5. 
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The actual use of the sensor and the reader 

(Demodulator) connection, emit white light diode 
light source reader of light from one end of the 
optical fiber connecting readouts incident, 
transmission connection to the Fabry-Perot sensor, 
and then ejected from the multimode fiber, irradiation 
in TFFI interferometer (wedge) surface. When the 
level of TFFI mobile and it is light point position will 
be different. Wedge two upper and lower surfaces are 
coated with a reflective film, which consists of the 
Fabry-Perot cavity [4]. When the reader launch white 
light was part of the first half of mirrors, the rest of 

the white light passes through a Fabry-Perot cavity, 
and once again by second and a half mirror reflected 
back, two reflected light interference, the spectra of 
the original incident light is modulated. 

Structural element photoelectric is switch and 
transmitter and optical fiber. Triangular reflector is 
launching device firm structure. It consists of a 
triangular pyramidal reflective material is very small, 
can make the beam accurately returned from the 
reflecting plate, has the practical significance. It can 
be in the optical axis of the 0 to 25 range change the 
emission angle, so that the beam is almost rays from 
a root, after reflection, or from the reflected  
ray returns. 

Sagnac effect and Faraday effect are generating 
nonreciprocal phase shift, could not detected, 
resulting in the measurement error, reducing the 
stability of the system; the intrinsic birefringence of 
the sensing fiber is difficult to handle, because the 
fiber preparation process is not perfect, medium of 
impurities, defects, destruction of the axial symmetry 
of the fiber, and bending reasons to use when the 
inevitable, so that the inherent birefringence in the 
sensing fiber [5]. While the ordinary silica fiber 
Verdet constant is small, light polarization fiber 
birefringence induced changes tend to drown Faraday 
rotation angle, in order to improve the sensitivity, it is 
necessary to increase the number of sensing fiber ring, 
it will increase the intrinsic birefringence and 
bending caused by linear birefringence, so that the 
sensor sensitivity is much lower than the theoretical 
prediction value. 
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Light is an electromagnetic wave of high 

frequency, the electric vector and magnetic vector 
and its direction are perpendicular to the direction of 
propagation of Yu Bo. Light disturbance is actually 
changed the intensity of electric field and magnetic 
field intensity of light. When light interacts with 
matter, theoretical and experimental results show that, 
the optical detector was an electrical vector instead of 
magnetic vector, so only need to consider the effect 
of electric field, so the electric vector to represent the 
light vector. Light waves are transverse wave, so the 
wave with polarization. Polarization of light can 
generally be divided into polarized light, natural light 
and polarized light. The size and direction of light 
vector rule changes called polarized light. 
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A linear polarizer coordinate system will be the 

combination of these two components in the X, Y 
axis projection again, get the outgoing light of the 
two components A2 and B2, i.e. to make and B1cos 
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to make (1) Jones matrix line polarizer polarizer 
transmission shaft and the X shaft arranged forming 
angle. As shown in Fig. 2 builds XY coordinate 
system, the incident light of two components in the 
X, Y axis were A1 and B1, their online polarizer 
transmission direction projection. The incident light 
through a linear polarizer and it is components A1 
and B1 along the light axis direction. 

Optical fiber current sensor is based on the 
Faraday Effect to detect the current size of the optical 
sensor. The Faraday Effect refers to the linear 
polarized along the magnetic field direction through 
the medium of the polarization plane rotation 
phenomenon. The Jones matrix is an effective 
method of polarization and polarization of light. 

 
 

 
 

Fig. 2. The structure of Improved Reflective Fiber Optic Current Sensor. 
 
 
3. Development of Improved Reflective 

Fiber Optic Current Sensor  
 

The basic structure of reflection type optical fiber 
current sensor, the light emitted by the light source 
with single-mode optical fiber transmission after 
being sent to the polarizer, a linearly polarized light, 
the two light beams through 45 degrees of melting 
point into the polarization direction perpendicular to 
each other, and then through the 1/4 wave incident 
light into two opposite rotation direction (left and 
right) circle polarized light, into the sensing area, 
after a Faraday effect, reach the mirror reflection, 
polarization, they exchanged in the reflection, namely 
original left-handed light into the right rotation, the 
original right-handed rotation into the left rotation. 

But the reflection structure in practical application, 
because of two orthogonal polarization optical 
transmission in the same optical fiber and also by the 
modulation, therefore must use the biaxial modulator, 
usually the polarization-maintaining fiber wound on a 
piezoelectric ceramic tube (PZT) made of phase 
modulator, when PZT and modulating signal, linearly 
polarized along the polarization fiber two orthogonal 
axes transmission will introduce phase and 
modulation signal changes of the same difference, as 
is shown by equation 8 [6]. 
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At present, the light intensity signal is processed 
directly is very difficult, usually converts the optical 
signal into electrical signal processing. The 
photoelectric conversion directly affects behind the 
signal quality, so choose a good photoelectric 
detector is very important. The light detector is 
mainly divided into two kinds: one kind is to absorb 
photons to device temperature thermoelectric devices 
to detect incident light; the other is the incident light 
into a photoelectric device current or voltage. 

The return light reflection structure in the mirror 
back to the coil, deflection optical rotation of the 90, 
the positive and negative through the fiber coil 
polarized orthogonal to each other, so that the 
additional line in optical fiber birefringence offset 
each other, and the Faraday effect is a nonreciprocal, 
so light and two times through the optical fiber ring, 
Faraday rotation effect not offset each other, but 
doubled, so the structure can reduce the effect of 
linear birefringence in optical fiber, also can make 
the Faraday effect doubling; two reflected structural 
interference optical transmission in the same optical 
fiber, it can reduce the external factors (such as 
temperature, pressure and so on) interference, and is 
not affected by the Sagnac effect [7]. Another 
reflection structure using relatively small, easy to 
build, and polarization rotation and phase modulation 
structure compared to the reflection structure has the 
advantages of high sensitivity, stronger anti-
interference ability, good stability and so. 
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When linearly polarized along the magnetic field 
direction through the magnetic optical medium is 
arranged in the magnetic field, the polarization plane 
rotation, this phenomenon is called the Faraday effect, 
often called the Faraday effect. The essence of 
Faraday Effect for magnetic circular birefringence, 
namely the circularly polarized light through the 
Faraday Effect phase change. Because the linear 
polarized light can be expressed as the superposition 
of orthogonal circularly polarized beams of left and 
right of the, is cubic and isotropic materials Faraday 
effect, the rotation angle depends on the propagation 
along the magnetic field direction of the left-handed 
circularly polarized light and right-hand circularly 
polarized refractive index difference. 

A white light source with the reader, from 
multimode fiber return light passes through the 
cylindrical lens into parallel light, be reflected in the 
TFFI interferometer on an inclined plane, and the 
lower surface of the TFFI to a CCD sensor is 
sensitive to light intensity. Hypothesis of 
monochromatic light irradiation on the surface of the 
wedge, is in the X direction of each point, wedge 
reflection light the surface and form the interference, 
and the lower surface of the transmission light is 
detected by the CCD. 

The light emitting device and the light receiving 
device into the same device internal reflection type 
photoelectric switch, a reflecting plate in front of it, 
using the reflection principle complete the 
photoelectric control function is called reflection 
plate type (or mirror reflection type photoelectric 
switch). Under normal circumstances, a light emitting 
light is reflected back by the light reflecting plate is 
received; once the light path detecting object block, 
light receiving device does not receive the light, a 
photoelectric switch on the action, the output of a 
switch control signal. 

After a circularly polarized light reflected by the 
original way back, again by the Faraday effect, and 
then by 1/4 wave conversion loop through polarized 
light, reflected light carrying phase difference 
information through the coupling device is 
transmitted to the photoelectric detector [8]. In the 
whole process, the two beams have undergone a 
polarization-maintaining optical fiber sensing fiber 
two axis and the left-handed and right-handed modes, 
so the light path is fully reciprocal. Phase difference 
depends on the size of magnetic field sensing region. 
Because the two beams of light have experienced two 
times of Faraday Effect, so the phase difference is  
4 times the Faraday phase shift. Optical fiber current 
sensor, this structure, in other conditions are the 
same, the sensitivity is 4 times the deflection type 
optical fiber current sensor described earlier, 2 times 
the phase modulation type optical fiber  
current sensor. 
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In order to further analysis the principle of 
reflection type optical fiber current sensor, analysis 
of y to change through the polarization state of the 
light signal (t). Output 1, 2 optical phase difference 
is: X (T) and for optical transmission time. Upon 
reflection, 1, 3 and 2, 4 exchange of fast and slow 
axis, so by the modulation of the phase modulation 
respectively, which makes y and X1 light source light 
polarizer P into a linearly polarized light, after  
45 degree melting point after decomposing into two 
beams of light polarized vertically, the two beams of 
light by Faraday effect and produce a certain phase 
difference, return again when it is 45 degrees of 
melting point light, get up to the polarizer P four 
beam of light. 

This paper designs the reflection type optical fiber 
current sensor model, improves the sensitivity of 
optical fiber current sensor, and from the angle of 
polarization of detailed analysis of each physical 
process, then the Jones matrix, theoretical calculation 
and Analysis on the conducted for reflection type 
optical fiber current sensor, the mathematical model 
of reflection type current sensor. 
 
 
4. Design of Reflective Optical Fiber 

Current Sensor based on Improved 
Phase Modulation 

 
The theoretical foundation of optical fiber current 

sensor technology, and from the angle of polarization 
of detailed analysis of each physical process, 
analyzes the changes of light polarization; then the 
Jones matrix, theoretical calculation and Analysis on 
the conducted for reflection type optical fiber current 
sensor [9]. Considering the characteristics and 
application of reflection type optical fiber current 
sensor of the environment and other factors, 
according to the source, the reflection type optical 
fiber current sensor system of photoelectric detector, 
phase shifter, phase modulator in various parts of the 
detailed design, device of reflection type optical fiber 
current sensor has been selected. 

The diffuse reflection type photoelectric switch, 
detection and it is also provided with a light emitting 
device and a light receiving device, but there’s no 
reflector. Under normal circumstances, the light 
emitted by the light emitting device receiving device 
is not found. When the detection by blocking the 
light, and the back reflected light, light receiving 
device receives the light signal, the output of  
a switch signal. 

Linearly polarized light is in the process of 
communication, the same light vector direction, the 
size of phase changes with light, then in the plane 
perpendicular to the propagation direction of the light 
vector, the endpoint trajectory is a straight line. 
Circularly polarized light is in the process of 
communication, the light vector of constant size, 
direction of rule changes, the endpoint of the path is a 
circle. All rules in the process of spreading light 
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vector magnitude and direction of elliptically 
polarized light, the light vector endpoints along the 
elliptical orbit rotates. 
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Jones matrix provides a method to express the 

most succinct for polarization and polarization 
device. Using matrix arithmetic is to calculate the 
polarization components of the complex system of 
radio waves of state changes. But not to pursue 
specific physical meaning of each process, matrix 
representation method is to use a known as columns 
of a matrix to represent the Jones vector polarized 
light, through the matrix operation simple, 
convenient the plurality of polarized light after the 
superposition of new polarization, such as left and 
right circularly polarized light wave superposition, 
the results show that the synthesized light vector 
along the X axis of the linearly polarized light, the 
amplitude is 2 times of group polarization amplitude. 

Polarization of polarized light can keep the 
influence of external conditions are not affected by 
the magnetic field outside, maintain the linear 
polarization and not into elliptical polarized light, 
polarized light the way for closed loop [10]. Only 
these two conditions are met, this paper firstly based 
on the theory of optical fiber current sensor, 
introduces the theory of Faraday effect; introduced 
Jones matrix method for the analysis of polarization 
system; Jones matrix is derived. Several main 

polarization devices and it are as the foundation for 
establishing the system model. 

Wavelengths of light emitted by the light source 
should be suitable for the requirements, in order to 
reduce the energy loss in optical fiber. The light 
source is to have enough brightness. In the optical 
fiber sensor is much also coherence on the light 
source is required. In addition, require light stability 
is good, can be at room temperature for the long-term 
and stable work, also asked the source of noise, 
convenient use etc. At the same time for the full 
optical fiber current sensor, the signal is usually 
through the communication is transmitted to the 
control room remote sensing or monitoring of optical 
fiber transmission, so the signal to be modulated in 
low loss window wavelength optical communications. 

This paper describes the optical fiber current 
sensing technology theory, the optical fiber current 
sensor, current and analysis and summary; a kind of 
phase modulation type optical fiber current sensor is 
improved, the reflection type current sensor, the 
sensitivity of the sensor is two times more than the 
phase modulation type optical fiber current sensor is 
common, more than four times polarization type 
optical fiber current sensor. This paper analyzes in 
detail the polarization variation of reflection type 
current sensor in the light, and analyzes the 
theoretical model of reflection type optical fiber 
current sensor was established by using Jones matrix. 
The reflection type optical fiber current sensor 
system source, phase shifter, phase modulator and 
other parts are analyzed in detail, select or design a 
device suitable for reflection type optical fiber 
current sensor. 

 
 

 
 

Fig. 3. Comparison reflective optical fiber current sensor based on improved phase modulation Faraday with Jones. 
 
 

Reflection type current sensor has the advantages 
of high sensitivity, interference effects of small, good 
stability and so on, the reflection type optical fiber 
current sensor is modeled, there will be for each 
reflection type current sensor in the model design and 
choice. The light source is one of the indispensable 
parts of the optical fiber current sensor. Its 
performance directly affects the technical indexes of 
the system. The light source is the role of the electric 
signal into optical signal power, converting light, so 
that in optical fiber transmission. Because of the 
special working environment of optical fiber sensor, 

request light source has the advantages of small 
volume, convenient and fiber fitting etc. The  
paper put forward research and design of reflective 
optical fiber current sensor based on improved  
phase modulation. 

In this system, because of the principle of phase 
modulation of the coherent light source, a request to, 
therefore cannot choose the incoherent light source; 
the choice is the main gas lasers and semiconductor 
lasers. Semiconductor laser, especially the type of 
semiconductor laser distribution can control for 
single longitudinal mode laser output feedback (DFB) 
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performance is good, has the certain coherence and 
high stability, is an ideal light source for optical fiber 
current sensor system. 
 
 
5. Conclusions 
 

In the optical system, the phase delay can be used 
to realize optical fiber polarization controller. The 
polarization controller refers to the arbitrary input 
polarization state into any desired output polarization 
state. Fiber polarization controller usually used is 
photo elastic effect to change in the birefringence 
fiber, the fiber optical polarization control. 

In the design of reflective fiber optic current 
sensor in the delay of the scheme is: in polarization-
maintaining optical fiber exit end, will be a certain 
length of polarization-maintaining fiber torsion angle, 
realize the linearly polarized light conversion to a 
circularly polarized light. The advantages of this 
method are: between optical fiber and optical fiber 
sensor can be used welding method to directly link, 
make the whole system structure is simple,  
easy to debug. 
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Abstract: The miniaturization of sensors represents a promising approach for various systems health 
management. Dynamic pressure measurements have a very good potential to provide GTE diagnostics, 
maintenance management, and optimized performance, based on pressure variation measurements. In this paper, 
we will investigate vibrational behavior of piezoelectric microdiaphragm based pressure sensor with application 
for GTEs condition monitoring. The general formulation based on transverse vibration of circular plates will be 
introduced and the response of diaphragm under forced excitation will be discussed. The obtained results show 
that the application of pressure sensor for condition monitoring of GTEs could have major benefits and improve 
their performance. Copyright © 2013 IFSA. 
 
Keywords: MEMS, Pressure sensor, Piezoelectric, GTEs, Condition monitoring, Transverse vibration, Circular 
microdiaphragm. 
 
 
 
1. Introduction 

 
The miniaturization of sensors represents a 

promising approach for various systems health 
management. The main advantages of miniaturized 
systems include low mass and low power 
consumption. MEMS based sensor systems will  
play a significant role in the development of 
miniature, on-line, in-situ, low cost, health 
monitoring platforms. 

In literature, many condition monitoring 
applications have been proposed for pressure 
sensors [1-7]. One application area with major impact 
is condition monitoring of Gas Turbine Engines 
(GTEs) [1]. The application of MEMS pressure 
sensors makes it possible obtaining engine 

performance characteristics with high sensitivity and 
fast response time. Moreover, these devices  
replace macro-sensors which provide offline 
condition monitoring. 

For these purposes, dynamic behavior 
characterization of microdiaphragm based pressure 
sensors could help to optimize the health 
management system and provide better performance 
for GTEs. Many researches have been done to 
characterize dynamic behavior of circular 
microdiaphragms. Yu et al. have been introduced a 
mathematical modeling of microdiaphragms under 
initial tension [13]. Olfatnia et al. theoretically 
modeled the dynamic behavior of circular 
microdiaphragms and the influences of pressure 
loading on the behavior of the diaphragm in different 
vibration modes [8-10]. 
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In this paper, first we acquire the mathematical 
formulation of dynamic behavior of circular 
microdiaphragm including damped condition. Then, a 
model will be introduced to be applicable to GTEs 
condition monitoring. 
 
 

2. Theory 
 
2.1. General Formulation 
 

The sensor is modeled as a clamped circular 
diaphragm with initial tension and rigidity, as shown 
in Fig. 1, with radius a , thickness h , Young’s 
modulus E , and Poisson’s ratio  . The non-linear 
partial differential equation of that diaphragm with a 
transverse loading per unit area, is governed as 
equation [14] 
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where   is the density, w  is the transverse 

displacement and 
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is the flexural rigidity, 2  is the laplacian, and T  is 
the initial tension of the diaphragm per unit length. 
The boundary conditions are as follow: 
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In the absence of forcing in equation (1), we will 

search for a modal solution of form 
 

      , , , i tw r t W r e     , (4) 
 

where W  is the unknown function,   is the term 
characterizing damped condition, and   is natural 
frequency. Substituting (4) into equation (1), we 
obtain 
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Equation (5) can be expressed as 
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where   is as follow: 
 

    2 2 2 2h i h             . (8) 

 
 

 
 

Fig. 1. Illustration of the clamped diaphragm [8]. 
 
 

It can be shown that  
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  . (9) 

 
Expanding the transverse displacement amplitude as 
 

      ,W r R r   , (10) 
 
results in equation (11), 
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The solution of equation (11) must be continuous, 

and therefore m  must be an integer. The functions 

mJ , mY , mI , and mK re the Bessel functions of the 

first and second kind, and the modified Bessel 
functions of the first and second kind, respectively. 
The coefficients A  and B  in equation (11) are 
constants which are determined by the boundary 
conditions. Both mY  and mK  are singular at 0r  . 

Therefore, for a plate with a finite displacement at the 
plate center, the coefficients 2mB  and 4mB are  

equal to zero. Applying function  R r  into the 

boundary condition, equation (3) results in the 
following equation 
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The prime indicates a derivative with respect to r  

For non-trivial solutions of 1mB  and 3mB , the 

characteristic equation should be equal to zero: 
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By determining the roots of equation (13), and 

replacing them into the rearranged form of equation 
(7), the natural frequencies are obtained as follows: 
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where the superscript d  shows the damped natural 
frequency. Under un-damped condition the natural 
frequency is as follows [9]: 
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If we assume that, 
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we can rewrite equation (14) as follows 
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Finally, the mode shape is obtained as follows: 
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A non-dimensional tension parameter k is defined 

as [11] 
 

 T
k a

D
 , (19) 

 
This non-dimensional parameter determines the 

behavior of the diaphragm. If the internal tension is 
so high that it dominates the flexural rigidity, the 
diaphragm behaves as tension dominated membrane. 
On the other hand, if internal tensions are so low that 
flexural rigidity is dominated, the diaphragm behaves 
as flexural rigidity dominated plate. 

Fig. 2 shows the natural frequency versus k . As 
it is obvious from the figure, if k  is less than 1 the 
flexural rigidity is dominated, if k  is greater than  
20 tension is dominated, and the range between this 
two values is called transition region, and in this 
region diaphragm behaves between plate and 
membrane. 

The effect of parameter k  is not limited to 
determination of natural frequency. We can conclude 
from equation (7): 

 
 2 2

2 1mn mn k   . (20) 
 
This means that k  effects mode shapes through 

characteristic equation. Fig. 3 shows first vibrational 
mode of diaphragm respect to different values of k . 

 

 
 

Fig 2. Variations of the first three resonant frequencies 
with respect to the tension parameter k . 

 
 

 
 

Fig 3. Variation of first mode shape with respect  
to parameter k . 

 
 
2.2. Forced Response 
 

To consider the forced response of a damped 
diaphragm to harmonic excitations loading is 
assumed to be the form 

 
    , , , i tf r t p r e   , (21) 

 
where the pressure amplitude  ,p r  is assumed to 

be uniform and denoted by p , and   is the 

excitation frequency. The aim is to find the steady 
state response of the diaphragm when it is excited 
close to the diaphragms first natural frequency. To 
that end, to that end, a single-mode approximation is 
assumed as 
 

      01 1, , ,w r t W r t   , (22) 

 
where 1  is the modal amplitude and 01W  is the first 

mode shape of the linear system. The approximation 
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for the steady state forced response of the diaphragm 
can be obtained as 
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It can be shown that vibration amplitude, 

 ,U r  , at the center of the diaphragm is as 

follow [13]: 
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3. Validation 
 

For validation of our general formulation of 
damped vibration of diaphragm, we used the 
experimental results obtained by Olfatnia et al. [9]. 
Fig. 4 shows the configuration of diaphragm used by 
Olfatnia et al. for experimental purposes. This figure 
shows that multi-morph diaphragm consist  
of 5 layers. 
 
 

 
 

Fig. 4. Cross-section schematic of diaphragm [9]. 
 
 

In micro/nano scale there are many phenomena 
effect damping of structure that are negligible in 
macro scale. Some of these phenomena have some 
other effects that have major impact on vibrational 
behavior of the structure. For example, squeeze film 
has effects on both damping and mechanical stiffness 
of the structure. However, the total effect of damping 
in structure is estimated by a quantity called quality- 
factor, the effect of quality-factor is obvious from 
vibration basic equation below [12], 
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    . (25) 

 
The quality-factor in air is measured to be 137. So 

the value of   in this configuration will be 0.004. 

Fig. 5 shows the comparison between experimental 
and theoretical values of first for natural frequencies. 
We can readily see that formulation of vibrational 
behavior in damped condition is more accurate than 
un-damped condition.  

 
 

 
 

Fig 5. First four Natural Frequencies: Comparison  
between experimental and theoretical results. 

 
 
4. Application 
 
4.1. Gas Turbine Engines (GTEs) 
 

Gas turbine engine (GTE) propulsion systems are 
used in many areas of human activity, and they have 
an excellent record in both reliability and safety. In 
this regard, a reliable condition monitoring system is 
especially important for aircraft GTEs, because a 
fault in the GTE can lead to disastrous results. 
However, real-time condition monitoring of such 
complex nonlinear dynamic systems is a very 
complicated problem. During normal operation, the 
GTEs experience significant changes in pressure, 
temperature, Mach number, and power output. These 
intrinsic variations will alter the GTE dynamics in a 
nonlinear manner. Hence, careful attention must be 
paid during GTE operation to ensure that the 
mechanical, aerodynamic, thermal, and flow 
limitations of the GTEs are maintained [1]. 

 
 

4.2. Dynamic Pressure Measurement 
 

In-situ dynamic pressure measurements have a 
very good potential to provide GTE diagnostics, 
maintenance management, and optimized 
performance, based on pressure variation 
measurements. The versatility of pressure-based 
measurements will provide a foundation for active-
control methodologies through the evaluation and 
interpretation of changes to the dynamic pressure 
flow within the GTE environment. 

Application of traditional bulky and off-line 
pressure sensors does not provide very useful 
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condition monitoring of GTEs. So a new approach 
introduced by Rinaldi et al. is to use MEMS based 
dynamic pressure sensor for condition monitoring of 
GTEs. In the work done by Rinaldi et al., application 
of MEMS based dynamic pressure sensor on  
J-85 engine have been studied (shown in Fig. 6 and 
7) [1]. 
 
 

 
 

Fig. 6. J-85 engine [1]. 
 
 

 
 

Fig 7. J-85 engine cutaway [1]. 
 
 

Dynamic pressure, by definition, consists of a 
variation in pressure over a given time interval. This 
is especially true for rotating machinery such as fans, 
where the dynamic pressure flow is generated by the 
rotation of the fan blades. In this regard, for the work 
presented here in, the time dependence of the 
pressure flow is taken from the point of view of the 
individual GTE fan blades passing beneath a 
reference point (sensor location) as shown in Fig. 8. 
With this implementation some parameters could be 
monitored: (1) the speed of the rotary fans, (2) the 
health of single blades, and (3) radial and axial 
alignment of fans. 
 
 

 
 

Fig. 8. Schematic front-view of the location  
of the MEMS dynamic pressure sensor with respect  

to the fan blades of a GTE [1]. 

4.3. MEMS Pressure Sensor Specifications 
 

Due to their low-pressure sensitivity, MEMS 
silicon microphones are proposed as the main 
components of the sensor for monitoring the dynamic 
pressure variations generated by the GTE fan and 
compressor stages. The sensor consists of two 
Knowles Acoustics SiSonic microphones. Two 
microphones were used for redundancy in the 
measurements. This is an added advantage in using 
small scale components as they allow for redundancy 
even within a small surface area and provide added 
system reliability. Presented in Fig. 9 is an image of 
the main component of the MEMS microphone. The 
active area of the silicon diaphragm has a diameter of 
500 µm and a thickness of 1 µm [1]. 
 
 

 
 

Fig 9. MEMS SiSonic microphone diaphragm [1]. 
 
 

With the specifications above we can use 
equation (14) to determine natural frequencies of 
pressure sensor. With the assumption of no internal 
tension and discarding damping effects, the first  
and second natural frequency will be 15.6 and 
32.5 kHz, respectively. 
 
 
4.4. Gas Turbine Engine Tests 
 

As we said, J-85 engine have been used for this 
illustration. The J-85 engine has 8 compressor stages 
on a single shaft. Given in Table 1 is the number of 
blades for the stages, and the theoretical nominal 
RPM and stage-frequency at engine idle and 80 % of 
maximum power. In this regard, the stage-frequency 
is defined as the frequency detected by the sensor for 
that particular stage at a given engine  
operating condition.  

As it is obvious from Table 1, the working 
frequency is up to about 32 kHz. So this range of 
operation includes only two of first natural 
frequencies. These operating conditions help the 
sensor to reach its maximum signal output. Fig. 10 
shows frequency response of pressure sensor for two, 
first natural frequencies [1]. 
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Table 1. An overview of the compressor stages [1]. 
 

Compressor 
Stage 

Number 
of 

Blades 

Nominal 
RPM @ 

80% 

Nominal 
Frequency 

(Hz) @ 80% 
1st 30 13400 6923 
2nd 60 13400 13400 
3rd 87 13400 19430 
4th 106 13400 23673 
5th 131 13400 29257 
6th 132 13400 29480 
7th 140 13400 31267 
8th 120 13400 26800 

 
 

 
 

Fig. 10. Estimated frequency response of pressure sensor  
in J-85 engine operation range. 

 
 

5. Discussion 
 

As we saw in section 2, the theoretical model to 
predict Vibrational behavior of circular 
microdiaphragms is investigated. This formulation 
includes damped conditions. The damping effects are 
mainly different in micro- and macro-scale. Energy 
dissipation mechanisms do not equally contribute to 
the total energy loss of the system. Size and ambient 
pressure are the two main parameters, which clarify 
the contribution of these terms. Size reduction from 
macro to micro scale increases surface-to-volume 
ratio, and hence signifies the effect of surface forces, 
and dominates them over the body forces. Therefore, 
bulk losses are negligible in micro-scale regions 
compared to medium damping terms. The main 
energy dissipation mechanisms are identified as (a) 
medium loss, which is the loss into the surrounding 
(fluid) medium due to acoustic radiation or viscous 
drag, (b) clamping or support loss, which is the 
dissipation of energy through the support, and (c) 
bulk loss, which is composed of a variety of physical 
mechanisms, such as internal friction, thermoelastic 
dissipation (TED), phonon–phonon scattering, 
motion of lattice defects, and piezoelectric damping 
in piezoelectric materials. Effect of these phenomena 
in damping is different so to determine the damping 
coefficient all conditions should be checked and their 
effects should be considered. 

The effect of internal tension should not be 
neglected. The value of internal tension determines 
the actual behavior of microdiaphragm. 
Microfabrication methods often involve high 
temperature thin film deposition processes, and the 
mismatch between thermal expansion coefficients of 
different layers could cause internal tension. 

The validation of formulation shows that 
introduction of damping in modeling decreased 
difference between theoretical and experimental 
results. The remained error could be for difference in 
properties of materials, instrument errors and 
skipping some phenomena that have effect on 
damping like squeeze film effect. 

As we saw in section 4, the application of 
microdiaphragm based pressure sensor in dynamic 
pressure condition monitoring of GTEs has major 
impact on health management and performance 
improvement of these systems. As discussed before, 
with this implementation some parameters could be 
monitored: (1) the speed of the rotary fans, (2) the 
health of single blades, and (3) radial and axial 
alignment of fans. Two of first natural frequencies of 
proposed sensor are in the operational range of 
testing GTE. This could help for better performance 
of condition monitoring, because of high amplitude 
signal output and noise cancelation. The high 
sensitivity associated with acoustic dynamic pressure 
measurements allowed for the extraction of pressure 
signals J-85 engine.  

 
 

6. Conclusions 
 

In this paper, we investigated vibrational behavior 
of piezoelectric microdiaphragm based pressure 
sensor with application for GTEs condition 
monitoring. The general formulation based on 
transverse vibration of circular plates introduced and 
the response of diaphragm under forced excitation 
has discussed. The validation of theoretical models 
with experimental results shows that introduction of 
damping effect in theoretical modeling improves the 
vibrational behavior prediction. Application of 
MEMS pressure sensors for condition monitoring of 
GTEs offers special features. In-situ dynamic 
pressure measurements have a very good potential to 
provide GTE diagnostics, maintenance management, 
and optimized performance, based on pressure 
variation measurements. 

 
 

References 
 
[1]. G. Rinaldi, I. Stiharu, M. Packirisamy,  

V. Nerguizian, R. J. Landry, J. P. Raskin, Dynamic 
pressure as a measure of gas turbine engine (GTE) 
performance, Measurement Science and Technology, 
Vol. 21, No. 4, 2010, 045201. 

[2]. K. T. Kim, J. G. Lee, B. D. Quay, D. A. Santavicca, 
Spatially distributed flame transfer functions for 
predicting combustion dynamics in lean premixed gas 
turbine combustors, Combustion and Flame, 
Vol. 157, No. 9, 2010, pp. 1718-1730. 



Sensors & Transducers, Vol. 156, Issue 9, September 2013, pp. 48-54 

 54 

[3]. V. Muralidharan, V. Sugumaran, Feature extraction 
using wavelets and classification through decision 
tree algorithm for fault diagnosis of mono-block 
centrifugal pump, Measurement, Vol. 46, 2013, 
pp. 353-359. 

[4]. L. Barelli, G. Bidini, F. Bonucci, Diagnosis 
methodology for the turbocharger groups installed on 
a 1MW internal combustion engine, Applied Energy, 
Vol. 86, No. 12, 2009, pp. 2721-2730. 

[5]. J. M. Luján, V. Bermúdez, C. Guardiola, A. Abbad, 
A methodology for combustion detection in diesel 
engines through in-cylinder pressure derivative 
signal, Mechanical Systems and Signal Processing, 
Vol. 24, No. 7, 2010, pp. 2261-2275. 

[6]. S. Fricke, A. Friedberger, H. Seidel, U. Schmid, A 
robust pressure sensor for harsh environmental 
applications, Sensors and Actuators A: Physical, 
Vol. 184, 2012, pp. 16-21. 

[7]. L. Barelli, G. Bidini, C. Buratti , R. Mariani, 
Diagnosis of internal combustion engine through 
vibration and acoustic pressure non-intrusive 
measurements, Applied Thermal Engineering, 
Vol. 29, No. 8, 2009, pp. 1707-1713. 

[8]. M. Olfatnia, T. Xu, J. M. Miao, L. S. Ong, 
X. M. Jing, L. Norford, Piezoelectric circular 
microdiaphragm based pressure sensors, Sensors and 
Actuators A: Physical, Vol. 163, No. 1, 2010,  
pp. 32-36. 

[9]. M. Olfatnia, T. Xu, L. S. Ong, J. M. Miao, 
Z. H. Wang, Investigation of residual stress and its 

effects on the vibrational characteristics of 
piezoelectric-based multilayered microdiaphragms, 
Journal of Micromechanics and Microengineering, 
Vol. 20, No. 1, 2010, 015007. 

[10]. M. Olfatnia, V. R. Singh, T. Xu, J. M. Miao, 
L. S. Ong, Analysis of the vibration modes of 
piezoelectric circular microdiaphragms, Journal of 
Micromechanics and Microengineering, Vol. 20, 
No. 8, 2010, 085013. 

[11]. M. Sheplak, J. Dugundji, Large deflections of 
clamped circular plates under initial tension and 
transitions to membrane behavior, Journal of Applied 
Mechanics, Vol. 65, No. 1, 1998, pp. 107-115. 

[12]. M. Olfatnia, Z. Shen, J. M. Miao, L. S. Ong, T. Xu, 
M. Ebrahimi, Medium damping influences on the 
resonant frequency and quality factor of piezoelectric 
circular microdiaphragm sensors, Journal of 
Micromechanics and Microengineering, Vol. 21, 
No. 4, 2011, 045002. 

[13]. M. Yu, B. Balachandran, Sensor diaphragm under 
initial tension: linear analysis, Experimental 
Mechanics, Vol. 45, No. 2, 2005, pp. 123-129. 

[14]. S. P. Timoshenko, S. Woinowsky-Kringer, Theory of 
plates and shells, New York: McGraw-Hill, 1959. 

[15]. M. Yu, X. Long, B. Balachandran, Sensor diaphragm 
under initial tension: nonlinear responses and design 
implications, Journal of Sound and Vibration, 
Vol. 312, No. 1, 2008, pp. 39-54. 

 
___________________ 

 
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
http://www.sensorsportal.com/HTML/BOOKSTORE/Smart_Sensors_and_MEMS.htm


Sensors & Transducers, Vol. 156, Issue 9, September 2013, pp. 55-61 

 55

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

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

 
 
 
 
 

Development of a Model Depicting Optimum Performance 
of Liquid Catheter Sensor for Pressure Measurement 

 
Suman HALDER 

St. Thomas’ College of Engineering and Technology, 
Kolkata-700023, India 
Tel.: +919432128293 

E-mail: sum_hal@yahoo.co.in 
 
 

Received: 1 July 2013   /Accepted: 25 August 2013   /Published: 30 September 2013 
 
 
Abstract: In this paper the author proposed a model that depicts not only the basic features of liquid catheter 
sensor but also improvement of those features. The optimum performance of the 2nd order liquid catheter sensor 
system depends on parameters namely natural frequency of oscillation and damping ratio and two basic features 
namely high frequency response and flat frequency response. As the system dynamics of the liquid catheter 
sensor is evolved as closed loop transfer function therefore it is very difficult to design this system with help the 
of root locus method where the open loop gain is varied to estimate the behavior of the closed loop poles of the 
system. In this paper the author has used a novel approach of basic vector field method for two dimensional 
linearized systems. The model clearly indicates the optimum performance criterion of the liquid catheter sensor 
based on the model proposed by the author. The proposed model not only gives the various dynamic features of 
liquid catheter sensor but also highlights both inertia controlled and thermally controlled vapor bubble 
dynamics. Copyright © 2013 IFSA. 
 
Keywords: Liquid catheter, Flat frequency response, Two dimensional vector field, Stable spiral, Inertia 
controlled bubble dynamics. 
 
 
 
1. Introduction 
 

With linearized two dimensional approaches one 
can realize the hidden dynamics of the sensor system 
that governs the total operation. An understanding of 
the dynamic properties of arterial pressure 
measurement is important if we wish to preserve the 
dynamic accuracy of the measured pressure. The 
liquid filled catheter sensor serves this purpose. The 
liquid filled catheter sensor is hydraulic system that 
can be represented either distributed or lumped 
parameter models. Distributed parameters are 
described in the literature (Fry, 1960) which gives an 
accurate description of the dynamic behaviour of the 

catheter sensor system. However, distributed 
parameter models are not normally employed 
because single degree of freedom (lumped parameter) 
model is much easier to work with, and the accuracy 
of the results obtained by using these models is 
acceptable for the clinical situation [1]  

With the approximations the lumped parameter 
model of liquid filled catheter sensor is reduced to 
second order system. The liquid catheter has inertial, 
frictional and elastic properties represented by 
inertance, resistance and compliance respectively. 
Similarly the sensor has these same properties in 
addition to the compliance of diaphragm.  
Fig. 1 shows the electric analog of pressure  
measuring system.  
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Fig. 1. Electric analog of pressure measuring system. 
 
 

The above diagram represents measurement of 
pressure in terms of electrical voltage. Therefore 
pressure-voltage analogy has been used. Thus 
hydraulic circuit is converted to analog electrical 
circuit. As the compliance of the sensor diaphragm is 
much larger than that of liquid catheter or sensor 
cavity provided that saline solution is bubble free and 
catheter material is relatively non compliant. The 
resistance and inertance of the liquid in the sensor 
can be neglected compared to those of liquid in 
catheter. Thus the catheter sensor system can be 
modified in Fig. 2. 
 
 

 
 

Fig. 2. Modified diagram of electrical analog of pressure 
measuring system. 

 
 

The liquid resistance in catheter is given by 

F

P
Rc


 (Pa.s/m3) where P = pressure difference 

across the segment in Pascal; F = flow rate, m3/sec  

or 
uA

P
Rc


  where u = average velocity m/sec; 

A = cross sectional area, m2 Poiseulle’s flow equation 
enables us to calculate Rc when we are given the 
values of catheter length L, in meters; radius r, in 
meters; and liquid viscosity η, in Pascal-seconds. The 
equation applies for laminar flow 
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The liquid inertance Lc of the catheter is due to 

primarily to the mass of liquid. It can be represented 
by the equation  

dt

dF
P
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  (Pa.s2/m3) 

or  

aA

P
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 , 

 
where a = acceleration, m/s2. This equation reduces 
further to  

2A

m
Lc   where m = mass of the liquid in Kg or 
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 ,       (1b) 

 
where ρ = density of the liquid (kg/m3). 

Now the compliance of the sensor diaphragm is 
given by equation  
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where Ed = volume modulus of elasticity of the 
sensor diaphragm. 

One can find the input output equation of the 
above system 
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where nn f 2 . 

This system corresponding to 2nd order system (in 
frequency domain) having natural frequency of 
vibration 
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and damping ratio 
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As the cavitations phenomena is evident in liquid 

catheter system thus liquid bubbles generated will 
acts as an additional compliance Cb due bubble 
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(considering lumping effect)may assumed in parallel 
with the compliance of diaphragm. Then the circuit is 
modified to Fig. 3. 
 

 

 
 

Fig. 3. Modified diagram considering the effect  
of bubble compliance. 

 

 
As the bubbles are present in the liquid catheter 

sensor thus capacitance will be changed from Cd to 
(Cd + Cb) from idealized bubble free model to actual 
model considering the effect of bubble. As a result 
the natural frequency of oscillation decreases and 
damping ratio increases. Decrement in natural 
frequency oscillations mean the band width of the 
system is reduced. Thus high frequency behavior of 
the liquid catheter sensor deteriorates. But increment 
in damping ratio means the frequency response 
becomes flat. Thus the bubbles have one improving 
effect and another deteriorating effect [1, 3, 5]. 

Let us elucidate more on bubble growth in the 
liquid catheter sensor. Neglecting surface tension and 
viscosity, Rayleigh (1917) showed from momentum 
equation that the bubble boundary R(t) obeyed  
the relation  
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where ρ is the liquid density; P  is the pressure of 

the liquid at a large distance from the bubble; P(R) is 
the pressure in the liquid at bubble boundary. 

For a spherical bubble viscosity affects only the 
boundary condition so that it becomes 
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where Pi is the pressure in the bubble and P(R) is the 
pressure in the liquid at bubble boundary. σ and μ are 
surface tension constant and coefficient of liquid 
viscosity respectively. Thus generalized Rayleigh’s 
bubble dynamics equation becomes 
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Thus equilibrium radius of the gas nucleus for 

given values of Pi and P  is given by 
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For inertia controlled bubble growth velocity R

  is 

given by 
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If the vapor pressure Pv > P , then for R > > R0 

the above can be simplified to 
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thus  
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Thus we see that the bubble growth due to liquid 

inertia is inversely related to the density of liquid to 
be used [2]. 

Again for thermally controlled bubble growth 
requires large vapor density so that the heat flow at 
the liquid interface is governed by latent heat only. 

The equation for thermally controlled bubble 
growth is given by  
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R


 is the growth velocity; lk and lD  are liquid 

thermal diffusivity and conductivity and )( b
e
v T  is 

the equilibrium vapor density corresponding to 

boiling temperature. Lh is the latent heat. T  is the 

uniform temperature inside spherical bubble and bT  

is the boiling temperature. In this equation the bubble 
growth is inversely related to equilibrium vapor 
density and latent heat of vaporization. The above 
equation expresses only an asymptotic relationship 
that is valid only for times large enough so that the 
growth velocity predicted by it is smaller than the 
inertia-controlled value of bubble radius. 

Therefore we can conclude that generation  
of bubble mainly due inertia controlled bubble 
growth [2]. 

Thus our prime objective is to find a solution such 
that natural frequency of oscillation remains same but 
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damping ratio is increased. The author has 
incorporated all these features in this model.  

As the liquid catheter sensor model has been 
developed in frequency domain one can not find what 
are solutions of the differential equation governing 
the dynamics of the sensor. Thus the author is 
interested about the nature of the solution of the 
system and dynamicity governing mechanism [1, 3].  

An one dimensional vector field can be expressed 
by the equation  
 

)(XfX 


        (3a) 

 
In the above differential equation, fixed points 

represent equilibrium solutions i.e., the values of X 

for which 0


X   

Thus a fixed point can be represented by 
 XX  so that 
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=0 for )(/)( 
  XfXf XX =0 

 
An equilibrium is defined to be stable if all 

sufficiently small disturbances from it damp out in 
time. Thus stable equilibria are represented 
geometrically by stable fixed points. Conversely, 
unstable equilibria in which disturbances grow in 
time are represented by unstable fixed points 
(stogatz). 

But two dimensional vector field governed by  
the equation 
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It is not to easy the predict the nature of the fixed 

points  XX  and  YY and their 
interrelationships by the expression 

),(0),(   YXgYXf . Thus a new 

method for two dimensional vector field has been 
proposed. It is given as below.  

A two dimensional linearized system is of  
the form  
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where a, b, c, d are the parameters. This system can 
be written in matrix form  
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If V is an eigen vector of matrix A and λ is the 

corresponding eigen value then characteristic 
equation becomes  
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Expanding the determinant yields 
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where  
 

τ = trace(A)=a+d   (3i) 
Δ=det(A)=ad-bc   (3j) 
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are the solutions of equation (3h) 
This can be written as  
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The nature of the solutions is given by Fig. 4. 

 
 

 
 

Fig. 4. Nature of the solutions in two dimensional  
linearized system. 

 
 

Now from the concept of quadratic equation 
Δ=λ1λ2; τ= λ1+λ2 

If Δ<0, the eigen values are real and have 
opposite signs; hence the fixed point is a saddle 
point.  

If Δ>0, the eigen values are either real with the 
same sign (nodes) or complex conjugate (spirals and 
centers). 



Sensors & Transducers, Vol. 156, Issue 9, September 2013, pp. 55-61 

 59

Nodes satisfy  42 >0 and spirals satisfy 

 42 <0 
Or it can be proved in other ways that  
 

tCeYX 2
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,  (3l) 

 

where α indicates the real part of eigen value i.e., 
coefficient of damping.  

for α < 0 i.e., eigen value has negative real part 
then the above equation will form stable spiral 

for α > 0 the i.e., eigen value has positive real part 
then the above equation will form unstable spiral and 

for α = 0 i.e., eigen value has only imaginary part 
then the equation will form vortex [4]. 

 
 

2. Modelling Methods 
 

Our system is 2nd order system. Our main aim is 
to convert it first to two dimensional linearized 
system. This can be done by the method proposed 
below.  

Taking time domain expression of equation (1) 
we have  
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In matrix form we can write 
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Thus the coefficient matrix A is given by 
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Now the trace of A is given by  
 

n 2   (4c) 
 

thus trace is negative indicating stable operation. 
And the determinant of the matrix A is given by 

 
2
n   (4d) 

thus determinant of matrix A is positive. 
Our main topic of discussion is about the term 

(  42 )  
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Now equation (3l) states that more the damping 

more will be rate of convergence as evidenced by  
the Fig. 5. 
 
 

 
 

Fig. 5. Phase trajectory of the above mentioned liquid 
catheter sensor with and with out bubble. 

 
 

Due to presence of bubble when the damping 
ratio increases then the magnitude of coefficient of 
damping will be more. Thus the state trajectories seen 
in Fig. 5 reaches the stable equilibrium point at less 
time indicated less number of spirals. Thus we can 
say that the eigen value of the coefficient matrix has 
more negative part as a result the rate of convergence 
of the spiral is more [1, 4]. This increment in 
damping causes frequency response to flat [1, 3].  

Thus the Fig. 5 indicates how the performance of 
the catheter sensor depends on the value of damping. 
It is usual that higher damping will cause frequency 
response to be flat, which is essential for any sensor. 
But the generation of bubble will cause natural 
frequency of oscillation to decrease. Therefore Fig. 5 
will not alone highlight the frequency response 
characteristics because it fails to indicate whether 
there is any change of natural frequency of oscillation 
or not. Then using the equations (4c) and (4d) we can 
find the find the operating points of the above in  
τ – Δ plane for ζ=0.033, fn = 91 Hz (with out bubble)  
and ζ=0.137, fn=22 Hz (with bubble) which is  
shown in Fig. 6. 
 
 

 
 

Fig. 6. Operating point of liquid catheter sensor  
in τ-Δ plane with and without bubble. 
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Fig. 6 alone indicates the deterioration high 
frequency response of the liquid catheter sensor when 
the operating point is shifted from right to left in the 
τ – Δ plane as natural frequency of oscillation 
decreases from 91 Hz (no bubble) to 22 Hz (with 
bubble). Thus we can say that Fig. 5 and Fig. 6 
completely describe the optimal performance of the 
liquid catheter sensor. 

In order to obtain high frequency response from 
the liquid catheter sensor we have to keep eye on the 
magnitude of natural frequency of oscillation. The 
presence of the bubble can not be avoided, in such 
cases we have to ensure that natural frequency of 
oscillation reduces by very little margin so that high 
frequency behavior can not be deteriorated. Also we 
have keep in eye in Fig. 5 all time so that how the 
rate of convergence can be increased i.e., how the 
damping can be increased so that the frequency 
response will be more flat for successful operation of 
the sensor. 
 
 
3. Design of Liquid Catheter Sensor 

Based on Fig. 5 and Fig. 6 
 

Fig. 5 indicates effect of damping where as Fig. 6 
indicate pronounce effect of natural frequency  
of oscillation. 

The length of catheter (L) in directly related with 
ζ and inversely related with fn. Thus increment of L 
will cause ζ to increase ratio means high rate of 
convergence in Fig. 5 causing improve of flat 
frequency behavior of the sensor. Also decrement of 
fn means the operating point will be shifted left in 
Fig. 6 causing deterioration of high frequency 
behavior. Thus a comprise between flat frequency 
behavior and high frequency behavior have to be 
remembered while choosing the length of  
the catheter.  

The radius of the catheter (r) is directly related 
with fn but inversely related with ζ. So the increment 
in radius will cause fn to be increased causing 
improvement of high frequency behavior but 
decreased damping ratio means less rate of 
convergence of the phase trajectory indicating 
deterioration of flat frequency response. Thus radius 
of the catheter must be chosen carefully maintaining 
compromise between flat frequency and high 
frequency behavior. 

Modulus of elasticity Ed of sensor diaphragm is 
directly related with fn and inversely related with ζ. 
Thus choosing a material which has very high Ed as 
diaphragm will cause fn to increase causing 
improvement of high frequency response and ζ will 
decrease causing deterioration of flat frequency 
behavior. Thus very high valued Ed can not be 
chosen optimum operation of liquid catheter sensor. 

Now the coefficient of viscosity (η) of the liquid 
is directly related with the ζ only. Thus if in someway 
η can be increased then the flat frequency behavior 
can be improved without the deterioration of high 

frequency behavior. We know that for liquid 
viscosity is due to intermolecular cohesive forces 
because the effect of transfer of momentum is 
negligible due small spacing between the molecules. 
Thus if the temperature of the catheter liquid is 
decreased there will be increment of cohesive force 
which will result increment of viscosity. 

The most important part is the choice of density 
of the liquid. As we see that density of the liquid is 
inversely related with both fn and ζ but the bubble 

wall velocity R


 for inertia controlled bubble 

dynamics is inversely related with density as seen 
from equations (1e), (1f) and (2g). Thus if liquid of 
low density is chosen for catheter then inertia 
controlled bubble generation will be high which will 
degrade the high frequency behavior of the sensor. 
Moreover the compressibility effect of the catheter 
liquid must be incorporated. In our basic assumption 
of the liquid catheter sensor we have assumed that the 
liquid used for the catheter is incompressible. We 
know that bulk modulus of elasticity of a liquid  
is given by  
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where V is the original liquid volume. Again density 
ρ is equal to mass divided by volume 
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Therefore low density liquid will indicate small 

value bulk modulus of elasticity of the liquid. Then 
the coefficient of compressibility  
 

vE

1
      (5e) 

 
can not be ignored. Thus we can not use the very 
small density liquid otherwise our basic model of 
liquid catheter sensor developed in Fig. 1  
will be inappropriate.  

Again the liquid having high latent (Lh) must be 
chosen so for thermally controlled bubble growth can 
reduced to minimum as evidenced from equation (2h) 
even if high generation of vapor occurs so there will 
be minimum shift of operating point towards left of 
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Fig. 6. Thus the high frequency behavior  
can be restored. 

To reduce the effect of both inertia controlled and 
thermal controlled bubble growth care must be taken 
so that the local pressure can not reduced to the vapor 
pressure of the fluid. Thus by any means the pressure 
differential in liquid catheter system must be reduced 
minimum so the deterioration of the high frequency 
behavior of the sensor is least.  

Lastly when the catheter is used many times then 
there will be large numbers of bubbles due to both 
inertia controlled and thermally controlled growth. 
Thus the high frequency behavior of the sensor is 
completely deteriorated. Before reusing the catheter, 
it must be flushed with bubble free saline solution so 
that the number of bubbles inside the catheter can be 
reduced to minimum [1, 5].  
 
 
4. Discussion & Conclusions 
 

For proper measurement of pressure, we always 
want that frequency response to be flat and high 
frequency behavior must be restored. Our best 
possible achievement will be the increment of both 
ωn and ζ. This is possible only choosing low density 
liquid for catheter keeping all other factor fixed. It 
demands finite value of compressibility thus bulk 
modulus will be much smaller in low density liquid 
than incompressible liquid. Then compliance offered 
by the liquid can not be ignored and it will act in 
parallel with the bubble compliance as well as 
diaphragm compliance there by increasing the total 
compliance of the sensor. Also low density liquid 
will cause more inertia controlled bubble generation. 

For abnormality in blood pressure i.e., if there is 
any hemorrhage thus there will be sudden fall in 

arterial pressure. This operation can tracked by the 
liquid catheter sensor operating in stable spiral mode 
and care must be given so that the operating point in 
τ – Δ plane does not shift to the left.  

Thus the model proposed by the author gives the 
information by which the features of the liquid 
catheter sensor can be improved. The model also 
highlights the facts how the inertia controlled  
and thermally controlled bubble growth  
can be minimized.  
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Abstract: This paper researches the dedicated piezoelectric sensor for airflow information sensitivity which 
uses PZT-5A piezoelectric material and rigid polyurethane foam to act as its matching materials. It adopts 
multiplex mode to realize the broadband design of sensor and does finite element simulation to establish 
admittance grid, sound field distribution diagram and model in which cylinder is added with matching layer. 
Finally dedicated piezoelectric sensor is manufactured through technical study. It keeps the features of center 
frequency 230 kHz, resonance point sound pressure level 90 dB, resonance point -3 dB and beam width 7.6°in 
which doublet coupling helps form wider working band. Copyright © 2013 IFSA. 
 
Keywords: Piezoelectric sensor, Ultrasonic wave, Finite element, Multiplex mode. 
 
 
 
1. Introduction 
 

Nowadays making use of superimposed effect of 
airflow and ultrasonic wave to detect airflow 
information of flow velocity, flow rate and flow 
direction becomes hot for the technical research of 
airflow information sensitivity. However, most 
researches put emphasis on multi-sensor topology 
and detecting algorithm. On the contrary researches 
on sensor are less. Aiming at airflow detection 
features of ultrasonic wave and by doing theoretical 
study, researching matching materials, studying 
piezoelectric materials, designing and simulating 
finite element and doing technical study, this  
paper finally designs the transmitting and receiving 
air sound pressure sensor catering for the 
requirements of miniaturization, broadband, high 
directivity [1, 2]. 

1. Theoretical Design 
 
1.1. Theoretical Design of Piezoelectric Wafer 
 

Piezoelectric ceramic thin wafer acts as the 
frequently used sensitive element form in the 
traditional piezoelectric transducer. When doing free 
vibration, its vibration equation, circuit state 
equation, equivalent circuit, frequency equation and 
electrical admittance equation have given relevant 
analytical formula through which early theoretical 
design will be done.  

Vibration equation of piezoelectric ceramic wafer 
is [3]: 
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In the formula, vibration velocity of circumference 

is a



  and a is the radius of wafer.  

Circuit state equation is: 
 

anVCjI


  0  
 

In the formula, taC /33

_
2

0   is two-

dimensional dielectric capacitor and t is thickness of 
piezoelectric wafer. 

Mechanical equivalent circuit diagram of 
piezoelectric wafer is (Fig. 1): 
 
 

 
 

Fig. 1. Equivalent Circuit Diagram of Free Vibration  
of Piezoelectric Ceramic Thin Wafer. 
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Radiating surface of piezoelectric sensor can be 

approximately viewed as circle-surface piston 
radiation whose beam width can be preliminarily 
designed according to the following formula. 

Directivity function of circular piston in an 
infinite rigid plane is [4]: 
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Its beam width can be calculated through the 

formula above: 
 

)/26.0arcsin(2 ah 
 

 
In the formula, λ is the sound wavelength in air 

dielectric and a is the radius of radiating surface. 
Through the above-mentioned equations and 

equivalent circuits, influences of each parameter on 

mechanical and electrical property parameters of thin 
wafer’s free vibration can be intuitively seen. 
However, when thickness and diameter of 
piezoelectric wafer compare with each other, 
coupling phenomenon will happen between its radial 
direction and thickness vibration thus a series of new 
vibration modes come into being. At the moment 
wafer cannot be equivalent into thin wafer which 
needs new ways to do design. Aiming at the above-
mentioned problems, this paper adopts the method of 
combination between theoretical analysis and  
finite element simulation design to do design  
on piezoelectric wafer sensor which is  
multi-mode coupled. 
 
 
1.2. Theoretical Design of Matching Layer 
 

The choice of matching materials is one of the key 
problems needing solving during the design aiming at 
piezoelectric ultrasonic sensor. Acoustic impedance 
of air is just 4×102kg·m-2·s-1 while that of 
piezoelectric ceramics is 1～35×106kg·m-2·s-1. There 
exists serious impedance mismatch between them. 
Therefore matching materials need introducing to 
increase transmittance of sound wave and improve 
radiation efficiency of sensor [5]. 

Calculation of acoustic impedance of matching 
materials has several theoretical references. As 
specialized sound absorption materials have been 
introduced into the current studied sensor to act as 
backing, here adopts traditional theory to calculate 
acoustic impedance of matching materials. It is that 
acoustic impedance of matching layer material is 

312 ZZZ   and that of double matching layer is 

4 3
01 LZZZ  . Through calculation, it is seen that 

acoustic impedance of matching materials is 
0.2～1.18×106kg·m-2·s-1. 

Nowadays some frequently-used pouring sealants 
in acoustical devices are polyurethane soft rubber, 
epoxy resin, butyl rubber and natural rubber whose 
acoustic impedances are respectively 1.64×106kg·m-

2·s-1, 3.03×106kg·m-2·s-1, 1.53×106kg·m-2·s-1 and 
1.51×106kg·m-2·s-1. These materials cannot meet the 
requirement of piezoelectric ceramic matching with 
air. In order to realize their nice matching, acoustic 
impedance has to be about 0.4×106kg·m-2·s-1 to cater 
for the requirement. 
 
 
2. Finite Element Analysis 
 

In order to provide powerful guidance for the 
design of miniaturization sensor with high sensitivity, 
finite element analysis software ANSYS is applied 
during research process to do simulation on the 
formation, vibration mode and sound field 
distribution of sensor. Finite element method can 
avoid restricted by element’s structure, size and 
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material. Through coupled field analysis, vibration 
mode, electrical property and acoustic performance 
of piezoelectric sensor can be accurately simulated so 
that design efficiency would be improved [6, 7]. 

During the simulation process, piezoelectric 
materials adopt two-dimentional coupling field unit 
plane13 and three-dimentional coupling field unit 
solid5 and structure applies two-dimentional 
structural units plane42 and solid45. When doing 
piezoelectric analysis, matrix equation of the used 
coupling unit is as follows: 
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Finite element equation between fluid and 
structure is below: 
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Before doing sensor design, transmitting and 
receiving performance comparisons among each 
frequently-used piezoelectric ceramic material PZT-
4, PZT-5A, PZT-5H, PZT-8 and BT are done whose 
simulation curves are shown in Fig. 2. 

 

 
 

Fig. 2. Transmitting and Receiving Frequency Response Curves of Each Piezoelectric Material. 
 
 

It is seen from the figure that receiving sensitivity 
of PZT-5A is the highest whose resonant frequency is 
the lowest under the same volume. It keeps both 
transmitting and receiving characteristics which 
accords with the design direction of miniaturization 
and high sensitivity sensor. 

Piezoelectric sensor keeps advantages under high 
frequency and narrow beam transmission. While its 
frequency bandwidth is a little bit low under single-
mode transmission which is difficult to transmit 
broadband envelope signal and which influences 
velocity precision. Therefore one of the design 
purposes is to do broadband transmission through 
cylinder multi-mode coupling. 

In order to realize the above-mentioned purpose, 
pzt-5A Piezoelectric Material and solid5 Coupling 
Field Unit are adopted to establish the cylinder model 
and analyze modal which is shown in Fig. 3. 
 
 

 
 

Fig. 3. Nephogram of Cylinder Model and Vibration 
Displacement Distribution. 

Fig. 3 shows that two modals are inspired out on 
the frequency points 228 kHz and 306 kHz which 
provides essential condition for mode coupling to 
form broadband. 

Through structure size optimizing, piezoelectric 
sensor model in air dielectric is finally established 
and frequency response curves of its electrical 
admittance and sound pressure level are calculated. 
Also sound pressure distribution diagram is drawn at 
the highest point of sound pressure level (shown in 
Fig. 5) and -3 dB beam width is got. Fig. 4 shows the 
analysis model which has been added with matching 
layer. Fig. 5 shows its admittance curve and sound 
field distribution. 
 
 

 
 

Fig. 4. Cylinder Model Added with Matching Layer. 
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The final optimization result of piezoelectric 
ultrasonic sensor is that its operating frequency is 
233 kHz, sound pressure level of resonant point  
is 90 dB, resonant point is -3 dB and beam  
width is 7.43°. 
 
 

3. Technical Study 
 

On the basis of the above-mentioned design, 
technological process and key technology of sensor 
are studied and explored in which technological 
process of piezoelectric sensor is drew up to  
be as follows: 

Clean-Splice Matching Layer-Solidify-Splice 
Protective Film-Solidify-Assemble-Embedment-Test. 

During the process of making dedicated 
piezoelectric sensor, the following two points should 
be noticed: 

1) Backing Material 
In terms of backing materials, the method that 

tungsten powder is mixed into polyurethane soft 

rubber is used in order to lead it to present sound 
absorption effect under the circumstance of not 
influencing piezoelectric cylinder vibration. By 
changing the matching ratio of polyurethane and 
tungsten powder, acoustic impedance of backing 
material is changed. Finally through measuring 
acoustic performance of sensor, the best backing 
material matching ratio would be determined. 

2) Protective Film 
In order to increase the ability of sensor to adapt to 

the environment, a layer of metal protective film 
needs covering on its radiating surface. The 
introduction of protective film need two conditions: 
one is that it has to keep low influence on ultrasonic 
transmission in which film thickness should be far 
less than acoustic wave length. The second one is that 
it must be high-strength and keep corrosion 
resistance. Upper limit of the studied sensor in this 
paper is 325 kHz. At this moment wave length in the 
metal is about 10 mm. Therefore here uses 0.1 mm-
thick titanium alloy film to serve as protective layer.  

 
 

 
 

Fig. 5. Admittance Curve and Sound Field Distribution Diagram of Cylinder Added with Matching Layer. 
 
 
4. Result and Discussion 
 

By technical research, experimental sample of 
piezoelectric sensor is finally produced as is seen  
in Fig. 6. 
 
 

 
 

Fig. 6. Physical Map of Piezoelectric Sensor. 

Utilizing impedance analyzer Agilent4294 to 
measure the electrical admittance curve of sensor 
shown in Fig. 7. 

It is seen from comparison that measured result of 
sensor operating frequency is a little lower than that 
of simulation result. It is obviously seen from the 
measured admittance curve that couplings between 
two modals form wide frequency band. During the 
process of producing sensor, backing material and 
metal protective film both increase load quality and 
radiation resistance of piezoelectric ceramic. 
Therefore its resonant frequency slightly declines. 
The increasing of radiation resistance reduces the 
mechanical quality factor of unimodal and increases 
conductance bandwidth of unimodal thus improving 
coupling among modals and finally forming the wide 
frequency band seen in Fig. 7. 

Electrical property, transmitting and receiving 
signal and directivity of the piezoelectric sensor 
sample manufactured are measured in which center 
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frequency is 230 kHz, sound pressure level of 
resonant point is 90 dB, resonant point is -3 dB and 
beamwidth is 7.6°. 

 
 

5. Conclusions 
 

This paper adopts finite element design method to 
do design on the multi-mode coupled broadband 
piezoelectric sensor and to do research on the 
workmanship of sensor. Finally experimental sample 
of broadband sensor is produced. Agilent4294 is used 
to measure its electrical admittance curve whose 
result shows that this sensor has two obvious 
resonant peaks. 

It is seen from the research of this paper that 
miniaturization broadband sensor could be designed 
through using the two coupled peaks between 
thickness vibration and radial direction vibration of 

piezoelectric ceramic cylinder; PZT-5A keeps certain 
advantages in the design of air acoustic sensor; Finite 
element design method provides powerful references 
for the design of piezoelectric sensor; Workmanship 
of sensor greatly and directly influences its property; 
The influence of the choice of assisted structure in 
the sensor structural simulation on simulation 
precision still needs further study. 

On the basis of common operation, performances 
of piezoelectric sensor for air acoustic also need 
improving in which sound pressure level may be 
enhanced and bandwidth may be increased. In order 
to realize this purpose, matching layer materials and 
splicing technology would be further improved as 
well as structure is optimized. This helps increases 
ultrasonic transmission rate. The improving of 
backing materials also reduces influences of back-
end echo on sensitive element. 

 
 
 

 
 

Fig. 7. Admittance Measured Curve  
of Piezoelectric Sensor. 
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Abstract: This paper discussed on the material selection and its robustness analysis towards the design of 
magnetic flux leakage capsule that most applied in oil and gas pipeline. Magnetic Flux Leakage is among the 
most famous and expensive technique in large scale oil and gas pipe diagnosis system. This technique applies 
strong magnetic fields to detect any strange in the inner surface of the pipes such as corrosion, crack or other 
symptoms which is bad to the pipe condition. The aim of this research is to study and develop a small scale, low 
cost and portable Magnetic Flux Leakage diagnosis system which suitable in detecting the defect in the inner 
side of steel pipe or steel tank structures. This system uses strong permanent magnet to generate strong magnetic 
field while Hall Effect sensor act as a receiver. It is found that the best suitable material for the Magnetic Flux 
Leakage Capsule is carbon steel. Copyright © 2013 IFSA. 
 
Keywords: Magnetic Flux Leakage, Material selection, Robustness analysis. 
 
 
 
1. Introduction 
 

Material selection is crucial for a Magnetic Flux 
Leakage (MFL) system which operates in a harsh 
environment such as in oil and gas pipelines. The 
material selected dictates the performance, reliability 
and robustness of the system.  

For an MFL system to be efficiently and 
effectively diagnose defects on the pipeline, it must 
be protected from the harsh condition of its operating 
environment. This requires a casing (the capsule) that 
is made from a properly selected material. An alloy 
of a metal is preferable because they are generally 
rigid and tough while their alloying constituent 
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enable them to have an added properties which can 
help it performs well according to its requirement.  

An analysis of the material robustness ensures the 
material meet up with the demand of the application 
while at the same time it gives out a sense of 
magnitude of the properties and performance of  
the material. 
 
 
2. Review 
 

MFL is among one of a number of Non 
Destructive Evaluation (NDE) method which can be 
used to inspect oil and gas pipelines. MFL system 
ranges from simple, visual line inspection such as 
those on Magnetic Particle Inspection, to complex 
arrangement of hardware and software such as those 
on MFL Pipeline Inspection Gauges (PIG) for 
example Intelligent Pipeline Monitoring Capsule 
as shown in Fig. 1. The operating requirement 
determines which method is effective both in term 
of cost and efficiency. The aim of this paper is to 
review the properties and interaction of the 
constituent element of a MFL capsule’s alloy when 
certain method of processing is done, to analyze 
carbon steel material analysis in terms of MFL 
application, and discusses about the basic principle 
concerning MFL and also material selection 
method. 
 
 

 
 

Fig. 1. Intelligent pipeline monitoring capsule uses 
in oil and gas industries. 

 
 
3. Capsule Based Detection 
 

PIG is frequently used for pipeline 
commissioning, cleaning, filling, de-waxing, 
batching, and more recently pipeline monitoring. 
The pig should be designed with consideration of 
the operation condition of the system. The system 
is made up of electronic circuitry, sensor, and 
software. The hardware part of the system is 
encased in a capsule which functions as a casing 
for the system and also it enable the system to be 
close enough to the inspection surface without any 
harm such as collision, dragging, and crashing. 
This can damage the hardware because the flow 
rate and pressure of the oil and gas is high and thus 
can cause damage if the hardware were to crash 

onto the inner pipe surface. Other than that the 
capsule should be designed to utilize the flow of 
the oil and gas as its mean of movement. This 
method of detection offer an effective method of 
diagnosing the pipeline since the diagnosis is being 
carried while the capsule drifts passively  
inside pipeline. 
 
 
4. Hall Effect Sensor 
 

A Hall Effect sensor is a transducer that varies its 
output voltage in response to a magnetic field. Hall 
Effect sensors are used for proximity switching, 
positioning, speed detection, and current sensing 
applications. In its simplest form, the sensor operates 
as an analogue transducer, directly returning a 
voltage. With a known magnetic field, its distance 
from the Hall plate can be determined. Using groups 
of sensors, the relative position of the magnet can be 
deduced. Electricity carried through a conductor will 
produce a magnetic field that varies with current, and 
a Hall sensor can be used to measure the current 
without interrupting the circuit. Typically, the sensor 
is integrated with a wound core or permanent magnet 
that surrounds the conductor to be measured. 
Frequently, a Hall sensor is combined with circuitry 
that allows the device to act in a digital (on/off) 
mode, and may be called a switch in this 
configuration [1]. 

Hall Effect sensor is commonly seen in industrial 
applications such as the pictured pneumatic cylinder, 
they also used in consumer equipment; for example 
some printers use them to detect missing paper and 
open covers. When high reliability is required, they 
are used in the keyboards. Hall sensors are commonly 
used to time the speed of wheels and shafts, such as 
for internal combustion engine ignition timing, 
tachometers and anti-lock braking systems. They are 
used to detect the position of the permanent magnet. 
A wheel with two equally spaced magnets, the 
voltage from the sensor will peak twice for each 
revolution. This arrangement is commonly used to 
regulate the speed of disk drives.  
 
 
5. Magnetic Flux Shield 
 

Everywhere are surrounded by magnetic fields 
(both AC and DC) from the earth’s magnetic field 
to man-made sources such as magnets, motors and 
transformers. To avoid effect of this field on 
sensitive equipments, magnetic shielding is 
required example cathode ray tubes, 
photomultiplier tubes, audio transformers, 
scanning electron microscopes, position sensors. 
The shield is made of soft ferromagnetic material 
with a high Permeability (μ). 36 %, 48 % & 80 % 
Nickel Ferum are most commonly used soft 
magnetic alloys. In order to have a low Hysteresis, 
the shield is annealed after shaping. Any  
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stress after annealing will deteriorate the 
performance [3]. 

There is no known material that can block 
magnetic fields without itself being attracted to the 
magnetic force. A magnetic shield acts as a kind of 
sponge redirecting the magnetic field around the 
shield instead of passing through the sensitive 
instruments. A good magnetic shielding material 
must have high permeability which means that the 
magnetic field lines are strongly attracted to the 
shielding material. If the magnetic field is too high 
for the material chosen, the material will be 
saturate and become ineffective. In this case, a 
multilayer shield with a combination of the above 
alloys can be used. 
 
 

6. Magnetic Flux Leakage 
 

In theory, magnetic particle inspection (MPI) is 
a relatively simple concept as shown in Fig. 2. It 
can be considered as a combination of two non-
destructive testing methods: magnetic flux leakage 
testing and visual testing. Consider the case of a 
bar magnet. It has a magnetic field in and around 
the magnet. Any place that a magnetic line of force 
exits or enters the magnet is called a pole. A pole 
where a magnetic line of force exits the magnet is 
a north pole and a pole where a line of force enters 
the magnet is a south pole. When a bar magnet is 
broken in the centre of its length, two complete bar 
magnets with magnetic poles on each end of each 
piece will result. If the magnet is just cracked but 
not broken completely in two, a north and south 
pole will form at each edge of the crack. The 
magnetic field exits the North Pole and re-enters at 
the South Pole. The magnetic field spreads out 
when it encounters the small air gap created by the 
crack because the air cannot support as much 
magnetic field per unit volume as the magnet can. 
When the field spreads out, it appears to leak out 
of the material and, thus is called a flux leakage 
field [4]. 
 
 

 
 

Fig. 2. Principle of magnetic flux leakage used in crack 
detection of a material. 

 
 

If iron particles are sprinkled on a cracked 
magnet, the particles will be attracted to and cluster 
not only at the poles at the ends of the magnet, but 
also at the poles at the edges of the crack. This cluster 
of particles is much easier to see than the actual crack 
and this is the basis for magnetic particle inspection. 

The first step in a magnetic particle inspection is to 
magnetize the component that is to be inspected. If 
any defects on or near the surface are present, the 
defects will create a leakage field. After the 
component has been magnetized, iron particles, either 
in a dry or wet suspended form, are applied to the 
surface of the magnetized part. The particles will be 
attracted and cluster at the flux leakage fields, thus 
forming a visible indication that the inspector can 
detect [4]. 
 
 
7. Robustness Analysis 
 

Robustness testing is any quality assurance 
methodology focused on testing the robustness of 
software. Robustness testing has also been used to 
describe the process of verifying the robustness 
(i.e. correctness) of test cases in a test process. 
ANSI and IEEE have defined robustness as the 
degree to which a system or component can 
function correctly in the presence of invalid inputs 
or stressful environmental conditions. The term 
“robustness testing” was first used by the Ballista 
project at Carnegie Mellon University. They 
performed testing of operating systems for 
dependability based on the data types of POSIX 
API, producing complete system crashes in some 
systems. The term was also used by OUSPG and 
VTT researchers taking part in the PROTOS 
project in the context of software security testing. 
Eventually the term fuzzing (which security people 
use for mostly non-intelligent and random 
robustness testing) extended to also cover model-
based robustness testing. An overview of 
robustness testing methods and tools can be found 
in the state of the art report of the AMBER 
research project [7]. 
 
 
8. Alloying in Steel 
 

Steel is one of the world’s cheapest and useful 
metals. Indeed, steel founds application in numerous 
fields, from building construction purposes to kitchen 
utensils. Hence, so as to be able to respond to such a 
great demand and to suit the requirements to different 
applications, steel needs to offer several desired 
properties and these properties is achieved by 
alloying it. Like stated above, several other elements 
need to be added to iron and carbon to form adequate 
alloys with enhanced properties. Alloyed steel in 
brief is made by adding a small percentage of 
alloying metals to liquid steel to subsequently alter 
the hardness, toughness, elasticity or durability. 
Naturally each of the alloying elements will have a 
specific property on the steel and are added to it in 
certain proportions on the different properties 
required [5]. 
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8.1. Aluminum 
 

Aluminum is mainly used as an alloying element 
of steel because of its ability to deoxidize the steel 
and also because of its capacity of extracting gasses 
from the steel. Aluminum also does resistance to 
ageing to the steel. Moreover, aluminum helps in the 
formation of fine grain structure, and since it 
combines well with nitrogen to form very hard 
nitride, it is considered to be favorable alloying 
constituent of nitriding steel. 
 
 
8.2. Boron 
 

Boron is an alloying element that can be placed in 
the category of those whose main function is to 
enhance the hardenability of the material and this is, 
without having any effect neither on the ductility nor 
on the ferrite strength of the steel. As a result, 
formability and machinability of the steel are boosted 
due to the presence of Boron. Indeed thus alloying 
element finds most of its applications in low  
carbon steels. 
 
 

8.3. Calcium 
 

Calcium, for its part, is mainly used in a 
silicocalcium combination. In truth calcium (as well 
as silicon) has for main function to deoxidize the 
steel. In doing so, the calcium does also contribute 
towards imparting the steel with a non-scaling 
property. In addition to this, calcium is also 
recommended for alloying purposes, as it is quite 
good in enhancing the toughness, the formability and 
the machinability of the alloyed material. 
 
 
8.4. Carbon 
 

Carbon is an element whose purpose is imperative 
in all steel. Indeed, carbon is the principle hardening 
element of steel. That is, this alloying element 
determines the level of hardness or strength that can 
be attained by quenching. Furthermore, carbon is 
essential for the formation of cementite (as well as 
other carbides) and of pearlite, spheridite, bainite, 
and iron-carbon martensite, with martensite being the 
hardest of the microstructures. Carbon is also 
responsible for increase in tensile strength, hardness, 
resistance to wear and abrasion. However, when 
present in high quantities it affects the ductility, the 
toughness and the machinability of steel. 
 
 
8.5. Chromium 
 

Among the alloying elements of steel, chromium 
forms part of those which best promote hardenability. 
In fact, its effect on steel is quite similar to that of 
manganese in the way that it enhances much hardness 

penetration. When being present in reasonable 
quantities, chromium contributes much in reducing 
the quenching speed. In fact, such a slow quenching 
is achieved thereby enabling steel to be oil or air 
hardened. Chromium is also recommended when 
there is good wear resistant steel of appreciable 
toughness required. Chromium is also very popular 
as alloying element as it is quite efficient in rendering 
steel resistant to staining and corrosion. Moreover, 
chromium forms carbides that improve edge-holding 
capacity. Steel, rich in chromium have also high 
temperature strength and they are quite resistant to 
high-pressure hydrogenation. 
 
 
8.6. Copper  
 

Although being favorable when it comes to 
rendering steel more resistant to corrosion, copper is 
not considered as such as being a good alloying 
element since it does have some bad repercussions on 
the steel. Indeed, copper is harmful to the surface 
quality of steel and it renders the steel less 
machinable at high temperature. 
 
 
8.7. Manganese 
 

Manganese also contributes greatly towards 
increasing strength and hardness, but to a less extent 
than carbon. To be more precise, the degree to which 
manganese increases hardness and strength is 
dependent upon the carbon content of the steel. In 
fact, manganese contributes to increasing the strength 
of the ferrite, and also toward increasing the hardness 
of penetration of steel in the quench by decreasing 
the critical quenching speed. Moreover, still 
consisting of a considerable amount of manganese 
can be quenched in oil rather than in the water, and 
are therefore less susceptible to cracking because of 
reduction in the shock of the quenching. This 
alloying is also considered as a degasified reacting 
favorably with sulphur to improve forging ability and 
surface quality. This is achieved by interacting with 
the sulphur to give manganese sulphide. Naturally, in 
doing so, the risk of hot shortening is considerably 
decreased. In addition, manganese enhance the 
tensile strength, the hardness, the hardenability, the 
resistance to wear, and it also increase the rate of 
carbon penetration in the coefficient  of thermal 
expansion of steel whereas  
it is detrimental to both thermal and  
electrical conductivity. 
 
 
8.8. Molybdenum 
 

Molybdenum is an alloying element which is 
seldom used on its own. In fact, molybdenum is used 
in combination with other alloying elements. This 
alloying element increases the hardness penetration 
of steel and also contributes in slowing down the 



Sensors & Transducers, Vol. 156, Issue 9, September 2013, pp. 67-74 

 71

critical quenching speed. Molybdenum proves to be 
useful also for increasing tensile strength of steel. 
Furthermore, it prevents temper brittleness and it 
favors the formation of a fine grain structure. It is 
good also to mention that molybdenum forms 
carbides readily and it thus improves the cutting 
properties in high-speed steels. Hence, it can be  
said that molybdenum helps much in  
increasing machinability. 

 
 

8.9. Nickel 
 

Nickel is beneficial to steel in the way that it 
boosts up the strength of ferrite. It is a fact that nickel 
causes considerable increase in the impact strength of 
steel. Nickel found its common use generally in low 
alloy steels. 
 
 
8.10. Nitrogen 
 

Being a residual element, nitrogen is present, in 
small quantities, in all steels. In fact, the nitrogen 
will normally combine with other elements in the 
steel (like aluminum, for example) to form hard 
nitrides. Thus nitrogen increases hardness, tensile 
and yield strength, but still, there are certain 
drawbacks related to nitrogen as it causes a 
considerable decrease in toughness and 
ductilability of steel. 
 
 
8.11. Titanium 
 

Titanium can be associated to boron as it plays 
also a great role in increasing the hardenability of 
steel. In fact, titanium helps much towards 
increasing the effectiveness of boron as an alloying 
element of steel. 
 
 
8.12. Tungsten 
 

Being very powerful carbide former, and the 
fact that it s carbides are very hard, tungsten does 
provide to steel good toughness and it inhibits 
grain growth. Tungsten is also quite good towards 
increasing the strength and hardness retention as 
well as wear resistance at high temperatures and 
cutting power. 
 
 
8.13. Vanadium 
 

Vanadium has for main effect on steel that it 
helps controlling the grain growth during heat 
treatment. It is used rather in medium carbon steel 
where when added in relatively large quantities it 
causes a reduction in the hardenability of the steel. 
Indeed, vanadium is known as a strong carbide 
former and this carbide dissolves difficulty in 

austenite thereby explaining why vanadium  
is good.  
 
 
9. Material Selection Method 
 

The materials selection process should reflect the 
overall philosophy regarding design life, cost profile, 
inspection and maintenance philosophy, safety and 
environmental profile, failure risk evaluations and 
other specific project requirements. Materials 
selection should be optimized and provide acceptable 
safety and reliability. At a minimum, the following 
should be considered: 

 
1. Corrosively, taking into account specified 

operating conditions including start up and 
shut-down conditions; 

2. Design life and system availability 
requirements; 

3. Failure probabilities, failure modes and 
failure consequences for human health, 
environment, safety and material assets; 

4. Resistance to brittle fracture; 
5. Inspection and corrosion monitoring; and 
6. Access for maintenance and repair. 

 
For the final materials selection, the following 

additional factors should be included in the 
evaluation: priority should be to select materials with 
good market availability and documented fabrication 
and service performance; and the number of different 
materials should be minimized considering stock, 
costs, interchange ability and availability of relevant 
spare parts [4]. 
 
 
10. Carbon Steel Material Analysis 
 

There are several types of carbon steel materials. 
Among them are: 
 
 
10.1. Mild and Low Carbon Steel 
 

1. Most common form of steel due to its price 
is relatively low. 

2. Provides material properties that are 
acceptable for many applications. 

3. Malleable and ductile, unable to be 
hardened by heat treatment. 

4. Low tensile strength, but it is cheap and 
malleable. 

5. Surface hardness can be increased through 
carburizing. 

6. Mild steel contains approximately 0.16-
0.29 % of carbon content. 

7. Low carbon steel contains approximately 
0.05-0.15 % of carbon content. 
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10.2. Higher Carbon Steel 
 

1. Can successfully undergo heat-treatment. 
2. Higher carbon steel contains approximately 

0.30-1.70 % of carbon content. 
 
 
10.3. Medium Carbon Steel 
 

1. Balances ductility and strength and has 
good wear resistance. 

2. Used for large parts, forging and automotive 
components. 

3. Medium carbon steel contains 
approximately 0.30-0.59 % of carbon 
content. 

4. High Carbon Steel. 
5. Very strong, used for springs and high-

strength wires. 
6. High carbon steel contains approximately 

0.60-0.99 % of carbon content. 
 
 

10.4. Ultra-High Carbon Steel 
 

1. Steels that can be tempered to great 
hardness. 

2. Used for special purposes like (non-
industrial-purpose) knives, axles or 
punches. Ultra-high carbon steel contains 
approximately 1.00-2.00 % of carbon 
content. 

3. Most steels with more than 1.2 % carbon 
content are made using powder metallurgy. 
*Note that steel with carbon content above 
2.0 % is considered cast iron. 

 

11. Result 
 

11.1. Plain Carbon Steel Analysis 
 

Carbon steel is by far the most widely used 
kind of steel in oil and gas industries. The 
properties of carbon steel depend primarily on the 
amount of carbon it contains. Most carbon steel 
has a carbon content of less than 1 %. In fact, there 
are 3 types of plain carbon steel and they are low 
carbon steel, medium carbon steel, high carbon 
steel, and as their names suggests all these types of 
plain carbon steel differs in the amount of carbon 
they contain. Indeed, it is good to precise that plain 
carbon steel is a type of steel having a maximum 
carbon content of 1.5 % along with small 
percentages of silica, sulphur, phosphorus  
and manganese. 
 
 

11.2. Properties Analyzing 
 

Table 1 is the physical properties result by 
analyzing three types of steels with different level 
of carbon content (% percentage), whereas Fig. 3 
shows the graph of carbon versus density, Fig. 4 
represents carbon material vs. thermal 
conductivity, Fig. 5 for carbon material vs. thermal 
expansion, Fig. 6 shows carbon material vs. Young 
Modulus while Fig. 7 and Fig. 8 show the results 
of carbon material vs. tensile strength and percent 
elongation respectively. It is found that, carbon 
content of 0.2% gives the best performance 
compared to others. Table 2 shows the different 
effect of alloying on different element while Table 
3 lists the alloying elements involved in carbon 
steel. It is found that Molybdenum has relatively 
provided the best effect compared to other tested 
materials.  

 
Table 1. Physical properties of plain carbon used in the experiments. 

 

Material 
Density 
(kgm-3) 

Thermal 
Conductivity

(Jm-1K-1s-1) 

Thermal 
Expansion

(10-6K-1) 

Young’s 
Modulus
(GNm-2) 

Tensile 
Strength 
(MNm-2) 

Percentage of 
Elongation (%) 

0.2% C 7.88 51 11.7 210 350 30 

0.4% C 7.86 49 11.3 210 600 20 

0.8% C 7.84 47 10.9 210 800 8 
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Fig. 3. Graph of Carbon material vs. Density. 

 
Fig. 4. Graph of Carbon material vs. Thermal conductivity. 
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Fig. 5. Graph of Carbon material vs. Thermal expansion. 
 
 

 
Fig. 6. Graph of Carbon material vs. Young’s modulus. 
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Fig. 7. Graph of Carbon material vs. Tensile strength. 

 

 
Fig. 8. Graph of Carbon material vs. Percent elongation. 

 
 
 
 

Table 2. Different effects of alloying elements on carbon 
steel tested for the module development. 

 
Alloying 
Element 

Cr Co Mn Mo Ni Ti W V 

Hardenability ++ - ++ ++ + ++ ++ +++
High Temp. 

Strength 
+ + - ++ - + ++ ++

Ductility and 
Toughness 

- - + - ++ - - - 

Abrasion 
Resistance 

+ - - + - + ++ + 

Fine Austenite 
Grain size - - - + - ++ + +++

Corrosion 
Resistance 

++ - - + + - - - 

 
 

Table 3. Several alloying elements tested  
for module material. 

 
Code Element 

Cr Chromium 
Co Copper 
Mn Manganese 
Mo Molybdenum 
Ni Nickel 
Ti Titanium 
W Tungsten 
V Vanadium 

 
 

13. Introduction of Carbon Steel 
 

Generally, with an increase in the carbon content 
from 0.01 to 1.5 % in the alloy, its strength and 

hardness increases but still such an increase beyond 
1.5 % causes appreciable reduction in the ductility 
and malleability of the steel. Low carbon steel or 
mild steel containing carbon up to 0.25 % responds to 
heat treatment as improvement in the ductility is 
concerned but has no effect in respect of its strength 
properties. Medium carbon steels having carbon 
content ranging from 0.25 to 0.70 % improves in the 
machinability by heat treatment. It must also be noted 
that this steel is especially adaptable for machining or 
forging and where surface hardness is desirable. High 
carbon steels is steel-containing carbon in the range 
of 0.70 to 1.05 %. 

 
 

14. Limitations of Plain Carbon Steel 
 

Like everything, the plain carbon steels do have 
some appreciable properties but also consists of some 
limitations which is there cannot be strengthening 
beyond about 100000 psi without significant loss in 
toughness (impact resistance) and ductility. Besides, 
for large sections cannot be made with a marten site 
structure throughout, and thus are not deep hard 
enable. Furthermore certain rapid quench rates are 
necessary for full hardening in medium-carbon leads 
to shape distortion and cracking of heat-treated steels. 
Hence Plain carbon steels have poor impact 
resistance at low temperatures, have poor corrosion 
resistance for engineering problems and oxidizes 
readily at elevated temperatures. 
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15. Residual Element Affecting 
Properties of Carbon Steel 

 
Steel, is an alloy, which is mainly produced from 

pig iron. In fact, the manufacture of steel is quite a 
long process as it comprises of numerous stages and 
one of these stages is refining. Indeed, once produced 
in furnace, the steel does contain quite significant 
amount of impurity and thus, it requires being refined 
to a certain degree. However, even after the refining 
process, the steel still contain small amounts of 
residual elements (also termed as trace elements) 
which has some negative influence on the properties 
of steel. 
 
 

16. Conclusion 
 

A study and research that had carried to determine 
the correlation and synchronizing the best material to 
coat the MFL Capsule in order to submerge and flow 
with the oil and gas fluid in the pipelines and tanks 
with good robustness. There are few main factors that 
need to be pay attention; they are the flux 
penetration, flux behavior in pipeline, the tough 
robustness of material and the life stand of the 
material in order to suite with oil and gas fluid. From 
the data analysis gained by using the method of flux 
analyzing in few types of carbon steel (low carbon 
steel, medium carbon steel and high carbon steel), 
determined that high carbon steel is the best material 

to apply on the MFL Capsule due to several chemical 
and mechanical properties as explained and 
examined. 
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Abstract: Magnetic flux leakage (MFL) is among the current in-line non-invasive popular technique applied in 
pipeline condition control and monitoring. This paper discussed on the design and development of magnetic flux 
leakage capsule prototype which involve design, fabrication and analysis. This paper discussed three proposed 
design concept and had gone through scoring and screening process in selecting the best development concept. 
Copyright © 2013 IFSA. 
 
Keywords: Magnetic flux leakage capsule, Design, Development, Analysis. 
 
 
 
1. Introduction 
 

Magnetic Flux Leakage (MFL) is the oldest and 
most commonly used magnetic method of non-
destructive testing used in In-Line Inspection (ILI) 
method for detecting any strange in the inner surface 
of the pipes such as corrosion, crack or other 
symptoms which is bad to the pipe condition in 
transmission pipelines [1]. MFL can reliably detect 
metal loss due to corrosion and sometime gouging. 
The basic principle is that a powerful magnet is used 
to magnetize the steel. At areas where there is 
corrosion or missing metal, the magnetic field 

“leaks” from the steel [2]. Therefore, the “leaks” 
helps user by giving the information on the location, 
sizes and also the level of potential damage area in 
the pipeline. 

The term pipeline refers to a long line connected 
segments of pipe, with pumps, valves, control 
devices, and other equipment/facilities needed for 
operating the system. It is intended for transporting a 
fluid (liquid or gas), mixture of fluids, solids, fluid-
solid mixture, or capsules (freight-laden vessels or 
vehicles moved by fluids through a pipe). The term 
also implies a relatively large pipe spanning a long 
distance [3]. 
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The area of this research is to study, design and 
develop magnetic flux leakage capsule which suitable 
in detecting defect of the inner side of steel pipe or 
steel tank structures. Therefore this project considers 
the shape of the capsule, the moving mechanism of 
the capsule, and also the characteristic of the pipeline 
that can affect the performance of the capsule. 
 
 
1.1. History of Magnetic Flux  

Leakage Capsule 
 

Magnetic flux leakage technique was used as 
early as 1868 by the Institute of Naval Architect in 
England, where defects in magnetized cannon tubes 
were found with a compass [4]. In 1918, Magnetic 
Particles Inspection was accidentally discovered [5]; 
magnetic particles (ion shavings) were held in place 
by a local change in magnetic flux at the surface near 
the defect. The development and commercialization 
of magnetic particles inspection followed soon  
after [6, 7]. 

MFL inspection system is based on the same 
principle as magnetic particles inspection. The main 
differences between MFL and MPI is the used of 
sensors. MFL sensors, which were developed in the 
1920’s and 30’s measure the magnetic field around a 
defect. MFL sensors allow a quantitative 
measurement, rather than the more qualitative 
information provided by MPI [8]. 

The first MFL in-line inspection tool for pipelines 
was introduced in 1965 by Tuboscope [9]. Since 
1965, MFL tools have gain acceptance by the gas-
transmission industry. As a result, MFL tools are 
some of the most widely used and effective tools 
available for in-line inspection of gas-transmission 
pipelines [8]. 
 
 
2. Working Principle 
 

The MFL had developed time to time since 
principle of MPI. MFL was first used commercially 
to inspect pipeline in 1964. Today it is the most 
commonly used in in-line inspection method for 
pipelines [10, 11]. MFL technology can successfully 
overcome the physical and practical inspection 
challenges presented by transmission pipelines. The 
system can be designed to remain functional in an 
abusive pipeline environment for long distance and at 
product flow speeds. The permanent magnets used in 
this inspection technology need no energy source 
during an inspection, and the sensors and data 
recorders require reasonably low power to operate. 
The magnetic flux naturally enters the pipe and 
distributes evenly to produce a full volumetric 
inspection. Often various deficiencies of MFL system 
are highlighted, but the attributes described above 
keep MFL at the forefront of pipeline inspection 
technologies. There are two widely used 
implementations of MFL that can be differentiated by 

the orientation of the magnetization terms of axial or 
circumferential direction [12]. 

The MFL inspection Pipeline Investigation Gauge 
(PIG) uses a circumferential array of MFL detectors 
embodying strong permanent magnets to magnetize 
the pipe wall to near saturation flux density. 
Abnormalities in the pipe wall, such as corrosion pits, 
result in magnetic flux leakage near the pipe’s 
surface. These leakage fluxes are detected by Hall 
probes or induction coils moving with the MFL 
detector. 
 
 
3. Moving Mechanism 
 

Pipeline Investigation Gauge (PIG) is designed so 
that sealing element for example as shown in Fig. 1 
provides a positive interference with the pipe wall. 
Once inserted into the line, PIGs are driven through 
the line by applying pressure in the direction of 
required movement as shown in Fig. 2. A pressure 
differential is created across the PIGs, resulting in 
movement in the direction of the pressure drop. In 
operational lines, this pressure is applied by the line 
product, whereas, in un-commissioned lines the 
propelling medium can be chosen to suit the task 
being carried out [13]. 
 
 

 
 

Fig. 1. Types of seal element used in PIGs. 
 
 

 
 

Fig. 2. Movement mechanisms inside a pipeline  
of a PIG 

 
 

Sufficient flow required to ensure PIG movement 
at suitable velocity. Once the force behind the PIG 
becomes greater than the opposing frictional force, 
the PIG will move in the direction of the applied  
force (pressure). 

The pressure at which the PIG begins to move is 
known as the “break-out” or “stiction” pressure. This 
tends to be greater than the pressure required 
maintaining movement and is characterized by a 
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pressure rise followed by a pressure drop to a plateau 
for the PIG launching operation. 

The movement of the PIGs are depends on the 
sealing element design. Pigs can be run in single 
direction, either backwards or forwards through a 
line. Pigs that can only run in one direction are 
known as unidirectional PIGs, and have polyurethane 
sealing elements of the cone or cup design. Sealing 
elements in bidirectional PIGs are flat, providing an 
identical seal in either direction and therefore, giving 
more adaptability in previously unpigged lines. 
Additional sealing element might be added to PIGs, 
leading to better sealing properties along with higher 
pressure differential required to drive the PIG. 
 
 

4. Pigging Medium 
 

Pigging medium are used to move the capsule 
from one end to another. There are three pigging 
mediums that commonly used: 

a) Liquid 
Liquid are the most preferred medium for 
propelling PIGs in an incompressible liquid. 
Incompressible liquids provide maximum 
control over PIG speed as well as lubrication 
for the PIG seals, minimizing wear and 
maximizing seal effectiveness and life. 
Liquids such as water, crude oil or process 
product and chemicals can be used as 
propelling mediums. Care should be taken to 
ensure sealing element materials are 
compatible with fluid medium and prevailing 
pressure and flow condition. 

b) Gas 
As gasses are compatible, the amount of 
stored energy behind a PIG propelled with gas 
is far greater than that of a similar PIG 
propelled with liquid. Appropriate 
consideration should be given to safety 
implications resulting from this stored energy. 
Pig movement can also be affected by 
improper use of a compressible gas as a 
propulsion fluid. Failure to deliver adequate 
quantities of gas required to maintain 
sufficient pressure behind the PIG can result 
in a stop-start motion of the PIG. This effect 
can be minimized to some extent by sizing 
equipment properly and maintaining a 
constant back pressure on the PIG to minimize 
velocity changes. 

c) Multiphase fluid 
Multiphase is the commingled flow of 
different phase fluids, such as water, oil and 
gas. Multiphase fluid flow is a complex factor, 
important in understanding and optimizing 
production hydraulics in both oil and gas 
wells. Four multiphase fluids flow regimes are 
recognized when describing flow in oil and 
gas wells, bubble flow, slug flow, transition 
flow and mist flow [15]. 

Multiphase fluid safety consideration should 
give as high as pigging operation using gas 
propelling medium. Extra care should be taken 
to consider effect if slugging and the 
associated forces at the receiving end. Any 
temporary pipe work should be secured and 
permanent facilities and equipment should be 
rated for multiphase flow [13]. 

 
 
5. Pipeline 
 

Pipelines are used to transport all manner of 
powders and fluids from one point to another. From 
the food industry to oil and gas transportation, 
millions of lives are affected by the ability to 
maintain flow through pipelines that cross over land 
and undersea to deliver a product [13]. Pipelines can 
be categorized depending on the commodity 
transported. According to fluid mechanics or type of 
flow encountered, pipelines can be classified as 
single-phase incompressible flow (such as water 
pipelines, oil pipelines and sewers), single–phase 
compressible flow (natural gas pipelines, air 
pipelines, etc.), two-phase flow of solid-liquid 
mixture (hydrotransport), two-phase flow of solid – 
gas mixture (pneumotransport), two-phase flow of 
liquid-gas mixture (oil gas pipelines), non-Newtonian 
fluid, and finally the flow of capsules [3]. 
 
 
6. Concept Generation and Development 
 

After analyzing existing MFL Capsule, a new 
design of MFL Capsule developed using an 
Orthographic analysis as shown in Fig. 3. 
Orthographic analysis present two or three attribute 
of a problem in a graphical two or three dimensional 
array. The possible solutions to be explore by means 
of combination, permutation, interpolation or 
extrapolation (technique for problem reduction and 
expansion). There are three concepts of the design 
have been developed and will go through concept 
screening and concept scoring. Several selection 
criteria listed which used as the references to choose 
the best concept. 
 
 

 
 

Fig. 3. MFL capsule model developed using ANSYS. 
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7. Analysis 
 

Engineering analysis of this project divided into 
two parts. There is capsule analysis using calculation 
as shown in Fig. 4 to find the minimum pressure 
require to push the capsule forward and also contact 
body interaction analysis using explicit dynamic 
workbench in Computational Fluid Dynamics (CFD) 
software. 
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Fig. 4. Free body diagram of the MFL capsule. 
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where CD, ρ, v, vc, Dd and D are drag coefficient of 
the capsule drag, air density in the pipe, bulk velocity 
of fluid (air), capsule velocity, sealing element 
diameter and pipe inner diameter respectively. 
 
 
8. Result 
 
8.1. Capsule with 400 mm Diameter 
 

The minimum forces required to allow the 
capsule with diameter of 400 mm to moves forward 
in the pipe; 
 
F – FD + Fclearence > (w.f = Ffriction ) 
F – 0.5434N – 0.0056F > (321.688 kg  9.81 ms-1)  0.18 
0.9944F > 1.11177 kN 
F >1.1177 kN 

kPa
m

kN

A

F
p 8919.8

12576.0

1177.1
2
  

 
 
8.2. Capsule with 500 mm Diameter 
 

The minimum forces required to allow the 
capsule with diameter of 500 mm to moves forward 
in the pipe; 
 
F – FD + Fclearence > (w.f = Ffriction ) 
F – 0.8293N – 0.1124F > (469.6968 kg  9.81 ms-1)  0.18 
0.8876 F > 1.6578 kN 
F > 1.8687 kN 
 

Therefore the minimum pressure of the capsule in 
the pipe; 
 

kPa
m

kN

A

F
p 5172.9

1963.0

8687.1
2
  

 

From the analysis of the capsule with 400 mm and 
500 mm diameter, results show that the minimum 
force to allow the capsule with sealing element 
diameter of 400 mm is bigger than and minimum 
force to allow the capsule with sealing element 
diameter of 500 m. The differences of force value in 
allowing the starting motion of the capsule because 
of the difference of its diameter of sealing element 
other than difference in normal force of both 
capsules. For capsule with approximate 400 mm 
sealing element having 321.688 kg of mass with 
3155.7593 N normal force, while capsule with 
approximate 500 mm sealing element have a mass of 
469.6968 kg with 4607.7256 N normal force act to 
the capsule body. Results also show that there is a 
difference in pressure drop value of both capsules. 
Capsule with smaller diameter of sealing element 
experienced larger pressure drop than the capsule 
with larger diameter of sealing element. This state 
influenced by the velocity drop of the capsule due to 
surface area and normal force of the capsule’s body. 
According to the calculations that were made, the 
leakage flow ratio visible to experience marked 
contrast where the smaller sealing element capsule 
only have 0.563 % of leakage compared to the larger 
sealing element capsule that have 11.24 % of leakage 
flow ratio. This condition also may influence by the 
velocity movement of the capsule and the fluid of 
pigging medium, while the value of velocity 
influence by normal force value and area of the 
contact surface. Therefore, to decrease the larger 
diameter capsule leakage flow ratio, the points can be 
controlled are the weight of the changeable sealing 
elements and the diameter itself. In comparing the 
drag coefficient value produce by formula using 
Kasugi’s Equation and using fluid flow analysis 
using ANSYS both value differ so much this is 
because the Kasugi’s Equation had already known 
that can predict Drag Coefficient with 20 % error 
besides it only consider the drag on the surface of 
capsule that touching with the pipe inner surface 
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compare with fluid flow analysis using ANSYS that 
considering the drag on the fully body of the capsule. 
Therefore, this cause visible marked contrast  
on the result. 
 
 
8.3. Analysis Result on ANSYS 
 
8.3.1. Pressure Distribution 
 

The red area in Fig. 5 shows the highest pressure 
contour 1.607104 where the air pressure supply to 
the capsule to move forward. The green and blue 
region shows the medium and low pressure contour. 
The figure clearly show that the high pressure area 
only at one side where the pressure inlet supplied. 
 
 

 
 

Fig. 5. Pressure distribution exists on the developed 
capsule. 

 
 
8.3.2. Steamline 
 

It is found that, the developed module is capable 
in reaching the highest velocity which is up to 
5.687ms-1 as shown in Fig. 6. 
 
 

 
 

Fig. 6. Steamline simulation result of the developed 
capsule. 

 
 
8.2.3. Velocity Vector on the Capsule 
 

The area in Fig. 7 that circled in red shows the 
vector that acts counters the inlet pressure resulted 

leakage due to clearance between capsule and inner  
pipe diameter. 
 
 

 
 

Fig. 7. Velocity vector which acts on the capsule. 
 
 
8.2.4. Pressure Distribution 
 

The red area shown in Fig. 8 is the highest 
pressure contour 1.607 x104Pa where the air pressure 
supplied to the capsule to move forward. The green 
and blue region shows the medium and low pressure 
contour. The figure clearly shows that the high 
pressure area only at one side where the pressure inlet 
supplied. 
 
 

 
 

Fig. 8. Pressure distributions of the module in 3D view. 
 
 
9. Conclusion 
 

In conclusion, the objective of the project on 
design MFL capsule that can flow through different 
sizes of pipe ranging inner diameter from 400 mm to 
500 mm analyzed motion of MFL Capsule flow using 
calculation and Computational Fluid Dynamic 
Software had been achieved. The MFL capsule is 
designed with a changeable sealing element which 
enable capsule to flow in 400 mm and 500 mm pipe’s 
diameter. The analysis of obtaining the minimum 
force require by the capsule to move forward had 
resulted a minimum of 1.1177 kN air pressure to 
enable the capsule flow for 400 mm diameter sealing 
element and 1.8687 kN of air required to enable the 
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capsule of 500 mm diameter sealing element capsule 
to flow. So, the listed element had proved that the 
objective of the project had achieved. 
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Abstract: The paper put forward using BP neural network and Kalman filter to signal processing of MEMS 
inertial sensors. This paper uses Kalman filter value for information fusion of gyroscope and accelerometer, and 
the attitude angle is accurate. The state and observation equation of attitude angle measuring system with 
characteristic of BP neural network, and the design of the Kalman filter is simple and gyroscope measurement 
information data fusion, the preparation of the corresponding MATLAB program Kalman filter is designed. 
Through the simulation results of the image, this method can compensate the zero drift of gyroscope, improves 
the measurement precision of the attitude angle. Copyright © 2013 IFSA. 
 
Keywords: BP neural network, Kalman filter, Inertial sensors, MTALAB. 
 
 
 
1. Introduction 
 

With the development of inertial sensor 
technology, inertial navigation system (INS) is 
independent, not susceptible to interference, real-time 
output and other excellent characteristics so that it is 
widely applied in military, commercial and related 
fields. INS depends on the accuracy of inertial 
sensor, gyroscope and accelerometer accuracy. There 
is a large amount of random noise and inertial sensor 
of the measurement data, to measure the carrier 
through the gyro attitude angle, its stability and short-
term advantages of high precision, is suitable for the 
measurement of fast changing information, but the 
carrier attitude gyro measuring angle error will be 
rapid accumulation (drift), when the long time work 
when the drift infinite increase, cause the system to 
not work [1]. The accelerometer and magnetometer 
can also be used for measuring the attitude, and the 

measuring error is not accumulated with time, its 
static performance is good, suitable for measuring the 
slow changes in the information, but when the 
acceleration is larger this method cannot be used. 

Inertial sensors including accelerometers (or 
acceleration sensors) and angular velocity sensor 
(gyroscope) and their single, double, three axis 
combined IMU (inertial measurement unit), AHRS 
(attitude reference system includes a magnetic 
sensor). MEMS accelerometer sensor is measured 
using inertial force sensing quality, generally by the 
standard mass (sensor) and detection circuit. 
According to the sensing principle is different, 
mainly piezoresistive, capacitive, piezoelectric, 
tunnel current, resonant, thermoelectric coupling  
and electromagnetic. 

MEMS (Micro Electro Mechanical System) 
inertial sensor chip using inertial sensor 
manufacturing microelectronic processing 
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technology, system integration is the micro devices 
composed of micro sensor, micro actuators, signal 
processing and control circuit, communication 
interface and power supply and other components of 
the system. The goal is to capture, processing and 
implementation of integrated information, composed 
of multifunctional micro system integration system, 
so as to greatly improve the system automation, 
intelligence and reliability level. 

Although MEMS devices precision has not yet 
reached the limit, by improving the hardware design 
and manufacturing method can improve the accuracy, 
but by hardware manufacturing high precision 
gyroscope is not nearly technology difficult, and its 
cost is high. Method for collecting and handling the 
signal of the inertial sensor output signal to improve 
the precision of gyroscope, can reduce the needs of 
inertial sensor precision of hardware, and then 
achieve the goal of reducing the cost, this is the 
inertial circles has been an important research 
direction. According to the characteristics of these 
two kinds of sensors need to be fused the 
measurement information, improve the signal 
precision inertial sensors, to obtain more reliable 
information of attitude. Kalman filter has the ability 
to suppress the interference of strong, and can make 
the control method has good dynamic performance, 
has been very good application in nonlinear optimal 
estimation. The paper put forward using BP neural 
network and Kalman filter to signal processing of 
MEMS inertial sensors. 
 
 
2. Application of MEMS Inertial Sensors 

Analysis by BP Neural Network 
 
The low accuracy of MEMS inertial sensors for 

consumer electronic products mainly used in mobile 
phone, portable game machine, music player, 
wireless mouse, digital camera, PD, hard disk 
protection device, intelligent toys, pedometer, anti-
theft system, GPS navigation. Because of the 
acceleration measurement, inclination measurement, 
vibration measurement and measurement of rotation 
and other basic measuring function, to consumer 
electronics application of mining will continue to 
occur [2]. Intermediate of MEMS inertial sensors for 
industrial and automotive products, mainly used in 
automotive electronic stability program (ESP or 
ESC) GPS aided navigation system, automobile 
airbags, vehicle attitude measurement, precision 
agriculture, industrial automation, medical 
equipment, robotics, instrumentation, engineering 
machinery and so on. 

Problems of BP neural network prediction ability 
and training ability: prediction generalization ability 
also known or generalization ability, training ability 
also known approximation ability or learning ability. 
Under normal circumstances, training ability, 
predictive ability is poor, and to a certain extent, with 
the ability to improve the predictive ability of the 

training, will be improved. But the trend is not fixed; 
it has a limit, when reaching the limit, as the training 
ability, predictive ability will decline, also is the so-
called “fitting” phenomenon. Reasons for this 
phenomenon is the network learning too much detail 
in the sample, the learning model cannot reflect the 
sample contains the rules, so how to grasp the 
important research content of learning, problem 
solving contradiction prediction ability network and 
training ability and BP neural network. 

The development trend of MEMS inertial sensors 
are mainly in the following aspects: Technology: 
precision will continue to improve, with the top as an 
example, there are alternative low precision of fiber 
optic gyro trend. For consumer applications, more 
seek to further simplify the manufacturing process, 
reduce the cost of the trend. At the same time, the 
integration is the future trend of development, not 
only the module manufacturers go software, 
hardware integration approach, more and more 
upstream chip manufacturers also walk route 
technology integrated block. Thus constantly biaxial, 
three axis accelerometer, and gyroscope chip  
is published. 

Using the inertia element can be on the moving 
body attitude measurement, inertial MEMS (Micro-
Electro-Mechanical System) is the inertial component 
appears in recent years, it has low cost, high 
reliability, low power consumption, small size and 
other advantages, but the precision is relatively low, 
the gyroscope in the motion body attitude angle 
measurement, with increasing the measurement time 
will drift, so that the measured attitude angle is not 
accurate. In the vertical take-off and landing aircraft, 
aircraft can be regarded as a fixed base device, which 
can electrically equivalent angle measurement of 
aircraft with an accelerometer, and because the 
accelerometer drift angle is small, the long time 
measured are accurate. Therefore, the compensation 
and correction is in order to inclination measurement 
of gyroscope, as is shown by equation 1. 
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Due to the single on continuous improvement of 

instrument design and processing, to improve the 
method of debugging accuracy of inertial instrument 
accuracy, in practice, due to the cost, complexity and 
other issues encountered more and more difficulties, 
which makes the inertial sensor and components of 
the signal processing technology more attention in 
error compensation and the application, from the 
original one-sided pursuit of lower instrument 
absolute error, to focus on ensuring the instrument 
performance stability, random error compensation 
using signal processing technology as much as 
possible to reduce the instrument [3]. Gyro signal 
processing research mainly concentrated in the static 
error model, the dynamic error model and error 
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compensation of these three aspects. Gyro static 
model and dynamic model because of its error trends 
are identified, so the error modeling has formed a 
fixed mode. 

Modern inertial sensors are using tuning fork and 
piezoelectric vibratory silicon micromachining. Their 
sensitivity to small rotation of moving objects by 
reciprocating vibrating tuning fork based on Coriolis 
acceleration. Modern inertial sensors are widely used 
in such as a digital camera anti-shake, vehicle 
rollover airbag. 
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The gyro can measure positive, reverse direction 
angle speed ratings range. The rated range, gyro scale 
factor nonlinearity satisfies the requirements. (1). the 
scale factor (mV / deg / S) Scale Factor (Sensitivity) 
also known as the scale factor, scale factor, gradient, 
sensitivity. Refers is to the ratio of output and input 
angular rate gyro. The ratio is based on the input; 
output data of the whole input angular rate was 
measured over the range, slope straight line by least 
square method to fit the calculated. (2). the scale 
factor nonlinearity (%) Scale Factor Nonlinearity 
refers to the input angular rate gyro output range, 
relative to the least squares fitting linear maximum 
deviation and the maximum output ratio. (3) At zero 
bias and zero bias stability (V; V, deg / h or deg / S) 
Bias and Bias Stability bias refers to the output of 
gyroscopes in zero input condition. The output set 
time measured mean to represent. The bias stability is 
a measure of the gyroscope output around its mean 
zero input state (bias) discrete degree of ups and 
downs, get used to the RMS value representation, and 
the equivalent input corresponding angular rate. The 
industry is also known as the bias stability of zero 
drift, as is shown by equation 3 [4]. 
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Analysis of variance has been recognized as the 
practical method of fiber optic gyro random error 
standard analysis. This is because the output of fiber 
optic gyro random drift data with statistical 
characteristics and frequency fluctuation is very 
similar, the noise of the Allan variance and power 
spectrum density has the quantitative relationship 
between, can be directly from the output data of fiber 
optic gyro type and amplitude of each error source in 
fiber optic gyroscope in the time domain. Allan 
variance analysis with standard identification method 
for white noise, bias instability in high frequency, 
angle random walk and quantization noise not only 
results in low frequency band, to identify the rate 
ramp is not the only. So the improvement of Allan 
variance also emerged. 

BP neural network in training can through the 
study of automatic extraction of output, output data 

between “rule of reason”, and adaptive learning 
content on the network weights in memory. BP 
neural network with a high degree of self-learning 
and adaptive ability. Generalization ability: 
generalization ability refers to the design of a pattern 
classifier, namely to consider the network in the 
guarantee of the required classification on the correct 
classification, but also concerned about the network 
after training, can not seen mode or noise pollution 
model, were correctly classified. The BP neural 
network has the ability of learning achievements are 
applied to the new knowledge. 

The training process of BP network are as follows: 
(1) network initialization, assignment of the network 
parameters and the weight coefficient, the coefficient 
should take random number; (2) the input training 
samples, each layer of the value prediction, and 
compared with the true value, the network output 
error (3); on the basis of error back propagation rules, 
weight coefficient between hidden layer between 
input layer and hidden layer and is shown  
by equation 4. 
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In the gyro signal demising, wavelet transform 

has been widely applied because of its excellent 
characteristics of multiresolution. The fog signal was 
decomposed into multi-scale, signal reconstruction 
on each scale is after, multiscale gyros drift data. 
Time series modeling on scales of the drift data 
reconstruction, can get the multi-scale time series 
model of gyro random drift [5]. Then the model 
based on, on scales of the gyro random noise are 
filtered using the Kalman filter, which can effectively 
improve the signal-to-noise ratio of fiber optic gyro. 
Some domestic researchers’ wavelet neural network 
technology is applied to the gyro random drift model. 

THELMA is a non – integrated MEMS 
manufacturing process, than the polysilicon surface 
micromachining process is complex, but has unique 
advantages, to achieve a thicker structure, this is 
extremely useful for capacitive inertial sensors. 
Although the THELMA process for the realization of 
capacitive inertial sensors, but the technology is very 
flexible, but also can be used for manufacturing the 
accelerometer, gyroscope and other MEMS devices. 
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Micro mechanical acceleration score for drape / 

displacement type or resonant using closed loop 
capacitive sensing and static electricity. The restoring 
force of micro machined accelerometer is a kind of 
typical structure, the accelerometer as silicon 
structure of a single, consisting of one can read the 
capacitance of the torsion pendulum and electrostatic 
torque device, device size was about 
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300 μm × 600 μm. Supported by a pair of crankshaft 
torsional pendulum, below inclined plate as output 
and torque electrode, while the integrated output 
angle sensor, used to drive torque to maintain the 
initial position of the modified inclined plate. Output 
balance required torque and acceleration in a certain 
proportion. Performance index (Revised) of the error 
is about 100 μg, at the same time scale factor error is 
100 * 6, silicon accelerometer has a wide application 
prospect in the commercial domain, can also be used 
in military field and independent of traffic industry 
market. It can be applied to the measurement of 
acceleration extreme, such as the projectile velocity 
measurement in gun. 

While the gyro random drift due to the random 
noise sources, compensation error is more complex 
difficulties. The gyro drift test and modeling has done 
a lot of work [6]. The mathematical and physical 
model is established from the physical structure of 
the fiber optic gyroscope fog layer, and then to 
compensate for gyro mechanical structure and other 
physical compensation. But the traditional IIR 
filtering, smoothing filtering and other classical 
digital filtering technology has been used as auxiliary 
analysis method used in gyro signal processing. 
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The attitude angle based on MTi inertial sensors 

to measure the angular velocity gyroscope, which is 
used to measure the angular velocity vector, the 
integral processing to obtain the attitude angle vector 
angle, but accumulated error, when the long time 
work accumulated error will be increased indefinitely, 
the relevant control system leads to the measured 
attitude information is not trusted which causes the 
carrier will not work properly. Attitude angle 
measurement vector with the accelerometer, its static 
performance is good, suitable for measuring the slow 
changes in the information, not suitable for tracking 
dynamic angle movement. 

In BP network, transfer function derivation is 
very important, Tansig, logsig and purelin have 
guiding function dtansig, dlogsig and dpurelin 
correspondence. In order to get more transfer 
derivative function, transfer function, you can take 
the character “derive”: Tansig (‘deriv’) the first step 
of ANS = dtansig network construction and 
initialization of training a feed forward network is to 
establish a network object. The function newff is to 
set up a training feed forward neural network. 4 input 
parameters that need to be. The first parameter is an 
Rx2 matrix to define R input vector of the minimum 
and maximum values. The second parameter is an 
array of weakly each layer neuron number. The third 
parameter is an array containing the cells in each 
layer transfer function name. The last parameter is 
the name of the training function used in the. 

Micro mechanical gyroscope MTi system in this 
paper refers to the vibrating gyroscope (vibratory 

gyroscope, VG). Micro mechanical gyroscope 
working principle: the use of mass of the high 
frequency vibration produced by Coriolis 
acceleration in the base is driven to rotate, which uses 
the vibration mass made of monocrystalline silicon or 
polysilicon, rotation will cause the energy conversion 
between the two vibration modes. Vibration vibration 
gyroscope is driven to work in the first vibration 
mode (drive mode), when the direction of vibration 
modal and the first vertical rotating angular rate 
input, the vibration parts due to brother’s effect 
produced second vibration modes of a vertical to the 
first vibration mode (also called sensitive mode), this 
mode is directly proportional to and the angular 
velocity of rotation. To detect the sensitive mode, 
you can detect the angular velocity. 

 
 

 
 

Fig. 1. The information processing of MEMS Inertial 
Sensors Analysis by BP Neural Network. 

 
 

The basic principle of the information processing 
model of BP network is: input signal Xi through 
intermediate nodes (hidden layer) effect on the output 
node, through non – linear transformation, generates 
the output signal Yk, each sample for training the 
network comprises an input vector X and expected 
output T, the output value of the network Y and the 
expected output value deviation between T by 
adjusting the input nodes, and the nodes in the hidden 
layer connection strength value of Wij and the hidden 
layer nodes and the output nodes of the connection 
strength Tjk and threshold, the error decreases along 
the gradient direction, after repeated training, 
determine the network parameters corresponding to 
the minimum error phase (weights and thresholds), 
training is stopped [7]. The trained neural network 
can input information of similar samples, dispose of 
output error is minimized by non – linear 
transformation information. 

The accelerometer is in accordance with the 
principle of inertia relative to inertial space work. 
Acceleration itself is difficult to directly measure, the 
actual existing accelerometer are the sensitive quality 
into force of indirect measurement, accelerometer 
measurement principle of Newton based on the 
second law: the force which acts on an object is equal 
to the object’s mass times acceleration. In other 
words, the acceleration effect in the sensitive quality 
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formation of inertial force gauge can not distinguish 
between the forces of inertia and gravity, so the 
output of accelerometer is reflected by the quality 
unit force detection of inertial space, namely the 
inertial force and gravitational force and it. 

MTi has two kinds of data output mode: raw data 
output mode and the corrected data output mode; the 
corrected data are effectively compensate the original 
data of non-orthogonal error, installation error, 
temperature transform on silicon micro machined 
devices, the effect of scale factor error based on the 
acquired data. The corrected data for decimal data, 
corrected data is not after the filtering and other real-
time processing and only the physical calibration 
model is applied to the data obtained from the A/D 
converter. Data output format corrected as shown in 
equation 7. Inertial sensor experimental data used in 
this paper are corrected data. 
 

 

 


n

ns

n

nt

txsxutswxxu ),(),(),(' 2121  (7) 

 
In summary, the neural network has four kinds of 

structure, hierarchical network layer hierarchical 
network, connecting the feedback hierarchical 
network, interconnection network connection, the 
neural network model of a sensor network, linear 
neural network, BP neural network, radial basis 
function network, feedback neural network, BP 
neural network is mainly studied in this paper to 
study, BP neural network and the approximate 
inertial sensor function and the estimation of sample 
size of two examples of application. 
 
 

3. Inertial Sensor Signal Processing 
Based on Kalman Filter 

 
Due to the random drift in inertial navigation 

system using the method cannot simply be 
compensation, so it becomes the most important 
measure of the gyroscope precision index. Our 
research on MEMS gyro noise reduction system is 
for MEMS Gyroscope Random Drift. In addition, the 
long-term stability of the gyro drift and 
characterization of a random drift rate, called drift 
uncertainty or successive drift rate. Drift uncertainty 
reflected in successive start in the random variations 
in drift rate of the system, it will affect the precision 
of inertial navigation system of compensation for 
gyro drift. 

The main error sources of accelerometer in the 
following aspects: (1) fixed deviation: under the 
condition of constant acceleration, constant value 
deviates from the standard acceleration voltage 
nominal value. (2) Scale factor error: the change in 
output voltage and the input acceleration change ratio. 
Can a simple table show a proportional form, also 
can be expressed as a percentage of the full-scale 
measurements [8]. (3) Cross coupling error: error in 
the accelerometer output value is due to the 

accelerometer to orthogonal to the input shaft of the 
acceleration is extremely sensitive to the cause. 

In the inertial navigation system, gyro is the key 
of its sensitive element. So the error of the MEMS 
gyroscope has become the main source of error in 
inertial navigation system. Precision gyro azimuth 
reference mainly depends on the size of the gyro drift 
error. In general, the gyro drift rate refers to the time 
variation of gyroscope output relative deviation from 
the ideal output rate, and the corresponding input 
relative to inertial space with unit time angular 
displacement [9]. Gyroscope drift will in open-loop 
state caused by range of deviation over time, even if 
the main factors in closed loop work shift are caused 
by the measurement error. Gyro drift error of the size 
of the drift angular velocity value, usually called  
the drift rate. 

According to the characteristics of these two 
kinds of sensors need to be fused to the acquisition of 
information, to get the attitude information reliable. 
Kalman filter has the ability to suppress the 
interference of strong, and can make the control 
method has good dynamic performance, in the field 
has been well applied to estimate the nonlinear 
optimal. Fig. 2 is the research content of this article 
briefly structure diagram, which uses Kalman filter 
value for information fusion of gyroscope and 
accelerometer to get by, the attitude angle is accurate. 
 
 

 
 

Fig. 2. The Inertial Sensor Signal Processing  
based on Kalman Filter. 

 
 

For a specific application, Kalman filter state 
equation and measurement equation design problem. 
We must consider the actual process and the 
operation is simple and easy to use, so that the design 
of the filter is feasible. In the design process, to the 
amount of selected affect the entire state equation of 
the structure is a key part of Kalman filter design. 
Taking into account the existence of derivative 
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relations angle and angular acceleration, angle can be 
used to make a state vector, and the angular 
acceleration is not suitable as a state vector, because 
its derivative is not given, a feasible choice is not 
directly estimate the angular acceleration of the true 
value, and estimate the gyroscope zero offset B, and 
this deviation as the state vector established as the 
system of equations. 
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Using the gravity magnetic field between the 

geographic coordinate system and body coordinate 
direction cosine transform is absolute angle solution, 
get the attitude angle. Drawback is the slow dynamic 
response of the accelerometer, and it is not suitable 
for tracking dynamic angle movement, interference 
and is very interested, so it cannot be used for 
dynamic measurement of vehicle attitude.  

Method using gyros and accelerometers 
integrated attitude determination method, is one of 
the above two and method together, acceleration 
information method of the attitude determination to 
output accelerometer use in computing the attitude of 
the MTi is used as the measurement value to 
compensate the gyro drift, this algorithm can 
guarantee the alignment of the MTi inertial sensor 
precision, and can guarantee by the gyro dynamic and 
stability of system has higher [10]. In this manner, 
the gyroscope, accelerometer integrated attitude 
determination fixed integrating gyro angle after 
drifting through the Kalman filter, improve the 
precision of inertial sensors. 

Kalman filter is used to estimate a time, coupled 
with the real-time measurement of real-time 
estimation. Kalman filter is a recursive linear 
minimum variance estimation, because the estimation 
of time is measured using a moment before and the 
quantity, so the real-time estimation of the recursion 
is measured data obtained by all volume; secondly, 
Kalman filter to estimate the state of the system is 
used, with the system state equations to describe the 
transfer process, state thus, state correlation function 
between each time, can according to the transfer 
characteristic equation of state to describe the non-
stationary random process, solve the difficulty in 
estimating. Kalman filter optimal criterion and linear 
minimum variance estimation, estimation of every 
moment to estimate the minimum mean square error. 
The state equation of the system is used, must be 
linear Kalman filtering. 

Kalman filtering algorithm with two loops: gain 
loop and filter loop. The calculation of loop gain is 
calculated independently, filter loop depends on the 
gain calculation circuit. On 8 basic equations for 
linear discrete is stochastic system of Kalman filter. 
As long as the given initial value based on the 
observed K values of Z (k), can be recursive 
calculation of K moment state estimation. In a filter 
cycle, from the Kalman filter in the use of 

information and information of observation sequence, 
Kalman filter has two obvious information renewal 
processes: time update process and the observation 
update process. Type (9) shows that with the k-1 time 
state estimation and prediction K. 
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By using the statistical characteristics of the 

system noise and observation noise, the measured 
values as the input filter system, the estimation 
(system state or parameter) as the output of the filter, 
between the input and output filter is composed of 
time updating and the observation update algorithm 
together, according to estimate all need treatment the 
signal system and observation equations. It with 
conventional filter completely different meaning and 
method is actually an estimation method for the 
optimal [11]. The Kalman filter is applied to the error 
of inertial sensor attitude angle compensation, first 
needs to determine the measurement and state 
transition matrix.  

The output signal data of the inertial sensor in 
stationary and motion is obtained by experiment, data 
analysis in Matlab 7.0 software platform, in the 
stationary state was observed in drift of gyroscope, 
and through the Kalman filter in gyroscope and 
accelerometer data fusion, effectively inhibit the 
accumulated drift of gyroscope, and improve the 
measurement accuracy of inertial sensor. In the state 
of motion as the accelerometer slow dynamic 
response is not suitable for tracking dynamic angle 
movement, and measure the attitude gyroscope 
angular and cumulative error, by Kalman filtering 
fusion of accelerometer and gyroscope signals, 
through the simulation of the image can be seen, this 
method compensates the zero drift of gyroscope, 
improve the measurement precision measuring the 
attitude angle, to achieve the desired effect research. 

 
 

4. Using BP Neural Network and Kalman 
Filter to Signal Processing of MEMS 
Inertial Sensors 
 
Inertial measurement unit composed of inertial 

sensor axis of this study, can find the pitch angle and 
roll angle of the vector of the output signal of the 
sensor, but the attitude angle of the random drift 
error, this paper proposed a Kalman filter to achieve 
fusion and gyroscope information on the acceleration, 
the filtering algorithm is simple and practical, to 
compensate the error of inertial sensors to obtain 
optimal estimation of attitude angle, so as to obtain 
more precise attitude information. 

BP neural network is a kind of supervised 
learning, one-way communication, and multilayer 
feedforward neural network. Between the upper and 
lower BP network neuron implement the right 
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connection, namely each unit of each unit and the 
upper layer are implemented in connection, no 
connection between the same layer neurons. Because 
of the network, the weight adjustment using back 
propagation (Back Propagation) learning algorithm, 
so called BP network. BP neural network is the core 
part of front network, embodies the essence of 
artificial network [12]. BP neural network through 
iterative gradient algorithm for solving network 
between the actual output and the expected output of 
the minimum mean square value, and can reverse 
transfer and modify the error. 

In this paper, the design data of the inertial sensor 
output signal in stationary and moving down through 
the experiment, by using Kalman filtering in the 
MATLAB program, the simulation obtained gyro and 
accelerometer data fusion of the pitch angle and roll 
angle of the image signal and eliminate the 
simulation image of gyro’s drift by Kalman filter 
using MATLAB software. 
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In this paper, the use of MTi is the MEMS 

structure, composed of micro inertial measurement 
unit system and the three axis magnetometer. Micro 
inertial measurement unit 3 silicon micro 
accelerometer sensitive to X, Y, Z three directions of 
the linear acceleration; angle of rotation speed of 3 
silicon micro machined gyroscope sensitive around 
the X, Y, Z three direction; the 3 axis magnetometer 
measurements of the earth’s magnetic field strength. 
Gyro, accelerometer and magnetometer fixedly 
connected on the bracket of micro inertial 
measurement unit of the device, in mutually 
perpendicular position to install [13]. 

The design of the BP network, the hidden layer 
number, hidden layer nodes (neurons) determination 
is a very important question. People usually think, the 

simulation accuracy and complexity of the 
topological structure of network is proportional to, 
the network topology structure is more complex, 
more number of hidden layer nodes, the simulation 
precision is high, the smaller the possibility of getting 
into local minimum. But a large number of 
experimental results show that: the simulation 
accuracy does not vary with the complexity of 
network topology structure increased. Simulation for 
the same problem and it is network topology of the 
large difference. 

The actual rate gyro drift is generally consists of 
two part system drift and random drift rate: 
(1) systematic drift rate: is defined with the specified 
operating conditions related to the drift rate 
component, it has nothing to do with acceleration by 
drift and drift and acceleration of the rate of group, 
represented by the angle displacement per unit of 
time. The system reflects the gyro drift rate under 
actual conditions of use and the working precision. 
Generally speaking, this kind of drift is systemic or 
regularly, it can be used to describe the relationship 
between the deterministic function, can use a certain 
method of compensation, and is a very mature 
approach of systematic drift compensation. 
(2) random drift rate: refers to the specified operating 
conditions drift rate in non systematic time-varying 
component, this kind of drift is random, such as 
disturbance torque electronic circuit noise, friction, 
temperature gradient caused by the nature of it. 

The MTI inertial sensor data acquisition device is 
tied to the human leg, with the normal walking and 
acquisition of the signal data series, about 852 steps, 
the sampling frequency is 130 Hz, the data will be 
stored in the TXT file. The scene experiment as 
shown in Fig. 3. Will preparation good Kalman 
filtering program kalman11.m open in matlab7.0, 
signal output data and open the inertial sensor in the 
stationary state, simulation experiment is carried out 
and the corresponding movement in the state of TXT 
file into the Kalman filter program. 

 
 

 
 

Fig. 3. Comparison signal processing of MEMS inertial sensors based on Kalman filter with BP neural network. 
 
 

In the carrier in motion when the inertial sensor 
accelerometer and gyroscope signals sampled data, 
through the MATLAB maps, X axis and Y axis of 
gyroscope measured angular velocity gyroscope, 

obtained by integral point of view, the green line to 
the X axis, Y axis blue dotted line. Can be seen from 
the chart, the existence of relatively large drift by the 
gyroscope points obtained angle, which rely on 
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untreated gyroscope output signal can not get a long 
time accurate carrier attitude angle. 

BP neural network algorithm, the core idea is to 
reverse the spread of forward propagation and error 
signal information signal. The input signal from the 
input layer to the hidden layer, transmission, the final 
output layer obtained by converting output signal 
output, this is the forward propagating signal. The 
network output signal, obtained between the output 
signal and the expected output of the difference value 
of the error signal. The error signal from the output 
layer to reverse propagation, and according to the 
error signal correction output layer, and it is hidden 
layer and the threshold value matrix of input layer, in 
order to improve the output of the network effect. In 
every training session, positive signal propagation in 
the process of the network, the weights and 
thresholds are invariant. 
 
 
5. Conclusions 
 

Highlight the shortcomings of inertial navigation 
is the navigation accuracy decreases with the time 
increasing. Because of the existence of the core 
components of the gyro drift error of inertial 
navigation instrument, the carrier working time 
increasing, deviation from the reference position 
angle increases, the calculation error measurement 
and real-time location and speed increasing, the 
navigation accuracy decreases. In order to improve 
the precision of inertial navigation, the need to 
improve the measurement precision of gyroscope and 
accelerometer, but due to the manufacturing process, 
to improve the precision of the already difficult or 
increase micro inertial instrument accuracy, have to 
pay expensive cost. Therefore, the research of inertial 
sensor signal processing, mainly to complete the 
following several aspects: analysis of the gyroscope 
and accelerometer structure and working principle, 
and analyzes the source of error, the error model is 
suitable for it. The paper put forward using BP neural 
network and Kalman filter to signal processing of 
MEMS inertial sensors. 

This paper uses BP neural network data forecast, 
we should first establish the BP neural network. The 
BP neural network construction, generally from the 
network level, the number of neuron and learning rate 
and other aspects of each layer are considered. For 
the BP neural network, there is a very important 
theorem. In addition, this paper also studies the 
implementation of Kalman filter, and based on the 
MATLAB7.0 environment prepared by the 
accelerometer and gyroscope won the attitude angle 
program. 
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Abstract: Security monitoring system is the important content of safety management in intelligent building. 
This paper aimed at the defects of security monitoring system in intelligent building, and used embedded 
technology, Internet technology, video compression/decompression technology, sensors technology to design a 
security monitoring system based on Internet. Users can detect the illegal intrusion and fire hazards indoors in 
real-time, through computers or mobile phones. The validity and efficiency of the system was validated via test-
experiment. The results show that this system has several merits such as good safety, good generality, simple 
operation, easy maintenance, low cost and so on. As an indispensable part of digital home, this system has 
extremely important realistic meanings to the future’s construction and development for intelligent building. 
Copyright © 2013 IFSA. 
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1. Introduction 
 

Intelligent building is a new discipline. It is a 
product which combined with information technology, 
automation technology, modern communications 
technology, microelectronics, building technology and 
other advanced technology. Meaning from the 
engineering, the intelligent building is to set building 
automation systems, communication network systems, 
office automation systems and security systems in the 
buildings, and to make a uniform management. It is a 
system engineering which combined with monitoring, 
service and management, and to achieve optimization. 
As the building intelligence is gradual increase with 
the development of science and technology, and its 
contents have been enriched. So, there is no uniform 
definition of the “intelligent building” in the 
international arena to now. With the development of 
social economy and promote high-tech applications, 

due to negligence caused by various types of fire 
accidents have occurred, a variety of criminal means to 
become more subtle, more specialized. Therefore, to 
enhance monitoring efforts inside and outside of 
buildings is particularly important. 

At present, the security monitoring program of 
intelligent building is mainly achieved through the 
two subsystems: video surveillance system and fire 
detection and alarm system. Video monitoring 
system, also known as closed circuit monitoring 
system, is mainly acquiring the signals through the 
front of the camera, monitor, intrusion detectors and 
other equipment, and sending all kinds of information 
to the matrix host computer of central control room 
through the decoder that field configuration and the 
transmission lines, then the host switch and display 
all kinds of signals to different output devices. Fire 
detection and alarm system is a controller which 
mainly consisted by the primary backup power 
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supply, fire alarm, and fault alarm. It collected the 
fire signal, and displayed the controller state via LED 
[1, 2].Therefore, either from the video surveillance 
system or fire detection and alarm system, their 
structure is relatively complicated and the installation 
costs are high, it is not suitable for the needs of 
ordinary families. Thus greatly restricts the spread 
and development of intelligent building. In addition, 
the traditional video surveillance system used analog 
signal transmission, and it requires a lot of video 
recorders, video tapes to store image information, 
which is bound to bring a lot of wiring work, a large 
number of images stored in the work, a lot of image 
retrieval [3]. Moreover, in the operation, video 
surveillance system and fire detection and alarm 
system are two independent systems, when the fire 
hazards and illegal intrusion occurred 
simultaneously, they can not be controlled unity. 

Therefore, this paper plans to use embedded 
technology, Internet technology, video 
compression/decompression technology and so on, 
integrated video surveillance system with fire 
detection and alarm system. Then through the 
Internet to transmit video signals and fire signals, use 
of computer hard disk system to store images, so that 
to save the system installation costs and reduce the 
workload of image storage and retrieval effort. 
 
 
2. System Design Scheme 
 

Security monitoring system consisted of the main 
controller AT91SAM9260, Internet interface circuit, 
memory circuit, video capture circuit, and sensors 
module (body sensors and smoke sensors). Among 
them, the video capture circuit and the body sensor 
mainly achieved the video monitoring of system. 
When the body sensors detected there were any 
illegal intrusions happened, the system will alarm and 
record the live video through video capture circuit. 
Smoke sensors main achieved fire detection and 
alarm function, when the fire hazards happened, the 
system will issue a warning signal and displays the 
location of the fire. Fig. 1 illustrated the structure 
diagram of system. 
 
 

 
 

Fig. 1. The structure diagram of system. 

3. Hardware Design of System 
 

Considered the developing cost and the need of 
this system is to use Java language to develop 
embedded Web Server, we selected AT91SAM9260, 
the 32 bit micro-controller with ARM9EJ-S 
kernel [4], as the main controller. It has abundant 
system resources, and support Java language (ARM 
Jazelle Technology for Java Acceleration). It includes 
a 10/100M Base T Ethernet MAC, which can process 
TCP/IP protocol easily, and transmit IP packet. The 
system can access Internet via LAN, router or switch. 
And users can use Internet to detect the illegal 
intrusion and fire hazards indoors in real-time.  
 
 
3.1. Internet Interface Circuit 
 

As the video signal transmission is achieved 
through the Internet, so the design of Internet 
interface circuit is very important. Internet interface 
is composed of MAC controller and physical 
interface from the view of hardware. Since 
AT91SAM9260 has integrated Ethernet controller 
(EMAC), it only needs to realize the physical 
interface which can reduce the complexity of system 
design and improve its efficiency [5, 6]. In this 
system, it took DM9161 as Ethernet’s physical 
interface. DM9161 connect with Internet through a 
network insulate transformer HR911105. It is very 
simple to connect Ethernet controller DM9161 with 
the network insulate transformer HR911105, so long 
as connected DM9161 receiving signal wire RX+, 
RX- and sending signal wire TX+ and TX- with 
HR911105 RD+, RD- and TD+, TD- respectively. 
Network insulate transformer HR911105 has 
integrated the RJ45 joint. Therefore it may access 
Internet directly through HR911105. Since 
HR911105 takes the work status indicator light itself, 
it can indicate the system’s work status. The signal’s 
sending end and receiving terminal access Internet 
through HR911105. 
 
 
3.2. Memory Circuit 
 

Taken into account that the system needs to take 
up a lot of memory resources in dealing with video 
images, the system extended a K9F1208UOM chip 
which is a 64 M NAND Flash memory produced by 
Samsung, and a HY57V561620CT-H chip which is a 
32 M SDRAM memory produced by Hynix 
Semiconductor Inc.  
 
 
3.3. Video Capture Circuit 
 

Video capture circuit mainly constituted of the 
image sensor. The AT91SAM9260 has an Image 
Sensor Interface (ISI). So it can connect a CMOS 
Image Sensor to capture all kinds of images via ISI. 
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And the processor can transform data before it saving 
images to the memory through DMA channel. The 
principle of video capture circuit is illustrated  
in Fig. 2. 
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Fig. 2. The schematic diagram of video capture circuit. 
 
 
3.4. Sensors Module 
 

The sensors module consists of two parts: body 
sensors and smoke sensors. Fig. 3 illustrated the 
schematic diagram of sensors module. In this system, 
we designed two channels body sensors and two 
channels smoke sensors. The body induction module 
is mainly for the function of guard against theft. In 
this system we chose TDL718 which is a body 
induction module based on infrared technology. The 
module has many merits such as high sensitivity, 
reliable, and it can induce automatic. The second pin 
of TDL718 will output a high level when there were 
some people entering its inductive scope, and stop the 
high level then output a low level when people left 
the inductive scope. Therefore, the system can know 
whether there were any people enter the user’s house 
illegal via detect the level signal of PC25 and PC26. 
The system will automatically alarm and notify the 
image sensor to record live video when there are 
some abnormal conditions happened. 
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Fig. 3. The schematic diagram of sensors module. 
 
 

The function of smoke sensors is to realize fire 
alarm. The system will detect the ions of smoke 
through smoke sensor. When the concentration of 
smoke indoor is exceeded the limit, it will 
automatically alarm and display the location of the 
fire on the home page of system. We chose SS-168A 

as the smoke sensor in this system. SS-168A has two 
dry contacts (output pins), when it detects there are 
some fire risks happen, its buzzer will give alarm and 
the indicator light will display, then outputs signals to 
the host controller from the two dry contacts. 
AT91SAM9260 will call Embedded Web Server to 
display the location of the fire on the home page of 
system after it received and processed the signals. 
 
 
4. Software Design of System 
 

Security monitoring system used embedded  
Linux 2.6.19 as the software platform, and adopting 
modularity design. So that it has good portability and 
good expansibility. The kernel and root file system of 
Linux 2.6.19 was programmed in the Flash memory 
inside, so the boot process of embedded Linux 2.6.19 
must be based on the target platform to prepare, and 
to plan the address space of memory.  
 
 
4.1. Planning of Memory Address Space 
 

In this system, the address space of flash memory 
was from 0x0200A000 to 0x0800A000, so we can 
divide the flash memory. The address space from 
0x0200A000 to 0x0280A000 was the storage space 
of Boot-loader, from 0x0280A001 to 0x0400A000 
was used to store the kernel image file, from 
0x0400A001 to 0x0800A000 was used to store the 
root file system, and as a device file was loaded into 
the system. Fig. 4 illustrated the address space 
planning of flash memory. 
 
 

 
 

Fig. 4. The address space planning of flash memory. 
 
 

After the system reset, according to the system’s 
setting, system program counter (PC) points to the 
SDRAM address 0 at first, to complete the necessary 
system initialization. Then, the system program 
counter jump to flash address 0, that is 0x0200A000, 
to complete the system SDRAM initialization, and 
the Boot-loader code will be copied to the SDRAM 
address 0, which is 0x00001FFF. Subsequently, PC 
pointer will jump to the flash address 0x00001FFF 
again, to executive the Boot-loader kernel and load 
code in the internal of SDRAM memory. The reasons 
of executive Boot-loader within the SDRAM without 
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in flash memory, is because the speed of executive 
code in SDRAM is much faster than in the flash 
inside. So it can help to speed up the boot  
speed of system. 

Then the work of Boot-loader was copied the 
compressed kernel image to SDRAM address 
0x0000A004, and transfer the address parameters of 
the root file system to the kernel. After the kernel had 
copied to SDRAM, PC pointer will jump to 
0x0000A004, to extract the kernel, and executive the 
kernel boot. The system will find the root file 
according to the address parameter which transferred 
from Boot-loader, and load to security  
monitoring system. 

In accordance with the above arrangement, we 
download Boot-loader, kernel and root file system to 
the Flash in succession through the software SAM-
BA1.11 and tftp, then we can start the system, 
embedded Linux can be boot up into the normal state. 

 
 

4.2. Design of Video Compression Algorithm 
 

Embedded Web Server has unified interface and 
communication protocol, so it can provide unified 
operation mode and control interface based on 
Internet Explorer. In this system, there were four 
modules on the Embedded Web Server: Files 
module, HTTP request and process module, Java 
Applet data request and process module, and 
Monitoring module. Monitoring module is 
responsible for monitoring ports, and establishing a 
connection between the system and the Explorer of 
the client through three times handshake process of 
TCP protocol. When there is a request from the 
Internet Explorer, the monitoring module will judge 
whether it is a HTTP request or a Java Applet request 
according to the port number. Then call HTTP 
request and process module or Java Applet data 
request and process module to start the corresponding 
process.  Files module was realized by the files 
system of Embedded Operating System. The Files 
module including GGI processing files (Common 
Gateway Interface), Static web page files and Applet 
code files. And the GGI processing files have two 
functions: one is to realize user authentication 
mechanism; another is to parse and process the 
parameters which come from HTTP message, when 
the users set up the parameters for control through 
Internet Explorer. 

 
 

5. System Testing 
 

In order to confirm the correctness of system 
design, we took a comprehensive test to the system 
functions (Including the communication interface, 
data transfer and overall performance.) and network 
performance. Before system testing, we should set up 
related parameters, such as IP address, gateway 
address, server address, the video frame size, number 
of frames per second acquisition, network bandwidth 
and so on. 

5.1. System Functional Testing 
 

First of all, we establish two hyper terminals in 
one personal computer, one is connected with the 
serial port another is connected with Socket. When 
we input some data on the first hyper terminal, the 
second hyper terminal was response immediately. It 
means the communication interface of system is 
well [8]. Secondly, we connected the system with 
the serial port of personal computer through 
electrical level transfer circuit, and verified the data 
transmission via hyper terminal. Thirdly, we 
establish a Web Server through Java Script 
language and PWS Server. As the embedded Web 
Server has a standard interface format and 
communication protocol, the web servers embedded 
in equipment can provide a unified browser-based 
operation and control interface, for any legitimate 
users who accessed the network [9]. Finally, used a 
net wire to connect this system with a router (or 
switch), and communicated with the Web Server 
through Internet Explorer. After several 
experiments, the results show that it is easy to 
establish connection between security monitoring 
system and Internet, and the users can detect the 
illegal intrusion and fire hazards indoors in real-
time, through computers or mobile phones. Fig. 5 
illustrated the operation interface of security 
monitoring system. 

 
 

 
 

Fig. 5. The operation interface of security  
monitoring system. 

 
 
The whole safety monitoring system can be set 

by monitor settings, including the storage path of 
video and the save format. At the same time, you 
can set that system to automatically record video 
and save it when someone illegally broken into the 
monitor area. And you can download the video 
which temporarily stored in the experimental system 
through the option of video download. Report print 
is mainly for intrusion detection and fire detection. 
It can print the monitoring data within a period of 
time, to print. As the intelligent building security 
monitoring system is based on B/S model, so the 
function of background management was to 
management and set the embedded Web Server. 
When the body sensors detected that someone had 
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entered monitor region, the system will display “1” 
in the corresponding position of intrusion detection. 
Similarly, when the corresponding location of the 
smoke sensor was displayed “0”, it means the 
system detected there was no fire hazards, displayed 
“1” to means detected fire hazards. 

 
 
5.2. Network Performance Testing 
 

Network performance testing was mainly for the 
video monitoring of system. It was necessary to 
install the WildPackets Etherpeek Nx software in the 
host before testing. Through the software, we can 
capture the network performance data of system. 
Here, we set to sample the network data packet every 
10 seconds, the main network parameters which 
captured by the software are: the packet number and 
byte count of sending every 10 seconds, the 
utilization of network bandwidth and so on. We 
tested the system through setting different bandwidth. 
Table 1 illustrated the network performance situation 
of system in different bandwidth. 

 
 

Table 1. Network Performance in Different Bandwidth. 
 

Setting 
Bandwidth 

(Kbps) 

The 
average 

bandwidth 
(Kbps) 

Display Effect 

100 131.5 
More blurred, with 
Mosaic 

200 211.4 
Slightly blurred, no 
mosaic phenomena 

600 605.8 
Still images clear, motion 
images slightly blurred 

1200 960.6 
Still images clear, motion 
images is also clear 

 
 

When the system was running at a steady state, 
and the setting bandwidth was 1200 Kbps, the 
resolution of video stream was 640 × 480, and the 
frame rate was 50. In this case, the network 
performance of the system was shown in Fig. 6. 
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Fig. 6. The network performance of video  
monitoring system. 

From Fig. 6 we can see clearly that before 9:23:39 
and after 9:29:19, there were still image-based in 
monitor area, and the average rate of video 
transmission was to 960.6 Kbps. There were sharp 
moving objects in monitor area between 9:23:39 and 
9:29:19, lead to a greater jitter of video transmission 
rate, the maximum rate was 1189 Kbps and the 
minimum rate was 806 Kbps. The tests found that, 
for still images or motion do not change much, the 
overall compression ratio was high, and using smaller 
bandwidth can obtain clear graphics. And motion 
pictures are required for higher bandwidth, the 
system can be based network bandwidths, 
automatically adjust the amount of data the size of 
the single frame to ensure picture fluency. When the 
network bandwidth is a serious shortage, the display 
screen will appear mosaic phenomenon. After several 
experiments, the results show that it is easy to 
establish connection between Security Monitoring 
System and Internet, and the users can detect the 
illegal intrusion and fire hazards indoors in real-time, 
through computers or mobile phones. 
 
 
6. Conclusion 
 

The information technology whose core is 
computer technology, control technology and 
measurement and control technique, is rapid 
development since the 1990’s. It makes people to set 
a higher request to security, comfort and efficiency of 
building environment. As the important content of 
safety management in intelligent building, the design 
of security monitoring system will affects the 
performance of the entire intelligent building directly. 
There were many merits of this system, such as good 
safety, good generality, simple operation, easy 
maintenance, low cost and so on. As an indispensable 
part of digital home, this system has extremely 
important realistic meanings to the future’s 
construction and development for intelligent 
building, it can meet the needs of security monitoring 
for an ordinary home. 
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Abstract: 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. Wireless sensor network has excellent characteristics, and it can provide an effective means for 
information collection of intelligent transportation system and can monitor the intersection in all directions of 
the vehicle. ZigBee is a short distance data communication network protocol and network layer based on 
802.15.4. This design uses the mesh model and builds a ZigBee personal network by using ZigBee network 
coordinator and PAN ID. The nodes of wireless sensor network on the ZigBee module of the physical network 
address is sole, and it can be sent to the ITS through the physical address information. This design can improve 
the signal controller and intelligent public traffic system is effective and intelligent. Copyright © 2013 IFSA. 
 
Keywords: Intelligent transportation system (ITS), ZigBee, Wireless Sensor Network. 
 
 
 
1. Introduction 
 

Wireless sensor networks usually have the 
following characteristics: 1 self organization. Node 
sensor network system with automatic networking 
function, nodes can communicate with each other to 
coordinate the work of more than 2 routes [1]. The 
communication distance, power control and energy 
constraints, when a node cannot communicate 
directly with the gateway, required by other nodes to 
forward data transmission, so the network data 
transmission route is a multi-hop and dynamic 
topology; 3. In some special applications, wireless 
sensor networks are mobile, sensor nodes may 
terminate the work for energy or other  
fault, and these factors will make the network 
topology changes. 

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. 

Wireless sensor network is formed by a network 
of sensor nodes, can be all kinds of information the 
observer deployment area of real-time monitoring, 
sensing and collecting nodes interested in the 
perception of object (such as light, temperature, 
humidity, noise and harmful gas concentration 
phenomena), and after processing the information in 
a wireless way sent by the wireless network, finally 
sent to the observer. 

Wireless sensor network is novel technology of 
integration of the short-range wireless 
communication technology, microelectronics, sensor, 
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embedded system, and it being used in related fields 
of intelligent transportation systems requires data 
collection and detection. Intelligent transportation 
system is from the system’s concept, the vehicle and 
the road taken together, using a variety of high-tech 
system to solve the problem of ideas emerges as the 
times require. It is the advanced information 
technology, data communication transmission 
technology, electronic sensor technology, electronic 
control technology and computer processing 
technology used to effectively integrate the entire 
transportation management system, and built up a 
kind of in a large range, the role of comprehensive, 
integrated transportation management system with 
real time, accurate, efficient. It is currently abroad to 
solve city and highway traffic jam, main measures to 
improve the traffic safety and protect environment, 
but also solve the traffic construction limits, namely 
by the land resource constraints, to improve the 
international competition ability, breeding measures 
and emerging industry slightly. 

ZigBee technology is a kind of to automation and 
wireless control of low rate, low power consumption, 
low price of wireless network solution. The 
communication rate it demands less than Bluetooth, 
wireless communication function provided by the 
battery power supply equipment. The ZigBee 
supports the mesh network topology, the wireless 
device to work in the public frequency band. 
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 achieve goals. The paper presents design 
of novel intelligent transportation system based on 
wireless sensor network and ZigBee technology. 

 
 

2. Application of Wireless Sensor 
Network in Development of ITS  
 
With the development of social economy, traffic 

demand growth rate is still much higher than the road 
network capacity growth rate. The world city 
development is facing serious traffic congestion, 
pollution, accidents, environmental degradation and 
other obsession. Traffic problems have gradually 
become hot and difficult issues of universal social 
concern. However, blindly through the allocation of 
funds for construction, construction of multi-layer 
road, widen the road traffic, only limited vehicle use 
passive measures to solve the immediate as pressing 
danger, the long run, it is not feasible. 

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. 

Most of the wireless sensor network is powered 
by battery, the working environment is bad. But the 
number of large, replace the battery is very difficult, 
so low power consumption is one of the most 
important criteria for the design of wireless sensor 
networks [2]. In the network nodes of some module 
does not work or is in a dormant state, it can be the 
power supply circuit is disconnected to save 
electricity, when the instruction to wake up, then 
connected to the power supply circuit in order to 
ensure the normal operation of the system. This can 
save energy effectively, prolong the battery power 
supply time and service life, but also to ensure the 
quality of the whole network system, prolong the 
service life, as is shown by equation 1. 
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The application of wireless sensor network, the 

node location information is necessary during data 
acquisition; monitoring information without location 
information is usually meaningless. To determine the 
node position of the location of the incident or 
collection of data is one of the most basic functions 
of wireless sensor network. In order to provide 
location information effectively, the sensor nodes are 
randomly arranged in the network deployment is 
completed must be able to determine their location. 
Classification and localization algorithm generally 
for distance positioning algorithm and range-free 
localization algorithm based on. 

GIS-T as the support system of geographic 
information and traffic data storage and application, 
has strong traffic information service and 
management function, can be applied in many fields 
of traffic planning, traffic construction, traffic 
management and information services, become one 
of the core system is indispensable in the 
construction of ITS current. The basic function of 
GIS-T and traditional GIS, including editing, 
graphics and display and measurement layer and 
other functions, mainly used for input, store, edit the 
spatial and attribute data, as well as the mapping and 
spatial analysis, as is shown by equation 2. 
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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 of bus priority release. 

The practical application of the process 
technology in wireless sensor network, there exist the 
following factors: (1) the cost: the cost of sensor 
nodes is an important factor which restricts the large-
scale application, according to specific application 
requirements the balance cost, data precision and 
energy supply time [3]. (2) energy: applications most 
need network using disposable independent power 
supply system, so the requirement of network low 
energy consumption, prolong the network life cycle, 
which is an important factor to expand the 
application of. (3) The miniaturization: in some areas, 
demand volume micromation node, do not have any 
effect on the target itself, or can not be found to 
perform specific tasks. 

The quality of road transport, the main road 
traffic flow, traffic capacity, saturation, and it is 
thereby reducing the network equilibrium utilization 
rate. Dependence of the main road is too large, the 
construction of roads and the slip road far lag, lack of 
general auxiliary relief way for the main road 
intersection, reduce traffic reliability. Layout of the 
road planning is not reasonable, the lack of overall 
planning and optimization of road construction, most 
of the provinces and cities administrative region as 
the center, partial weight to become a system oneself, 
does not meet the need of the lateral ties. From the 
national highway layout analysis, road network 
density distribution is uneven, and with the economic 
development in different regions is not coordinated. 
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In this paper, the widely application of wireless 
sensor network are discussed, and introduce its 
typical applications in various fields, and summarize 
the factors restricting the application of wireless 
sensor network and the current research hot spot. 
Wireless sensor networks will eventually become 
contact information world and the objective physical 
world interface, which humans can learn the 
objective physical world through sensors network 
information and make corresponding measures. 

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. The 
terminal nodes equipped with different sensors for 
motor vehicle information acquisition and road 
information acquisition. 

Each part of the power system mainly realize the 
following functions: power supply is composed of 

2 blocks of 12 V lead-acid batteries in series, 
providing a DC voltage of 24 V for the system; 
battery detection module mainly carries on the 
sampling via the output voltage of the power supply, 
in order to get the battery power consumption 
information, to ensure the real-time charging the 
battery the normal work of the entire system; the 
various power switch control module is mainly 
according to the working state of the system load, 
controlled by a switch to decide whether the load 
power supply, in order to reduce standby power 
consumption, prolong the using time of the battery; 
power converter module is mainly used as DC-DC 
converter module conversion construction unit to 
realize power supply voltage to provide the 
appropriate voltage for load. 
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The problem of mobile positioning of wireless 

sensor network node can be described in the 
following state space. In order to ￡  said discrete 
time, lt said the location distribution of f time node, 
Dt node in t-1t moment to moment from the 
observation of T beacon node receives the value. 
Conversion equation P (lt|lt-1) estimation of the 
position of the node previously said the current 
location based on it [4]. The observation equation P 
(LT, Ot,) said in a given observation probability 
under the Condition node at the location of Lt. The 
goal is to filter algorithm of the node location 
distribution of P (lt|O0, O1... Over time, Ot) iterative 
estimation. The value of Lt by a group of sampling 
(N) indicates the position distribution of LT node, 
and each time algorithm to iteratively calculate on the 
sampling sequence, because Lt-1 is in all previous 
observations of a concentrated reflection, so using 
only Lt-1 and Ot can calculate Lt. 

The gateway node is required in the network 
coordinator, responsible for the initiation of the 
network, configuration of the network address, 
network maintenance, maintenance of member node 
binding table, is also responsible for the collecting 
preliminary data processing and delivery of traffic 
signal controller is transmitted to the upper level 
information center, need more storage space, 
computation and communication ability. 

Time-varying and spatial characteristics of road 
traffic are linked, are indispensable. Time-varying 
contains spatial relations, spatial expression of 
implicit time on traffic. Therefore, the paper before 
the prediction of road traffic flow, considering the 
traffic data of the time-varying and spatial 
characteristics, the fusion of adjacent space object 
subsequence in time series theory, construct some 
combination of the two time series models, a full 
table of factors influencing road traffic, in order to 
improve the prediction accuracy of road traffic flow. 

The application of application of wireless sensor 
network in development of ITS is shown in Fig.1. 
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Fig. 1. Application of Wireless Sensor Network  
in Development of ITS 

 
 

The nodes of wireless sensor network using 
modular design method, each node includes a 
wireless transceiver module, main control module 
and the function module. System receives the master 
sent by wireless transceiver module command code, 
main control module to the command decoding, 
complete control of each function module (open 
acquisition, timing reset). System to complete the 
repeated test, so each test is completed to the 
experimental data (shock wave data, environment 
variables, timing and positioning information) stored 
in the data storage management, at the same time to 
prepare for the next test. 

Information is the use of text, numbers, symbols, 
language, image and other media to represent events, 
things, phenomena such as content, or the number of 
features, and thus to the people (or system) provides 
a new facts and the real world, as the production, 
construction, operation, management, analysis and 
decision-making. As a kind of information, traffic 
information is directly reflect the public travel status, 
is the key to reflect and traffic related phenomena in 
nature, characteristics and the motion state of 
knowledge, it reveals is the essence of traffic entities 
and their relationship, this solution is all kinds of 
traffic data, as is shown by equation 5. 
 

)()(

]))())(([(
),(

ej

eejj

FW

T
FFWW

ej
DD

EEE
FWR











  (5) 

 
Physical layer communication protocol: Research 

on sensor network transmission media, band 
selection, modulation. The data link layer protocol: 
To study the network topology, channel access 
methods, topology includes planar structure, 
hierarchical structure, hybrid structure and Mesh 
structure, channel access includes mixing fixed 
allocation, random competition or the. The network 
layer protocol: study routing protocol, routing 

protocol is divided into plane and cluster two, plane 
protocol node equal status, easy to expand, but lack 
of management; cluster routing that cluster as the 
cluster head and the cluster members, convenient 
maintenance and management, research focus is 
integrated two routing mode. 

The power conversion circuit chip mainly used is 
the DC/DC module power of Jin Shengyang, and 
with 78 series of three terminal voltage power 
supplies. The DC / DC module power supply product 
features are: wide input voltage range (2:1 to 4:1), 
efficiency as high as 85 %, high and low temperature 
performance is good, can meet the requirements of 
industrial products, technical working temperature:  
-40 ~ +85˚C, isolation voltage of 1500 V DC, dual 
output, metal shielding package, international 
standard pin, MTBF>1 000000 H. 

In order to meet the system test task, the wireless 
sensor node uses the modular design, each functional 
module through a SPI interface link. Because the 
system functional requirements make a module and a 
plurality of modules link communication, the 
interface circuit of SPI working in master-slave mode 
different, using a single SPI interface switch, is 
bound to reduce intermeddle communication speed 
and flexibility [5]. On the basis of the programmable 
logic device CPLD has its programming flexibility, 
expansibility, extended SPI interface inside the 
module, the test results show that SPI interface circuit 
design, a simplified block connections, improve the 
speed, system scalability, and improves the overall 
performance of the system. 

Sensor nodes in terms of computational resources 
and storage resources is shortage, the testing method 
of polygon approximation to determine the direction 
of first node, the method is completely based on the 
connectivity between nodes, only need the beacon 
node hops position broadcast information, so no extra 
power consumption and hardware requirements for 
node. In this paper, a test method inside polygon 
point, hop between hypotheses M and A is 4, then 
hops between nodes 1 and A is 3, 2 and A hops 
between nodes is 5; M and hop count between B is 3, 
then the number of hops between 2 and B is 2, hops 
between nodes 1 and B is 4. 

This paper introduces the basic concepts of 
wireless sensor network, analyzes the power module 
for the crucial importance of wireless sensor network, 
the system can work safely and reliably, introduced 
the realizing process of the power system of wireless 
sensor network and the module of the circuit 
structure and function, and through the experiment to 
prove its performance to reach the scheduled 
performance. 
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Time-varying traffic information refers to 

information traffic flow characteristics change over 
time. The transportation system is a complex 
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nonlinear system by the people involved, the traffic 
flow over time; according to the people’s travel 
activities have a significant change of flow. Time 
rotation, alternating seasons, reincarnation seven days 
a week, will play a role can not be ignored for 
transportation. According to the observation of the 
traffic information, the annual traffic flow will reach 
a peak during the holidays, then dropped to the 
bottom; weekly traffic flow over the weekend on 
Monday rose, the rapid decline; commuting time 
traffic flow is far higher than other time. All of these 
changes in traffic flow, there have all kinds of 
connections with time varying contact with it.  

The spatial and temporal characteristic of the 
traffic information determines its ambiguity. Fuzzy 
traffic information are the main operation of space 
position of traffic flow is influenced by many factors, 
such as rain and snow weather, road maintenance, 
fuzziness of roadside parking, fuzzy attributes, fuzzy 
relationship between fuzzy time as well as the three 
Traffic accidents [6]. These factors caused the 
transport uncertainty, such as the link capacity 
degradation, link travel time fluctuation, the traffic 
flow change etc. Traffic information to describe the 
performance of traffic flow and therefore is uncertain. 

The sensor is an important device for information 
collection, data collection by the sensor, known as 
“how nervous tentacles” it achieve its network, is the 
current hot research problem. Most of the current 
measurement and control system, sensors are wired, 
but in some special cases, wired cable connection 
will certainly cause a lot of inconvenience, can not 
meet the needs of reality. With the emerging wireless 
technologies (such as Bluetooth Technology) 
development and reduce the price of chip, wireless 
way on many occasions are used to replace the 
original cable interface. Wireless sensor  
networks will become an important direction of 
sensor development. 
 
 

3. Novel Intelligent Transportation 
System based on ZigBee Technology 

 
Usually, the ZigBee node’s IEEE64 address is 

defined by the users themselves, they are written in 
the node EEPROM. Each terminal node network, the 
center node will assign it a 16 network short address. 
For the terminal node used for the first time, can 
through the process and center node binding so that 
the binding table terminal node address information 
appears in the center node, the data transmission 
more stable. For smaller networks, since sent  
directly to the central node, you can direct the use of 
0x00 as a target. 

Traffic flow forecasting is an important problem 
in ITS study and transportation planning. In the 
present road traffic flow measurements have done 
many researches, prediction technology is mainly 
divided into two categories: one category is the 
qualitative forecasting techniques; one is the 
quantitative prediction technology. Qualitative 

prediction technique is in the extensive collection, 
understand the objective background, basic data 
objects based on the law of the development of object, 
research and analysis, and, in a certain period of time 
to determine the object of development trend, 
forecast the development object. The common 
qualitative forecasting methods are empirical method, 
analogy method. 

ZigBee is a short distance data communication 
network protocol network layer based on 802.15.4. 
ZigBee in the union, when the protocol development 
to the latest version and it is each layer of the 
protocol have been intended to improve. ZigBee 
network is applied to the region within the scope of 
coverage, through the gateway equipment, seamless 
connection and implementation of Ethernet /GPRS 
network, to achieve the perfect low cost remote 
monitoring application [7]. 

ZigBee is a short distance, low rate, low power 
consumption, low cost and low complexity wireless 
transmission technology, which works in no need to 
register for 2.4 GHz ISM band, the transmission rate 
of 100 ~ 250 Kb/s, the transmission distance is 
10 ~ 75 m, the typical distance of 30 m. ZigBee is an 
extension to the IEEE 802.15.4 standard, which is 
based on the 7 layer of the open systems 
interconnection standard (OSI) model. The network 
layer (NWK) and application layer (APL) the design 
of the framework is responsible for making ZigBee 
alliance, IEEE is making the physical layer (PHY) 
and medium access control layer (MAC) standard. 
Among them, the APL framework includes 
application support sublayer (APS), ZigBee device 
object (ZDO) as well as the application object 
specified by the manufacturer. System structure as is 
shown in Fig. 2 of the ZigBee. 
 
 

 
 

Fig. 2. Intelligent Transportation System based on ZigBee 
Technology Figure. 
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The IEEE802.15.4 specification based on ZigBee 
technology, have the following characteristics: low 
power consumption, 2 5 number batteries can support 
a node 6~24 months; the network capacity, network 
up to a node, and to support the tree, star, mesh and 
other networking mode; the transmission distance, 
the two node room the outside transmission distance 
can reach several hundred meters, increasing transmit 
power of up to several thousand meters; the 
reliability is high, with multilevel security model; the 
cost is low, the simplified ZigBee protocol stack open, 
working in the 2.4 GHz unlicensed ISM band. 

The geographic information data set contains the 
spatial relationship between abstract space sequence 
is the first step to traffic flow time series modeling 
based on prediction. The spatial relationship between 
spatial objects with complicated shape representation 
and abstraction is the main goal of building a space 
sequence [8]. Effects of spatial relation of traffic 
activity in the geography space is obvious, such as: 
traffic activity frequency of two adjacent city is 
higher than the activity of traffic frequency two city 
distance between, say two adjacent city traffic more 
closely linked, as is shown by equation 7. 
 

XZ
T

ZX CZXEZXCov  ]))([(],[   (7)

 
ZigBee technology adopts IEEE 802.15.4-2003 

standards of physical layer and media access control 
layer as ZigBee physical layer and media access 
control layer, ZigBee alliance in the provisions of the 
framework of network layer and application layer; 
ZigBee technology has powerful function of the 
equipment of the Internet, he supported the star 
structure (Star), reticular formation (Mesh) and 
cluster (Tree) three kinds of self-organizing wireless 
network type, especially the network, he has the 
reliability of network robustness, strong. 

With the rapid development of domestic 
economy, the city scale is expanding constantly, 
especially all kinds of traffic tools is growing more 
rapidly, which makes the contradiction of city traffic 
supply and demand have become increasingly 
prominent, and rely on the expansion of the road 
traffic infrastructure to alleviate the contradiction is 
difficult to continue. In this case, the intelligent 
transportation system (Advanced Public 
Transportation Systems, APTS) also emerge as the 
times require, and become a research hotspot in 
recent years. In the various technologies involved in 
intelligent transportation system, wireless 
communication technology is particularly attract sb.’s 
attention. ZigBee is a new short-range, low-rate 
wireless communication technology, has gained more 
and more attention and application.  

The main services of GIS-T spatio-temporal data 
mining is to predict the traffic activities between 
regions, belonging to the regional traffic data mining 
areas, therefore, in accordance with the definition of 
the field of spatial sequence, in view of the influence 
of regional spatial relations between traffic in the 

field of transport activities, the regional spatial 
relationship and communication abstraction. 

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, as is 
shown by equation 8. 
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ZigBeeRFIC+MCU are ZigBee protocol stack. 
Use of this product is the advantage of relatively low 
cost, disadvantage is the need to be familiar with 
ZigBee architecture, called the underlying protocol, 
so the development cycle is long, need to have high 
frequency circuit design experience such as 
TICC2420+MSP430 [9]. Containing RF MCU, the 
advantage of low cost, circuit design are relatively 
less. The disadvantages are needed to be familiar 
with ZigBee protocol such as FreescaleMC1322X, 
long development cycle.  

The function of this system is to collect data, and 
transmits the data to the multi-hop manner to the sink 
node. The sensor node consists of a sensor module, a 
processor module, wireless communication module 
and power supply module is composed of 4 parts, as 
shown in Fig. 2. Among them, the processor module 
is responsible for the control and management of the 
entire node; sensor module is responsible for the 
acquisition of the predetermined monitoring regional 
information, and do some data conversion; wireless 
communication module is responsible for 
communication protocol between nodes according to 
a certain mutual communication; energy supply 
module for the node power supply, provide the 
required parts run electricity. 
 
 

4. Design of Novel Intelligent 
Transportation System  
based on Wireless Sensor Network  
and ZigBee 

 

The technology of wireless sensor network is a 
wireless technology with short distance, low 
complexity, low power consumption, low data rate, 
low cost, is a set of development based on IEEE 
802.15.4 Wireless Standard Development of the 
network, security and application software 
technology [10]. It supports 3 kinds of self-organized 
wireless network types, namely the star network, 
cluster tree network and mesh network topology. 
Mesh is a high reliability Ad Hoc network. 
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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. 

Time and space has been the focus problem in 
traffic field, two major factors also affect traffic 
activities. Temporal-spatial fusion sequence 
modeling, is the core of this prediction method of 
traffic, the basic idea is to consider the spatial and 
temporal characteristics of significant road traffic 
information, combined with road traffic complexity, 
take the time as the factors and space are equally 
important to the method in GIS-T space, construction 
sequence space object forecast target and its adjacent, 
Sorama Ko sequence as an element of time series into 
time series, form a time series model of space-time 
elements fusion, and on the basis of this research and 
Trend prediction. 
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In the stop there are usually many bus arrive at 

the same time, a corresponding number of bus stops, 
suitable for the use of the star network wiring 
network [11]. But in order to ensure the reliability of 
the network, when the bus stop outside the channel is 
blocked, can be forwarded to other bus stop by the 
routing node, this design uses the mesh (Mesh) 
network model. The distribution in the bus lines on 
the electronic bus stop board is configured as a 
coordinator, and will reach the bus configuration for 
the router. When a channel and PAN ID and start 
selecting stop coordinator ZigBee network, the 
establishment of a ZigBee network (PAN). Once the 

coordinator has launched PAN, allows routers and 
terminal node join PAN.  

The router to join PAN, will receive a 16 network 
address, and can send and receive PAN data from 
other devices. The PAN coordinator of the network 
address is always 0. The bus stop on the ZigBee 
module of the physical network address is the only, 
can be sent to stop by physical address information. 

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 accurate information for 
the control of input traffic signal. 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. 

This paper introduces the application of 
performance characteristics of Xbee Pro module of 
ZigBee / IEEE802.15.4 protocol compatible and in 
the intelligent transportation system in wireless 
communication. At present, the system is released for 
Xbee Pro module mesh version of firmware, greatly 
enhance the network function. With the increasing 
popularity of ZigBee technology, Xbee Pro module 
will be applied more widely in the wireless  
sensor network. 

Wireless sensor network has many solutions, 
including the chip manufacturers introduced external 
single-chip RF chip and integrated RF, single chip 
microprocessor. ZigBee RF chip is often used in 
design of node in Atmel AT86RF230, TI CC2420, 
Freescale MC1319x and MC1320x, Microchip 
MRF24J40 etc. In addition, chip manufacturers 
introduced a single chip solution, such as TICC2430 
to use the CC2420 chip architecture, in a single chip 
integrated ZigBee RF front-end, memory and micro 
controller; JN5121/JN513x single chip Freescale of 
MC1321x/MC1322x and Jennic solutions. 

 
 

 
 

Fig. 3. Comparison of novel intelligent transportation system based on wireless sensor network with ZigBee. 
 
 

The following considerations in the design of 
intelligent traffic system for wireless sensor network 
node: low power design of node. The terminal nodes 
are battery (available solar battery) power supply; the 
node to low cost. In large-scale traffic information 
acquisition and deployment, node costs will be the 

key project; data processing and storage capacity of 
the node. Some nodes need high-speed information 
acquisition and recognition algorithm, so the need for 
data processing ability. Also need to consider in the 
limited space of the storage procedures, data, and 
online update function code. 
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Wireless sensor network has excellent 
characteristics, can provide an effective means for 
information collection of intelligent transportation 
system, can monitor the intersection in all directions 
of the vehicle, according to monitoring results, 
improved to simplify, improve the signal control 
algorithm, improve transport efficiency. The control 
system of wireless sensor network can be applied to 
the execution subsystem and guidance subsystem. 
 
 

5. Conclusions 
 

This system combines electronic technology, 
information technology, communication technology 
and system engineering in transportation applications 
in attracted attention, began to carry out large-scale 
test on road transportation intelligent. At first, this 
kind of research is called intelligent vehicle highway 
systems (IVHS), mainly research the road function 
and the intelligent vehicle, system function and 
gradually extended to the whole process of road 
transportation and related services, to become the 
impetus of intelligent transportation system of the 
road transportation modernization. The paper 
presents design of novel intelligent transportation 
system based on wireless sensor network and ZigBee 
technology. In the design of wireless sensor network 
gateway, need strong data processing ability, is used 
to realize the complex routing protocol and 
information processing. Imote2 Crossbow node using 
the MarvellPXA271 high performance, low power 
processor. The processor uses dynamic voltage 
scaling technique. 
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Abstract: A Optical Fiber Vibration pre-Warning System (OFVWS) has an ability to detect and identify 
vibration signals by using a optical fiber cable lain along with pipes, hence it has been widely applied in some 
safety fields, such as the pipeline transportation, national defense, military base and so on. In the application of 
the OFVWS, one of the key issues is to identify harmful mechanical vibration sources quickly and efficiently. In 
this paper, we analyzed vibration signal produced by mechanical vibration sources and extracted the signal 
features transmitted by the OFVWS. A conclusion was drawn that most of mechanical vibration sources have an 
obvious feature of fundamental frequency. Based on this conclusion, we developed a method to detecting and 
recognizing a mechanical vibration source based on a variation coefficient of fundamental frequency periods. 
This method is able to accurately judge if the detected vibration signals having a feature of fundamental 
frequency or not by calculating and analyzing its variation coefficient of fundamental frequency periods. Field 
test results showed that this method can identify various harmful mechanical vibration sources, and have a high 
probability of detection and recognition, and a low probability of false alarm. Copyright © 2013 IFSA. 
 
Keywords: Optical fiber sensor, Fundamental frequency, Mechanical vibration model, Variation coefficient. 
 
 
 
1. Introduction 
 

With the rapid development of pipeline 
transportation, the construction and ground-breaking 
around the pipeline can be seen everywhere, and they 
threaten the security of the pipeline seriously. The 
OFVWS can monitor the long-distance soil vibration 
information by using the fiber lain along with the 
pipeline as a distribute sensor. This system can warn 
the staff the destroying pipeline events happening as 
soon as possible, so it plays a role of safety  
early warning. 

The common harmful mechanical vibration 
signals are generated by some working mechanical 
equipments and construction machines, such as the 
excavators, broken road machines and so on, which 
have a high power and exist for a long time. They 
have very high probability of damaging the pipeline 
and threaten the safety of the OFVWS seriously 
because they may break the surface of road and 
damage the fiber and pipeline quickly. Therefore, it is 
a key to detecting and identifying a mechanical 
vibration source accurately and quickly by using  
the OFVWS. 
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At present, researches on the recognition of 
vibration signals include: linear classifiers [1], neural 
network [2], support vector machines [3, 4], etc. 
These methods all need to study and train on a large 
number of samples, hence have some issues, such as 
a large amount of calculation and a convergence  
of training. 

In addition, there also exist some harmless 
interfering vibration sources in the fiber-optic 
warning area even through their power are high and 
their duration time are long, for example, a train 
passing vibration source. These vibration sources just 
pass through the area covered by optical fiber 
frequently, and do not generate any harmful action to 
threat the warning area. However, conventional 
vibration detection method might confuse these 
harmless vibration sources with the harmful 
mechanical vibration sources so as to send the staffs a 
false alarm of harmful vibration source frequently. 
This can influence the recognition badly, and is 
unfavorable for the reliability of the system running. 

In this paper, a method to identifying mechanical 
source is presented by using a vibration source 
feature model and the detected vibration signal data 
by the OFVWS. This method can distinguish 
between a harmful mechanical vibration source and a 
harmless train vibration source, and identify the 
mechanical vibration source automatically without 
using a learning and training process. Therefore, its 
amount of computation is reduced greatly. This 
method can reduce the probability of  
error identification by improve the correct 
recognition probability. 
 
 
2. Working Principle of OFVWS 

 
Fig. 1 shows the working principle of a vibration 

source measuring and locating system [4]. A 
distributed optical fiber sensor, which is laid along 
with the pipeline, can detect a vibration signal along 
the pipeline.  
 
 

 
 

Fig. 1. Working principle of OFVWS. 

The detected vibration signals will be transported 
by the optical fiber sensor to photoelectric detectors, 
and then is transmitted through photoelectric 
conversions, Amplifications and AD conversions, 
and finally to a computer for further process and 
analysis. In this way, the OFVWS can monitor the 
vibration signals in its coverage areas in real-time. 

The sampling frequency of the OFVWS is 25 kHz 
and every 1024 sampling data form a frame. Because 
of an interference caused by low frequency signal 
and high frequency signal in the signal transmission, 
such as the power supply (220 V, 50 Hz), the 
OFVWS uses an 800-order FIR band-pass filter to 
pre-process all the collected data. Its pass-band range 
from 100 Hz to 3 kHz and its frequency response is 
shown in Fig. 2. 
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Fig. 2. Frequency response of the FIR filter. 
 
 
3. Time and Frequency Domain Analysis 

of Vibration Signal 
 
Generally, a vibration source will turn to be a 

harmful vibration source when the power of signal is 
high enough and its duration time is long enough. 
However, there exist two kinds of this vibration 
sources which have the above features in the nature, 
one may be a passing train, and another be a working 
construction machine. The former vibration source 
does no harm to a safety of the pipeline and the 
OFVWS, hence it dose not need to send alarm to the 
safety staffs. But the later may be harmful. Therefore, 
it is very important to distinguish between the train 
vibration signal and the mechanical vibration signal.  

The traditional vibration signal analysis method is 
a time domain and frequency domain analysis. Here, 
we also use this method to analyze a mechanical 
vibration signal and a train vibration signal detected 
from some oil pipelines, respectively.  
 
 
3.1. Signal Power and Time-domain 

Waveform Analysis 
 

We analyze the signal power by using one-minute 
vibration signal data and calculate their single power, 
as shown in Fig. 3. Then we choose 20 frames data 
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(about 0.8 seconds), which have relative higher 
power than the other chosen signal. We will analyze 
their amplitude and observe their time-domain 
waveforms. Fig. 4(a) and Fig. 4(b) show the time-
domain waveforms of the corresponding mechanical 
and train vibration signals. 
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Fig. 3. Single power analysis results. 
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(a) Mechanical vibration signals. 
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(b) Train vibration signals. 
 

Fig. 4. Time-domain waveforms. 
 
 

From Fig. 3-4 we can observe that: 
(1) The signal power and duration time of the 

mechanical and train vibration source are very similar. 
It is very difficult to distinguish them by using the 
signal power feature, as shown in Fig. 3.  

(2) Their time-domain waveforms in Fig. 4(a) and 
Fig. 4(b) are also very similar, and their amplitudes 
are about 2 mV.  

A conclusion can be drawn that it is difficult to 
distinguish between the mechanical and train 
vibration signals by only using signal power and 
time-domain waveform analysis.  

Next, we will analyze their frequency features of 
these vibration signals. 
 
 
3.2. Fundamental Spectrum Analysis 

 
Because the low frequency part of signals is 

filtered by the band-pass filter as shown in Fig. 2, the 
signals lower than 100 Hz frequency are filtered. The 
frequency of filtered data is as shown in Fig. 5. 
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(a) Mechanical vibration signals. 
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(b) Train vibration signals. 
 

Fig. 5. Frequency spectrum analysis. 
 
 

We can observe a difference between these 
signals from Fig. 5. The frequency spectrum of the 
mechanical vibration signals contains multiple 
discrete spectral lines, and the intervals between 
adjacent spectral lines are almost a fixed value. This 
feature is clearly different from the train vibration 
signals. Therefore, a mechanical signal has a 
periodical change feature. We infer that this feature 
can be used as a basis to distinguish between the 
mechanical and train vibration signals. 
 
 
4. Feature Extraction of Mechanical 

Vibration Source 
 

In section 3, we infer that the studied harmful 
vibration signals have a periodical change feature in 
its frequency spectrum. We can use a complex 
periodic mechanical signal model to represent the 
studied signal [5-7], as shown in Equation (1): 
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(1) 

 
where x is the amplitude of a vibration signal; f  is 

the fundamental frequency of a vibration signal, 
which can represent a feature of spectral line 
intervals, Hz; 

nA  and 
n are the amplitude and an 

phase of the nth Harmonic waves, respectively; t  is 
the time, s; n is the order of harmonic wave.  

For the studied vibration signals, we suppose 
n=13, f=15 Hz, and then obtain the simulation results, 
as is shown in Fig. 6(a) and Fig. 6(b). The simulation 
signals are processed by a band-pass filter further, as 
shown in Fig. 6(c) and Fig. 6(d). 
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Fig. 6 (a). Frequency domain waveform of the simulated 
mechanical vibration signals. 
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Fig. 6 (b). Frequency domain waveform of the simulated 
mechanical vibration signals. 
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Fig. 6 (c). Frequency domain waveform of the filtered 
vibration signals. 
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Fig. 6 (d). Frequency domain waveform of the filtered 
vibration signals. 

 
 

Comparing Fig. 4(a) and Fig. 6(c), Fig. 5(a) and 
Fig. 6(d), separately, we can know that the 
identification model, as shown in Equation 1, is 
correct. Therefore, we can extra the feature of 
fundamental frequency of signal, f, to identify a 
harmful mechanical vibration source. If a vibration 
signal has its fundamental frequency feature, then it 
is inferred to be a mechanical vibration signal; 
otherwise to the contrary. 
 
 
5. Mechanical Vibration Source 

Identification Method 
 

From the above analysis, we know that the key of 
identification is to extract a fundamental frequency 
feature of vibration signals. Therefore, we will 
develop a method to identify a kind of high-power 
mechanical vibration source existing for long time. 
The presented method is based on a variation 
coefficient of fundamental frequency. First, we will 
extract fundamental frequency information of 
vibration signals from their autocorrelation 
coefficients. From this result, we can infer if the 
vibration signals have fundamental frequency feature 
or not. Second, we measure the stability of 
fundamental frequency periods by calculating a 
variation coefficient of peak value intervals in an 
autocorrelation coefficient curve. This index can 
directly reflect if the curve having a periodicity or 
not. At last, we establish a strategy to identify a 
mechanical vibration source automatically. 
 
 
5.1. Extraction of Fundamental  

Frequency Information 
 

Autocorrelation is the cross-correlation of a signal 
with itself, and it can find repeating patterns, such as 
the presence of a periodic signal which has been 
buried under noise, or identifying the missing 
fundamental frequency in a signal implied by its 
harmonic frequencies. Therefore, we use the 
autocorrelation coefficient to extract fundamental 
frequency information.  
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The sampling frequency of the OFVWS system is 
25 kHz, which means a huge calculation load. In 
order to reduce the amount of calculation, we use a 
down-sampling method to sample the vibration signal 
data. X={x1… x10… x20… x30… x20n} represents 
an observed vibration signal sequence and its length 
is 20×n. We down-sample signal data X from every 
10 samples. The down-sampling of X is Y:  

 

    nn xxxxyyyyY 203020102321 ,...,,,,...,,,  , (2) 
 

where Y is the observed down-sampled sequence of X 
and its length is 2×n. 

We can obtain a short-time autocorrelation 
coefficient [8] of Y with Equation (3): 
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where k=1,2,...,n, R is the short-time autocorrelation 
coefficients and R={r1, r2,…, rn}. 

By using Equation (3) we can obtain R(k), 1≤k≤n. 
A autocorrelation coefficient curve figure of R(k) can 
be formed. In this curve figure, there will be some 
local maximal peaks. Here we record the number of 
these local maximal peaks, d, and the time interval of 
the adjoined two maximal peaks, ΔT. A time interval 
sequence will be obtained, ΔT={ΔT1, ΔT2,…, ΔTd-1}. 

The coefficient of variation is a statistical 
magnitude which is used to measure the degree of 
variation of the measurement value. The value of the 

coefficient of variation can illustrate the degree of 
dispersion of the samples. The smaller of the value 
means the smaller degree of variation of the 
measured values, which means more stable of the 
measured value. Since the coefficient of variation is a 
dimensionless number, it can represent the 
significance level of the local maximal peak intervals 
of the autocorrelation coefficients. Hence this index 
can directly reflect if the observed vibration signals 
having a periodicity or not. The formula of a 
coefficient of variation [9, 10] is defined as follow: 
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where cv is the μ coefficient of variation of the 
measurements, and σ are the mean and standard 
deviation of the measurements, respectively; d-1 is 
the number of the measurements. 
 
 

5.2. Implementation of Identification 
Strategy 

 

We establish a strategy to identify a vibration 
source by using Equation 2-6. Fig. 7 shows the 
implementation of this identification strategy. 
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Fig. 7. Implementation of identification strategy. 
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The steps of the strategy are as follows: 
(1) The OFVWS detects a vibration signal, x1, 

every 40 μs. Every 1024 data of the signals comprise 
one frame. The signal power (P1) and the duration 
time (Time1) for these vibration signals will be 
calculated. Only when P1 and Time1 are both bigger 
than their thresholds, P0 and Time0, respectively, then 
the presented identification strategy is started. We 
will process the vibration signal data every 20 frames 
(about 0.8 s), that is, X={x1, x2… x20×1024}. 

(2) Down sample the signal data X={x1, x2… 
x20×1024} with Equation (2), and obtain its down-
sampled sequence, Y={y1, y2… y2048} in this  
20 frames.  

(3) Calculate the short-time autocorrelation 
coefficients of Y, and obtain the corresponding short-
time autocorrelation coefficient sequence,  
R={r1, r2… r1024}, and a curve figure of R will be 
formed. From this curve, we can observe the number 
of the frequency spectrum intervals, d, and ΔT={ΔT1, 
ΔT2,…, ΔTd-1} by setting the autocorrelation 
coefficient threshold as a floating value. Let D1=d. 
The minimum interval of the periodical frequency 
spectrum is the minimum value of ΔT, that is, 
T1=Min(ΔT1, ΔT2,…, ΔTd-1). Only when D1 and T1 are 
both larger than their set values d0 and T0, 
respectively, the presented identification strategy is 
continued. 

(5) Calculate the variation coefficient of the 
intervals ΔT={ΔT1, ΔT2,…, ΔTd-1} for this 20 frames, 
that is, cv1.  

(6) Repeat the above step (1)-(5) to process the 
other 20-frame signals, then a variation coefficient 
sequence will be formed, CV= {cv1,cv2,…,cvk}. 

(7) If the minimum value of {cv1,cv2,…,cvk} is 
less than a given threshold value, cv0, then this 
indicates that the vibration signals have a periodicity 
and are generated by a mechanical vibration source. 
Otherwise it is not a mechanical one.  

 
 
5.3. Identification Results 

 
We analyze four kinds of signal data collected by 

the OFVWS from the pipeline of the China 
Petroleum Pipeline Bureau. The signal data of 
'machine1' and 'machine2' are two different kinds of 
mechanical vibration signals. One was produced by 
an excavator and the other by a broken road machine. 
The signal data of 'train1' and 'train2' were produced 
by trains passing through the Lan-Zheng-Chang oil 
pipeline. 

We will process these vibration signals by using 
the presented identification method, and evaluate its 
reliability. The autocorrelation coefficients 
waveforms of the mechanical and train vibration 
signals are shown in Fig. 8(a) and Fig. 8(b), 
respectively, and Fig. 8(c) and Fig. 8(d) show the 
intervals extracted in the autocorrelation coefficients 
of the mechanical and train vibration signals. 
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Fig. 8(a). Autocorrelation coefficients waveform of 
vibration signals and their intervals for mechanical 

vibration signals. 
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Fig. 8(b). Autocorrelation coefficients waveform of 
vibration signals and their intervals for train vibration 

signals. 
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Fig. 8(c). Autocorrelation coefficients waveform of 
vibration signals and their intervals, extracted in the 

mechanical signals. 
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Fig. 8(d). Autocorrelation coefficients waveform of 
vibration signals and their intervals, extracted in the  

train signals. 
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From Fig. 8 we can observe that: the short-time 
autocorrelation coefficients of mechanical vibration 
signals have a stable periodicity, which is obviously 
different from the train vibration signal. We can 
extract the fundamental frequency period,  
ΔT={ΔT1, ΔT2,…, ΔTd-1}, with a suitable set 
threshold, as shown in Fig. 8(a).  

Then we can calculate a variation coefficient (cvk) 
of the fundamental frequency intervals to measure the 
fundamental frequency stability of vibration signals. 
We set the power threshold, P0, as -20 dB, and the 
duration time threshold, T0, as 4 seconds. After 
extracting the local maximal peak intervals of the 
autocorrelation coefficients, we set d0=5 and T0=60 s, 
respectively. The floating threshold will adapt itself 
in order to obtain the effective intervals and let 
cv0=10. Fig. 9 shows the results of cv. 
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Fig. 9. Result of recognition. 
 
 

From Fig. 9, we can observe that: 
(1) Most of the variation coefficients of the 

mechanical vibration signals are stable and lower 
than cv0. 

(2) All of the variation coefficients of the train 
vibration signals are unstable and higher than cv0.  

(3) There are a large number of redundancy in the 
actual data, hence it can be determined as mechanical 
vibration source as long as there exists one of the 
variation coefficient of fundamental frequency lower 
than the given threshold cv0, and the coefficients 
which are above the threshold don’t affect the final 
determination. 

From the above studies, we can conclude that this 
identification strategy can detect and identify 
mechanical vibration signals accurately. 

 
 

6. Conclusions 
 
For the safety of pipeline running, it might be 

harmful for a kind of vibration source, which has 
high vibration power and exists for long time. A 
frequently passing vehicle, such as a passing train, 
also has these features, but this vibration source is 
harmless. At this time, an OFVWS will send the staff 

a false alarm, which will decrease the working 
reliability of the OFVWS badly.  

In order to improve the identification performance 
and reduce the probability of false alarm for the 
OFVWS, we analyzed the fundamental frequency 
features of the vibration signals, and present a 
method for identifying harmful mechanical vibration 
sources, which have high power and long existing 
duration. This method can extract the fundamental 
frequency periods of the vibration signals, then 
evaluate its stability by calculating the variation 
coefficients of fundamental frequency periods (cv), 
and finally identify the harmful mechanical vibration 
sources from the other vibration sources. 

In order to investigate the performance of the 
presented method, we process some vibration signal 
data detected by an OFVWS of the China Petroleum 
Pipeline Bureau. The results show that this method 
can distinguish the harmful mechanical vibration 
sources accurately from the high-power and long-
duration sources by analyzing the stability of 
variation coefficients of fundamental frequency. 

This presented method based on the variation 
coefficients of the fundamental frequency periods can 
identify the harmful mechanical vibration sources 
accurately in real-time and reduce the false alarm 
rate. At the same time, it needn’t a process of 
learning and training, so can reduce the calculation 
amounts greatly. 
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Abstract: On board of Quickbird satellite two types of sensors are present: panchromatic and multispectral. The 
first acquires earth images within spectral range 0.405 μm – 1.053 μm; the second acquires simultaneously four 
images of the same scene, each of them within shorter range of spectrum (Blue, Green, Red, Near-Infrared). 
Panchromatic images present geometric resolution 0.60 m while multispectral ones 2.40 m. For many 
applications, detailed data are welcome, so in the last decades several methods have been elaborated in Remote 
Sensing to transfer pixel dimensions of pan images into multispectral images. Included in data fusion 
techniques, they are named pan-sharpening methods and one of the principal problems they are called to resolve 
is to define weights to attribute to each multispectral component in fusion operations.  The aim of this paper is to 
consider the application to Quickbird imagery of two efficient pan-sharpening methods, IHS and Brovey 
transformation, demonstrating that multispectral weights can be easily derived by analysis of sensors relative 
spectral radiance response. Copyright © 2013 IFSA. 
 
Keywords: Quickbird images, Panchromatic and multispectral sensors, Geometric resolution, Pan-sharpening, 
Relative spectral radiance response. 
 
 
 

1. Introduction 
 

The successful launch of the first very high 
resolution (VHR) satellites, such as IKONOS in 
September 1999 or Quickbird in October 2001, 
marked the beginning of a wholly new age in remote 
sensing; in fact, VHR satellites are able to capture 
images of the earth’s surface with a ground sample 
distance (GSD) of 1 m and even less [1].  

Because of their high resolution, those images are 
used for many applications: IKONOS scenes  
(pan: 1 m x 1 m, multispectral 4 m x 4 m) are used to 
establish accurately variation of shorelines in 
presence of coastal erosion [2].  

Recently cell size of 50 centimeters has been 
achieved for panchromatic data, such as in the cases 
of GeoEye-1 and WorldView-2 [3].  

To reduce effects of noise on signals, 
multispectral sensors capture data with lower 
resolution than panchromatic ones. For consequence 
intense research activities in the last decades have 
been focused on the possibilities for integrating 
different images to produce more information than 
that can be derived from a single sensor [4].  

Multispectral (MS) images are conducted to 
higher spatial resolution by exploiting panchromatic 
ones that frequently are acquired simultaneously by 
sensors on the same satellite. This fusion process is 
called pan-sharpening of MS images [5].  

A large number of pan-sharpening methods are 
present in the literature: in this work the attention was 
focused on IHS (Intensity-Hue-Saturation) and 
Brovey transformation, remarking the possibilities to 
enhance quality of results using for both methods 
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weights that were derived by operative characteristics 
of panchromatic and multispectral sensors.  

 
 

2. Data and Methods 
 
2.1. Quickbird Sensors 
 

Launched on October 18, 2001, Quickbird 
satellite has a polar sun-synchronous orbit at an 
altitude of 450 km with a period of 93.6 minutes. On 
board of it there are two types of sensors (both with a 
swath width of 16.8 km) that respectively supply at 
nadir 61 centimeters panchromatic images (0.405 μm 
– 1.053 μm) and 2.44 meters multispectral images 
(Blue: 0.430 μm – 0.545 μm; Green: 0.466 μm – 
0.620 μm; Red: 0.590 μm – 0.710 μm; Near-Infrared: 
0.715 μm – 0.918 μm). Pixel dimensions become 
respectively 0.66 and 2.64 meters when images are 
collected with an acquisition angle of 15°. 
Commercially data are supplied with geometric 
resolution of 0.60 m for panchromatic and 2.40 m for 
multispectral ones.  Radiometric resolution for both 
is 11 bit (BV=0÷2047) [6-7]. 
 
 
2.2. Study Area and Data  
 

Pan-sharpening methods were applied to a clip of 
Quickbird imagery concerning San Francisco 
(Fig. 1), courteously supplied by Digital Globe as 
product samples available for download. Set includes 
panchromatic as well as multispectral data and was 
collected on June 8, 2012 [3].  
 
 

 
 
Fig. 1. The RGB true color composition of the considered 

area (San Francisco, California).  
 
 

The clipped scene extends 1,800 m  1,800 m. In 
reference to UTM-WGS84 cartographic system (10 S 

zone), limits for East and Nord coordinates are: 
E1=545,474.4 m, E2=547,274.4 m, N1=4,182,511.2 m, 
N2=4,184,311,2 m. For consequence the original 
panchromatic image consists of 3,000 columns and 
3,000 rows, while for the other four bands matrices are 
constituted by 750 x 750 pixels because of  
lower geometric resolution (2.4 m x 2.4 m rather  
than 0.6 m x 0.6 m). 
 
 
2.3. IHS Method 
 

IHS method [8-10] transforms RGB colour 
composite of bands into Intensity-Hue-Saturation 
colour space. Similarity of Intensity component (I) to 
panchromatic image is used to produce data fusion 
preserving the higher spatial resolution and 
radiometric resolution. The Intensity component is 
replaced by the pan image and the scene is reverse 
transformed: for consequence R’G’B’ composition 
with higher geometric resolution is produced.  

Because Quickbird multispectral images are four, 
Intensity is supplied by the mean of them. Better 
results can be achieved introducing weights: 
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Weights can be established in universal way 

considering series of images that cover different 
areas. In this application we propose to use 
coefficients that can be derived by Relative Spectral 
Radiance Response (RSRR) of the Quickbird system 
(Fig. 2): it was determined by the producer using 
analysis of laboratory measurements [11].  

In this work the contribution of each multispectral 
band in percentage to the sum of the contributions of 
all multispectral bands to panchromatic one was 
calculated considering the areas of the respective 
polygons in the RSRR. Every polygon is generated 
by the correspondent graph and X-axis. The resulting 
weights are reported in Table 1.  
 
 

 
 

Fig. 2. Relative Spectral Radiance Response (RSRR)  
of QuickBird sensors. 
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Table 1. Weights that were derived by Relative Spectral 
Radiance Response. 

 
Bands Blue Green  Red NIR 

Weights 0.11 0.26 0.24 0.39 
 
 
2.4. Brovey Transformation  
 

Brovey transformation [12] is included in 
Modulation-based fusion methods (MBFM) that 
research spatial details multiplying the multispectral 
(MS) data by the ratio of the pan image to a synthetic 
image which generally presents lower resolution [13]. 
The fused image is supplied by: 
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where fusioni is the fused ith band; Muli is the original 
MS ith band; Synp is the synthetic band; Pan is the 
higher resolution panchromatic band. 

Particularly with Brovey transformation the 
synthetic image is the average of the multispectral 
bands that are included in panchromatic one:  
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Similarly to IHS method, weights may be 

introduced, so the fused image is supplied by the 
following formula: 
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In this work we used the same weights above 

mentioned for IHS and derived by RSRR. 
 
 
3. Results and Discussion 

 
In Fig. 1 a particular of the RGB composition 

with pan-sharpened bands by IHS with weights is 
shown in comparison with the analogous supplied by 
the original imagery. 

Advantage of pan-sharpening is evident: more 
details are visible and the resulting imagery can 
support further studies. To establish the similarity of 
pan-sharpened bands to those obtainable by real 
sensors with same high resolution, quality indices 
must be considered. According with that reported in 
literature, to establish the quality of results and verify 
the efficiency of the calculated weights, two indices 
were considered: 

Universal Image Quality Index (UIQI); 
Relative Dimensionless Global Error in Synthesis. 

 
 

(a) 
 

 
 

(b) 
 

Fig. 3. Particulars of comparison between RGB true 
color composition with pan-sharpened bands by IHS  

with calculated weights (a) and the correspondent one  
with original bands (b). 

 
 

Universal Image Quality Index (UIQI) was 
introduced by Wang and Bovik (2002) [14] and can 
be calculated as:  
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where: A is the original multispectral image; B is the 
correspondent multispectral image after pan-
sharpening; σA is standard deviation of image A; σB is 
standard deviation of image B; CovAB is covariance 
between A and B; µA is the mean values of images A; 
µB is the mean values of images B. 

In (5) the first term is the correlation coefficient, 
the second term is about mean shifting, and the third 
term is about contrast similarity. Good quality of 
Pan-sharpened images is certified by Q value  
close to one.  

Relative Dimensionless Global Error in Synthesis 
is indicated as ERGAS, the abbreviation of Erreur 
Relative Globale Adimensionnelle de Synthèse. 
Introduced by Wald [15], it is supplied  
by the formula:  
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where h/l is the ratio between pixel sizes of pan and 
original multispectral images; RMSE(k) is the RMSE 
of the kth band; μ(k) is the mean of the kth band. 

A small value of ERGAS means good  
image quality. 

Values of those indices are shown in Tables 2, 3, 
4, 5 in reference to each applied method.  
 
 

Table 2. Quality indices for IHS. 
 

 UIQI ERGAS 
Blue 0.838 

Green 0.843 
Red 0.842 
NIR 0.929 

5.420 

 
 

Table 3. Quality indices for IHS with weights. 
 

 UIQI ERGAS 
Blue 0.907 

Green 0.908 
Red 0.906 
NIR 0.935 

4.242 

 
 

Table 4. Quality indices for Brovey transformation. 
 

 UIQI ERGAS 
Blue 0.901 

Green 0.885 
Red 0.887 
NIR 0.895 

4.644 

 
 

Table 5. Quality indices for Brovey transformation  
with weights. 

 
 UIQI ERGAS 

Blue 0.935 
Green 0.931 
Red 0.929 
NIR 0.913 

3.732 

 
 

Comparing results, advantages that are introduced 
by calculated weights are evident. Mean value of 
UIQI increases from 0.863 to 0.914 for IHS, and 
from 0.892 to 0.927 for Brovey transformation. 
ERGAS rises of about 27 % for IHS and 24 % for 
Brovey transformation. 
 
 
4. Conclusions 
 

Calculation of weights in consideration of RSRR 
of Quickbird pan and multispectral sensors is an 
efficient approach to effort IHS and Brovey 
transformation. In fact, introducing those weights in 
the calculation of Intensity as well as Synthetic 
image, improvement of results is generated as 
confirmed by both quality indices UIQI and ERGAS. 
In other approaches these weights are calculated 

considering series of images: in this application they 
are directly derived by RSRR and can be used in any 
case in presence of Quickbird data. 
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Abstract: In dynamic targets tracking measure system, a new detection algorithm on infrared small target is put 
forward. The algorithm is base on wavelet transformation, and by using it we can gain clear characteristics of 
target image and decrease mistake of tracking target. In paper, the principle of infrared small target detection 
was introduced, and the infrared small target detection system is designed. According to the theory of wavelet 
transformation, the method of Butter worth wavelet low-pass filtering was applied to filter noise and eliminate 
high frequency single. Multi-resolution wavelet filter on infrared target was studied to improve image quality, 
and make the target edge more clear. By setting up the track detection model, the Mean Shift target tracking 
algorithm is applied to analyze the key technology of the dynamic target tracking algorithm. The method of 
image segmentation and edge detection on dynamic targets were analyzed. Through experiment and calculation, 
the detection algorithm meets the measure need. Copyright © 2013 IFSA. 
 
 
Keywords: Infrared small target, Tracking and detection, Wavelet transformation, Image processing, Image 
segmentation. 
 
 
 
1. Introduction 
 

In dynamic targets tracking test system, with 
development of the infrared imaging technology, the 
infrared imaging technology has been widely applied 
to optical remote sensing, target detection, fire 
control, night navigation and missile guidance [1-2]. 
Because infrared technology has the advantages of 
good concealment, strong anti-jamming performance, 
long distance and work double, so it plays a vital role 
in those fields. As a key technology in the guidance 
fields, homing infrared search tracking fields and 
warning fields, infrared small target tracking and 
detection technology become a long history and 
energetic research topic [3-5]. Due to factors such on 
the detection distance, a smaller field of view, 

complicated background, there are some difficulties, 
such as no obvious characteristics of target, external 
thermal disturbances in infrared small target 
detection system, so conventional algorithms already 
cannot be used to the detection system under 
complex background [6-7]. In the paper, wavelet 
transformation is used to infrared small target 
detection. By using the wavelet transformation, we 
can solve these questions: the firstly, using the energy 
characteristics image method based on wavelet 
transformation, the original image can be divided into 
two zone i.e. target zone and natural texture 
background zone [8-10], the more smoother the 
target zone is and the more detailed the background 
texture is, the more higher target detection accuracy 
is, the secondly, the target detection method is 
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adapted to situations such as air, on land, sea and 
other natural texture context, selection of energy 
characteristics has nothing to do with the direction of 
background texture, finally, because the target 
change has rotation, translation invariance and the 
method is suitable for the same type of target 
detection under different circumstances.  
 
 

2. The Principle of the Infrared Small 
Target Detection 

 
In wild environment, because the dynamic small 

target tracking based on the principle of optical 
imaging is often affected by the external 
environment, so there are some difficulties in 
tracking system. The infrared background (especially 
the sky, the sea, clouds of natural background and 
waves) often showed a large area continuous 
distribution, gradual transition state in the intensity of 
infrared radiation [11]. Thus the infrared images are 
greater relativity in image gray spatial distribution, it 
is a slowly varying two-dimensional and non-
stationary random process, and the background of the 
infrared images is undulate [12-13]. In fact, the 
intensity of infrared target radiation is no relativity 
with the intensity of natural background radiation, 
and is higher than the intensity of natural background 
radiation. So the background is in the low-frequency 
part of the image signal, the target is in the high 
frequency part of the image. By using the wavelet 
transformation the infrared image is separated into 
low frequency and high frequency part. Then the high 
frequency image is analyzed, thus the targets can be 
detected. 

The multi-resolution characteristics and 
decorrelation in wavelet transformation mainly distill 
infrared small target point [14-16]; it can improve 
target image quality. Firstly Wavelet transformation is 
used to denoising, it can improve the image contrast. 
Secondly, Mallet algorithm is used to multi-scale 
decomposed by the image signal; it can enhance the 
information of small target. Lastly, the image 
segmentation is used to determine the target. Fig. 1 is 
the principle of algorithm target detention.  
 
 

 

 
Fig. 1. The work principle of the target detection algorithm. 

3. Principle of Wavelet Transformation 
 

Suppose, 2( ) ( )t L R  , 
^

( )t  is the Fourier 

transformation, when 
^

( )t  meet formula (1). 
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R
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We consider ( )t  is a basic wavelet, or mother 

wavelet, the function of ( )t  is out spread and level 

moved, and gain a wavelet sequence [17], it can 
expressed by formula (2): 
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In formula (2), a , b  R , 0a  , a  is the 

expansion factor, b  is the translation factor. 
If the wavelet is discrete, its sequence can be 

expressed by formula (3): 
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where j  is the scale index, m  is the position index. 

To random function ( )f t , if 2( ) ( )f t L R , its 

continuous wavelet transform can be expressed by 
formula (4). 
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4. Small Target Detection Algorithm 

based on the Wavelet Transformation 
 
4.1. Denoising Wavelet Transformation 
 

In infrared target detection system, those images 
coming from computer contain many noises. If we 
want to gain idea image, the original image must be 
preprocessed by wavelet transformation denoising. 
The preprocessed is mainly to improve the image 
SNR, inhibit the background, and meet the 
requirement of image real-time process. If the process 
can not meet the requirement, it will directly affect the 
feature extraction and matching of target. The method 
of Butter worth wavelet low-pass filtering was used to 
eliminate noise and make the image is proportion to 
target detection [18]. The Butter worth wavelet low-
pass filtering can be expressed by formula (5).  
 

      , , ,G u v H u v F u v , (5) 
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where  ,F u v  is the transformation image, which 

has noise.  ,H u v is transfer function, if we select 

appropriate  ,H u v , the High frequency 

components of  ,F u v  will be attenuated and 

obtain  ,G u v  that is transformed function by 

smooth processing. We will obtain the smooth image 

 ,g x y  by the inverse transformation of  ,G u v . 

The transformation function  ,H u v  can be 

expressed by (6): 
 

 
2*3

0

1
( , )

( , )
1 ( 2 1)

H u v
D u v

D



  

 
(6) 

 

In formula (6), 0D  is the Cutoff frequency, 

2 2( , )D u v u v  .  
 
 

4.2. The Wavelet Filter of the Multi-
Resolution Infrared Target  

 

After the target image was preprocessed, if we 
want to obtain specific target features, and make the 
edge more clear. It is necessary to process infrared 
target image by using multi-resolution wavelet filter. 

If ( )x  is a one-dimensional scaling function, 

and ( )x  is a corresponding wavelet function, we 

can get a two-dimensional wavelet basis function. 
 

 )()(),(1 yxyx    (7) 
 

 )()(),(2 yxyx    (8) 
 

 )()(),(2 yxyx    (9) 

 

Track image can be viewed as two-dimensional 
matrix, generally, we assume the size of the image 
matrix is N N , here N  equals to 2n , n  is the 
non-negative integer. After transformation, the image 
will be divided into four region, their size is 1/4 
original picture, those picture contain correspond 
frequency band coefficients.  

To improve the processing speed, we apply Matlat 
algorithm to dispose picture. This kind algorithm has 
merits, it can speed for decomposed and disposed of 
image. ( , )f x y  is the two-dimensional image, it can 

divided into two one-dimensional wavelet transforms 
along directions x and y , when it is processed by 

wavelet decomposition. That is, ( )x  is scaling 

function, ( )x  is wavelet function, ( , )f x y  is 

decomposed into two parts when we analyze ( )x  

and ( )x  along the x direction. Those two parts are 

profiles and details. Along the y direction we can 
analyze ( , )f x y  in the same way. Ultimately we can 

obtained 4-outputs, the first output is two-dimensional 
profiles of ( , )f x y . The remaining 3 outputs are the 

wavelet details along x  direction, y  direction and 

xy  diagonal direction. The reconstruction of image 

can also be treated as of two one-dimensional 
direction, from which obtained the Matlat algorithm 
of two-dimensional signal. The algorithm is 
expressing by Fig. 2.  

 
 

4.2 Infrared Target Image Segmentation  
and Edge Detection Base Wavelet 
Transforms 

 
Technology of image segmentation is got by 

wavelet transformation. It is a threshold selection 
method of the discrete binary wavelet transformation, 
it can automatically selected threshold in different 
scales, and effectively separate Image.  

 

fDj
1

1

fDj
2

1

fDj
3

1

 
 

Fig. 2. The wavelet reconstruction algorithm of the image. 
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We know, the image is formed by the background 
and objectives, their gray-level histogram chart has 
two peaks corresponding to gray-level, if we select a 
threshold, the two peaks was separated, and image is 
divided. We can get a meaningful valley value from 
the two peaks in the histogram. The valley value is an 
effective threshold of image segmentation. Because of 
low sensitivity of infrared thermal imaging devices 
and high-gain of follow-up amplifier, the collected 
infrared image have noises, there is difficultly to 
distinguish obviously the histogram peaks and 
valleys, and select the threshold. Wavelet transform 
image segmentation can overcome this shortcoming; 
the specific algorithm was described as follow: 

Assume, )(x  is the surface smooth function that 

is suitable for infrared target, and satisfy bellow 
condition: 
 

 
0)(lim,1)( 





 xdxx
x

 , (10) 

 

where ( )x  is the Gaussian function, it can be 

expressed by formula (11). 
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the wavelet transformation of )(xf  can be 

expressed by formula (12): 
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We can acted * ( )sf x  as the function 

smoothed by the Gaussian function in the scale s, 
when S is very small, and the ( )f x  is smoothed by 

( )s x , the mutation general features of ( )f x is not 

affected. From view of the frequency domain, ( )f x  

is filtered by 
^

( )s w . When S is smaller,   can be 

extended, 
^

( )w  has bigger bandwidth than 
^

( )s w  

and the waveform feature of the ( )f x  is little effect. 

Otherwise, when S is bigger,   can be expressed, 
^

( )w  has smaller bandwidth than 
^

( )s w , some 

small changes of ( )f x  will eliminate, and some 

larger size characteristics of ( )f x  is left. From 

above all, when we select the appropriate S, the noise 
of image is eliminated. 

The zero crossing of wavelet transformation 

( )sW f x  is extreme point of ( )f x . We only study 

the corresponding point of ( )sW f x  from negative 

to zero, because those points can reflect local valley 
points positions of ( )f x . If we select valley points 

as threshold to process the wavelet transformation on 
image, the two peaks of image are parted, and the 
image segmentation is done.  

If we want obtain the edge feature of the infrared 
small target, the image must be detected about edge 

after image segmentation. Assume, xf  and yf  are 

two functions in two- dimensional direction on 
image. If i  and j are a position point coordinate in 

image. [19] We use the difference between two 
adjacent pixels in diagonal direction to instead 
gradient value in order to find outer edge of image. 
Their relation can be expressed by formula  
(13) and (14). 
 

 ( , ) ( 1, 1)xf f i j f i j     (13) 
 

 ( , 1) ( 1, )yf f i j f i j     (14) 

 

Convolution operator of xf  and yf  is expressed 

by formula. 
 

 1 0
:

0 1xf
 
  

      0 1
:

1 0yf
 
  

 (15) 

 
Gradient amplitude is approximately expressed by 

formula (16): 
 

 2 2( , ) x yR i j f f    or 

( , ) x yR i j f f   
(16) 

 
When the threshold of   is selected, if 

( , )R i j  , point (i, j) is the edge point. According 

to the formula (16), the edge detection of infrared 
target can be processed. 
 
 
5. The Algorithm of the Small Target 

Tracking Detection 
 

The target shadow value must be quantitatively 
analyzed to debase quantity of calculating and satisfy 
need for real time. Suppose the track point is y, the 
detection area is a rectangle area which center is y, 
breadth is h, and pixels point is expressed 

by 1...{ }i i nx  and its value is m , that is, the function 
2( ) : {1... }b R m  is shadow index of pixels 

point ix . the Mean Shift target track algorithm is 

applied to obtain the character value of the dynamic 
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target. It uses the character value of the shadow and 
texture of image to represent the target, the gradient-
Descent search algorithm of mean shift vector to 
track the object [20].  

Suppose the center of object area is 0x , in which 

there are n  pixels points expressed 1...{ }i i nx  , the 

quantity of character value is m, the probability 
density of the character value u of target is expressed 
by formula (17). 
 

 ^
20

1

( ) [ ( ) ]
n

i
iu

i

x x
q C k b x u

h





   (17) 

 
In formula, ( )k x  is profile function of kernels 

function, because the effect of the background and 
shadow, the pixels point of target model center about 
is more credible than the others, by the function 

( )k x , weight calculation of the center pixels point is 

bigger, weight calculation of the point apart from 
center pixels is smaller. The function ( )k x  can 

eliminate effects which come from calculating the 
different size target, make the ellipse target normalize 
the unit round through ( )k x . ( )x  is Delta 

function. Using [ ( ) ]ib x u  , we can judge the gray 

value of the pixels point in the target area whether 
belong to the number u characteristic value, if the 
value belongs to the number u characteristic value, 
the value is 1, otherwise, the value is 0. C is a 
standardization constant coefficient which can 

produce 
1

1
m

u
u

q


 , the kernels consistency 

expression of the profile function on kernels function 
can be expressed by formula (18).  
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The area in which the dynamic target possibly is 
of the second and the subsequence frame image is 
candidate area. The center coordinate of it is y, y also 
is center coordinate of the kernels function. The 

pixels point of the area is expressed by 1...{ }
ji i nx  , 

when the character value of the candidate model is u, 
the value of u is between 1 and m , the probability 
consistency of u can be expressed by formula (19). 
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The similitude function represents the similitude 
degree between the target model and the candidate 
target model. Bhattacharyya coefficient is used the 
similitude function. 

 ^ ^ ^
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( ) ( )
m

uu u
u

y P y q


  (20) 

 
The value of Bhattacharyya is between 0 and 1. 

The bigger the value of 
^

( )y  is, the bigger the 

similitude degree is between the two models. We can 
obtain the different candidate model in different 
candidate area by calculating, the candidate model in 

which 
^

( )y  is the biggest is the target position. 

To make 
^

( )y  biggest, suppose, the place of 

center y0 in the front frame image is the center place 
of the nonce frame image, from the point, we search 
the optimization matching target. Firstly, we 

calculate Taylor from 
^

0( )y  in the target candidate 

model to gain the biggest value of 
^

( )y , using the 

biggest 
^

( )y  to find the target point of the place. 

By using Mean Shift method, from the point 0y , 

according to gray changing big direction in two 
model, we can calculate to find the target place. 

 
 
6. Calculation and Analysis 
 

To validate infrared small target detection 
algorithm using wavelet analysis, we can select two 
infrared images that include noise to process. In the 
Fig. 3, there has noises in the target image; the target 
is almost submerged in the background and noise. In 
the Fig. 4, after the image denoising, the multi-
resolution wavelet transform, and filtering, the low-
frequency background of image is basic blurring, the 
small target detected appears is clear, and some of the 
background image has been suppressed. In the Fig. 5, 
the image of edge detection is showed. View from 
analysis of theory, the algorithm can meet the small 
target detection in complex background and lay a 
sound basis for dynamic target tracking system. View 
from the results the experiment; the noise of images 
is essentially removed.  

Fig. 6 also is a small track. In the Fig. 6, there has 
noises in the target image in the field background; the 
target is almost submerged in the background and 
noise. After the image to be preprocessed, the low-
frequency parts of image is filtrated basically, and 
figure of the background image is correspondingly 
clear. In the Fig. 7, the image processed by method of 
edge detection is showed. View from the results the 
experiment, the algorithm can essentially removed 
noise of complex background, recognize the small 
target, and lay a sound basis for dynamic target 
tracking system. 
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Fig. 3. Pretreatment. 
 
 

 
 

Fig. 4. Multi-resolution wavelet transformation processing. 
 
 

 
 

Fig. 5. Edge processing. 
 
 

 
 

Fig. 6. Target original image. 
 
 

 
 

Fig. 7. The image by segmentation and edge processing. 
 
 
7. Conclusion 

 
In order to get the dynamic infrared target 

characteristic in the complex background, the image 
is denoised by the wavelet transformation. Then the 

flooding wave and noise of the image is weaken, the 
image of the background and target is strengthened. 
Although the small target and the background image 
is still mixed together, but the edge feature has been 
exposed relatively to the original target. The noise of 
the image is reduced, but the loss of target is very 
small, which proved that the method of denoising is 
feasible. Base on the multi-resolution wavelet 
filtering, the background of the image is suppressed, 
the small target is outstanding. On the basis, the edge 
detection of the image is done, and the contour of the 
small target is outstanding. The detected effect of 
algorithm is affected and can not detect the target 
when the interference information is more, and the 
complexity is on the increase, although it can detect 
accurately the small target of the infrared image in 
the complicated background. Because the algorithm 
can only detect the single target. In order complete 
the detection task, we can add the multi-frame 
detection, which can achieve perfect results, the study 
of this paper provide reliable detection method and 
theory for Follow-up multi-target detection, and has 
practical significance. 
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Abstract: Anneal process must be made before strip steel figuration handling. The strip steel length passed 
anneal furnace can reach thousands of meters. Strip steel is easy off tracking. So, strip steel deviation correction 
sensor must be set in anneal furnace. Strip steel deviation correction check control system must be set on strip 
steel production line. Electromagnetic inductance strip steel deviation correction sensor was designed 
independently by electromagnetic induction principle in this paper to work in anneal furnace. Its structure form 
is centring check form. The technique quotas of this sensor are same as similar product of Germany EMG 
Company. SolidWorks software was adopted to construct the right half part model of sensor metal frame. 
Transient state heat analysis and heat structure coupling analysis were made on relative model by ANSYS 
software. The influence rules of temperature field and gravity field on sense structure deformation were found. 
Strip steel deviation correction check control system was designed. Prepositive amplification rectification circuit 
was designed. Second order infinite gain multiple circuit feedback lowpass smoothing circuit was designed. This 
research provides important reference base on realizing nationalization of import electromagnetic induction 
deviation correction sensor and enhancing automation level of inland cold rolling strip steel equipments.  
Copyright © 2013 IFSA. 
 
Keywords: Strip steel deviation correction, Check control system, Sensor, Transient state heat analysis, Heat 
structure coupling analysis. 
 
 
 
1. Introduction 
 

In recent years, the requirement for cold rolling 
strip steel is very large on many industries in China. 
Anneal process must be made before strip steel 
figuration handling. The temperature in anneal 
furnace can reach 600 °C to 1000 °C. The influence 
of high temperature on strip steel deviation 
correction sensor is big. Inaccurate collection 
information and low check precision will emerge 

probably which will cause the error actions 
engendered by check control system and executive 
system. The strip steel length passed anneal furnace 
can reach thousands of meters. Strip steel is easy off 
tracking on transport process. These will cause strip 
steel damage, strip steel break and stop production. 
The continuous, fast and stable work of strip steel 
production line will be influenced accordingly. 
Electromagnetic inductance strip steel deviation 
correction sensor and strip steel deviation correction 
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check control system can adapt to each position on 
strip steel production line. This kind of sensor has 
strong antijam capability. The influences of dirts 
accumulated on sensor, static electricity field, steam 
engendered by rolling process and metal fog of 
anneal furnace inner on electromagnetic inductance 
strip steel deviation correction sensor are all small 
[1-5]. In various sensors, only electromagnetic 
inductance strip steel deviation correction sensor 
can work normally under the high temperature 
environment in anneal furnace. This kind of sensor 
has long working life. It does not need artificial 
maintenance after installation and adjustment [6]. 
So, Inductance strip steel deviation correction 
sensor and strip steel deviation correction check 
control system are key links to ensure the 
continuous, fast and stable work of strip steel 
production line. The main products of Germany 
EMG Company are electromagnetic inductance 
sensor, camera sensor and photoelectric sensor. The 
main products of America FIFE Company and 
North America Company are photoelectric sensor, 
camera sensor and capacitive sensor. The main 
product of Japan Yokogawa Company is 
photoelectric sensor. The main products of Beijing 
Aritime Company are photoelectric sensor, camera 
sensor and capacitive sensor [7]. Electromagnetic 
inductance deviation correction sensors imported 
directly from abroad were widely adopted on cold 
rolling strip steel production line of many Chinese 
iron and steel enterprises currently. Eight sets of 
electromagnetic inductance deviation correction 
sensors were applied on pickling and cold rolling 
strip steel production line of Benxi Iron and Steel 
Company. Fourteen sets of electromagnetic 
inductance deviation correction sensors were 
applied on relative continuous anneal production 
line. It is very difficult in using and maintaining this 
kind of sensor. The price of this kind of sensor is 
very expensive [8, 9]. So, the independent research 
and development on electromagnetic inductance 
strip steel deviation correction sensor and strip steel 
deviation correction check control system have 
important significance on enhancing automation 
level of inland cold rolling strip steel equipments. 

 
 

2. The Design of Strip Steel Deviation 
Correction Sensor 
 

2.1. The Structure Design of Strip Steel 
Deviation Correction Sensor 

 
The structure form of mutual inductance strip 

steel deviation correction sensor was designed as 
centring check form, based on the characteristics of 
mutual inductance sensor. The sensor can adapt the 
high temperature environment in anneal furnace. The 
relative work sketch map of this sensor was shown  
as Fig. 1.  

The sensor contains two transmission coils and 
two receiver coils. After alternative sinusoidal 

voltage was acted on transmission coil 1 and 
transmission coil 3, alternative magnetic field will be 
engendered around them. Induction electromotive 
force   will be engendered on receiver coil 2 and 
receiver coil 4 accordingly which was shown in 
formula (1). 

 
 

 
 

Fig. 1. The work sketch map of mutual inductance strip 
steel deviation correction sensor. 

 
 

 
1

d
K N

dt

  , (1) 

 

In formula (1), 1K  represents coil structure 

constant. N  represents receiver coil circle number. 
  represents the magnetic flux of receiver coil. t  

represents time. When strip steel passes two 
transmission coils and two receiver coils, some 
magnetic induction lines will be covered by strip 
steel. Induction electromotive force   obtained by 
two receiver coils will decrease accordingly  
which were shown in formula (2) and  
formula (3) respectively. 
 

 

hb

BK 2 , (2) 

 

 

 
1 2

/

K K NB

h db dt
  , (3) 

 

In above formulae, 2K  represents constant. B  

represents magnetic induction strength. h  represents 

strip steel thickness. b  represents strip steel width. 
When strip steel conveying is normal, strip steel 
centre line superposes with sensor centre line. When 
strip steel conveying is towards the left, receiver coils 
2 signals will be weakened. Receiver coils 4 signals 
will be strengthened accordingly. Above signals will 
be amplified prepositively, rectified, filtered and 
inputted into controller. Finally, strip steel deviation 
correction controls were accomplished by controller 
and execution system. 
 
 

2.2. The Electromagnetic Inductance Coil 
Design of Strip Steel Deviation 
Correction Sensor 

 

Strip steel width scope is 300 mm to 1000 mm. 
Strip steel deviation scope is ±30 mm. Sensor coil 
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form was designed as rectangle. Relative length is 
865 mm. Relative width is 120 mm. Relative 
thickness is 44 mm. The polyester varnished wires 
used as electromagnetic inductance coil must have 
good insulation property and tensile strength. High 
temperature will enlarge the thermal expansivity 
coefficient and resistance of copper line. Sensor 
check precision will be influenced accordingly. 
Therefore, QZ high strength polyester varnished 
wires were wound into rectangle electromagnetic 
inductance coil directly by automatic numerical 
control winder in this paper. 
 
 
2.3. Strip Steel Deviation Correction Sensor 

Technic Quotas 
 

The technic quotas of strip steel deviation 
correction sensor designed independently in this 
paper are same as similar product of Germany EMG 
Company. Relative technic quotas are as follows. 
Work temperature is 600°С to 1000°С. Surroundings 
temperature is 0°С to 85°С. Checkable strip steel 
thickness is 0.3 mm to 2.5 mm. Centring precision  
is ±5 mm. 
 
 
3. Heat Structure Coupling Analysis  

of Strip Steel Deviation  
Correction Sensor 

 
3.1. Model Construction 
 

The work map of strip steel deviation correction 
sensor in anneal furnace was shown as Fig. 2. The 
unpacked strip steel deviation correction sensor was 
shown as Fig. 3. Sensor metal frame will engender 
structure deformation under the common actions of 
temperature field and gravity field. It will cause the 
position change of coils fixed on sensor metal frame. 
Sensor can not accurately check strip steel deviation 
accordingly. Executive system will engender error 
actions. Strip steel can not be normally conveyed. 
Production accident will be engendered. Sensor metal 
frame was regarded as beam in this paper. The 
bottom up model construction mode was adopted. 
Because relative model is symmetrical, only right 
half part model of sensor metal frame was 
constructed by SolidWorks software in this paper. 
 
 

 
 

Fig. 2. The work map of strip steel deviation correction 
sensor in anneal furnace. 

 
 

Fig. 3. The unpacked strip steel deviation correction sensor. 
 
 
3.2. Grid Division 
 

Because relative model length is too long, only a 
section of relative model grid division result was 
shown as Fig. 4. 
 
 

 
 

Fig. 4. A section of relative model grid division result. 
 
 
3.3. Boundary Condition Definition 
 

GH3030 high temperature alloy steel was adopted 
as sensor metal frame material. Only heat conduction 
in model inside was considered. Relative model was 
divided into left section, middle section and right 
section. Corresponding temperatures were loaded on 
them. Model material diathermancy was regarded as 
isotropy. The latent heat influences engendered by 
high temperature phase change were not considered. 
 
 
3.4. Transient State Heat Analysis Result 
 

The heat influences of sensor in anneal furnace 
are synthetical processes combining heat conduction, 
heat conduction, heat convection and heat radiation. 
Transient state heat analyses were made on relative 
model under three typical working conditions by 
ANSYS software in this paper. The displacement 
distribution picture of sensor metal frame at certain 
time can be obtained. In working condition 1, middle 
section temperature is 350 °C, left section 
temperature and right section temperature are all  
300 °C. In working condition 2, middle section 
temperature is 800 °C, left section temperature and 
right section temperature are all 600 °C. In working 
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condition 3, middle section temperature is 1000 °C, 
left section temperature and right section temperature 
are all 800 °C. The displacement distribution picture 
of sensor metal frame under working condition 1 was 
shown as Fig. 5. 
 
 

 
 

Fig. 5. The displacement distribution picture of sensor 
metal frame under working condition 1. 

 
 

Fig. 5 shows that the maximal displacement of 
sensor metal frame on X direction is 0.418 mm under 
working condition 1. The displacement distribution 
picture of sensor metal frame under working 
condition 2 was shown as Fig. 6. 
 
 

 
 

Fig. 6. The displacement distribution picture of sensor 
metal frame under working condition 2. 

 
 

Fig. 6 shows that the maximal displacement of 
sensor metal frame on X direction is 0.951 mm under 
working condition 2. The displacement distribution 
picture of sensor metal frame under working 
condition 3 was shown as Fig. 7. 

Fig. 7 shows that the maximal displacement of 
sensor metal frame on X direction is 1.191 mm under 
working condition 3. From Fig. 5 to Fig. 7, it shows 
that the middle position displacement of sensor metal 
frame on X direction is maximal. Temperature 
gradient and deformation will increase with 
temperature increase. 

 
 

Fig. 7. The displacement distribution picture of sensor 
metal frame under working condition 3. 

 
 

3.5. Heat Structure Coupling Analysis Result 
 

Relative displacement distribution pictures of 
sensor metal frame under above mentioned three 
typical working conditions can be obtained by heat 
structure coupling analysis. The displacement 
distribution picture of sensor metal frame under 
working condition 1 was shown as Fig. 8. 
 
 

 
 

Fig. 8. The displacement distribution picture of sensor 
metal frame under working condition 1. 

 
 

Fig. 8 shows that the maximal displacement of 
sensor metal frame on X direction is 6.465 mm under 
working condition 1. The displacement distribution 
picture of sensor metal frame under working 
condition 2 was shown as Fig. 9. 

Fig. 9 shows that the maximal displacement of 
sensor metal frame on X direction is 8.933 mm under 
working condition 2. The displacement distribution 
picture of sensor metal frame under working 
condition 3 was shown as Fig. 10. 

Fig. 10 shows that the maximal displacement of 
sensor metal frame on X direction is 10.608 mm 
under working condition 3. From Fig. 8 to Fig. 10, it 
shows that the middle position displacement of 
sensor metal frame on X direction is maximal. 
Temperature gradient and deformation will increase 
with temperature increase. Relative displacements 
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become bigger under the associated actions of 
temperature field and gravity field. 
 
 

 
 

Fig. 9. The displacement distribution picture of sensor 
metal frame under working condition 2. 

 
 
 
 

 
 

Fig. 10. The displacement distribution picture of sensor 
metal frame under working condition 3. 

 
 
 
 
4. Strip Steel Deviation Correction Check 

Control System Design 
 
4.1. Strip Steel Deviation Correction Check 

Control System Formation 
 

Strip steel deviation correction check control 
system contains sensor, first order amplification, 
second order amplification, rectification, smoothing, 
A/D switch, controller, electric and hydraulic servo 
valve, hydraulic cylinder and deviation rectification 
roller frame. It was shown as Fig. 11. 
 
 

 
 

Fig. 11. Strip steel deviation correction check  
control system. 

 
 
4.2. The Design of Prepositive Amplification 

Rectification Circuit 
 

The output signals of sensor are differential 
signals. In order to eliminate common mode 
disturbances and noises, differential voltage amplifier 
was added into test circuit. Differential amplification 
circuit was shown as Fig. 12. The alternating signals 
after first order amplification are still very weak. It is 
very difficult in showing, analyzing and applying 
these signals directly. Thus second order 
amplification and rectification treatments were made 
on relative signals. Second order amplification 
rectification circuit was shown as Fig. 13. 
 
 

 
 

Fig. 12. Differential amplification circuit. 
 
 
4.3. Lowpass Smoothing Circuit Design 
 

First order lowpass smoothing circuit can not 
satisfy the requirement of quick amplitude frequency 
characteristics decrease. Thus second order infinite 
gain multiple circuit feedback lowpass smoothing 
circuit was applied in this paper. It was shown  
as Fig. 14. 



Sensors & Transducers, Vol. 156, Issue 9, September 2013, pp. 123-129 

 128 

 
 

Fig. 13. Second order amplification rectification circuit. 
 
 

 
 

Fig. 14. Second order infinite gain multiple circuit 
feedback lowpass smoothing circuit. 

 
 

5. Conclusions 
 

Electromagnetic inductance strip steel deviation 
correction sensor was designed independently by 
electromagnetic induction principle in this paper to 
adapt the environment in anneal furnace. QZ high 
strength polyester varnished wires were wound into 
rectangle electromagnetic inductance coil directly by 
automatic numerical control winder. The technic 
quotas of strip steel deviation correction sensor 
designed independently in this paper are same as 
similar product of Germany EMG Company. Relative 
technic quotas are as follows. Work temperature is 
600 °C to 1000 °C. Surroundings temperature is 0 °C 
to 85 °C. Checkable strip steel thickness is 0.3 mm to 
2.5 mm. Centring precision is ±5 mm. GH3030 high 
temperature alloy steel was adopted as sensor metal 
frame material. 

The right half part model of sensor metal frame 
was constructed by SolidWorks software in this 
paper. Transient state heat analyses were made on 
relative model under three typical working conditions 
by ANSYS software. Relative displacement 
distribution pictures show that the middle position 
displacement of sensor metal frame on X direction is 

maximal. Temperature gradient and deformation will 
increase with temperature increase. Heat structure 
coupling analysis was made on relative model by 
ANSYS software. Relative displacement distribution 
pictures show that the middle position displacement 
of sensor metal frame on X direction is maximal. 
Temperature gradient and deformation will increase 
with temperature increase. Relative displacements 
become bigger under the associated actions of 
temperature field and gravity field. The method of 
adding reinforce ribbed slabs on sensor metal frame 
can enhance sensor deformation resistance. 

Strip steel deviation correction check control 
system was designed in this paper. Differential 
amplification circuit was adopted as first order 
amplification to eliminate common mode 
disturbances and noises. Second order amplification 
and rectification treatment was made on weak signals 
after first order amplification by second order 
amplification rectification circuit. Second order 
infinite gain multiple circuit feedback lowpass 
smoothing circuit was adopted on smoothing. 
Relative smoothing effects are good. 
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Abstract: Aiming at the target recognition problem of multi-sensor with multiple characteristic indexes, a new 
fusion method is proposed. The method firstly substitutes the distance of confidence for the ordinary attribute 
values, and the weights of attributes are derived by solving the optimal programming of maximizing the total 
square deviation of the confidence distance for all attributes. Then according to the basic ideology of traditional 
VIKOR method, the rule of target recognition is given. The method may avoid the subjectivity of the weight of 
characteristic indexes and improve the objectivity and accuracy of target recognition. Numerical simulation 
illustrates the effectiveness and exercisable of the proposed method. Copyright © 2013 IFSA. 
 
Keywords: Multi-sensor, Data fusion, Target recognition, VIKOR. 
 
 
 
1. Introduction 
 

Sensors are the devices used to make observations 
or measurements of physical quantities such as 
temperature, range, angle, etc. A certain relationship 
of mapping exists between this measured quantity 
and the state of nature, and thus necessary 
information is provided. In this regard, the 
interpretation of sensor measurements and sensor 
environment is extremely important. However, 
physical descriptions of sensors (sensor models) are 
unavoidably only approximations owning to 
incomplete knowledge and understanding of the 
environment. This, coupled with the varying degrees 
of uncertainty inherent in a system itself and the 
practical reality of occasional sensor failure, results 
in the lack of coincidence in sensor measurements. 
The fact is that despite any advances in sensor 
technologies, no single sensor is capable of obtaining 
all the required information reliably, at all times, in 
often dynamic environments. The obvious solution in 

this case is to employ several sensors thus extracting 
as much information as possible. 

In multi-sensor systems these sensors can be used 
to measure the same quantities, which is especially 
helpful in the case of sensor failure. Alternatively, 
dierent quantities associated with the same state of 
nature can be measured by dierent sensors. In 
addition, various sensor technologies can be 
employed. In all these cases the uncertainty is 
significantly reduced thus making the system  
more reliable. 

Multisensor information fusion is being applied to 
a wide variety of fields such as automated target 
recognition, battlefield surveillance, guidance and 
control of autonomous vehicles, robotics, industrial 
process control, medical diagnostics, image 
processing and pattern recognition. The basic task of 
the target recognition is the use of the characteristics 
of a sample to compare with the target library known 
target characteristics to identify the sample, and 
divides it into the corresponding target type. Multi-
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sensor data fusion (MSDF) is defined as the process 
of integrating information from multiple sources to 
produce the most specific and comprehensive unified 
data about an entity, activity or event [1]. In recent 
years, the multisensor data fusion has become an 
important means of target recognition. For multi-
sensor target recognition problem, many authors have 
developed many fusion methods. For example, 
papers [1-6] proposed target recognition method 
based on the Dempster – Shafer evidence theory, 
papers [7-10] proposed target recognition method 
based on the theory of fuzzy, etc. These fusion 
methods all work well. However, methods based on 
Shafer-Dempster evidence and fuzzy theories 
excessively depend on the selection of basic 
probability assignment and the membership function. 
Papers [11-13] studied the problem for multi-sensor 
object recognition with several characteristic indexes, 
and proposed variable fuzzy method [11], extension 
method [12] and maximum likelihood method [13], 
respectively. However, characteristic weights in these 
methods are artificially determined, which is 
influenced greatly by the subjective factors. To 
overcome these difficulties, avoid the subjective 
randomness of selecting weights of the characteristic 
indexes, and improve the trustworthy and scientific 
degree of the object recognition result, this paper uses 
confidence distance, which propose by [14] as the 
characteristic attribute value, and then use 
optimization method to determine the objective 
characteristics of the weights of indicators, and based 
on the basic idea of the VIKOR, a new sensor target 
recognition method is proposed. As close to ideal 
point, the TOPSIS method in terms of attributes 
aggregation cannot actually reflect the close degree 
of each scheme and ideal solution, Opricovic (1998) 
[15] proposed a multicriteria compromise solutions 
for sorting (VIKOR) method, which is a compromise 
between sorting method, its biggest characteristic is 
to provide the maximum group interests and 
minimize the individual regret of the opposition, with 
other traditional methods, such as TOPSIS, 
PROMETHEE method and ELECTRE decision has 
strong superiority compared [16, 17]. 

A target recognition database contains n different 
target recognition category, noted as, 

},...,,{ 21 n  , each target has m a 

characteristic parameters, recorded as, 

},...,,{ 21 moooo  . Set ij and 2
ij are respectively 

said to the first j category i  feature parameters 

(attributes) of the features (attributes) value and 
variance. The system has a characteristic vector 
matrix nmijX  )( . In target recognition, always 

through the identified target of each characteristic 
parameters, and the observation and target database 
known target characteristic parameters matching to 
determine the identified target category. We use n 
different sensors to an unknown target object of study 
of each characteristics were observed. The first i set a 
sensor to detect the object first j a feature index of the 

observed value ),...,2,1(0 njj  , and the task of 

data fusion is according to the value of 
state ),...,2,1(0 njj   to determine the research 

object belongs. 
 
 

2. Target Fusion VIKOR Method 
 

2.1. Conference Distance 
 

Because characteristics observed value has many 
causes of random error uncertain factors, thus will 
feature observations using probability distribution to 
describe. For any characteristic value, might as well 
put obey the normal distribution. Will be identified 
target of each characteristic parameters of the 
observed value and the target database known target 
parameters matching, must first determine the 
matching measure, therefore define the concept of a 
distance measure. To check the consistency of the 
sensor, Luo (1998) introduced the definition of 
confidence distance measure, is as follows: 
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where )1,0(~ NZ , and 2, iix   are the measured 

value of the sensor and the measurement variance 
respectively, ijd  is said the confidence distance of 

sensor i and j. 
Suppose that jij XX 0,  are target characteristic 

values of class i and general goals j respectively. The 
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),,(~),,(~ 2
000

2
jjjijijij NXNX   and then it is 

easily proved that  
 

),,(~ 2
0

2
00 jijjijjij NXX    

 

Let 
 

2
0

2

00 )(

jij

jijjij XX
Z








 , 

 

then )1,0(~ NZ . 

By Luo confidence distance measure inspiration, 
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where )(  is the distribution function of standard 

normal distribution. ijd  is the target class i and 

general goals for the first j a characteristic value of 
the distance measure. Thus we get the target class  
and general goals for confidence distance  

matrix nmijdD  )( .  

 
 
2.2. Weight of Characteristic Indexes 
 

If a attributes (features) k for all the target for a 
class are common, the attributes of target recognition 
will doesn’t work, can make its weight is 0; 
Conversely, if the attribute k makes all target class 
and general goals for about the attributes of the 
characteristic value difference is bigger, the attributes 
of target recognition will play a great role, at this 
time, should give greater weight.  

Target category i, j respectively with the target to 
know about attribute k confidence distance square 

deviation for 2)( kjkik ddw  , the target class I and 

other target category about attribute k confidence 

distance square deviation for



m

i
kjkik ddw

1

2)( , all 

target category about attribute k confidence distance 
sum of squares of deviations 

for
 


m

i

n

j
kjkik ddw

1 1

2)( . Therefore, the choice of 

attribute weights should make all attributes 
confidence distance deviation sum of squares is the 
largest, and the optimization model can be the 
structure is as follows:  
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To solve the above model, structure Lagrange 

function:  
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For partial derivative, and make it to zero, get: 
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Then we have 
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2.3. Identification of the Target  
VIKOR Method 

 

The VIKOR method is first proposed by 
Opricovic (1998). It is one of the important methods 
for multi-criteria decision making problem. Its basic 
idea is to first determine the ideal solution and 
negative ideal solution, then according to each value 
of each alternative and ideal scheme’s proximity to 
sorting and preferred alternatives. Its characteristic is 
to maximize the utility, minimizing individual regret, 
which is a compromise decision method. VIKOR 
method is developed with the measure  
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In this paper, the proposed objection recognition 
method based compromise ranking algorithm VIKOR 
is given as the following steps: 

 

Step1.Define the ideal solution  

},,2,1,{min},,,{ 21 njddddd ij
i

n      

and the negative solution  
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Step2.Compute the values iS  and iR ,  

i=1, 2, …, m. by the relations 
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where iw , i=1,2,…,n are the weights of attribute 

given by (6). 
 

Step 3. Compute the value iQ , i=1,2,…,m, by  

the relation 
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i

i
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i
i

i
i

RRRRSSSS max,min,max,min   , 

and v is introduced as weight of the strategy of “the 
majority of criteria”(or “the maximum group 
utility”), where 5.0v . 
 

Step 4. Now, we give the following rule of object 
recognition is given as: 

        If }{minarg0 i
i

CK  ,  

where miQC ii ,...,2,1,1  , 

then judging the unknown object is target 
0K . 

 
 

3. A Simulation Example 
 

In order to illustrate the effectiveness of the 
fusion method proposed in this paper. A simulation 
data described in [13] is considered. In order to 
realize intelligent robots to object to be automatic 
recognition and classification of the method is 
applied to the sensor in the robot system. The system 
by SCARA robot, the robot control and drive, sensor 
system, the main computer, etc, in the multisensor 
system equipped with six d force sleep, and close to 
sleep, and contact sleep and sliding sleep, and array 
touch, heat sensation for the sensor and the 
corresponding signal processor. In the experiment 
determined the six independent characteristics of the 
characteristic index to show the workpiece, they were 
shape factor, the section center moment, surface 
reflection ability, surface roughness of the workpiece, 
weight, material coefficient of thermal conductivity. 
A total of five kinds of different selection of the 
workpiece as the standard, the model of the 
characteristic value and variance (Table 1).  

 
 

Table 1. The model of the characteristic value  
and standard variance. 

 

Part 1  2  3  4  5  6  

1.30 1.86 3.07 2.75 1.73 3.71 
1 

(0.12) (0.10) (0.11) (0.25) (0.28) (0.37) 
2.43 3.71 2.28 2.34 2.87 1.57 

2 
(0.37) (0.17) (0.37) (0.07) (0.17) (0.19) 
2.18 1.93 1.37 1.52 0.95 3.42 

3 
(0.15) (0.11) (0.13) (0.12) (0.25) (0.27) 
1.85 2.52 2.97 1.93 1.90 2.70 

4 
(0.19) (0.23) (0.25) (0.19) (0.340 (0.23) 
2.15 3.10 1.87 0.59 2.14 2.13 

5 
(0.25) (0.29) (0.11) (0.31) (0.17) (0.07) 

The sensor signal through the data collect and 
input to the computer, and through the information 
analysis and characteristic level data fusion for some 
unknown characteristic of the data in Table 2.  
 
 

Table 2. The sensor measurement value (M)  
and standard variance (SD). 

 
Sensor 1 2 3 4 5 6 

M 2.15 1.30 2.15 2.12 1.88 2.81 
SD 1.30) (0.32) (0.17) (0.21) (0.09) (0.27) 

 
This paper presents the use of the method to 

identify the unknown workpiece.  
 
Step 1. Table 1, 2 of the data and (1), (2) type get 

feature matrix and confidence distance matrix is as 
 





























13.270.242.357.171.3

14.290.195.087.273.1

59.093.152.134.275.2

87.197.237.128.207.3

10.352.293.171.386.1

15.285.118.243.230.1

X  





























7565.01236.05935.09325.07394.0

3899.00243.08893.09478.01948.0

9661.02361.07073.03224.06471.0

4033.07942.08465.01404.09197.0

9788.09000.06633.09994.06125.0

03489.00378.02779.08377.0

D
 

 
Step2. Determine the ideal point and negative 

ideal point respectively are:  

1 2{ , , , }

{0.8377,0.9994 0.9197 0.9661 0.9478 0.9325}
nd d d d   




, , , ,

1 2{ , , , }

{0,0.6125,0.1404,0.2361,0.0243,0.1236}
nd d d d   




 

 
Step 3. By section 2.2 of the given method to 

determine the weights of attributes vector:  

1 2 3 4 5 6( , , , , , )

(0.0519,0.2662,0.1105,0.2591,0.088,0.2243)

w w w w w w w


 

 

Step 4. Compute the values iS  , iR and iQ , 

i=1,2,…,6, and given as 

1 2 3 4 5( , , , , )

(0.4953,0.6263,0.5174,0.3121,0.7587)

T

T

S S S S S S


 

1 2 3 4 5( , , , , )

(0.1708,0.2662,0.1672,0.1978,0.2591)

T

T

R R R R R R
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1 2 3 4 5( , , , , )

(0.2228,0.8518,0.2298,0.1544,0.9641)

T

T

Q Q Q Q Q Q


 

 
Step 5. Compute the support degree C, and give 

the unknown target belong to category.  
 

TQC )0259.0,8456.0,7702.0,1482.0,7772.0(1   

 
Due to the maximum 8456.04 C , so the time 

to check the unknown workpiece as the fourth kind of 
workpiece. The [18] recognition results  
are consistent. 

This paper presents to the VIKOR method and the 
literature [18] grey relational grade, improved grey 
correlation method and maximum likelihood method 
[13] comparison. That will be all kinds of methods of 
the evaluation of target value as the support degree. 
Then despite their recognition results for the fourth 
kind of the workpiece, but four methods for all kinds 
of target recognition degree are different. Table 3 
reflects the four methods support degree of 
difference. The table of the gap is the fourth kind of 
the workpiece support and other kinds of workpiece 
support difference.  
 
 

Table3. Three methods support degree comparison 
 

Part 1 2 3 4 5 
0.4446 0.4745 0.4454 0.6080 0.4301Improved 

GRD 
method 0.1634 0.1335 0.1626  0.1779

0.5012 0.5662 0.5661 0.6239 0.6055GRD 
method 0.1227 0.0577 0.0578  0.0184

0.1390 0.1190 0.1260 0.2580 0.0200ML 
method 0.1190 0.1390 0.1320  0.2380

0.7772 0.1482 0.7702 0.8456 0.0359
The paper 

0.0684 0.6974 0.0754  0.8097
 
 

Can be seen from Table 3, this paper uses the 
method to get the category 4 support for 0.8456 more 
than other methods support, and if use of the 
workpiece and the fourth class to other workpiece 
support degree difference to sum, then get four 
methods to support the total gap are: 0.6374, 0.2566, 
0.6280 and 1.6500, so the VIKOR method get 
support always the biggest gap. Obviously, the 
greater the gap to target recognition that the 
distinction between the higher level of recognition 
results, and the higher the credibility.  
 
 

4. Conclusions 
 

The confidence distance as a new attribute value, 
by solving the attributes confidence distance 
deviation square sum to maximize the objective 
optimization model to determine the weights of 
attributes, and thereby reducing the human subjective 
factors of interference, give full consideration to the 

different attribute value itself to the importance of 
information fusion degree, so as to enhance the target 
recognition results of objectivity and differentiate. 
This method is simple and easy to use Matlab 
software such as program operation, to solve the 
problem of target recognition provides a new way.  
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Abstract: Wireless sensor network security is the guarantee of the task execution confidentiality, data 
reliability, data fusion, and the security of data transmission. This paper analyzes security problems in wireless 
sensor network MAC protocol at present. The aim of topology control is through the transmission range control 
nodes to generate network topology satisfying certain properties, in order to extend the network life cycle, 
reduce network interference, improve the throughput. The paper proposes design of wireless sensor network 
security and solution by MAC protocol and topology control technology. Finally, this paper discusses a new 
security design of WSN based on more energy-efficient MAC protocol, and the simulation experiment is carried 
out in NS2 network. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor network, MAC protocol, Topology control, Network security. 
 
 
 
1. Introduction 
 

Wireless sensor network (WSN) technology is a 
kind of integrated network system for monitoring, 
control and wireless communication technology. 
Sensor network nodes generally equipped with one or 
more sensors, the perception of the physical world. It 
adopts multi-hop propagation and no infrastructure 
network, acquisition and node is the issue of 
information, as well as the routing of information, has 
large scale, self-organization, dynamic, application, 
based on the data center etc. Wireless sensor network 
is different from the traditional one: the number of 
nodes in wireless sensor network, many network, 
generally do not have a globally unique identifier, 
wired, wireless network transmission system, each 
node has a unique address for the route. 

Wireless sensor networks are the monitoring and 
management of the surrounding environment 
temperature, humidity, light, acceleration and other 
information technology. This wireless sensor nodes 
with sensor, sensor, control circuit, CPU wireless 
communication module, antenna, power supply 
device, through the Ad-Hoc communication 
technology, and the sensor nodes around the together 
to transmit data to the sink node. This paper 
introduces a wireless sensor network consists of a 
sink node and multiple sensor nodes by the sink 
node, uploaded to the remote host. 

Wireless sensor network is composed of three 
parts: nodes, gateway and system. Measurement of 
spatial node distribution through connected with 
sensor to monitor the surrounding environment. The 
monitoring of the wireless data is sent to the gateway, 
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the gateway can be connected with the cable system, 
so you can use the software to finish data collecting, 
processing, analysis and display [1]. The router is a 
kind of special measuring node, you can use it to 
extend the distance in WSN and increase reliability. 

In WMSN, the media access control (Medium, 
Access Control, MAC) protocol in wireless sensor 
network protocol stack, the main function is to 
allocate the limited wireless channel resource among 
sensor nodes competing, determines the wireless 
channel utilization and network performance, and is 
an important technology to ensure the normal 
operation of the whole network. According to the 
characteristics of complex WMSN limited hardware 
resources, audio and video media and abundant in 
information processing task, this paper summarizes 
the characteristics and challenges of the current MAC 
protocol design, the existing protocols are classified 
according to the channel access methods, focuses on 
the analysis of several typical protocol, and the 
protocol of WSN security support capabilities are 
discussed in detail. The paper proposes design of 
wireless sensor network security and solution by 
MAC protocol and topology control technology. 

So it is not necessary to update the routing table 
information. Because of wireless, battery-powered, 
coverage and node lifetime is limited. A practical 
problem is how to extract data from a wireless sensor 
network deployed in the distance, a method of 
connecting WSN and existing network infrastructure, 
including the internet. Today most of the network 
using the IP protocol as the basic technology, 
therefore, how to achieve the WSN and IP network 
has become a hot research topic. Because WSN uses 
multi-hop propagation and no infrastructure network 
group, in the field or the battlefield and other harsh 
and remote environments, that are not covered in the 
power system and the operation of the local 
communication network, but often there is a big play 
sensor network, real-time monitoring to the field on 
target detection sensor control and remote access 
wireless sensor network is not realistic computer 
equipment, large power, using low power single chip 
and composition of the system, using Power-over-
Ethernet technology can expand the Ethernet in a 
certain range covering range. 
 
 

2. Analysis Security of Wireless Sensor 
Network by MAC Protocol 

 
Wireless sensor network is a new research hot 

point crossed by many scientific fields of current 
international concern. Simply put, wireless sensor 
networks is a resource-constrained integrated sensing 
and driving control ability, computing ability, 
communication ability in a body (refers to the 
computation, storage and energy constraints) 
embedded node through the wireless way 
interconnected network. Also refers to the sensor 
nodes arranged in a specific application in the 
environment by means of wireless communication 

networking, sensor node collecting data specified, 
node sends the data to the network through the 
wireless sensor network, and ultimately received by a 
particular application. 

Network node software includes data acquisition 
and wireless sensor. Data acquisition includes 
temperature and humidity sensor, light sensor, 
infrared sensor, the analog quantity acquisition 
luminance sensor, infrared sensor data is directly 
input into the digital quantity, software design is 
relatively simple, only temperature and humidity 
sensor SHT as an example to introduce the data 
acquisition software. Wireless communication adopts 
ZigBee technology acquisition. 

The WSN Ethernet gateway connected to the 
Windows controller or real-time controller based on 
LabVIEW. The Windows controller is based on PC, 
and can also be embedded PC; Need to install the 
LabVIEW software based on Windows operating 
system. That is to say, you can easily add any 
Windows system based on wireless data recording 
function. If the connection to the LabVIEW real-time 
controller, such as NI CompactRIO or other 
programmable automation controller (PAC), you can 
put the wireless measurement placed next to the cable 
measurement and control application. The operation 
of LabVIEW software in the main controller can be 
collected, and it is the measured data from the sensor 
network processing, analysis and display. 

Wireless sensor network architecture is shown in 
Fig. 1, a sensor network system usually consists of 
sensor nodes, sink node (sink node) and the 
management node [2]. A large number of sensor 
nodes are randomly deployed in (sensor node) 
detection region (sensing region), on the self-
organizing way constitute a network, data transfer by 
multi-hop relay will be detected to the sink node, 
finally through the Internet or satellite to a 
management node. The user through the management 
node configuration and management of sensor 
networks, detection task and collect test data release. 
 
 

 
 

Fig. 1. Wireless sensor network and nodes architecture. 
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General description of the routing protocol is to 
choose a path from the source node to the target 
node, and then through some rules this path for 
transmitting information packet. Wireless sensor 
network routing protocol is to design objectives 
especially special requirements, no matter what kind 
of routing protocol, mostly including route discovery, 
maintenance of routing and routing (delete) process, 
and it is in the sleep state of the sensor node is far 
lower than the work or open for energy dissipation, 
state. In general, in order to save energy, sensor 
nodes are in the sleep state in before the data 
transmission, in need of data transmission, began to 
shift to the routing establishment (found) process. 

Design of WSN key management protocol is a 
complex and difficult problem, in recent years, 
people from the natural biological systems (Natural 
biological systems) in a lot of inspiration, use some 
mechanism of natural biological systems to solve the 
problems of complex network [3]. Such as the use of 
genetic algorithm with self evolution characteristics, 
improve the performance of WSN routing protocol, 
the circulatory system method, a large number of 
sensor nodes to make the artificial node by node 
deployment is almost impossible, by modifying the 
code of each sensor node, or to each node storing key 
material, as is shown by equation 1. 
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Designs of wireless sensor network MAC 
protocol traditional mainly consider the following 
three aspects: save energy; deployment of nodes and 
the network topology to be scalable; network 
efficiency, including fairness, throughput and 
bandwidth utilization. The current sensor network 
MAC protocol basically does not support QoS, can 
not provide multimedia communication services. 

MAC (Schedules MAC) protocol is a time 
scheduling protocol based on energy saving 
technology, which combines the wireless network of 
almost all the. The main purpose of S - MAC 
protocol is energy saving, its main idea is by sleep 
periodically to make the RF low duty-cycle operation. 
In addition it also incorporates energy-saving 
technology of other, such as avoiding collision 
avoidance and crosstalk, and message passing and 
adaptive sensing mechanism. 

CSMA mechanism is to provide a competitive 
channel function. With the establishment of IEEE 
802.15.4 standard, the radio frequency chip 
manufacturers have also launched a better 
performance, more powerful radio frequency chip. TI 
(formerly Chipcon) launched the CC2420 instead of 
the wireless sensor network to use most of the RF 
chip CC1000. Because the radio frequency chip 
characteristics of different functions, in order to make 
the CSMA protocol to achieve better performance, 
according to the specific characteristics of RF chip to 
design optimization of CSMA mechanism becomes 
very necessary, as is shown by equation 2. 

 

}1)1(

,1)1{(,),(

jlylj

ilxlijiI ijij



 

 

(2) 

 
Increase the defense mechanism in the existing 

routing protocols are difficult to implement, the best 
way is the routing protocol, designed to make the 
wormhole attack invalid for example: routing 
protocol based on geographic location, defense witch 
attacks on sensor networks outside the witch can 
attack method use certification and effective 
organization, but is invalid for the internal network 
witch attack [4]. You can use a trusted base station 
and each node sharing a different asymmetric key, 
between two nodes can be mutual authentication, and 
establish a shared secret key. In order to prevent 
insider attacks around the network gradually with the 
nodes in the network to establish a shared secret, the 
base station can reasonably limit the number of its 
neighboring nodes. The use of wireless resource 
detection to find the witch attack source, and it is use 
the identity registration and random key distribution 
node to build secure connection between the old 
witch attack prevention methods. In a geographic 
routing protocol in use, can attack witch security 
positioning technology. 

Because of this, the symmetric key mechanism 
because it is simple and easy to use, complicated 
computation is introduced into as the main encryption 
in wireless sensor networks. With the development of 
wireless sensor network routing protocol, there have 
been many good routing protocol, such as 
hierarchical routing protocol and multi-path  
routing protocol. 

The symmetric key mechanism was introduced to 
the routing protocol to guarantee the security of data 
transmission, the symmetric key mechanism in 
wireless sensor networks is mainly divided into 
shared keys, cluster keys and rent key. But the key 
and authentication security solutions cannot resist the 
legitimate nodes from certified attack based on 
internal attacks, i.e. Trust is the main solution 
methods to solve open internal attack in the network; 
it can resist malicious nodes from the network in all 
kinds of malicious attacks. According to the different 
ways to achieve secure routing protocol for wireless 
sensor networks, the secure routing protocol in 
wireless sensor network classification. 
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In the NI WSN system, the gateway is equivalent 

to a network coordinator, responsible for the 
management of node authentication, message buffer, 
and to build bridges between IEEE 802.15.4 Wireless 
Network and wired Ethernet network, the Ethernet 
networks, you can make a collection, processing, 
analysis and display of measuring data using NI 
software. You can use multiple gateways in WSN 
and communication in the wireless channel in 
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different software provided by each gateway. You 
can connect 8 WSN terminal node (in a star 
topology) or WSN (up to 36 nodes in a mesh 
topology) to the WSN gateway. You have your 
choice of two for the NI WSN gateway. 

MAC protocol design needs to strike a balance 
between various properties, the balance between the 
performance is often more important than individual 
performance. Multimedia sensor network MAC how 
to strike a balance in terms of QoS, network 
efficiency, scalability, energy consumption, but also 
an important issue. Tradeoff problem is complexity 
and performance optimization. The MAC protocol to 
maximize the performance of WMSN is optimized, 
but often the protocol design too complex. Sensor 
nodes energy, computing and storage capacity is 
limited, can not be too much calculation, so the 
protocol should be designed as simple as possible  
and efficient. 

Method of S – MAC is the long message into 
many small pieces, and then transmits them. But only 
in the beginning with an RTS group and a CTS group. 
Each transmission of a data segment packet, wait for 
the receiver to the sender sent ACK. Each data 
segment and the ACK comes with a surplus of time 
domain, its significance is to inform the neighbors 
also need how long channel, which is equivalent to 
the entire message transmitting channel reservation 
time required [5]. So if you don't receive ACK, nodes 
can extend the transmission time, and it is fast 
retransmission existing fragment, as is shown  
by Fig. 2. 
 
 

 
 

Fig. 2. The design of Security of Wireless Sensor Network  
by MAC Protocol. 

 
 

CC2420 provides a CSMACA function, called 
CCA (Clear Channel Assessment, clear channel 
assessment), which uses a register to set the threshold 
value. When the CC2420 receives a CCA command, 
began sampling RSSI value, only the sample to RSSI 
to send data to allow less than register threshold. 

Although CCA has realized the basic function of 
channel monitoring, but also has its own 
disadvantages: less flexible and open degree is not 
enough, only one complete channel monitoring, and 
cannot set sampling times. It has limited its use in 
other protocols, such as LPL (Low Power Listening, 
low power listening) protocol, only one time of 
sampling as a listener. 

In addition, decision mechanism of it and not 
perfect, only one threshold, so developers are 
difficult to find a suitable threshold. 

CAMA protocol is a widely used non-persistent 
CSMA protocol based on nodes, namely before 
sending packets to monitoring channels, if the 
channel is idle, the node will start sending data 
packets. Conversely, if the monitoring results for the 
busy channel, the channel has been occupied by the 
neighbor nodes, the node rollback for a random 
period of time after, began monitoring again, repeat 
the above operation. 

Hello flood attack defense to rely on local 
information exchange between neighbor nodes for 
topology maintenance and flow control routing 
protocol is vulnerable to Hello flood attack, flood 
attack methods for Hello is the effective 
communication between the parties to take effective 
measures for authentication or confirm each neighbor 
node identity through trust base station, and use the 
node position limits the range of neighbor nodes. 
Methods against fraudulent information can use the 
identity authentication and digital signature to ensure 
the legitimacy of the identity of communicating 
parties [6]. Due to limited resources, in the sensor 
network must be built for sensor network identity 
authentication scheme reasonable compromise the 
efficiency and performance of a comprehensive 
consideration of safety. 

Programming wireless sensor node needs not only 
the programmer with embedded system knowledge, 
but also understand some suppliers selected text 
based programming language. But with the 
LabVIEW WSN Pioneer, you only need to use the 
same kind of graphical programming method can add 
smart wireless sensor node NI, this method has 
become the development of data acquisition and 
processing industry standard applications. LabVIEW 
WSN Pioneer can also be flexible code C and 
graphical code directly binding, and running on the 
node, which can realize the algorithm reuse, as is 
shown by equation 4. 
 

  TTTT Mmwmwmwmw ),(,),2,(),1,(:)(   
(4) 

 
The symmetric key and asymmetric key 

management based on the use of cryptography, WSN 
key management can be divided into symmetric key 
and asymmetric key management two. In the 
symmetric key management, communication both 
use the same key and encryption algorithm for data in 
encryption, decryption, symmetric key management 
key length is not long, computation, communication 
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and storage overhead is relatively small, compared 
with the use of WSN, a major research direction in 
the current WSN key. In the aspect of asymmetric 
key management, node has different encryption and 
decryption keys, are generally used in the encryption 
algorithm to calculate the sense of security. 

Node localization in wireless sensor network 
technology, according to whether the node known its 
position, the sensor nodes are divided into anchor 
nodes (anchor node) or beacon node (beacon node) 
and unknown node (unknown node). The anchor 
node is the reference node unknown node location. 
The anchor node in the network nodes can be set 
according to the specific location of the proportion of 
demand, the positioning method including through 
carrying GPS positioning equipment and other means 
to obtain accurate unknown itself or in some cases 
are set in advance to the corresponding position. 

In WMSN, the MAC protocol in wireless sensor 
network protocol stack, wireless channel resource 
allocation among sensor nodes competing, 
determines the wireless channel utilization and 
network performance. According to the channel 
access mechanism, these protocols can be  
divided into three categories: non competitive 
occupation, occupation and occupation competition 
hybrid scheme [7]. 

In the S - MAC protocol can not according to the 
network load adaptively adjusting the duty cycle of 
the problem, TMAC protocol based on keep listening 
and sleeping time summation invariant, the 
agreement sets a minimum idle listening time TA, 
after waking from sleep, if in the TA time period no 
activation events, then again to enter the sleep cycle, 
or continue to add a TA to keep the listening state. In 
this way, the nodes can end early interception time to 
sleep so as to reduce the energy consumption, but 
also brought to the problem, although the proposed 
future requests and full buffer priority method to 
solve these problems, but the result is not ideal. 
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Therefore, closely related to positioning 

technology and system to attack the, concrete 
analysis is as follows: Based on the location of the 
attack based on ranging and positioning are 
especially vulnerable to occur in the physical layer 
and link layer ranging interference or spoofing 
attacks, resulting in deviation from the actual results 
ranging result than the normal range. The attacker 
can not only move, isolation of beacon nodes to 
reduce the positioning accuracy, but also can initiate 
radio jamming attack. 

Non competitive MAC protocols are usually 
based on TDMA mode; mode channel also can use 
FDMA or CDMA access. Proposed by Sohrabi et al. 
SMACS is a TDMA based MAC protocol. In the 
absence of synchronization in the network 
circumstances, SMACS can find the neighbor nodes, 
build the transmit / receive link, and the neighbor 

node discovery and channel allocation for the merger. 
Communication chain routing on random selection at 
a fixed frequency (or frequency hopping sequence) 
constitute a communication node. Random wake-up 
through the link is established, and the idle time slot 
closed emission mechanism effectively reduces the 
energy loss. 
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Analysis of sensor network node positioning 

system security measures and compared with 
conventional security mechanisms such as anti 
compromised hardware, software technology, spread 
spectrum and code technology and symmetric and 
asymmetric encryption algorithm, and the 
vulnerability of the attack to defense the different 
positioning properties of technical physics or the 
positioning process. Therefore, emerge as the times 
require some sensor node localization system 
customized security measures. According to the 
safety goal is different, 4 aspects of these security 
measures can be divided into the distance definition, 
security, intrusion and anomaly detection and 
isolation and robust node localization algorithm. 
There is big difference exists between  
different protocols or algorithms, but also have a  
certain correlation. 
 
 
3. Research of Wireless Sensor  

Network Security and Solution  
by Topology Control 

 
As a communication key and must be in the 

calculation condition; communication complexity, 
amount of information transport in a communication 
key generation process. Key connectivity: the 
probability to establish communication keys between 
nodes, maintaining a sufficiently high key connection 
probability is a necessary condition for the WSN to 
bring its function into play. Needs to be emphasized 
is almost impossible, WSN nodes and other nodes 
distance communication directly, therefore does not 
need to guarantee that a node with the other nodes to 
maintain a secure connection, only need to ensure 
that the connection between the connected nodes 
maintain a high key, impaired ability to withstand 
node; survivability (resilience) in the link exchange 
information not to link exposure of any  
security information. 

Topology control technology is one of the most 
important technologies in wireless sensor networks. 
In the topology generated by the wireless sensor 
network, between two nodes can communicate 
directly with the presence of a topological edge. If 
there is no topology control, all nodes will work with 
the maximum transmission power. In this case, on the 
one hand, the limited energy of nodes will be the 
communication component fast consumption, reduce 
the network life cycle. At the same time, the wireless 
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signal of each node in the network will cover a 
number of other nodes, wireless signal caused by the 
conflict, affects the quality of wireless 
communication nodes, reduce the throughput of the 
network, as is shown by equation 7 [8]. 
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First put forward the random key pre-distribution 
scheme in WSN (referred to as E-G), which consists 
of 3 stages. The first stage is the key pre-distribution 
phase, before deployment, deployment server first 
generates a number of keys for the key pool and key 
identification P, each node from the key pool 
randomly selected K and different key, the random 
allocation such that any two nodes can present with a 
certain probability a shared key; second stage is the 
shared key discovery phase, random deployment, two 
adjacent nodes if there exists a shared key, randomly 
selected one of them as a key pair both (pair-wise 
key); otherwise, entered into the third stage, third 
stage establishment stage for the key path, node with 
other existing in shared neighbor node key through 
the establishment of a key path both sides after 
several jump. According to the theory of random 
graphs classic, there are several relations in total D 
and the network node n: among them, Pc is the 
connectivity probability. 

The aim of topology control is through the 
transmission range control nodes to generate network 
topology satisfying certain properties, in order to 
extend the network life cycle, reduce network 
interference, improve the throughput. The general 
hypothesis node distribution in the two-dimensional 
plane, all the nodes are isomorphic, all without the 
use of directional antenna. The directed graph model 
of wireless sensor network, if the transmission power 
is greater than Pi node i from node i to node 
transmission power Pij J; between the node i to node 
j has a directed edge. The topology of all nodes is at 
maximum power when the generated called UDG 
(Unit Disk Graph), as is shown by equation 8. 
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The key idea of E-G random redistribution 
scheme provides a feasible solution for the 
distribution strategy of the WSN key, the 
development of follow-up many schemes and 
protocols are based on the framework, they were 
from the shared key threshold, key pool structure, 
key pre-distribution, key path establishment methods, 
improve the performance of random key 
redistribution formula. 

Connectivity to achieve mutual communication 
among the nodes, the topology generated must ensure 
connectivity; from any one node can send a message 

to another node. Connectivity is any topology control 
algorithm must ensure a property. As defined by the 
UDG graph can know, connectivity of UDG graphs is 
maximum connectivity network can provide, 
therefore assume that UDG graph is connected. So, 
any topology control algorithm to generate the 
topology is UDG sub graph. 
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Properties of symmetric polynomial random key 
pre-distribution scheme Blumdo scheme using two 
symmetrical polynomial and f (x, y) =f (y, x) to 
establish pair-wise key for any two nodes in the 
network. Random key pre-distribution scheme is put 
forward on the basis of Liu to a plurality of two 
symmetrical polynomials. Before deployment, and it 
is the deployment server in the adjacent nodes if the 
same polynomial sharing, directly establish pair-wise 
key [9]. Experiments show that, when the damaged 
fewer nodes, invulnerability of the scheme is better 
than the E-G scheme and q-composite scheme, but 
when the damaged nodes exceeds a certain threshold 
value (such as 60 % node damage), safety link the 
damaged quantity more than the two solution. 

The combinatorial design theory is used to design 
the WSN identify key pre-distribution scheme. The 
total number of nodes in the network for the N 
hypothesis, n order finite projective space (finite 
projective (symmetric n generates a parameter for  
(n²+n+1, n+1,1) BIBD, plane) to meet the  
n²+n+1 ≥ N primes) number of network nodes 
support for n²+n+1, key pool size n²+n+1, can 
generate n² +n+1 size as the key ring of n+1, any two 
key ring has at least 1 public key, and each key in 
n+1 a key ring. Thus, any two nodes key connectivity 
probability is 1, but the coefficient of N does not 
support any network scale. For example, when the 
N> n²+n+1, n must be a prime number next, while 
the large prime number will cause the key ring 
increases rapidly, the storage space through node but 
not applicable to WSN. 
 
 

4. Design of Wireless Sensor  
Network Security and Solution  
by MAC Protocol and Topology  
Control Technology 

 

Random key pre-distribution scheme or 
agreement is considered to be the most suitable for 
WSN; the present is a main research direction of 
WSN key management. Higher key connectivity 
probability means secure connectivity adjacent nodes 
and even the whole network can achieve higher; and 
the probability of key is exposed more small; it 
means the survivability of the better. The key pool 
design is structured, improve the shared key 
threshold, using geographic information or 
deployment knowledge, can effectively improve the 
key invulnerability, random key pre-distribution 
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scheme or protocol connectivity probability and node 
deployment density, the theoretical basis for the 
random graph model, model of random graph model 
is not suitable for WSN at the same time, also points 
out how to select the key pool and key ring size 
appropriate, obtain higher to ensure that key 
connection probability. 

Random key pre-distribution schemes or 
protocols cannot provide the best key connectivity 
probability, but its computation, storage and 
communication overhead is more ideal, and has the 
characteristics of a good distribution, while the key 
pre-distribution or asymmetric key management 
schemes and protocols identified although can 
guarantee that any two nodes can establish  
a key connection. 

The plane is generated topologies in no two sides. 
From the graph shows, meet the plane must satisfy 
the sparsely. Geographic routing is a routing protocol 
for wireless sensor node is very limited computing 
and storage capacity of it does not need to maintain 
routing tables and make complex routing calculation, 
need according to certain rules for forwarding 
message [10]. But when the underlying topology is 
not planar graph, geographic routing protocol can't 
ensure accessibility message forwarding. Therefore, 
when the node is running geographic routing 
protocol, the requirements generated topology must 
meet the plane, as is shown by equation10. 
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In wireless Ad Hoc network, competitive 
occupation and carrier sensing based on MAC 
protocol. Due to the similarity of the wireless 
medium, the algorithm is also suitable for wireless 
sensor networks. IEEE 802.11e made the stipulation 
to the MAC layer to distinguish between service 
levels is the main basis for competitive occupation 
scheme design.  

In these schemes, according to the packet priority, 
differentiated service by changing the corresponding 
IFS duration and CW implementation. For example, 
Veres studied the distributed algorithm, the improved 
IEEE 802.11 DCF for differentiated services. Firstly, 
algorithm according to the packet priority 
determination contention window range of CWmin 
and CWmax, then according to its value determines 
the backoff time. This can be a high priority packet in 
the CWmin and CWmax values are set below the low 
priority packets, shortens backoff time, the sensor 
image coordinates. 
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From the point of view of system structure, key 
management to provide services to other security 
mechanisms, the overall security solutions and the 
composition of WSN and the safety mechanism. We 

believe that the implementation of cross layer design, 
key management will help to clear the design 
objectives and performance optimization, for 
example, the current key management scheme for the 
vast majority of and protocol communication key are 
just working to establish the relationship between 
neighboring nodes, and the solutions of some 
effective security, communication keys between 
nodes is necessary coupling, strengthen key 
management and secure routing, secure localization, 
secure data aggregation, security mechanism, and it is 
capable of handling of plan and agreement from the 
angle of whole system complexity, storage and 
communication complexity is optimized, which 
makes the key management scheme and protocol 
design more in line with the characteristics of WSN, 
has good adaptability. 

Topology control technology has become the 
research hotspot in this field, there still exist many 
problems. First of all, for the modeling of wireless 
sensor network model is too ideal. In order to obtain 
quantitative results more consistent with practical, 
need to use more realistic model. Secondly, 
distribution hypothesis node is too ideal. The general 
studies assume that nodes are uniformly distributed. 
Although this assumption is reasonable in certain 
circumstances, but in most cases this assumption is 
too idealized. Finally, regional assumptions placed 
wireless sensor is too idealization. The general 
hypothesis placing wireless sensor area is two-
dimensional flat, without considering terrain factors. 

The use of the WSN characteristics of the theory 
analysis method for the study of key management is 
very necessary, it can avoid the mechanism and 
algorithm design have come to rely too much on 
intuition, experience and lack of rigorous, scientific, 
reliable theoretical basis, in order to avoid one-sided, 
local rigorous results, even not available. In order to 
provide more efficient solutions, we will rely on the 
mature theory and practical, such as random graph 
theory, information theory, using WatchDog, one-
way hash function / chain, self-healing technology, 
security algorithms and techniques, combined with 
the WSN resources limited, topology change, 
deployment, self-organization, random characteristics 
large scale, without a fixed infrastructure support, 
design is feasible, reliable key management scheme 
or agreement, implementation of key management 
mechanism and algorithm can be modeled, 
measurable and computable, as is shown by Fig. 3. 

Hybrid MAC scheme effectively combines the 
advantages of non competition occupation and 
occupation plan competition. The transmission cycle 
is divided into reservation (competition) cycle and 
send (non-competitive) cycle of two sub cycle. In the 
reservation period, sensor neighbor nodes according 
to the volume of business competition to send and 
transmit cycle. Once the acquisition transmission 
slots, between transmitter and receiver will 
communicate. The paper proposes design of wireless 
sensor network security and solution by MAC 
protocol and topology control technology. 
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Current research on topology control can be 
divided into two categories. One is the computational 
geometry method, with some geometric structure of 
topology construction network infrastructure, in order 
to satisfy certain properties. Another kind is the 

method of probability analysis, the nodes according 
to a certain probability density distribution; 
calculation of the minimum transmission power to 
about topology satisfies some properties of nodes 
required and minimum neighbor number. 

 
 

 
 

Fig. 3. Comparison results of wireless sensor network security and solution by MAC protocol  
with topology control technology. 

 
 

5. Conclusions 
 

In this paper, through the routing security 
protocol, the MAC protocol for wireless sensor 
networks, topology control technology three aspects 
of analysis, emphatically analyzed the key 
management protocol for wireless sensor network, a 
detailed analysis of several key management scheme 
is more important and the importance of security in 
wireless sensor network. Through the design and 
analysis of all kinds of security schemes, you can 
better understand the safety performance of the 
requirements of wireless sensor network, and makes 
further analysis and research, to strengthen the 
security of wireless sensor networks and feasibility. 
Energy efficient MAC protocol should get a balance 
between service guarantee two aspects of complexity 
and resource efficient application. These are the need 
to consider the future of wireless multimedia sensor 
MAC protocol design problems, hoping to promote 
the future research work. 
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Abstract: In this paper, we derive closed-form expressions to describe the relationship between the surveillance 
quality and system parameters under different real-time requirements and arbitrary sensing models, where the 
surveillance quality is represented by real-time intrusion detection probability and the system parameters are 
represented by duty cycle factors and node density. Various sensing models are adopted in the numerical 
simulations, including Boolean disk model, exponential model, power-law model, staircase model and 
anisotropic model, to validate the analytical closed-form results. It is shown that under all these sensing models 
adopted, the numerical results always closely matches the analytical ones, which soundly verifies the correctness 
of our derivation. Copyright © 2013 IFSA. 
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1. Introduction 
 

For many long-term unattended applications such 
as environmental monitoring, infrastructure 
protection and military surveillance, wireless sensor 
networks (WSNs) have become one of the most 
effective solutions, due to their pervasive sensing, 
computing and self-organizing capabilities. One 
common goal for these surveillance applications is 
the real-time detection of abnormal states or intrusion 
targets with minimal energy consumption. However, 
detection timeliness and energy efficiency are to 
some extent two contradictive objectives. For 
example, full duty-cycled sensing guarantees instant 
response to events, but it is not energy-efficient. On 
the contrary, low duty cycle can extend the network 
lifetime but makes the sensing ability intermitted, 
which will adversely affect the surveillance quality, 
e.g., increasing the detection delay. Sometimes 

surveillance quality can be sacrificed within users’ 
tolerable limits for prolonged lifetime. Therefore, it is 
required to understand the relationship that describes 
the tradeoffs between surveillance quality and system 
parameters, e.g., the relationship between the 
detection probability, the detection delay, the duty 
cycle factor and the node density etc. With this 
knowledge, an appropriate set of parameters can be 
selected to configure the network for achieving 
required surveillance performance. 

In this paper, we aim to establish the relationship 
between the surveillance quality and system 
parameters under different real-time requirements 
and arbitrary sensing models. We make two major 
contributions in this paper. First, closed-form 
expressions are obtained to specify the above-
mentioned relationship. The advantage is that we can 
now answer a variety of questions without 
simulations or experiments, e.g., under an arbitrary 
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sensing model and a specific detection delay bound, 
how much should we set the sensor’s duty cycle 
factor or the node density to achieve a required 
detection probability? Second, different sensing 
models are adopted in the numerical simulations to 
validate the analytical closed-form results. It has been 
shown that under all these sensing models adopted, 
the numerical results always closely matches the 
analytical ones. 

The remaining of the paper is organized as 
follows. Section 2 discusses related work. Section 3 
derives the closed-form expressions for detection 
probability. Numerical simulations are conducted in 
Section 4. Finally Section 5 concludes the paper. 
 
 

2. Related Work 
 

Research on energy efficiency and real-time 
performance has been highly investigated by the 
sensor network community in recent years. We here 
briefly review only a handful of the most related 
work to this study. The work in [1] studies the quality 
and energy tradeoffs for mobile object tracking in 
WSNs. Various activation strategies are discussed. 
The work in [2-4] presents the real-time design and 
analysis of VigilNet, a large-scale sensor network 
system which detects and classifies objects in a 
timely and energy efficient manner. It provides a 
design framework to guarantee the requested end-to-
end deadline. The power management system 
composes of both sentry and non-sentry nodes where 
non-sentry nodes are sleep unless sentry nodes 
activate them. The work in [5] analyzes the accuracy 
of tracking vs. response latency to the tracking 
queries, as well as the effect of duty-cycle parameters 
on the quality metrics. The sensors assumed in 
previous work [1, 3-6] are binary detectors, i.e., 
Boolean disk sensing model, except in [2], 
anisotropic sensing model is also considered. 
However, none of the above work incorporates the 
fading effect of sensing ability into consideration. 
The contribution of our work compared to previous 
derivation is in obtaining a general result for real-
time surveillance performance in duty-cycled WSNs 
for arbitrary sensing models, including Boolean disk 
model, exponential model, power-law model, 
staircase model and anisotropic model. We believe 
our work a necessary complement towards thorough 
understanding of the detection performance. 
 
 

3. Detection Performance Analysis 
 

In this section, we analyze the probability 
distribution of the detection delay t for any given 
delay bound τ. 
 
 

3.1. Notations and Assumptions 
 

Some notations and assumptions for analysis are 
presented here. First of all, we assume the nodes are 

independently and identically distributed conforming 
to homogeneous Poisson point process (P.P.P.) with 
intensity λA, where λA is defined as the node density d 
multiplying the area in which nodes are deployed, 
denoted by A. In our analysis, we first assume the 
probability that an event at point P be sensed by 
sensor Si to be p(x), where p(x) can be an arbitrary 
function depending on the distance x, which means p 
can be viewed as a function p: R   [0, 1]. In fact, 
besides the distance between the sensor and the 
actual event, the sensing quality also depends on 
other factors, for example, the directionality and the 
environmental noise. However, to make the problem 
less complicated, we mainly focus on the distance 
aspect and assume omnidirectional sensing and no 
random noise, just as most of the sensing models in 
the literature do. However, in the simulation part, we 
also take anisotropic sensing model into 
consideration. Based on the above assumptions, the 
average number of nodes within the coverage area of 
a sensor can be calculated as: 
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Taking Boolean disk sensing model for example: 
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Therefore, under Boolean disk model, λc = πR2d. 

Given an arbitrary sensing model, the value of λc can 
be analogically calculated following equation (1).  

Each sensor node is assumed to have a scheduling 
period of T and working time Tw, 0 < Tw   T; thus  
β = Tw / T is the duty cycle ratio. Each node can 
choose its wake-up point ts within [0, T) and wakes 
up for a period of time Tw, and then goes back to 
sleep until T + ts. We assume all the events are 
stationary and persistent, e.g., a localized fire. It is 
required that the events be detected within a delay 
bound τ. 
 
 
3.2. Detection Analysis 

 
Proposition 1: Suppose duty-cycled sensor nodes 

are deployed conforming to homogeneous P.P.P. in 
an area A and the event arrival follows uniform 
distribution, the probability that any event be 
captured within delay bound τ is:  
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Proof: First, the probability that there are k nodes 

in the area A is 
!

A

k
A e

k
  , k = 0, 1, 2, …. The 
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probability that no nodes are in the area (k = 0) is 
Ae  . Therefore, the probability that there is at least 

one node in the area is 1 Ae  . Second, if the 
probability of an event occurring in a sensor’s 
coverage area is g, and since the average number of 
nodes within the coverage area of a sensor is λc, the 
probability of an event being captured at least by one 
sensor is: 

 
 1 .cg

oP e   , (4) 

 
Now we consider an arbitrary point of interest to 

be monitored. Suppose node S is the only node 
covering the point. The duty cycle of node S is stated 
in Section 3.1. Since the sensor has a probability β of 
being awake, we have Po(t = 0) = β. The probability 
density function (PDF) of the detection delay t is f 
(τ), where 0 < τ  T - βT, which conforms to a 

uniform distribution, thus f (τ) = 1
T , as long as the 

event occurs uniformly anywhere within the duty 
cycle. Therefore, when there is only one sensor 
covering the point, the cumulative probability 
distribution for the detection delay is:  
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When there are k nodes covering the point, we 

substitute the g in equation (4) with equation (5) and 
get the probability that an event is captured within an 
interval time no larger than τ: 

 
 ( )

1 .
c T

oP e
  

  , (6) 

 
Since we focus on those points that are in the 

area, the cumulative density function (CDF) of the 
detection delay for such points is 
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 where λc is given in 

equation (1). 
 
 
3.3. Discussions 

 
We now discuss the implications of our analytical 

results. When the delay bound τ = 0, it means the 
event should be instantly detected. With the increase 
of τ, the real-time detection probability becomes 
larger on average. This is because more events can be 
captured with relaxed detection deadline. In order to 
save energy, the duty cycle factor β should not be set 

large. If it is larger than 1 T
 , the delay bound τ 

will lose all meaning. With the increase of node 
density, both λA and λc become larger. The real-time 
detection probability approaches 1 when the node 

density is sufficiently large, independent of the duty 
cycle β. 

 
 

4. Numerical Simulations 
 
In this section, numerical simulations are 

conducted under various sensing models to check 
whether simulation results match analytical 
predictions. The regular sensing models adopted 
include Boolean disk model, power-law model, 
exponential model and staircase model. For Boolean 
disk model, p(x) is given in equation (2). For power-
law model, exponential model and staircase model, 
the expressions of p(x) are respectively given in 
equations (7), (8) and (9), and their examples are 
demonstrated in Fig. 1(a).  
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With the expressions of p(x), respective λc for 

each sensing model can be calculated by equation (1). 
Experimental tests show that the realistic sensing 

range is anisotropic. Therefore we also incorporate 
the anisotropic sensing model into simulations to test 
the robustness of the performance predictions. It is 
concluded from the experimental data set of ExScal 
Mote [7] that the sensing range in one direction can 
be approximated by a normal distribution  
N(217, 322)(inches). We scaled the normal 
distribution N(217, 322)(inches) to N(4.5, 0.72)(m) to 
fit the simulation settings. For simplicity, we use 
linear interpolation to specify the boundary of the 
sensing area. As an example, the approximation of 
the two representative nodes based on this model are 
shown in Fig. 1(b), which accurately reflects the 
fluctuations of sensing ranges in different directions. 
We use the same formulas as the previous idealistic 
experiments.  

In the simulations, locations of nodes are 
generated over an area of the size 50 m×50 m, 
conforming to a homogeneous P.P.P. The period T is 
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chosen to be 1 s. The waking points of the nodes are 
generated according to a uniform distribution over  
[0 s, 1 s). The parameters for different sensing 
models are listed in Table 1. 
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(a) Regular sensing models. 
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(b) Anisotropic sensing models. 
 

Fig. 1. Illustration of different sensing models. 
 
 

Table 1. Parameter settings for different sensing models. 
 

Sensing Models Parameter Settings 
Boolean disk model R = 4.5 m 

Power-law model 
rs = 1m, ru = 14 m, α = 1,  

η = 1 

Exponential model 
rs = 2 m, ru = 10 m,  
ω = 0.4, β = 1.2 

Stair-case model 
rs = 1 m, l1 = 4 m,  

l2 = 7 m, ru = 10 m, 
p1 = 0.6, p2 = 0.3, p3 = 0.1 

Anisotropic model R ~ N(4.5, 0.72) m 
 
 

We choose 200 random points each time to be the 
target locations and run the simulation. The 
simulation repeats 50 times and we calculate the 
average values. In the first set of simulations, the 
parameter λA is set to 250 with node density d = 0.1. 
We record the average detection probability given the 
detection delay bounds equal to 0s, 0.1s, ..., 0.9 s, and 
1 s. Various β values are also considered (0.1, 0.2, 
0.3 and 0.4). We then compare these simulated 

detection probabilities with the analytical results 
obtained by equation (3). The comparison results are 
shown in Fig. 2 (a)~(e), under respective sensing 
models. From Fig. 2 we can see that the simulation 
results conform to the analytical ones very well, 
which validate our proposition in Section 3.2. 
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Fig. 2 (a). Detection probability vs. delay bound  
with different duty cycles, node density d = 0.1  

– Boolean disk model. 
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Fig. 2 (b). Detection probability vs. delay bound  
with different duty cycles, node density d = 0.1 

 – Exponential model. 
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Fig. 2 (c). Detection probability vs. delay bound  
with different duty cycles, node density d = 0.1  

– Power-law model. 
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Fig. 2 (d). Detection probability vs. delay bound  
with different duty cycles, node density d = 0.1  

– Staircase model. 
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Fig. 2 (e). Detection probability vs. delay bound  
with different duty cycles, node density d = 0.1  

– (c) Anisotropic model. 
 
 

In the second set of simulations, we choose 
various node density values (0.08, 0.1, ..., 0.2) and β 
values (0.1, 0.2, 0.3 and 0.4), and run the simulations 
to gather the average detection probabilities. Other 
settings are the same as the previous set of 
simulations. We compare the average detection 
probabilities with the analytical probabilities obtained 
by equation (3) and plot Fig. 3. The figures show that 
under arbitrative sensing models, the average 
detection probabilities obtained by simulations are 
very close to the analytical results. 

Regarding these results we have two major 
observations. First, sensing irregularity has a very 
small effect on the final results. One reason is that 
even though the sensing ranges vary with different 
directions, the overall degree of coverage for the area 
remains almost the same, approximated by λc. 
Therefore, the overall detection delay distribution is 
almost not affected. Second, the maximal error 
relative to analytical predictions is no more than 
2.4 %.  
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Fig. 3 (a). Detection probability vs. node density  
with different duty cycles, delay bound τ = 0.1  

– Boolean disk model. 
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Fig. 3 (b). Detection probability vs. node density  
with different duty cycles, delay bound τ = 0.1  

– Exponential model. 
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Fig. 3 (c). Detection probability vs. node density  
with different duty cycles, delay bound τ = 0.1  

– Power-law model. 
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Fig. 3(d). Detection probability vs. node density  
with different duty cycles, delay bound τ = 0.1 

 – Staircase model. 
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Fig. 3(e). Detection probability vs. node density  
with different duty cycles, delay bound τ = 0.1 

 – Anisotropic model. 
 
 

That is, suppose we have a set of system 
parameters that guarantee 99 % successful detection 
within the delay bound. Then, the actual detection 
rate should be no less than 96 %. Based on the above 
observation, we conclude that our model is quite 
robust to most sensing conditions. However, there are 
still types of sensors which may exhibit different 
characteristics and may have varied effect on the 
detection performance. However, we envision that 
with a relatively large system with considerable 
density, the effect of sensing irregularity will be 
considerably limited. 
 
 

5. Conclusions 
 
In this paper, closed-form expressions are derived 

for distribution of real-time detection delay. Various 
sensing models are adopted in the numerical 

simulations to validate the analytical closed-form 
results. It is shown that under all these sensing 
models adopted, the numerical results always closely 
matches the analytical ones. The analytical results are 
highly important for understanding the relationship 
between the surveillance quality and system 
parameters under different real-time requirements 
and arbitrary sensing models. Designers can apply 
these analytical results to predict the detection 
performance without costly deployment and testing. 
They can make decisions on key system or protocol 
parameters, such as the network density and the duty 
cycle, according to the detection requirements of the 
system. 
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Abstract: Wireless multihop communication network is an important part of modern communication network, 
because of its flexible forms of networking, not relying on any fixed infrastructure to achieve network 
connectivity and data transfer, but through the mobile nodes' collaboration and self-organization. The negative 
impact of network partitions on the availability of key management services in wireless multihop 
communication network will be alleviated by a robust key management scheme based on the traditional 
distributed certificate authority (DCA) proposed in this paper. Auxiliary shares are used to increase the 
redundancy of shares in the networks thereby ensuring robustness and security at the same time. Simulating 
results show that the average failure ratio for DCA requests is reduced by more than 5 %, and the successful rate 
of establishing secure link is greatly improved. Security analysis and simulations show that the approach ensures 
system robustness and thwarts common attacks. Copyright © 2013 IFSA. 
 
Keywords: Multihop Communication, Key Management, Data Security, Threshold Cryptography,  
Lagrange Interpolation. 
 
 
 
1. Introduction 
 

Wireless multihop communication network 
usually consists of many static or moving nodes in 
self-organized and multi-hop style with the purpose 
of detecting, processing and transmitting the 
monitoring information of sensing objects in the 
network coverage area, as well as reporting it to the 
users [1]. Over the past several years, this kind of 
communication style, has gained tremendous 
popularity due to the user mobility and flexibility 
they offer in accessing information. In addition, the 

cost of wireless networking equipment has dropped, 
and there have been significant improvements in 
performance. The enormous flexibility offered by 
wireless multihop communication network, however, 
presents a number of potential security challenges. 
The network security is always one of the most 
important elements in network technology. 
Encryption, authentication, firewall, intrusion 
detection and physical isolation are principal means 
of network security. Wireless multihop 
communication network transmits data using radio 
waves, which makes the transmission signal available 
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to anyone within the range of the transmitter, posing 
a high security risk to wireless networks. A higher 
security demand is required based on the character of 
typical application scenario and openness of itself. A 
reliable key management, as the precondition of 
providing sorts of security service, is considered to be 
one of the core problems in security research of 
wireless multihop communication network [2]. 

Distributed certificate authority (DCA) [3], based 
on threshold, has become the main trend of 
technology in wireless multihop communication 
network key management, for single points of failure 
have been avoided and the degree of difficulty in 
stealing system key has been increased [4, 5]. There 
are still a lot of problems, however, needing to be 
solved. In a typical application scenario of wireless 
multihop communication network, such as military 
and emergency rescue, frequent movement of nodes 
and environmental changes cause various network 
topology structures and even partitions [6]. Key 
management service should be always on line 
required by characters of wireless multihop 
communication network allowing nodes to enter and 
leave the coverage frequently, while network 
partition will make number of sub-keys below 
threshold value so as to invalidate the service, which 
has proved that network partition harms key 
management service seriously, thereby how to 
improve robust and reduce impact of partition at the 
same time is critical in key management scheme 
design for wireless multihop communication network 
[7, 8]. Although existing solutions have improved the 
system robustness in some degree, security has 
always been sacrificed and the system suffers from 
single points and Sybil attack much easily. There are 
not any effective schemes that can solve this problem 
perfectly as known. 

A novel key management scheme based on the 
traditional DCA has been proposed, including an 
extended key update protocol and a series of 
algorithms for auxiliary sub-key management. 
Effective management on auxiliary increases the 
redundancy of sub-keys in wireless multihop 
communication network strategically, thereby 
ensuring robustness and security at the same time. 
 
 
2. Summary of the Scheme 
 
2.1. Distributed Certificate Authority 
 

Wireless multihop communication network nodes 
can be classified as server nodes and common nodes 
according to the traditional DCA approach, which 
possesses a pair of public/private key. The private 
key is used to generate the signature, in order to 
achieve a certificate distribution, updating and 
revocation list publication. In DCA based on  ,n t  

threshold scheme, the private key is shared as sub-
key by n  server nodes. The public key is used by all 
network nodes to verify the signature. Every server 

node has a public/private key pair for each, to verify 
signature, confer session keys and set up safety links. 
To avoid attackers, Proactive Secret Sharing (PSS) is 
adopted to update the sub-keys periodically. When a 
node submits requisition to DCA, only if there are t  
(or more than t) server nodes passing the 
authentication and accepting the requisition, the 
certificate will be validated. 
 
 
2.2. Introduction of Auxiliary Sub-keys 
 

Being unsatisfied, the node will submit again, 
when the appearance of network partitions makes the 
number of server nodes smaller than t, and retry will 
fail to succeed and the key management service is 
invalid. Auxiliary network nodes are introduced in 
this paper to solve this problem. They never ask for 
preset certificate and system sub-keys, but auxiliary 
ones. Moreover, the auxiliary sub-keys don’t have the 
ability to participate in DCA signature generation. 
Controlled by DCA, they can transform to temporary 
ones in some condition, and obtain signature ability 
temporarily. Once unneeded, they will be reduced to 
auxiliary sub-keys. Therefore the system is able to 
increase sub-keys temporarily to improve robustness. 
 
 
2.3. Security Target 
 

Although the redundant sub-keys could improve 
system robustness, security of the system will reduce 
accordingly. It has already been proved that system 
always suffers from Sybil attack in environment 
without centralized authority. In wireless multihop 
communication network with redundant sub-keys, 
Sybil is quite easily adopted by attackers. In order to 
avoid similar attacks, all identities of server nodes 
should be validated by authority, known as preset 
certificate. Other network nodes, such as auxiliary 
nodes and client nodes, can join in flexibly in using 
certificate, nodes guaranteeing, and many other ways 
[9, 10]. The security targets that the scheme 
presented should be achieved [11]: (1) To resist 
single points attack, that is to say, to encroach only 
one node is far less enough to forge certificate or 
obtain system keys; (2) To avoid multi server nodes 
identities to be obtained dynamically by 
masquerading; (3) To prevent attackers from  
carrying Sybil attack into execution to key  
management service. 
 
 

3. Realization Mechanism 
 

In traditional DCA approach, server nodes make 
up of a server group (SG) to establish secure 
communication connection between by the preset 
certificate. Protocols can be used to achieve update 
inside SG, query and other operations. 

Auxiliary sub-key management comprises 
generation, activation, reduction and revocation. 
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Only when the whole server nodes are available, 
candidate auxiliary nodes could submit to SG to 
generate auxiliary sub-keys, and those succeed have 
the opportunity to transform the auxiliary nodes, in 
process of which SG selects an associated server 
node iS for each auxiliary node kA , denoted 

as i kS A . When there are less than t accessible 

nodes, SG will select a certain number of auxiliary 
nodes and activate their auxiliary sub-keys. After 
transforming to temporary sub-keys, the activated 
nodes, along with available servers, compose 
temporary DCA to achieve the certificate 
management operation. SG will reduce the temporary 
sub-keys to the very original state after self-recovery 
of the network. The auxiliary nodes under this 
circumstance no longer possess ability to participate 
in certificate management operation. Revocation 
protocol makes it possible for SG to revoke the 
auxiliary sub-keys of those nodes which appear 
malicious behavior. Obviously, the auxiliary sub-key 
management is always initiated and supervised by SG. 

An Extended Key Update Protocol (EKUP) has 
been proposed in this paper to realize the effective 
management on auxiliary sub-keys. It is also an 
extension of the Secret Renewal Protocol (SRP), the 
main idea of which is to renew the sub-keys of the 
trustable server nodes without changing the original 
system keys. Since the sub-keys of the new and old 
edition cannot renew the system keys together, the 
hostile nodes will be excluded effectively. Not only 
generating new edition sub-keys, EKUP can also 
provide an activation increment. 

The whole life period has been divided into 
several time segments in EKUP. At the beginning of 
each segment r , the server node iS ( 1,2, ,i n  ) 

participating in initiating EKUP, assumes that there 
are n server nodes in all and has to take operations as 
follows. Firstly, iS respectively generates (t-1)-order 

polynomial ( ) ( )z
ig z in qZ independently to satisfy 

( ) (0) 0r
ig  . iS  calculates activated information 
( ) ( )r
i kg w of auxiliary sub-keys for node kA , at the 

same time with calculating ( ) ( )r
i jg v for jS  

( 1,2, ,j n  ). Subsequently, iS transmits ( ) ( )r
i jg v  

and ( ) ( )r
i kg w  , { | }j kk k S A    , to jS in a safe way. 

After jS has received ( ) ( )r
i jg v and ( ) ( )r

i kg w  , updated 

the sub-key jx  , the activated increment kI  of kA  

will be respectively: 
 

 
( )

1

( )(mod )
N

r
i i j i

j

x x g v q


   , (1) 
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1

( )(mod )
n

r
k i k
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The old edition sub-keys will be preserved in 

EKUP, and the system can activate the auxiliary sub-

keys with the activated increment. Actually, EKUP 
renews the sub-key for some temporary reasons, 
which doesn’t ask the entire server nodes to join in, 
so that it will not bring in too much burden  
of communication. 
 
 
3.1. Generation 
 

There are two sub-key generation protocols 
generally used at present, the aim of which are using 
t  sub-keys existing to generate new sub-keys. The 
newly generated sub-key rx  is visible to the 

applicant node rA . Since the auxiliary sub-key 

doesn’t possess the ability of signature before being 
activated, there are some points need to be improved 
in the traditional sub-key generation protocol, which 
can also been shown in Fig. 1. 

One of the most important parameters is the 
relevance limit Aq, which is the upper limit number of 
all the possible auxiliary nodes associated with a 
single server node. Generally, Aq+1 need to be 
smaller than the threshold t to keep Sybil attack away. 
Aq depends on the nodes of SG, which means SG has 
the ability to confer, and it will supervised by SG 
according to the first step. The selection strategy of Sj 
depends upon the consideration about the security 
and robustness. A high security needed means a 
random selection of Sj, while a high robustness will 
be obtained by selecting the server nodes 
approaching to the applicant node mostly. 
 
 

 
 

Fig. 1. Improvements in generation. 
 
 
3.2. Activation 

 
The main idea of an activating operation is to use 

the temporary sub-keys generated by the activated 
increment and auxiliary sub-keys. Assume the 
number of nodes available in SG is n', the main steps 
of the activated algorithm will be as follows: (1) SG 
selects l' auxiliary nodes which are needed to be 
activated; (2) EKUP is initiated by parts of the server 
nodes to update the sub-key xj ( 1,2, ,j n  ) of the 

server node in present SG and the selected activated 
increment kI ( 1,2,k l  ) of the auxiliary node to 
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be jx  and kI  , in process of which, there is no new 

activated increment generated; (3) The server node 
transmits kI   to the corresponding auxiliary node kA  

through a secure link, and the auxiliary sub-key of 
which is kh ; (4) kA  will calculate 

(mod )k k kh h I q    to get a temporary sub-key, and 

then kA  becomes the temporary server node. 
 
 
3.3. Reduction and Revocation 
 

When there is no need of temporary server nodes, 
the management certificate authority of the 
temporary nodes could be invalided. Reduction is a 
kind of imperative operation initialed by SG. Since 
the updating operation is firstly performed for 
activated increment of the server nodes and the 
specific auxiliary nodes, the server nodes in SG only 
need to reduce jx  and kI   to jx  and kI . This will 

naturally invalid the temporary sub-keys, and they 
can be activated again only by kh  instead of kh . If 

the associated server node is still available, it is 
possible to finish invaliding just by deleting its 
activated increment. 
 
 

4. Security Analysis 
 

In the key management service of this paper, an 
effective attack indicates to forge certificate 
successfully or obtain the system keys. DCA based 
on the threshold scheme ensures that the attacker 
cannot forge certificate or obtain the system key by 
invading only one node, so as to keep the single node 
attack away. To launch an effective attack, the 
attacker needs to obtain multi server nodes identities 
or to embezzle multi server nodes gradually. Though 
preventing mobile attackers effectively, PSS is not 
able to keep Sybil attacker away. 

Since off-line certificate is asked to be provided 
as identity authenticating for the server nodes in this 
paper, if the certificate is reliable, the attackers will 
have no chance to obtain multi server nodes identities 
and sub-keys dynamically. While in approach with 
redundant sub-keys, if the signature authority has 
been obtained by those generated dynamically, the 
attackers will be able to launch Sybil attack through 
masquerading as nodes with redundant sub-keys. 
Consequently, the authority of auxiliary sub-keys has 
been limited in this paper, so the premise of an 
effective attack is to obtain at least t sub-keys or 
temporary sub-keys. In case of the sub-keys not being 
activated, an effective attack will be launched only 
when the following two conditions are satisfied 
simultaneously: (1) At least [t/(Aq+1)] server nodes 
are under control; (2) Total number of the controlled 
server node Sc and auxiliary node Ac is no less than t, 
and should satisfy c cS A  

Therefore, the scheme proposed in this paper will 
make much more difficulty for attackers to steal the 
system keys. Moreover, with the parameters correctly 
set up, since Aq+1<t, this scheme is able to prevent 
Sybil attack effectively. 

 
 

5. Simulation Test 
 

5.1. Simulation Model 
 

The scheme has been simulated by Network 
Simulator (NS2.89) [12]. Simulating parameters of 
the typical scenario are set as in Table 1. The 
scenario simulates a wireless multihop 
communication network with the network partitions 
appearing frequently, and the average velocity of the 
nodes can be adjustable, in order to measure the 
effect of nodes mobility on the proposed scheme 
without loss of generality.  
 
 

Table 1. Simulating parameters settings. 
 

Parameters Values Parameters Values 
Size of 

Scenario 
1 km×1 km

Mobile 
Model 

Random 
Way-Point 

Number of 
Nodes 

100 
Number of 

Server 
Nodes 

10 

Threshold 
Parameter 

(10,4) 
Number of 
Auxiliary 

Nodes 

0,5,10,15,2
0,25,30,35,
40,45,50 

Transmissi
on Range 

20 m 
Simulating 
Duration 

600s 

Average 
Velocity 

5 m/s,  
15 m/s 

Reference 
Protocols 

EKUP, 
SPR, 

tradition 
DCA 

 
 

5.2. Simulating Results 
 

The comparison of average failure rate with 
different number of auxiliary nodes and different 
velocities can be seen in Fig. 2. 
 
 

0 5 10 15 20 25 30 35 40
0

3

6

9

12

15

18

21

24

27

A
ve

ra
ge

 F
ai

lu
re

 R
at

e 
(%

)

Number of  Auxiliary Nodes

 v = 5 m/s
 v=10 m/s

 
 

Fig. 2. Comparison of the average failure rate. 
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It can be seen that DCA application failure rate 
will descend remarkably with the number of auxiliary 
nodes increasing, which indicates that the robustness 
of system has been improved greatly with EKUP 
proposed in this paper. When number of auxiliary 
nodes drops to 0, it actually equivalents to traditional 
DCA with average failure rate in each scenario being 
21.19 % and 25.10 % respectively. When the number 
of auxiliary nodes rises to 20, the average failure rate 
will drop to 9.24 % and 10.63 % respectively, and are 
both reduced by more than 50 %. 

The advantage of establishing secure links by 
EKUP has been clarified through the mathematic 
model set up above. To prove the correctness of the 
mathematic model and the applicability of EKUP, the 
traditional DCA and SPR have been adopted as 
comparisons to simulate the improvement of EKUP 
on successful rate of establishing secure link with 
different number of auxiliary nodes, when the attack 
frequency reaches to 1 link per second. The 
parameters of scenario will be set as Table 1. 
Simulating results can be seen in Fig. 3.  

It can be observed from Fig. 3 that the successful 
rate of establishing secure link will increase with the 
number of the auxiliary nodes rising. In the network 
environment with frequent attack, however, the 
successful rate of establishing secure link will be 
improved much more rapidly when the number of 
auxiliary nodes is small with EKUP proposed in this 
paper than that with the traditional DCA and SPR. 
What is more, when there are 12 auxiliary nodes, it 
will achieve the probability of up to 96 % to establish 
the secure links with EKUP, and that will be 56 % 
and 17 % with SPR and the traditional DAC 
respectively. In contrast, the successful rate will be 
increased by 71.43 % with EKUP instead of SPR. 
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Fig. 3. Comparison of the successful rate of establishing 
secure link by different key management protocols. 

 
 
6. Conclusion 
 

Wireless multihop communication network, like 
WSN, Ad Hoc, Mesh, etc, as a key component of the 
next generation network, has attracted intensive 
public attention as an empowering technology in a 
wide variety of military and commercial applications 

including national defense, public security and 
environmental technology. An Extended Key Update 
Protocol has been proposed in this paper to realize 
the effective management on auxiliary sub-keys 
based on the traditional DCA. The mathematic model 
has been established with auxiliary sub-keys brought 
in. Security analysis indicates that the scheme 
proposed in this paper is able to prevent common 
attacks in wireless multihop communication network 
effectively, such as Sybil attack and so on. 
Simulating results on NS2.89 prove that the 
deployment of this scheme will the reduce failure rate 
of operations related to key management service by 
more than 50 %, and will greatly increase the 
successful rate of establishing secure link, which is 
quite important for wireless multihop communication 
network. Consequently, the scheme presented is able 
to enhance robustness of key management service in 
wireless multihop communication network 
effectively without loss of generality. Future research 
direction will focus on the global key updating 
management mechanism to provide a safety 
certificate and confidentiality protection for  
message broadcasting in wireless multihop 
communication network. 
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Abstract: In order to improve robot arm intelligent tracing control accuracy and make the robot move in the 
environment autonomously, the robot must be capable of calculating its pose, the nominal system dynamics 
model based on orientation parameters of moving plant of shoulder is developed. Pose localization problem is a 
key researching domain in the mobile robot community and get much attention around the world. This 
dissertation is focused on the multi-sensor fusion based pose calculation problem for mobile robot.  Application 
results show that the intelligent tracking has a significant effect in improving the tracing efficiency and reducing 
the tracking and monitoring cost, improving the capability of environment perception, co-operating and 
autonomous navigation of mobile robot. Copyright © 2013 IFSA. 
 
Keywords: Target tracking, Wireless sensor network, System dynamics model, Intelligent control, Dynamic 
modeling.  
 
 
 
1. Introduction 
 

The robot is a kind of joint and complex systems 
with redundant degree of freedom. It focuses on the 
latest research results of machinery and electronics, 
automatic control, artificial intelligence, bionic and 
many other disciplines, and represents the latest 
scientific achievements in mechatronics [1]. Research 
on the robot, not only to promote the development of 
multi-disciplinary, but also can be coordinated 
through robots and humans working together to bring 
more value to human society.  

Throughout the various types of robots, there are 
two main focuses its development faces, one is from 
the institutional perspective to develop robot. If this 
type of robot and human structure similar to the 

structure, it is called a humanoid robot [2]. Humanoid 
robot is mainly composed of the mechanical arm, 
hand, clever eyes, waist and shoulder humanoid 
walking leg [3] humanoid components. If the 
structure similar to the other biological structure, it is 
called biomimetic robots, such as the snake robot, 
robot fish, dog, horse and other machine. On the 
other hand: Simulation of human and other biological 
behavior from the behavior perspective. Such studies 
including visual [4], touch [5] and smell [6] and other 
information acquisition and processing, humanoid 
thinking [7], the dynamic environment adaptive 
abilities, double arm [8], hand-eye and head 
coordinated action and the mutual exchange of 
realization, and even to drive the robot with 
consciousness also caused some people’s interest [9]. 
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With the further research, these two faces are 
constantly focusing on integration. 

One of important mechanical arm actuator 
humanoid robot in addition to cooperate with other 
humanoid component to achieve capture, handling 
and throwing a series of human behavior, but also 
can be used as system application independent in 
industry, agriculture, medical, aerospace and other 
fields, replace human tasks such as machining, taking 
feeding, welding, surgery, space operations, fire, 
rescue and other sophisticated, heavy and dangerous 
task, so manipulator has been a large domestic and 
foreign experts, scholars and business units of the 
research topic, its research and applications have 
been ahead of the bionic humanoid robots and other 
components. In order to distinguish applied to 
different areas of robotics, when its application as a 
standalone system, called the industrial robot, 
humanoid robot when it is used as the “arm” for 
undertaking the study, called anthropomorphic 
robotic arm. 

At the end of the nineteen fifties, the United 
States of America J. F. Eagleburger and G. C. Devol 
jointly developed the world’s first [10] manipulator. 
Its body is installed on a rotary arm, top with the 
work piece pick-and-place mechanism, the control 
system is the teaching type. In 1962, the first robot 
made on the basis of a CNC tried teaching and 
playback type robot, named Unimate, take the 
“universal automatic” means. The motion of the 
system modeled on the turret, the arm can rotate, 
pitch, expansion, driven by hydraulic; drum as a 
storage device control system. In 1962, the U.S. 
machinery manufacturing company successful 
experiment called Vewrsatran robot. The robot can 
turn a central column, lifting hydraulic drive and 
control system is also teaching and playback type. 
Both robots laid a foundation for the development of 
industrial robots. Germany from the beginning of 
1970 application machinery in the lifting  
and transport equipment, welding and cutting 
operation in hand. 

To sum up, the domestic and international 
development process of mechanical arm, looked from 
the structure that is a simple series, parallel to the 
hybrid process; from the task analysis is a simple 
positioning operation to the realization of trajectory 
tracking, intelligent learning control; from  
the technical point of view, is a simple logic control 
to high precision adjustment to the kinetics of 
intelligent control. 
 
 
2. Overview of Robot Control Technology 
 

It can be divided into two categories of 
manipulator job tasks. One for the point to point 
movement, such as handling, welding, etc. Another 
along a given trajectory, such as welding, painting 
and so on. No matter what kind of exercise, start are 
given end-effector in Descartes coordinates of point 
and track, so how is obtained according to the change 

law of motion of each joint end-effector in Descartes 
coordinate system in which the location or trajectory, 
and through the drive mechanism to adjust the joint 
position enables the robot to track a given trajectory 
or stable in the specified position, is the most 
important problems to be solved in kinematics, 
namely the inverse kinematics problem. Inverse 
kinematics plays an important role in robotics, is the 
foundation of robot dynamics and control of robot, 
and directly related to the motion analysis, off-line 
programming. The kinematics of second important 
issue is the error correction. The manipulator is a 
complex series, parallel or hybrid mechanism, the 
assembly error accumulated through the levels of 
transmission, greatly affected the total accuracy. To 
solve this problem, the best solution is the 
introduction of spatial position measurement, it is 
very difficult to implement. Another option is to pre-
establish a model to correct the error. 

To sum up, in order to achieve a more precise 
control of the robot, at least need to consider two 
aspects: fast and accurate to calculate the problem of 
inverse kinematics, the kinematic control problem; 
consider the design problem of the uncertainty of the 
robot dynamics modeling and trajectory tracking 
controller, the dynamic control problem. 
 
 
2.1. Robot Dynamics Modeling Methods  

and Mathematical Models 
 

As the basis of robot dynamics analysis and 
control, dynamic model has been the primary 
problem to solve the robot research. The dynamical 
model of the robot has two models, respectively is 
the dynamic model and inverse dynamics. Positive 
dynamics model of the robot driving each actuator 
force or torque as a variable to the robot joint angle 
trajectory in the joint variable space or end effectors 
trajectory in Cartesian space mathematical model for 
the response variable.  

Inverse dynamics model of the robot in the joint 
variable space trajectory is a variable, or end 
effectors trajectory in the Cartesian space as a 
variable to each robot actuator driving force or torque 
as the dependent variable mathematical model. 
Current Analysis robot inverse dynamics methods are 
Newton-Euler method, Lagrange method, Kane 
method, least restrictive principle of law and the 
generalized Gaussian Dhahran Bell law. The basic 
way to derive robot dynamics algorithm has two 
kinds: one is the inverse dynamics algorithm as the 
basic calculation subroutine, n order equations for 
solving problems with symmetric coefficient matrix; 
the two is from the point of view of the robot model 
using Newton -Euler equation, recursive formula is 
derived directly for generalized acceleration Q. The 
robot inverse dynamics control, usually the following 
mathematical model. 

 

( ) ( , ) ( )M p p C p p p G p    , (1)
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where p  p  p  - the position vector of each joint 

robot, velocity vector, acceleration vector; ( )M p  - 

robot inertia matrix; ( , )C p p  - robot matrix Coriolis 

force and centrifugal force; ( )G p  - the robot’s 

gravity term vector. 
Load change, existing external disturbance, 

friction and other uncertain factors in the robotic 
system has brought great difficulties to the  
robot research. 
 
 

2.2. Robot Control System Structure 
 

The end effectors through instruction signal 
generating device, the expected position and the 
desired trajectory, and through the target trajectory 
generation device to convert it into the robot drive 
displacement or track mechanism, as the mechanism 
driving the desired output. The control algorithm of 
the controller feedback signal and the desired output 
signal processing, calculates the volume control and 
transported to the actuator. The actuator according to 
the type and the size of the output torque control 
drive robot, ultimately makes the system stable and 
localization error less than the allowable error and 
tracking error converges to a region of zero or  
near zero, and can meet the dynamic performance 
index of certain. 
 
 

3. Shoulder Dynamics Modeling 
 

3.1. Shoulder Member Kinetic Calculation 
 

Assuming all side chain density uniform, regular 
shape. Article i-th branched diagram as shown in 

Fig. 1. Let c
r  is the length of the i ia u  and i ib d  

section, ur  is the length of the segment, Dr  is the 

length of the segment. In the i ia u  segment, i ia c  

segment, i ic b  segment and i ib d  segment each pick a 

point, the centric vector is denoted as 1iP , 2iP , 3iP  

and 4iP . Set the line density is 1 , then i ia u , i ia c , 

i ic b , i ib d  kinetic energy are 
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By equation (2) the kinetic energy of all branched 
sum is 

3

1

( )L iau iac icb ibd
i

V V V V V


     (3)

 

 
 

Fig. 1. Structure of the i-th branch. 
 
 
3.2. Shoulder Joint Component Calculation  

of Potential Energy 
 

Set the link I quality is 1m , the centroid vector is 

1ih . Even rod I quality is 2m , the centroid vector is 

2ih , so we can write  

 

1

1 2 1 1 2

1

2 2 1 1 2

0

0

i i
i i i i

i i

i i
i i i i

i i

x
X Z

h X Z x x X x Z
X Z

y
X U

h X U y y X y U
X U

                


                  

,
(4)

 

where,  1 2,x x  is the centroid coordinates in the 

i iX OU  plane of the connecting rod I.  1 2,y y  is 

connecting rod I in the i iX OU  plane of the centroid 

coordinates. Let the moving platform quality is 3m , 

then the total potential energy of the system is 
 

1 1 2 2
1 1

( )
m m

i i m m m
i im m

P m g h m g h m g h
 

        
   
     (5) 

 
Using the Lagrange equation 
 

L L
u

t q q

  
 

  
 
 
 

  (6) 

 
where, L V P   is a generalized coordinates, 

generalized coordinates  T
q    ,   is a 
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generalized force corresponding to the generalized 
coordinates q. Equation (2) to equation (5) into 
equation (6), so we can write 
 

cL L VV V Vc
u

t q q t q q

      
              

        (7) 

 
 
4. Mobile Robot System Model 
 
4.1. Coordinated System 
 

In mobile robot navigation study, the main use of 
three types of coordinate systems, the first category is 
the Cartesian coordinate system; second polar 
coordinate system, the majority of the distance / 
direction sensors, such as sonar, laser range finder, 
etc., are using this coordinate system; third is 
DIN70000 coordinate system in Europe widely used 
within the field of mobile robotics. Cartesian 
coordinate and DIN70000 coordinate system is the 
two representations of the Cartesian coordinate 
system, the Descartes coordinate system in general as 
Cartesian coordinate representation. 

Study of the mobile robot, the main use of three 
coordinate systems: global coordinate system 

w w wX O Y , 
r r r

X O Y  coordinate system of the robot and 

the sensor coordinate system 
s s s

X O Y , their 

relationship as shown in Fig. 2. In general, the system 
model of the robot are the three coordinate system 
based on the defined. Sometimes the sensor 
coordinate system to the robot coordinate system, 
using only the global coordinate system and the robot 
coordinate system. 
 
 

 
 

Fig. 2. Coordinate system for mobile robot. 
 
 
4.2. The Environment Map Model 
 

A typical characteristic environment map 
representation maps, raster maps and topological 
maps. The robot’s map-based calculation method to 
pose environmental features map-based, 

environmental characteristics are often assumed 
stationary. Characteristic map with a series of 
characteristic points of the environment in which the 
robot, each feature point in the global coordinate 

system to use it in the position  ,
T

i i iL x y  to the 

indication, and by a 2 × 2 matrix represents the 
variance of its position uncertainty. The environment 

map can be expressed as 1 2( , ,..., )T

im L L L .  

As a map-based computing is to solve the pose 
unknown environments positioning and navigation 
problems, so the map is essentially the process of 
creating a series of feature point calculation, and the 
map is constantly updated, because the position of the 
feature point and the robot together pose calculation 
and update. When the robot at time k, observed a new 

signpost ,i kL , you need to add new signs observed a 

map has been constructed, and its representation on the 
map based on the robot’s current position as the origin 
of the local coordinate observables converted to the 
global coordinate system function, so we can write 

 

, , ,
,

, , ,

.cos( )

.sin( )
i k k i k k i k

i k k
i k k i k k i k

x x r
L v

y y r

 
 

    
         

   (8) 

 
where, the robot sensors was the first I measurements 
in polar coordinates are expressed as 

, , ,( , )T

i k i k i kz r  , k  is expressed in stochastic 

landmark model uncertainty, ( , , )T

k k kx y   were 

expressed in global coordinates of the robot pose.  
 
 
4.3. The Sensor Observation Model 
 

Observation model describes the relationship 

between ,i kz  and the position of the robot  

sensors kp   

 

, ( , )i k k i kz h p l v  ,  (9) 

 

where kv  represents the random measurement noise 

and uncertainty of the model itself, generally 

assumed to be Gaussian noise, (0, )kN R , iL  is the 

characteristic map of the i-th position. The different 
sensors have different forms observation equation. 
Assuming the distance sensor of observations as 
Equation (10), the time k obtained in the i-th  

concept of measurement ,i kz  by the following 

observation equation  
 

2 2

,
,

,

( ) ( )

arctan

k i k i
i k

i k kk i
i k k

k i

x x y y
r

z vy y

x x
 

   
  

      
      

, (10) 
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where, ( , )T

i i iL x y  is the detected coordinates of 

the i-th feature, ( , , )T

k k k kp x y   is the robot pose 

observation time k. 
 
 
5. Simulation Testing and Analysis 
 

In order to verify the effectiveness of the passive 
controller, to simulation research. We take the 

2200, 2.1232   , the measurement noise 

variance 65 10   , sensor nodes are randomly 
arranged, spacing of about 50 m. Objective to (50, 50) 
as a starting point, the initial velocity, acceleration 
are 0 state begins to move, process noise 

var( ) 0.43
i

w  . Specific as shown in Fig. 3. 

 
 

Table 1. Sensor nodes parameters of shoulder joint. 
 

Parameters Values Parameters Values 

r  0.21 m Sr  
0.093 

Dr  0.125 m 1  
1.453 kg/m 

Ur  0.075 1m
 

0.56 kg 

Cr  0.035 2  
1.235 kg/m2 

 
 

 
 

Fig. 3. Simulation results of mobile robot sensor nodes. 
 
 
6. Conclusions 
 

In this paper, the theory and application of 
technology based on wireless sensor network of 
shoulder joint research, around of shoulder joint in 
wireless sensor networks in recent years carried out 
research work, focused on the multi-sensor fusion 
based pose calculation problem for mobile robot.  

The intelligent tracking has a significant effect in 
improving the tracing efficiency and reducing the 
tracking and monitoring cost, improving the 
capability of environment perception, co-operating 
and autonomous navigation of mobile robot. 
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Abstract: Wireless sensor network (WSN) is a kind of energy-constrained network. If any fake communication 
request is not recognized, that will lead to network security problems and additional energy consumption of the 
nodes. A good message authentication code (MAC) will help to solve this problem effectively. In this paper, we 
improve the MAC algorithm by using the technology of chaos and XOR-encryption. The advanced MAC 
generator can be divided into the sub-key generator and the MAC structure. The advanced MAC algorithm 
provides not only high data confidentiality but also message authentication functions. The sub-key generator 
provides excellent random performance and solves the periodicity defects of RC4. That extends the lifetime of 
“Seed-Key” and to further reduce the energy consumption. The structure is designed for the advanced MAC 
specially to meet the needs of WSN applications. It can avoid “Replay Attack” effectively when compared with 
CBC-MAC. The improved MAC algorithm provides simpler calculation and sufficiently reliable security 
performance. We have also tested the advanced MAC generator by using “Pearson’s Chi-squared goodness-of-
fit test”. The test results reveal that the MAC sequences generated by the advanced MAC can provide enough 
security performance. Copyright © 2013 IFSA. 
 
Keywords: WSN, Message authentication code (MAC), Chaos, XOR-encryption, Chi-squared goodness-of- 
fit test. 
 
 
 

1. Introduction 
 

Wireless sensor networks (WSN) have been 
developing rapidly in the last years. It’s an intelligent 
and private network organized by a large number of 
sensor nodes themselves with wireless 
communication. These sensor nodes with specific 
functions transmit information each other, to 
accomplish a specific function cooperatively. 
Currently, sensor nodes are promoted to be used in a 
wide spectrum of applications such as in military, 
healthcare and environmental applications. 

Compared to the traditional wireless networks, 
WSNs have such characteristics as the large scale of 
deployment, power limitation, limited computing 
ability and memory capability, the limitation of 
communication bandwidth and range and the 
dynamic characteristic. Due to these limitations, 
WSN is faced with the challenge of security in such 
applications as military fields, environment 
monitoring, medical treatment and hazardous area. In 
order to keep communication secure, sensitive data 
should be encrypted and authenticated. Therefore, 
security is the critical issue in the WSN. 
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WSN is a kind of energy constrained wireless 
network. This makes the energy consumption level to 
be an important index in the design of WSN 
protocols and algorithms. Therefore, as an important 
part in WSN communication protocol, MAC 
algorithm is not only needed to consider the security 
performance, but also its energy consumption level. 

Many energy-saving algorithms for WSN were 
put forward, but most of them are about energy 
efficient routing or networking. What they have in 
common is that both of them consume large energy 
while working. Therefore, almost every simplified 
algorithm of them provides high energy saving 
efficiency. But most of them take the method of 
reducing their working frequency to reduce the 
energy consumption further. Harvest seems small if 
we continue studying on these two kinds of 
algorithms. So we focus on studying energy-saving 
algorithms about link-layer algorithms. They are 
commonly used in WSN communication. Every time 
of message transmission need to call the related link-
layer algorithms. As a result, studies on link-layer 
algorithms will provide same energy-saving efficient 
as well as routing or networking. 

Meanwhile, link-layer algorithms have high 
portability and transparence. This makes link-layer 
algorithms have the very high research value. 

Since the frequent calls of link-layer encryption 
algorithm during the data transmission, the energy 
research on the link layer security strategy can 
achieve good energy saving effect.  

The link-layer security strategy is mainly 
composed of encryption algorithm, decryption 
algorithm and Message Authentication Code (MAC). 
An improved sub-key generator is invented for the 
lightweight MAC generator. The improved sub-key 
generator helps us proposing a WSN link-layer 
encryption algorithm based on the combination of 
stream-cipher and block-cipher. And then, we build a 
MAC algorithm suitable for WSN by studying the 
link-layer security protocol built-in TinyOS and 
combining the new WSN encryption algorithm. 

In [1], the author mentioned that the security 
requirement of WSN includes Authentication, 
Confidentiality, Integrity and Non Repudiation.  

Study on MAC is an important part in link-layer 
security algorithms. As we mentioned above, link-
layer algorithms have the very high transplantation 
ability. Therefore, we can find MAC algorithm in 
almost all studies of WSN link-layer security 
strategy. Considering the energy consumption limits 
in the design of WSN, researchers use symmetric 
encryption as a mainstream design idea [2]. 

Most WSN link-layer MAC algorithms use CBC-
MAC as the main structure, such as TinySec [3] and 
WSNSec [4]. The CBC mode is adopted in the 
encryption part of these two protocols and the MAC 
algorithm as well (CBC-MAC). CBC-MAC provides 
a simple structure and conforms to the requirements 
of the WSN application very much. But CBC-MAC 
is not safe enough. It provides a low security 

performance in the face of “Birthday Attack”, which 
is proved in the previous studies [5]. 

Meanwhile, some researchers have also tried 
some other MAC structures, such as MIC (Message 
Integrity Code) in WSNSec we introduced above. 
And they called it “CTR”. But the CTR needs more 
calculation than CBC-MAC and increases the  
energy consumption. 

As we can see, there are few MAC algorithm 
specially designed for WSN. Even if the CMAC in 
ContikiSec [6] is also the continue use of OCB mode 
in WLAN. In this paper, we designed a lightweight 
WSN link-layer encryption algorithm, and then 
present an advanced MAC algorithm.  

The rest of this work is organized as follows. The 
advanced MAC algorithm is described in Section 2. 
We analysis the proposed MAC algorithm in  
Section 3. Conclusions are made in Section 4. 

 
 
2. MAC Algorithm Design 
 
2.1. The TinySec Protocol 

 
TinySec is a WSN link-layer security protocol 

built-in TinyOS (a component-based WSN Operating 
System), which is developed by UC Berkeley 
(University of California, Berkeley). The TinySec 
protocol is also developed by UC Berkeley and 
defines the packet formats. It also includes data 
encryption & decryption algorithm, and MAC 
algorithm as well.  

There’s no link-layer security protocol in the 
earliest version of the TinyOS. Although this saves 
the energy consumption of the encryption and 
authentication calculation, it has brought a great 
security risk. Therefore, UC Berkeley added TinySec 
in the TinyOS as the link-layer protocol. 

TinySec uses RC5 [7] or SkipJack [8] as the 
encryption algorithm. Both of the two algorithms are 
symmetric encryption types. The encryption 
algorithm uses CBC mode. The block size of RC5 
can be switched among 32, 64 or 128 bits, and fixed 
64bits for SkipJack. It uses CBC-MAC as the 
structure of MAC algorithm, which largely reduces 
the computation amount of MAC. 

To calculate the CBC-MAC of message/plaintext 
P (P=P1||P2||…||Pn), one encrypts in CBC mode with 
zero IV (Initialization Vector). The Fig. 1 sketches 
the computation of the CBC-MAC of a message P 
using a secret Key K and a block cipher E. 

Researchers from UC Berkeley also provide the 
packet formats of the TinyOS version with TinySec. 
All three TinySec packet formats are shown in Fig. 2. 

TinySec provides several operation modes. They 
are TinySec-off mode, TinySec-Auth mode and 
TinySec-AE mode, respectively. The TinySec 
protocol uses the existing information security 
technology and makes a dramatically streamlining. 
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Fig. 1. CBC-MAC structure. 
 
 

 
 

Fig. 2. The TinySec packet formats. 
 
 

From the packet formats of TinySec, we can find 
that the earliest version of TinyOS only  
provides CRC check and does not provide any 
authentication function.  

Compared with TinyOS packet format, TinySec-
Auth and TinySec-AE just increase the length of 
1 byte and 5 bytes. And it is important to note that 
TinySec-Auth mode can not save the energy 
consumption of encryption since it uses CBC-MAC. 
TinySec-Auth mode gives up the confidentiality to 
reduce the transmission energy consumption of 
4 bytes. Certainly, that’s still very considerable for 
the WSN. 

These streamlining procedures help reducing the 
energy consumption, but also lead to some  
security loophole.  

Firstly, the length of WSN communication data is 
always shorter than what is in traditional network, 
which means WSN has a smaller plaintext space and 
will be easier to be deciphered even using the same 
encryption algorithm.  

Secondly, although Bellare et al. [9] proved that 
CBC-MAC is secure for fixed-length messages, 
CBC-MAC is still not secure enough for WSN. 
Bellare et al. [5] proves CBC-MAC can’t provide 
adequate security performance when the length of 
data is variable, which would be deadly in WSN.  

The last and most important is CBC-MAC only 
intercept the last cipher block as the Hash value, 
which leads to additional energy consumption when 
faced with Replay-Attacks. 

Meanwhile, it’s inevitable to call encryption 
algorithm while constructing MAC since TinySec 
uses CBC-MAC. And there’s still possibility for 

simplifying the link-layer encryption algorithm. We 
are committed to build an advanced link-layer MAC 
generator. So we present an improved sub-key 
generator, then present a lightweight MAC using 
XOR-cipher. In Section III, we test the advanced 
MAC algorithm and prove its security. 
 
 
2.2. Sub-key Generation Algorithm Based  

on Chaos 
 

In order to improve the security and energy-
conservation performance of the WSN link-layer 
protocol, we have presented a sub-key generation 
algorithm based on standard RC4 and chaotic maps. 

The improved sub-key generator inherits the 
stable structure from the RC4. It also uses  
chaotic maps to improve the randomness of the 
generated sequences. 

Chaos is an ascertainable but unpredictable 
kinestate. Here’s unpredictable means even a tiny 
change in a certain state will also lead to great 
deviation in the followed states. This is so-called 
“One false step will make a great difference”. Chaos 
theory is a branch of mathematics and physics that 
deals with the behavior of certain nonlinear 
dynamical systems. By using the characteristics of 
chaos, we were able to build a pseudorandom 
sequence with excellent random performance. 

The improved sub-key generation algorithm is 
composed of modified RC4. We use the chaotic 
mapping value to intervene the generation of 
pseudorandom sequences, which improves the 
random performance of the sequences and solve the 
periodicity defects in RC4.  

The RC4 can be divided into Key Schedule 
Algorithm (KSA) and Pseudo Random Generation 
Algorithm (PRGA). We transform the PRGA part of 
RC4 by inserting a chaotic mapping value as the 
offset value. This makes full use of RC4’s security 
architecture and improves the uncertainty of the 
output sequences at the same time. The improved 
sub-key generation algorithm increases the difficulty 
of deciphering successfully. 

The random offset principle of the improved sub-
key generator is shown in Fig. 3. 

Sequences generated in this method possess 
excellent random performance. This provides 
premise for the lightweight design of WSN link-layer 
protocol and related algorithms. The new generating 
algorithm supports the block cipher algorithm that is 
commonly used in WSN. In this way, we can achieve 
“one-time pad” for all blocks. It is lightweight and 
secure as well. We have presented a WSN link-layer 
encryption algorithm based on this technique. 

We use Logistic Mapping in the improved sub-
key generator. The Logistic Chaos Model is  
shown in (1): 

 
  

   
1 1
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Fig. 3. Random offset principle of improved RC4. 
 
 

Algorithm 1 shows the pseudo-code of the 
improved sub-key generator. 

 
 
Algorithm 1. The improved sub-key generation 

algorithm. 
 

u = 4; x = T[ IV mod 16 ]/128; 
for i =1: 4 
 x = u * x * ( 1 – x ); 
end 
i = j = dx = 0 ; 
for round = 1: (Len/8) 
 i = ( i + 1 ) mod 256 ; 
 j = ( j + S[ i ] ) mod 256 ; 
 x = u * x * ( 1 - x ) ; 
 dx = x * 256 ; 
 swap ( S[ i ], S[ j ] ) ; 
 t = ( S[ i ] + S[ j ] +dx ) mod 256 ; 
 Key[ round ] = S[ t ] ; 
end 

 
 

In the generator, we set the control parameter μ as 
u=4. Len/8 means the packet numbers of  
block cipher. 

From Algorithm 1, we can find that the initial 
value X0 of Logistic map insert in the PRGA part is 
defined by the IVth element of T (the Seed-Key). IV 
mod 16 is due to the length (16 bytes) of the Seed-
Key. Since the Ctr value is included in the IV, the X0 
will be updated as IV together. That realizes the auto-
updating function of the sub-key generator. 

The iterative value is insert in the penultimate 
step (t= (S[i]+S[j] + dx) mod 256; Key[round] = S[t]).  

This kind of modification method can increase the 
randomness of the output sequence and keep the 
stable structure of the standard RC4 at the same time. 

The improved WSN link-layer sub-key generation 
algorithm skillfully uses the update of Ctr value from 
the packet format. This makes the key generation 
algorithm has the ability to update automatically, so 
we can improve the security performance while 

lightweight the MAC algorithm. In this paper, we 
present an advanced MAC algorithm in this way. 
 
 

2.3. The Advanced MAC Structure 
 

We use XOR-cipher and CBC mode as the 
chaining model. The encryption part is a block cipher 
in essence. The main structure is the same as CBC 
block cipher shown in Fig. 1. The difference is we 
use XOR-cipher as the encryption function. 

The block size is 8 bits (1 byte). This helps saving 
the padding process in most cases and provides better 
energy saving effect for short messages. 

But this comes at a price. If we still use CBC-
MAC, the MAC generator will not be able to provide 
MACs with enough length (4 bytes for WSN). So we 
propose a new MAC structure. 

The improved sub-key generation algorithm has a 
higher random performance for generating sequences 
and has solved the periodicity defects in RC4. That 
will extend the lifetime of “Seed-Key”, and then save 
the energy consumption caused by the key update. 
We use this to improve the MAC algorithm of WSN. 
Because of the excellent random performance from 
the sub-key generation algorithm, the encryption part 
is able to use “XOR-Encryption” to lightweight the 
encryption calculation. Using CBC mode as the 
cipher block chaining mode and the encryption/ 
decryption algorithms can be expressed as in (2): 
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Based on this encryption algorithm, we have built 
an advanced MAC algorithm still using CBC-MAC 
as the main principal part that retains the lightweight 
structure feature. Researchers proved the length of 
MAC in WSN should be at least 4bytes (32bits) to 
ensure the security, but the advanced MAC uses 
8 bits block cipher. So the structure of advanced 
MAC will be different from CBC-MAC or any other 
advanced CBC-MAC before. The advanced MAC 
algorithm structure is shown in Fig. 4. 

Message Authentication Code can be considered 
as an encrypted hash value. In order to lightweight 
the algorithm calculation, the advanced MAC uses 
last 4 bytes ciphertext (Cn-3, Cn-2, Cn-1, Cn) as the hash 
value and “XOR-Encryption” as encryption part.  

We also considered the situation when the length 
of ciphertext is shorter than 4 bytes. If that happens, 
the advanced MAC will use Pseudorandom Binary 
Sequence (PRBS) generated by the sub-key 
generation algorithm to pad the hash value W, so as 
to make the length |W|=|∑Ci|+|PRBS|=4 (bytes).  

After get the hash value W, we introduce an 
Interleaving algorithm to disrupt the new hash value 
W, so that the PRBS can be fully involved in the 
MAC algorithm. All these operations ensure the 
security of MAC. 

Algorithm 2 shows the pseudo-code of the 
advanced MAC. 
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Fig. 4. The advanced MAC structure. 
 
 

Algorithm 2. The advanced MAC algorithm. 
 

C := E ( P, Key ) ; 
partition C into C1, C2, … , Cn ; 
if ( |C| >= 4 ) 
 W = Cn-3||Cn-2||Cn-1||Cn ; 

 else 
 { 

switch ( |C| ) 
{ 
case 1: generate 3bytes PRBS ; break ; 
case 2: generate 2bytes PRBS ; break ; 
case 3: generate 1bytes PRBS ; break ; 
} 
W = C||PRBS ; 

 } 
 T=Interleave ( W ) 

MAC = T  Ka Kb ; 
 
 
It is necessary to note that PRBS, Ka and Kb are 

all generated by the sub-key generation algorithm. 
The PRBS is a variable-length sequence, and is 
needless if the length of plaintext is 4 bytes or longer. 
Ka and Kb are a length of 4 bytes (32 bits) sequence 
and provided with automatic updates as well as  
the PRBS. 

Moreover, using Ka and Kb to encrypt the hash 
value T two times is not a redundant computation. 
That will be explained in Section 3. 
 
 
3. Algorithm Analysis 
 
3.1. Security Analysis 
 

The advanced MAC algorithm is similar to ECBC 
[10] in structure. ECBC is an improved algorithm of 
CBC-MAC, which uses “two times encryption” in 
the calculation. The MAC algorithm we present in 
this paper also uses “two times encryption” to 
provide adequate security performance. Then we will 
prove it. 

First, unlike other algorithm variants of CBC-
MAC, the new MAC uses PRBS to pad the sequence 
W. The padding process can ensure an effective 4-
bytes output from the advanced MAC. What’s more, 
the padding process can increase the difficulty of 
MAC forgery and improve the security of MAC 
algorithm. That’s because the difficulty for the 
attacker will not be reduced when the length of 
plaintext is less than 4 bytes. 

Second, the encryption processing of hash value T 
can solve the security problem of CBC-MAC when 
faced with “Replay Attack”. In combination with the 
improved random sequence generator we presented, 
the MAC will be widely divergent even if processing 
two same sequences. Therefore, the attacker will not 
be able to expend the energy of nodes by using 
Replay Attack. By using the advanced MAC and 
supporting encryption algorithm, the ciphertext for 
transmission will be widely divergent even 
processing the same plaintext. And the MAC will be 
quite so when processing the same ciphertext. In this 
way, the advanced MAC can identify the Replay 
Attack easily, then saving the energy of message 
deciphering. 

Finally, it should be noted that the “two times 
encryption” is not a redundant computation. Since we 
use XOR-encryption in the MAC, “one time 
encryption” will reveal the Keys because the 
ciphertext and MAC are known. That will lead to 
great security problem of the whole link-layer 
security system. This is the weakness of “XOR-
encryption” and can be solved by introducing “two 
times encryption” successfully. 

Through the discussion above, we can fully prove 
that the advanced MAC can provide enough security 
performance. The structure is safe and stable, and it 
can resist attacks such as “Replay Attack” 
effectively. Meanwhile, it is really lightweight. 
 
 
3.2. Security Test Methods 
 

Through the discussion above, we can prove that 
the advanced MAC generator’s structure can provide 
sufficient security. Then, we will use some scientific 
quantitative method for several tests to prove its 
security. 

We implemented the sub-key generator, the 
encryption algorithm and the MAC generator in 
MATLAB. Test method we use is the “Pearson’s 
Chi-squared goodness-of-fit test”. The details will be 
mentioned in the following paragraphs. 

The “Pearson’s Chi-squared test” uses a measure 
of goodness of fit which is the sum of differences 
between observed and expected outcome frequencies 
(that is, counts of observations), each squared and 
divided by the (3). 

The “Pearson’s Chi-squared test” can be used in 
statistical tests for the block cipher. In this paper, it 
will be used to test the security performance of the 
advanced MAC generator. It is important to note that 
“Pearson’s Chi-squared test” requires the expected 
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frequencies not too small (greater than or equal to 5). 
The sample size M also has requirements (more than 
50 best). Therefore, we take large number of samples 
in the tests in order to ensure the accuracy of  
the results. 

Actually, we have already tested the security 
performance of the improved sub-key generator and 
the encryption algorithm by “Pearson’s Chi-squared 
test”. The test results show the excellent randomness 
performance of the sequences generated by the 
improved sub-key generator. The encryption 
algorithm combined with block cipher and XOR-
generation also provides sufficient security. But due 
to limited space of this paper, we will just introduce 
the tests of the advanced MAC generation algorithm. 
 
 
3.3. Security Tests 
 

By using “Pearson’s Chi-squared goodness-of-fit 
test” (Hereinafter referred to as “Pearson’s Chi-
squared test”) [11], we have tested the security 
performance of the sub-key generator and proved the 
sequence it generates provide excellent random 
performance. In this paper, we still use “Pearson’s 
Chi-squared test” to test the security performance of 
the advanced MAC algorithm. 

According to the requirement of “Pearson’s Chi-
squared test”, the sample capacity M should meet the 
condition: M≥50, and the theoretical frequency: Ei 

≥5. So we tested a large number of MAC samples to 
made M=5×232>>50, and Ei=C32

0×M/232=5. The 
fitting value should be calculated as in (3): 

 
  22

i i iF E E   , (3)

 
where Fi is the observed frequency and Ei is the 
theoretical (expect) frequency.  

Compare the value of the calculated 2 and 
threshold value of “Pearson’s Chi-squared test” 
(significant level=5 %, degree of freedom=31 or 32). 

If the calculated value is less than the threshold 
value, the sample will pass the “Pearson’s Chi-
squared test”. That means the MAC sequence provide 
an excellent random performance that can be 
equivalent to the security performance. 

1) Randomness Test 
Except using loophole in algorithms and 

protocols, the attackers usually use statistical analysis 
methods to forge a MAC code. That means, if a 
MAC algorithm can construct a sequence with good 
random performance, it can also provide good 
security performance because the advanced MAC is 
hard to be cracked in statistical analysis methods. The 
randomness test is spilt into frequency test and 
following test. Both of them use “Pearson’s Chi-
squared test” method. 

Frequency test: 
The frequency test is to test the 0-1 balance of the 

MAC. It need to count the number of sequences 
whose Hamming Weight is i (i= 0, 1, 2, …, 32) from 
M samples and record it as Fi. The theoretical 
frequency Ei is calculated by the formula:  

Ei=Ci ,n×M/2n, (n=32). Calculate the fitting value, 
then compare it with the threshold value (significant 
level=5 %, degree of freedom= 32) and get the test 
result. 

Following test: 
The following test is to test the performance of 

adjacent bits. During the following test, we 
exclusive-OR every adjacent bit in M MAC 
sequences. Then we have M 31 bits long sequences. 
Count the number of sequences whose Hamming 
Weight is i (i=0, 1, 2, …, 31), record it as Fi. The 
theoretical frequency Ei here is calculated by:  

Ei=C i ,n-1 ×M/2n-1 , (n=32). Calculate the fitting 
values and compare them with the threshold value 
(significant level=5 %, degree of freedom= 31). 

We took samples randomly and did each test for 
10 times and the test result is showed in Table 1. 

 
 

Table 1. Security test. 
 

Project Fitting value of Pearson’s Chi-squared goodness-of-fit test Threshold value 
Frequency test 33.16 20.08 23.68 14.52 16.72 30.04 35.00 31.12 24.20 33.40 46.19 
Following test 31.48 29.28 23.16 36.28 28.36 38.16 14.60 24.92 25.98 14.68 44.99 
Diffusivity test 11.92 21.88 21.60 14.80 6.44 16.64 13.52 12.04 13.52 17.84 46.19 

 
 

The test result shows that the message 
authentication codes constructed by the advanced 
MAC fit the binominal distribution and its following 
test also fits the requirement. The MAC sequence 
provides excellent random performance. 

2) Diffusivity Test 
MAC generation algorithm can be considered as a 

Hash algorithm with key. Hash algorithm has an 
important security index, avalanche characteristic. 
Therefore, whether fits the avalanche characteristic is 

one of the evaluation standards in MAC’s security 
tests. 

Using the “Pearson’s Chi-squared test”, we can 
have a diffusivity test for testing the avalanche 
performance of the advanced MAC. In the test, we 
chose M sequences of plaintext Pi (i=1,2, … ,M), then 
do the MAC calculation and get M sequences of 
MAC: MACi (i=1,2, … ,M). Then we invert the 
plaintext bit by bit and calculate the MAC codes 
MACi,j (4j4*29). Calculate the Hamming distance: 
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d= W (MACi+MACi,j), count the number of d=k 
(k=0,1,2, … ,32), record them as Fk. The theoretical 
frequency is Ei=Cn

i×M/2n, (n=32), then calculate the 
fitting values and compare then with the threshold 
value (significant level=5 %, degree of freedom= 31). 

The result is also enumerated in Table 1. We can 
find that the advanced MAC has a good diffusivity 
and fits the avalanche criterion. 
 
 
4. Conclusions 
 

The advanced MAC uses CBC mode as its 
chaining mode like TinySec, so it’s secure enough to 
use last 4 bytes ciphertext as the hash value. When 
the length of plaintext is shorter than 4 bytes, the 
advanced MAC pads the hash value with PRBS and 
uses an interleave process to ensure the security of 
the MAC generator. 

The advanced MAC makes full use of the 
improved sub-key generator to improve the safety 
performance of the MAC generator. Without the 
periodicity defects brought from RC4, we can use 
“one-time pad” and XOR-Encryption to lightweight 
the calculation that won’t reduce any security 
performance. 

Using XOR-encryption two times after CBC-
MAC, we can avoid the security loophole of XOR-
encryption. That can also provide sufficient security 
and save the energy consumption form when faced 
with “Replay Attack”. The advanced MAC also has 
an “Auto-updating” ability that can increase the 
difficulty of forging MAC. 

After the statistical test (Pearson’s Chi-squared 
test), we prove that the advanced MAC algorithm 
provides an excellent security performance. The 
codes it generates fit 0-1 distributions perfectly. That 
means codes generated by the advanced MAC 
algorithm can defend attacks using statistical analysis 
methods. In the “Diffusivity Test”, we also proved 
the generator fits the avalanche criterion. 

The advanced MAC algorithm can fit the security 
requirements and decrease the energy consumption 
effectively. That’s quite suitable for link-layer 
security strategy of WSN. 
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Abstract: The paper introduces the methods with time-resolved technique and isosurface display technique to 
get two- and three-dimensional (3D) acoustical imaging for scanning acoustic microscopy. Time-resolved 
technique presents the way to realize two-dimensional (2D) acoustical imaging – A- (O-), B- and C-scan, and a 
discrete combinatorial 3D image; and isosurface display technique realizes a 3D image with continuous 
distribution in full direction. The paper proposals a transitional model of square column, which consists of the 
data of echo signal pattern extracted from volume database, to construct the imaging cube and depict an 
isosurface using isovalue of internal boundaries in the cube, for the evaluation of internal defects in bulk 
specimen – Boron Nitride. 3D acoustical imaging has the advantage to show the position, size, appearance, 
distribution, and tendency of internal structures (voids, inclusions and defects) with complex shapes in non-
transparent bulk material. The results show that 3D acoustical visualization presents more affluent, overall and 
intuitive pattern than 2D imaging for micro-sized structure investigation. Copyright © 2013 IFSA. 
 
Keywords: Scanning Acoustic Microscope, Echo Signal Pattern, A-scan, B-scan, C-scan, Three Dimensional 
Acoustical Imaging, Isosurface Technique, Internal Defects, NDT/E, Boron Nitride. 
 
 
 

1. Introduction 
 

The technologies of Scanning Acoustic 
Microscopy (SAM) and their applications are based 
on the raster principle, which was proposed by 

C. F. Quate and R. A. Lemons in 1974. High-
frequency ultrasound usually more than 20 MHz is 
employed to produce a focused probe beam in 
immersion, with a focal spot diameter in tens of 
micrometers [1-3]. This ultrasound probe beam 
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penetrates into the bulk material, and its response 
radiation makes it possible to imaging micro-sized 
structure of a bulk specimen with micron or 
submicron resolution. 

Ultrasound wave is very sensitive to the varieties 
in focal spot. Response radiation coming from the 
focal region of the probe beam output as an 
ultrasound signal, which is formed by the interaction 
between the ultrasound probe beam and the internal 
structure elements inside local insonificated region. It 
can be employed to investigate some physics elastic 
properties – calculating acoustic wave velocities 
(longitudinal wave and transversal wave) by the time 
interval between various ultrasound signals, and 
investigating acoustical phenomena by analyzing 
signal formation in echo signal pattern [4, 5]. 
Another utility of response radiation is a means to 
form acoustical imaging. Acoustical imaging 
possesses its own mechanisms of acoustical contrast 
– specific ways to represent structural peculiarities of 
objects. Variations of signal parameters coming from 
diverse points of bulk material are displayed in the 
screen as a pixel of acoustical image. 

At present, acoustic microscopy provides the 
mature two-dimensional (2D) imaging techniques, 
including A-(O-), B- and C-scan image, to evaluate 
the micro-sized structures in non-transparent solid 
bulk material. 

In many modern high-tech industrial fields, the 
micro-sized internal defects inside the solid bulk 
material hide extreme risk in some applications. The 
material of Boron Nitride (BN) is a very modern and 
popular bulk material [6, 7]. It has wide range of 
application in the fields of aerospace and aviation 
industry, semiconductor and metal processing. Boron 
Nitride is used in wear-resistant and erosion-resistant 
coatings and thermal barriers in thermal spray 
coatings on the turbine engines, as dynamic friction 
materials in brake pads, as well as thermal 
management fillers in high-performance plastic 
components. Its elastic properties determine it is a 
fragile material, once in which there is any internal 
defects, the defects spread to the whole bulk and lead 
to full fracture. Hence, the microscopical inspection 
of internal defects for Boron Nitride material is 
prerequisite for some vital applications. 

Scanning acoustic microscopy just provide the 
technology to detect the internal defects for this 
purpose in a non-destructed testing/evaluation 
(NDT/E) way [3, 8]. However, the traditional 2D 
acoustical imaging only presents internal structure 
information discontinuously, individually, and lack of 
affluent, intuitive and overall view. In the application 
of NDT/E field, the three dimensional (3D) 
acoustical imaging become more attractive for 
visualization of micro-sized structure. There are two 
techniques to realize 3D visualization – volume 
rendering and isosurface rendering [9-11]. Volume 
rendering sums the weighted contributions of all 
voxels along the line extended from the viewer’s eye 
through the data volume. It is only used for 
visualization, and cannot obtain the 3D model of the 

structures. Isosurface rendering is a high-resolution 
3D interface construction technique proposed by 
W. E. Lorensen and H. E. Cline in 1987. It displays 
an interface representing the locus of a collection of 
points in the volume corresponding to a given 
constant – isovalue. The authors propose a model – 
‘square column’ to match isosurface rendering 
technique specifically for 3D imaging of scanning 
acoustic microscopy. Along with the progress of 
graphic process unit (GPU) technology, the speed of 
3D visualization is promoted effectively [12]. Under 
this background, based on the model of square 
column and isosurface techniques, and cooperating 
with the traditional 2D imaging techniques, the 3D 
acoustical imaging of scanning acoustic microcopy 
becomes more operable and powerful means, to 
investigate the micro-sized structure inside bulk 
materials. 
 
 

2. Experimental 
 

The specimen is an anisotropic material – Boron 
Nitride (hexagonal BN), with the sonic velocity of 
longitudinal wave along x or y plane is about 
18.05 mm/s and along z direction is about 
3.44 mm/s [8]. This specimen is treated into the 
cuboids’ shape – the size with the length is 5.53 mm, 
the width is 4.8 mm, and the thickness is 4.08 mm. 
The specimen is put in immersion (water) and 
implemented by acoustic lens. 

Acoustic lens is the kernel of acoustic 
microscope, carried by a mechanical motion system 
to realize the scanning and focusing function over the 
specimen surface. It excites a focused probe beam in 
immersion and collects the response radiation caused 
from the micro-sized structure at various depths of 
the bulk object. The transducer of the acoustic lens 
receives the reflected ultrasound radiation with the 
style of mechanical oscillation, and converts it into 
electrical ultrasound signals, which carry the micro-
sized structure information. So, a series of electrical 
ultrasound signals emerge in an ultrasonic echo 
signal pattern, named A-(O)-Scan. See the picture a) 
of Fig. 1. 

The picture a) is an experimental pattern, which 
displays the signals obtained at one scanning point, as 
the focused probe beam is driven by the mechanical 
scanning system over the specimen. The ultrasound 
signals with various amplitudes are distributed along 
the temporal axis of echo signal pattern, which are 
corresponded to various structures in vertical 
direction at a local region on/inside the object. 
Intensive signal stands for the existence of a 
boundary (interface) of an internal structure inside 
the bulk object, and arbitrary background signal 
means the uniform material inside this bulk object. In 
the Fig. 1, the symbol A represents that the signal is 
reflected from the front surface of an object, the 
symbol B reveals a boundary of internal defect inside 
this object, and the symbol C reveals the background 
noise caused by the uniform material. 
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Fig. 1. Echo signal pattern and its scanning result B-Scan image along x direction. 
 
 

Echo signal pattern is a fundamental data 
resource for imaging. Under the time-resolved 
technique, by setting the width of electrical gate in 
echo pattern, as the focused probe beam is driven 
along x or y direction by the mechanical scanning 
system, the microscopy system acquires the 2D 
cross-section image – B-scan image. The picture b) 
of Fig. 1 shows a B-Scan image as the lens is driven 
along x direction, and the width electrical gate is set 
to 1.62 s, in which the pixels marked by symbol 
A’, B’ and C’ are the scanning results 
corresponding to the signal A, B and C in the 
picture a) individually. 

In echo pattern, the velocity value in z direction 
of this BN can be derived from the thickness of the 
specimen, and the time interval between the front 
surface and bottom. The longitudinal velocity value 
is 3.03 mm/s. Meanwhile, the time interval 
between signal A and B in the picture a) is 1.14 s, 
therefore, the depth of the defect inside the 
specimen can be deduced in 3.45 mm. 

 

As the electrical gate width is set to 340 ns  in 
echo signal pattern, and the acoustic lens is driven 
along x and y direction coordinately, Fig. 2 displays a 
2D image – C-scan image, the profile of an internal 
structure at the depth is 3.45 mm inside this bulk 
specimen. The bright area with label B’’ in different 
contrast shows this internal interface and its 
distribution along x or y plane. 

Based on 2D acoustical image display techniques, 
logically, a group of slices consist of 2D images may 
form a discrete 3D image arranged in parallel as 
Fig. 3. It presents the simulation of this 3D image 
with a series of B-Scan images. Every slice is a  
B-Scan image produced along x direction and  
z direction, and the slices are arranged along y 
direction. The set of these pictures provides an 
approach to characterize the tendency and 
distribution of internal microstructures. But, between 
any two adjacent slices, it lost the characterization of 
some structures. 

 

 
 

Fig. 2. Selected electrical gate in echo signal pattern and its C-Scan image along x and y plane. 
 

 



Sensors & Transducers, Vol. 156, Issue 9, September 2013, pp. 168-175 

 171

 
 

Fig. 3. Internal structures distribution shown in a series of B-Scan images (3D). 
 
 

Furthermore, our concern is how to construct 3D 
image employing echo patterns for the real internal 
structure display in full direction, instead of the 
display mode with discrete 3D images. The authors 
build a model of imaging processing unit – square 
column to realize the 3D visualization, specifically 
for acoustical imaging. 

Within mechanical scanning region, as the 
acoustic lens moved along x or y direction, the 
focused probe beam excites the specimen along a 
series of excitation points – point A, B, C and D … 
over the specimen front surface. See the Fig. 4. The 
scanning points create a series of parallel tracks over 
the surface of specimen. The minimal scanning 
region is limited within a square grid with the four 
incident points on the surface of the object. The 
focused probe beam excites the incident point on the 
front surface. The spatial distances between these 
four incident points are x  or y , which are 

determined by the mechanical scanning precision in 
two directions. The projections of the incident points 
A, B, C and D form a square column with four 
vertical edges - ,i jE , 1,i jE   , 1i jE   and 1, 1i jE    hidden 

in the bulk specimen. The vertical edge is wave 
propagation trajectories, along which the focused 
probe beam penetrates through and goes back in this 
minimal local region. Digitalization of echo signal 
pattern satisfies the demand, to build a square column 
as a manipulation data unit, which is for constructing 
3D image of the real internal structures in full 
direction using isosurface technique. 
 
 
3. Methods and Results 

 
Standard isosurface display technique visualizes 

any structures with various complex shapes, by a way 
to march through each cube (grid) in turn from the 
volume data, and to generate a triangulated 
approximation of the isosurface in each cube [9]. For 
isosurface display technique, a collection of P is 
defined to describe the spatial point in volume 
database, as shown in equation (1):  

 

 ( , , ), 0,1, , 1; 0,1, ,

1; 0,1, , 1

i j kP x y z i m j

n k s

   

  

 


 (1) 

 
The pair of symbol x, y and z is the spatial 

position located at coordinate ( , , )i j k , the scale value 

of this position is used for 3D display in the bulk. 
 
 

 
 

Fig.4. The scanning tracks along A-B and D-C  
in a minimal scanning region, and the model  

of a square column. 
 
 

The model of square column is such a transitional 
framework, which meets the demand of isosurface 
display technique specifically for acoustical imaging. 
According to the physical structure of square column 
in Fig.4 – a minimal scanning region of SAM, The 
authors defined this square column in equation (2):  

 
 ( , , ), 0,1, , 1;  0,1, ,

1; 0,1, , 1

k i j kC x y t i m j

n k s

   

  

 


 (2) 

 
As the scanning position located at coordinate 

( , )i j  over the object, symbol t is the temporal axis of 
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echo signal pattern; variant k is the sampling serial 
number in echo signal pattern of the square column. 
The label kC  refers an imaging cube in a square 

column with the section serial number k. Based on 
the model of square column and the needs of 
isosurface rendering technique, there are three steps 
to realize 3D imaging for the application of scanning 
acoustic microscopy. 
 
 
3.1. Build all Square Columns  

from Volume Database 
 

The first is to build all square columns from vast 
digital volume database. As the acoustic lens 
marched over the object, the variant of signal 
amplitude change along with the independent variant 
t of the echo signal pattern. The digital data of echo 
signal pattern is saved for the bulk information as a 
basic set, involving all ultrasound signals reflected 

from all boundaries (interfaces) of the bulk material. 
See the picture a) – d) of Fig. 5. 

The parallel scanning traces of acoustic lens form 
a series of slices. Logically it produces a series of 
square columns, coincided with the framework of the 
model in Fig. 4. Two adjacent scanning points (point 
A and B) along one scanning track are neighbor with 
another two points (point D and C) in an adjacent 
track. These four scanning points form a local 
scanning region with a pair of coordinates x and y for 
imaging position. According to four excitation point 
– A, B, C and D, search four adjacent sets of echo 
signal pattern from the bulk database synchronously, 
and build all individual square columns along the 
scanning track of the lens. The picture e) of Fig. 5 is 
one section of this square column. Physically, the 
echo signal pattern with the symbol A-A’, B-B’, C-
C’ and D-D’ in the picture a) – d) corresponds to four 
edges of a cube in the picture e) of Fig. 5 
individually.

 
 

 
 

Fig. 5. Synchronistical digital signal in four sets of echo signal pattern of a square column and an imaging cube 
 – P (140, 10, 50), and a local boundary inside the cube. 

 
 

3.2. Build all Cubes in Every Square Column 
 
The temporal axis of echo signal pattern coincide 

with the z direction of the square column, provides 
the potential to mapping reconstruction along z 
direction of the bulk. Extract synchronistical digital 
data from four sets of echo signal patterns to build an 
imaging cube. The picture a) – d) of Fig. 5 is 
extracted individually from the bulk database, 
according to four excitation positions – point A, B, C 
and D in Fig. 4. 

The framework of square column and the 
equation (2) gives the infer to divide the square 
column into a series of cubes, in which choosing four 
neighbor points from one slice and another four 
neighbor points from the next adjacent slice. The 
group of eight points is convenient logical block to 
divide the square column, according to the variant t 
of temporal axis of echo signal pattern. The spatial 

position is located at coordinate ( , )i j  over the 

object, and the label kC  is an imaging cube in a 

square column with the section serial number k. 
According to the equation (2), a series of cubes are 
blocked out with the front plane obtained at time kt , 

and basal plane at time 1kt  . 

The picture e) in Fig. 5 gives an experimental 
example – an imaging cube extracted from a square 
column, whose position is located at P(140,10) . The 

pair coordinates of eight vertices points of the cube – 
couple of point A, B, C and D is located individually 
at the position P(140,10) , P(141,10) , P(141,11)  

and P(140,11) . The distance between these four 

vertices is variant x  or y , which is the scanning 

step along x and y direction determined by the 
scanning precision of mechanical system. Its spatial 
position is 140 steps in x direction and 10 steps in y 
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direction. The vertical position in z direction is 
determined by the sequence of sampling time. The 
cube in Fig.5 is located between 50t  (100 ns , 50th 

sampling point) and 51t  (102 ns , 51th sampling point) 

in the square column (the sampling frequency of 
ADC is 500 MHz ). 
 
 
3.3. Boundary Reconstruction in Every Cube 

by Isosurface 
 

Each scanning spatial position P has its own 
scalar value, determined by the signals intensity from 
the acoustical interaction between internal boundaries 
and the focused probe beam. The scalar value of the 
cube vertices in the picture e) of Fig. 5, are used for 
presetting an isovalue to calculate the isosurface 
inside this cube. Full direction reconstruction in this 
local region is obtained by rendering the triangles 
inside this cube with a constant – isovalue. The 
surface-edge intersections are calculated, which are 
used as the triangle vertices in the cube, via linear 
interpolation at each edge by comparing the eight 
intensity value of the cube vertices with this isovalue. 
The isosurface is built as some triangles in the cube, 
which is an approximate micro appearance (surface) 
of the boundary in this local spatial region.  

The picture e) shows the isosurface (a boundary) 
in this cube as the isovalue is 142.80. The isosurface 

– triangle vertex in this cube is constructed with the 
four vertices – a, b, c and d. The same procedure is 
repeated to construct boundaries in every cube 
continuously and individually, by replacing the value 

kt  with 1kt   along the square column, and by moving 

the sequence of point A, B, C and D to an adjacent 
square column. 

By extension, the system can get all internal 
boundary spatial distribution in each square column 
by constructing each cube. This square column only 
corresponds to one scanning point with the position x 
and y – a local region of bulk object. 

Point by point and track by track in turn as 
scanning system marching, all adjacent square 
column units are constructed along the scanning 
direction. As the result, all internal structures and the 
spatial distributions in full direction are obtained and 
displayed in the 3D image – the picture c) in Fig. 6. 
There are many individual structures (defects, 
inclusions or voids) with various appearances, 
distributed below the surface of bulk specimen. 

Some structures expand along some directions, 
presenting a belted distribution inside the bulk 
marked by a pointed arrow. The picture also presents 
various complex appearances of structure at 
subsurface. The 3D results provide an overall and 
intuitive view than the discrete 3D visualization with 
a series of B-Scan image slices as Fig. 3. 

 
 

 
 

Fig. 6. a) 3D construction result of an internal structure marked by symbol A; b) 3D construction result of an internal 
structure B; c) 3D overall review of a BN bulk specimen in full direction. 

 
 

The picture a) and b) of Fig. 6, which are a 
magnified micro-sized structure with a ragged margin 
boundary embedded in bulk specimen. This local 
internal microstructures marked by the symbol A in 
bulk specimen is completely reconstructed with  
4,500 pieces of cubes ( 15i  , 20j  and 15k  ) 

in full direction, with length is 0.308 mm, width is 
0.231 mm, height is 0.091 mm, and its depth is  
0.171 mm in the bulk. The structure in the picture b) 
marked by the symbol B is constructed by  
1,125 cubes ( 15i  , 5j  and 15k  ), with 

length is 0.077 mm, width is 0.231 mm, height is 
0.091 mm, and its depth is 0.303 mm in the bulk. 

Reflected intensive ultrasound signals produce a 
strong contrast for boundary imaging; and the 
arbitrary signals are ignored to take part in the 
imaging process through isosurface display 

technique, presenting a transparent display in  
the cube. 
 
 
4. Discussion 
 

For the application of SAM, the difference and 
the relation between spatial and temporal domain 
should be taken into account. All data of echo signal 
pattern used for time-resolved technique, is based on 
the variation response distributed along the temporal 
axis. The variant t of temporal axis of echo signal 
pattern is the indication to divide the square column 
into a series of cubes for 3D reconstruction. 

Thus, based on the concept of isosurface 
technique and square column, for the spatial 
distribution specifically for SAM, an improved 
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collection P is proposed as the equation (3) to instead 
of the equation (1) and (2):  

 
 ( , ,C ), 0,1, , 1; 0,1, ,

1; 0,1, , 1
i j kP x y i m j

n k s

   

  

 


 (3) 

 
In the equation (3) and the structure in Fig. 4, the 

pair of x and y is the scanning direction, coordinate 
( , )i j  is the scanning position over the object, the 

label kC  refers an imaging block (cube) in a square 

column with the section serial number k. The variant 
t is a unique reference to divide the square column 
into a series of basic imaging unit – cube. Digital 
ultrasound signals of the echo signal pattern just 
satisfy the condition to block out these imaging cubes 
from the square column, by counting the sampling 
time interval of data converter. At each scanning 
position, the spatial point along the paraxial beam has 
its own scalar value with various signals intensity 
reflected from internal microstructures. Therefore, 
the spatial variant z is indirectly transformed from the 
temporal variant t of echo signal pattern. 

Technically, all digital data of square column 
(echo signal pattern) are obtained discretely at the 
node of sampling time. There is no any signal 
converted in the blind of sampling interval of system. 
However, the natural spatial distributions of internal 
structures are expanded continuously in the bulk, 
with an irregular shape included in a micro-sized 
cube in full direction, not only limited on eight 
vertices of the cube. Hence, it is necessary to infill 
the continuous distributions of internal structures into 
all space of the cube, by employing isosurface 
display technique. It is significant to reconstruct the 
boundary of a structure among the space of this 
micro-sized imaging cube, to infill the continuous 
elements of the structure or its continuous varieties in 
the midst of eight vertices of the cube. Meanwhile, it 
is possible to simulate it by trilinear interpolation 
using eight known vertices data of the cube. 
 
 
5. Conclusion 
 

Digitalization of ultrasound signal provides the 
chance to save echo signal patterns into a database 
for huge data storage of a 3D visualization. The 
authors propose a model – square column, which is 
used to organize volume data for 3D acoustical 
imaging. The square column consists of four sets of 
digital echo signal pattern, and is used to construct a 
series of imaging cubes. The cube is a basic 
processing unit and derived from the square column 
by the sampling time interval of system. Based on it 
and isosurface technique, the local micro boundary is 
depicted to fill the space of the cube with the 
triangles, obtained by calculating the isovalue from 
the signal intensity of eight vertices in the cube. All 
elements appearance and distributions in full 
direction are depicted by the construction of all cubes 

in all square columns. Intensive signal reflected from 
the boundary of internal structure in the bulk takes 
part in the triangle construction in the bulk. The 
uniform material in the bulk provides a transparent 
display in bulk imaging, for an arbitrary signal – 
background noise is absent to the boundary 
construction. These two facts let the real internal 
microstructures behind (through) non-transparent 
material can be displayed in 3D image. The 
experiment result shows that 3D acoustic image 
provides an overall view, continuous spectacle to 
investigate internal microstructures for bulk material 
than 2D imaging. It provides the information of the 
position, sizes and the appearance of internal 
structures (voids, inclusions and defects) with 
complex shapes, and the distribution and tendency of 
these internal structures in bulk specimen. Based on 
the model of square column and isosurface display 
techniques, 3D acoustical imaging is a practical 
visualization tool for scanning acoustic microscopy 
to investigate small scale, non-transparent bulk 
specimen in NDT/E field. 
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Abstract: The effect of breathing and anti-overflow of the breathing valve mounted on petroleum tank have 
great influences on the safety of the whole truck. This paper designs one kind of new two stage 
pressure-controlling anti-overflow breathing valve. The 3D model of the breathing valve is built in Pro/E, and 
the kinetics analysis of the key point of the breathing valve is done in ADAMS, which can provide theoretic 
guidance for designer to optimize structural design. Copyright © 2013 IFSA. 
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1. Introduction 
 

The functions of the breathing valve are as below 
[1]: the first is inhaling or discharging air to insure 
the pressure in safe range when the liquid level in the 
petroleum truck changes, the second is preventing the 
oil gases or other poisonous gases from diffusing in 
the air, the third is insulating the flame and the 
medium in petroleum tank on condition of occasional 
fire, decreasing the pressure caused by the ascending 
temperature to prevent explosion. The spring type 
breathing valve (shown in Fig. 1) or steel ball type 
breathing valve (shown in Fig. 2) mounted on 
petroleum tank only has function of breathing but 
cannot prevent petroleum spillover from tanker, 
normal anti-overflow breathing valve (shown in   
Fig. 3) can prevent petroleum spillover while 
petroleum truck tanker tilt by means of closing the 
channel of the breathing valve, but the breathing 

valve cannot breathe simultaneously. With these 
breathing valves, petroleum is easy to spill when the 
truck mounting petroleum tank is bumping on the 
load and it is dangerous [2-5]. To solve this problem, 
a new two stage pressure-controlling spill-protecting 
breathing valve is designed in this article, this 
breathing valve can protect the oil from spillover 
while the petroleum tanker tilt forward or backward, 
the left or the right, bump or turn on rough road. And 
the valve can breathe simultaneously to control the 
pressure in the oil can to guarantee the security. 

 
 

2. Structural Design 
 

The structure of two stage pressure-controlling 
anti-overflow breathing valve is shown in Fig. 4. It is 
composed of breathing valve body, exhaust valve 
spring, inlet valve spring, etc. It has function of 
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protecting spillover and two stage breathing. The 
principle of the first stage breathing is when the 
petroleum tanker is refueled (or the temperature 
increase), the pressure increase, when the pressure 
difference between the air in the petroleum tank and 
the air out of the petroleum tank is greater than     
6 – 8 kPa, the pressure in the petroleum tank 
overcome the spring force of the exhaust valve, jack 
up the breathing valve plate and the exhaust valve 

core, discharge the gas. When the petroleum is drawn 
out of the petroleum tank (or the temperature 
decrease), the pressure decrease, when the pressure 
difference between the air out of the petroleum tank 
and the air in the petroleum tank is greater than     
2 - 3 kPa, the atmospheric pressure overcome the 
spring force of the inlet valve and open the breathing 
valve plate downward to draw in the air.  

 

  
 

Fig. 1. Spring type breathing valve. 
1. Valve body, 2. Upper valve plate, 3. Lower valve plate, 

4. Inlet spring, 5. Valve bar, 6. Safeguard cover,  
7. Outlet spring. 

 

 
Fig. 2. Steel ball type spring breathing valve. 

1. Valve body, 2. Filter board, 3. Outlet steel ball,  
4. Press valve seat, 5. Inlet steel ball, 6. Bottom plate,  

7. Inlet valve seat, 8. Valve body, 9. Bolt . 
 

  
 

Fig. 3. Anti-overflow type breathing valve. 
1. Ball body, 2. Anti-fire net, 3. Tilting valve plate, 4. Press 

valve seat, 5. Valve body, 6. Valve bar. 
 
 

 
Fig. 4. Two stage pressure control anti-overflow breathing 

valve structure. 
1. Valve bar, 2. The intake valve spring, 3. Breathing valve 
plate, 4. Upper valve seat, 5. “O” type ring, 6. Lower valve 
seat, 7. Sealing gasket, 8. Exhaust valve spring, 9. Valve 

body, 10. Air outlet, 11. Plate spring, 12. Sealing 
hemisphere, 13. Fire resistance, 14. Bottom plate. 
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The first stage anti-overflow principle of the 
breathing valve (shown in Fig. 5) is when the tanker 
drive in the steep slope or uneven off-road conditions, 
tanker tilt in a certain angle, the sealing hemisphere 
rotates, its sealing surface seal lower valve seat, 
shutting off first stage breathing ventilator, so 
petroleum cannot overflow out of tanker.  

The second stage breathing principle (shown in 
Fig. 6) is when the sealing hemisphere seal lower 
valve seat, the first level of respiratory ventilator is 

closed. When pressure in the tank rises to 8 kPa 
higher than the outside atmospheric pressure, the 
bottom plate overcome spring pressure and gradually 
rise, the air in the outer cavity of the breathing valve 
is expelled out of tank through the second stage air 
outlet and the first stage breathing channel, and then 
petroleum flows into the bottom of the cavity space, 
thereby increasing the available space in the tank to 
reduce the pressure in the tank.  

 

  
 

Fig. 5. The first stage anti-overflow breathing  
principle structure. 

 

 
Fig. 6. The second stage anti-overflow breathing  

principle structure. 
 

 

3. Analysis 
 

In order to explain the influence of the vary 
amplitude of temperature and vary time on the 
breathing flow, two heat power course are used to 
simulate the process of the petroleum tank 
discharging gas while temperature is rising. The first 
course is with constant volume but rising 
temperature. Suppose that the initial pressure in the 
petroleum tank is critical air suction pressure P1, the 
initial temperature is T1, close the petroleum tank, the 
temperature ascend to T2 and the pressure is P2, the 
constant volume course has the function (1). 

 

1

2
12 T

T
PP   (1) 

 
The second course is with constant temperature 

but volume expansion. The pressure in the petroleum 
tank is P2 after the first course, suppose that the 
petroleum tank volume expand and the pressure 
lower to critical discharge pressure P3. The initial 
volume of the petroleum tank is V1, the volume after 
expansion is V3, the constant temperature expansion 
course has the function (2). 

3

2
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P
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According to function (1) and function (2), we 
have: 
 

1
1
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T

T
KV  , (3) 

 

where K is the ratio of breathing pressure, 
 

K=P1／P3. 
 

The whole intake air volume of the petroleum tank 
with temperature ascending from T1 to T2 is:  
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T
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From function (4) we can see that when 

KT

T 1

1

2  ， 0V . So the pressure in the 

petroleum tank varies from P1 to P2 while the 
temperature ascended, the petroleum tank shouldn’t 
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discharge air, if the temperature has risen greatly and 

KT

T 1

1

2  , the petroleum tank should discharge air. 

The higher the temperature rose, the more gas should 
be discharged.  

When the petroleum tanker with full petroleum 
stop on the slope road or turn over, the petroleum 
tank with normal breathing valve will spill, the 
petroleum tank with spill-protecting breathing valve 
will close the petroleum tank to prevent petroleum 
from spillover, if the atmospheric temperature rise, 
the pressure in the petroleum tank should increase 
and cause risk. The atmospheric temperature vary is 
usually 20� from day to night. Suppose that the 
temperature of the air in the petroleum tank rise from 
20� to 40�, the volume of petroleum tank is 4000L, 
the top volume of air is about 200L, when the 
temperature rise, the whole volume of gas space 
discharged is: 
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T
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4. Simulation 

 
The 3D model of two stage pressure-controlling 

anti-overflow breathing valve is built in Pro/E, the 
assembling model is saved as paraboloid (.x_t) type, 
and is imported in ADMAMS (shown in Fig. 7).  

The material is chosen as carbon steel. A glide pair 
is built between the valve bar and the bottom plate, 
two spring dampers are built between the bottom 
plate and the top of the valve body, the stiffness of 
the spring is 1.8 Newton/mm, the damper coefficient 
is 3.1 Newton-sec/mm. 287.83 Newton is exerted on 
the bottom plate along the valve bar which simulates 
the force operating on the bottom plate. Associate 
simulation parameters are set and the simulation is 
done on the bottom plate MARKER_49, 
MARKER_53 and MARKER_55, the results of 

kinematics and dynamics simulation are shown in 
Fig. 8 - Fig. 10. 

 
 

 
 

Fig. 7. ADMAMS model of the breathing valve. 
 
 

5. Conclusions 
 

We can see from the above simulation results, when 
the tanker drive in the steep slope or uneven off-road 
conditions, causing tank tilting in a certain angle, the 
sealing hemisphere rotate and close first respiratory 
passage, when the tank pressure continues to rise to  
8 KPa higher than the external pressure, the bottom 
plate overcome spring pressure and gradually rise, 
the air in the outer cavity of the breathing valve is 
expelled out of tank through the second stage air 
outlet and the first stage breathing channel, and then 
petroleum flows into the bottom of the cavity space, 
thereby increasing the available space in the tank to 
reduce the pressure in the tank. 

 
 

 
 

Fig. 8. Displacement, velocity and acceleration curve of the point Maker_49. 
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Fig. 9. Displacement, velocity and acceleration curve of the point Maker_53. 
 
 

 
 

Fig. 10. Displacement, velocity and acceleration curve of the point Maker_55. 
 

 
The distance that bottom plate move is about 75 

mm, because the cross-sectional area of valve body 
cavity is 267 mm2, so the volume of the exhausted 
gas from second stage breathing outlet for 12.84 L. It 
is more than theoretical exhaust total value 11.94 L, 
meeting the design requirement. So the design of two 
stage pressure-controlling anti-overflow breathing 
valve is accurate and effective. 
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equipment based on cloud environment, implementation method of cloudy domain analysis on design demand 
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the state control domain T and feasible resource domain R. Correctness and feasibility of model and method is 
analyzed and verified with examples. Copyright © 2013 IFSA. 
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1. Introduction 
 

The characteristic of mechanical equipment is 
usually including specialization, complex structure, 
high performance requirement, multidisciplinary 
integrated technology, complex manufacturing 
process, etc. Its organization form is mostly stage 
dynamic alliance. Converse option to high – quality 
resource is usually lost with multiple rigid constraints 
and incomplete information when Core research 
entities develop mechanical equipment. In recent 
years many scholars have conducted many research 
in the field of cloud design and manufacturing, 
Reference [1-4] analyze typical characteristics and 
key technology of cloud manufacturing, study the 
manufacturing resources optimization deployment in 
cloud manufacturing environment, etc. The present 
study mostly concentrated in manufacturing 
resources with explicit characteristic and ability 
assessment etc. Design of key business processes for 

manufacturing industry is an important support and 
cloud manufacturing precursor. Its knowledge 
attribute has decided to design concept, design 
principles design experience with the strong implicit 
feature, the corresponding research is insufficient. 
Aiming at the design of emergency equipment 
products, the design model and related key technical 
problems in design is solved using the cloud 
environment as the basis to achieve fast response. 

 
 

2. Cloud Design Mode of Mechanical 
Equipment 

 
Cloud design mode of mechanical equipment is 

different from traditional products design mode, 
because of the use of virtualization technology, what 
the user can use is no longer a single physical 
resources about the resource scheduling and sharing, 
design environment containing design knowledge, 
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technique and ability is obtained mostly by VMware 
/ XenfCitrix virtualization platform in some physical 
resource construction, its characteristics is highly 
complex, dynamic, uncertain, etc. In the 
collaborative design process, there are manufacturing 
mode of group organization regional cloud and 
private cloud product design characteristics, the 
mixed cloud characteristics of the industry chain 
department or enterprise collaborative innovation and 
public cloud and professional cloud feature model, 

government cloud mode of the administrative 
resources. Its characteristic is obvious cloudy domain 
interaction, mapping and integration etc. Therefore, 
this paper puts forward emergency equipment 
product design mode which contain analysis and 
mapping in the demand of cloud environment, 
serialization integrating discrete design resource and 
induced chain drive demand lead by design demand 
shown in Fig. 1. 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 

 
 

 

 

 

 
 

Fig. 1. Cloud design pattern of product for mechanical equipment. 
 
 

The basic strategy of this model is driving 
design induction chain is the center of the core 
entity or the host factory, cloudy domain resource 
access based on the expression of different views 
and mapping of product design can spread out 
quickly own information and resource demand, 
When the cloud environment product is observed 
and analyzed in their point of view, the structure is 
more objective, more precisely, the circulation of 
information is more convenient, interactive 
resources is more symmetrical, decision-making 
errors and unstable factors is relatively reduced, 
design risk is greatly reduced. Design patterns by 
using serialization extended cloud resource and the 
collaborative design process is integrated, the 
configuration and design resources quickly was put 
forward with the premise using the least 
management and having minimal interaction with 
the service provider. 

1) Cloudy domain data dependencies is 
established by analyzing the information of the 
design demand, loose information is placed in 
cloud data center domain, forming the demand 
cloud, so the high cohesion between different 
information sets and the low coupling and similar 
information is maintained, the tool is provided and 
the information is released or pushed through the 
platform management set; 

2) Mapping strategy is scheduled to cloud 
domain with the biggest data dependence by 
mapping management, the new data is set into the 
high correlated data center to form the design cloud 
by discrete resource serialization; 

3) Design resources which drives next design 
stage by design induced chain is integrated from 
the design cloud, subsequent design process is 
recursively affected, design interaction between 
clouds or in clouds is built, the cloud design mode 
for cloudy domain is achieved. 
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3. Cloudy Domain Analysis  
and Mapping Technology 
 
It is necessary for design demand of cloud 

solution analyze mapping deployment demand, 
supporting generally public cloud, area cloud and 
various mixed cloud, on the other hand the case 
that leading party (demand side) effectively push or 
release information through the corresponding 
mapping logic and multi-domain mapping 
operation to solve the clouds is implemented. 

1) Requirements analysis completes the 
combination and extension of resource 
requirements by the existing scenarios and domain 
knowledge and technical background, in the cloud 
resource pool deriving cloudy domain requirements 
set. Analytical model of requirement cloud is 
shown in Fig. 2. 

 
 

 
 

Fig. 2. Analysis model of demand. 
 
 
Where ReqReg describes the identity property 

of demand, on behalf of the basic registration 
information need, ReqMap describes the mapping 
operation of demand, ReqProp is the demand 
feature set describing the characteristics property of 
requirements including functional requirements, 
structural demand, appearance requirements from 
customer expectation target and the engineering 
characteristic parameters, detection index, design 
technical requirements etc, analysis and processing 
of the statistical information can also be expressed, 
ReqTask describes the task set, demand produce 
many task execution sequence through the analysis 
and mapping, ReqStat describes the state set of 
demand, describing a collection of state 
information on demand, including demand process 
state, correlation constraints. The formal model of 
demand cloud is described for quintuple: 

RC=(ReqReg,ReqMap, ReqProp, ReqTask,  
ReqStat) 
ReqReg=( ID,R_CloudID, 

R_Description,R_Creator,R_CTime)  
ReqMap=(M_name,M_parameter,M_value) (1)  
ReqProp=(P_id,P_name,P_type,P_value) 
ReqTask=( 

T_role,T_property,T_resource,T_operation) 
ReqStat=( S_property, S_condition)  
ID is the identification of RC, R_CloudID 

describes the identification of demand cloud which 
is the qualitative for demand cloud scope, divided 
into the public cloud, hybrid cloud, private cloud 
mapping identifier, R_Description describes the 
general demand, R_Creator is founder of demand, 
R_CTime describes the creation time of demand. 
M_name is operating name of mapping, 
M_parameter is operation parameters of mapping, 
M_value is return value of operations. P_id is 
characteristics identification of demand, P_name is 
feature name, P_type is type of feature, P_value is 
feature or attribute. T_role describes role set 
involved in task, T_property describes attribute set 
of the task, T_resource describes resources set 
executing the task. T_operation describes the 
methods set that operate task attributes or resource. 
S_property describes the state set in their current 
attribute, S_condition is constraint condition set 
when the state occurs migration. 

2) Mapping logic provides a mapping operation 
on the demand set, completing multi-view structure 
on the RC model. 

Mapping decomposition is operation that one 
demand is decomposed into several sub one which 
decomposes mapping with function 
RC_decompose (R_CloudID, {ID,P_id}), its 
mapping features is as follows: 

The parameter R_CloudID is the cloud property 
identification decomposing demand, ID is demand 
identification, P_id is signature decomposing 
demand, after the demand is decomposed 
sub-demand inherit cloud properties of 
father-demand, the return value is the list signature 
of sub-demand {P_id1,P_id2,P_id3,…, P_idn}. 

3) Aggregation mapping is the mapping 
operation that aggregates two or more demand into 
a new demand which is described with function 
RC_aggregate (R_CloudID, {ID1, ID2, ID3,..., 
IDn}), its mapping features is as follows: 

The parameter R_CloudID is cloud properties, 
IDX is identification of aggregated demand, feature 
ReqProp of new demand of RC_aggregate 
produced by the polymerization inherits all the 
features in RC polymerization, and can combine 
these features into a new feature of its own, the 
return value of polymerization is the signature of 
RC_aggregate. 

4) Derived mapping is the operation which 
expand characteristics of a set of RC ReqProp sion 
and map as a new demand which is described with 
function RC_derive (ID, {P_id1, P_id2,... P_idn}), 
its mapping features is as follows: 

The new derived requirements RC_derive 
produce new features of its own through a 
combination, new generation, expansion, in 
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addition to inherit all the characteristics of the 
original demand, parameter is the characteristic 
properties of ID and the expansion of RC {P_id1, 
P_id2,..., P_idn}, derived return value is ID of 
RC_derive. 

5) Instance mapping is the operation that use 
the existing product case directly to solve RC 
which is described with RC_instance (ID), its 
mapping features is as follows: 

Instance demand must map RC in the demand 
system for solution as RC instance,according to the 
objective demand information content, 
RC_instance can use the entity relationship model, 
object model, the XML document as a physical 
carrier. The parameter is ID of RC, the return value 
is ID of RC_instance. 

 
 

4. Serialization Integration  
of Discrete Design Resources 
 
Demand mapping solution not only have levels 

of granularity because the particle size of 
information itself is different, but also have 
complex, dynamic, decentralized and uncertain 
characteristics because the scene and the 
environment of cloud properties are different. 
Serialization integration of discrete design 
resources on amount of cloud "fragmentation" is 
basic ways to focus distributed resources and 
service. 

1) Resource definition and description. 
Design Resource Cloud，DRC is available 

information collection composed of discrete 
knowledge resources, intellectual resources, design 
tools, design, material, design field, service 

resources in various cloud domain, the design 
resources is divided into knowledge resources, 
technical resources, design ability, DRC (ResReg[], 
KnoRes[], TecRes[], SerRes[]), where ResReg[] is 
the cloud registration information of resources, 
because the resources are favorable for the clouds 
and provide product cloud collaborative design 
service, knowledge resources KnoRes[] contains 
design principles, design experience, design 
specifications, design process, and the model of 
existing products, test and inspection data, market 
and customer feedback information [9]; technical 
resources TecRes[] includes software resources, 
equipment resources, patent resources, technical 
service; design capacity SerRes[] includes the 
design qualification, credit grade, intellectual 
resources, design site, design efficiency etc. 

2) Resource Serialization integration strategy. 
Design of emergency equipment is generally 

divided into the design concept, principle, scheme, 
assembly equipment, key parts according to the 
task level, and each level design can be divided into 
the overall design, system design, assembly and 
parts design, the whole process of product design 
and the design hierarchy or design stage not only 
exist resource serialization, but also they are 
associated with the corresponding integrated 
real-time design tasks. Task level extends 
longitudinally, design domain serializes design 
resources through the mapping with feasible 
domain of cloud resource, expanding vertically, 
and design domain and design stage of task level 
expand horizontally which is mapped to feasible 
domain of cloud resource and serializes design 
resources with horizontal expansion, Resource 
Serialization mode is shown in Fig. 3. 

 
 

Vertical re
source 

serialization 
extending

 
 

Fig. 3. Resource serialization model. 
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Resource Serialization model description: 
Sort(DRC)  // Resource Serialization solution 
{i=0 // Vertical expansion 
Do 

{i=i+1; 
j=0;      // Horizontal expansion 

(a) rcRC, RC_decompose(rc)= R  
//Decomposition mapping 

j=j+1; 
    If R   then Rij= R goto (a) 

else j=j-1;goto (b) 

(b) rcRC, RC_aggregate(rc)= R  
// Aggregation mapping 

j=j+1; 
    If R   then Rij= rc goto (b) 

else j=j-1;goto (c)  
(2) 

(c) rcRC, RC_derive (rc)= R  
// derived mapping 

    j=j+1; 
    If R   then Rij= rc goto (c) 

else j=j-1;goto (d) 
 (d) rcRC, RC_instance (rc)= R  
// instance mapping 

    j=j+1; 
    If R   then Rij= rc goto (d) 

} 
until  rc   RC,   Sort(DRC) = FALSE 

}  
“i” is design level; “j” is design phase process of 

each level. 
3) The feasible region of serialization resource 

forms resource serialization matrix R[] after resource 
serialization is completed shown in Fig. 4. 
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Fig. 4. Resource serializeation matrix. 
 
 
The time-varying control of resource state is 

introduced after the sequence of tasks on cloud 
resource mapping completing resource serialization 
form feasible domain resource, resources is pushed 
and drawn reasonably between the requirement 
domain DR of design resource, state control domain 

T and feasible resource domain R, integration of the 
final serialization resources and design tasks is 
completed. Analysis expression of serialization 
resource integration: 

 
     RTDR  , (3) 

 
where DR[] is the demand domain of design 
resource, T[] is state change control domain, R[] is 
Sequence of cloud resource feasible domain of 
serialization resource matrix DR[] is collection of 
requirement of design task resource, which is issued 
by design resource requirements. T[] is time control 
vector sequences executing design task, defined 
formally as T[T1, T2,... , Tn], which is task sequence 
vector set mapped by task sequence of RC task set 
ReqTas and task state feature of ReqStat.  

 
 

5. Example Analysis 
 
The task list of one mechanical equipment design 

project is shown in Table 1 as an example, there are  
8 design tasks coordinated, including 6 task required 
precursor collaborative tasks. 

 
 

Table 1. Analysis with design project. 
 

Design task sequence set 
Desig
n task 

Precurso
r task 

Sub-task 

Feasible 
domain of 
design task  

Expected 
time 

A  A1, A2 RA[ ] 4 
B A B1, B2, B3,  RB[ ] 3 
C B C1, C2 RC[ ] 8 
D B D1, D2, D3 RD[ ] 9 
E  E1 RE[ ] 2 
F C, D F1, F2 RF[ ] 4 

G E 
G1, G2, G3, 
G4 

RG[ ] 8 

H F, G H1, H2, H3 RH[ ] 6 
 
 

Double time-scaled network diagram of the 
design task is drawn, shown in Fig. 5, which 
constitutes the task sequence, corresponding 
time-varying state control domain T[] without loss of 
generality, example assumes feasible region of the 
design resource is not empty, i.e. full resources, there 
are resources set DRC[]={RA[ ],RB[ ],RC[ ],RD[ ],RE[ 
],RF[ ],RG[ ],RH[ ]} to meet every mapping the 
minimum requirements, and there are no conflict for 
resource state, namely the state change control only 
consider the temporal association, a total length of  
27 time units, corresponding resource requirement 
periods are ta= (0,4), tb = (4,7), tc = (7,15),       
td = (7,17), te = (0,2), tf = (17,21), tg = (2,10),     
th = (21,27), if the time relaxation problem is not 
considered, execution time of each activity is fixed, 
and time interval during handover of the activities is 
ignored, time zone is divided into T1 ∈ ∈ [0,2], T2  
[2,4], T3 ∈ [4,7], T4 ∈ [7,12], T5 ∈ ∈ [12,15], T6  
[15,17], T7 ∈ ∈ [17,21], T8  [21,27], take the 
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previous task as sequence, T[]={T1 T2, T3, T4, T5, 
T6, T7, T8} is available. 

Resource feasible domain spread serially shown 
in formula (2): 
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To obtain the Resource Serialization matrix R[]. 
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(5) 

 
 

6. Conclusion 
 

Mechanical equipment product design have 
typical multidisciplinary cooperative and temporary 
customization features with amount of resource 

demands and rigid time constraints, this paper 
research the design of cloudy domain requirements 
analysis and mapping method through cloud design 
theory model studying emergency equipment 
products, constructing formal concept model, the 
discrete design resource serialization and task 
integration strategy induce design process to promote 
cooperatively by controlling push and configuration 
of design resource in the process, which provides an 
effective means to realize the rapid response of 
product design. It is verified preliminarily by 
example. 
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Abstract: The FST2E engine test bed was applied to carry out the simulation tests of the F6L913 diesel 
engine’s plateau performance, to obtain the data of the engine at different altitudes and in various conditions, 
including torque, power, fuel consumption rate and oil consumption, and to generate the external characteristic 
curve and the load characteristic curve of the engine by fitting. The test result shows that the engine power and 
torque is decreased by 15 % to 20 % and the fuel consumption rate is increased by 15 % to 30 % whenever the 
altitude is increased by 1000 m, and the higher the altitude is, the faster this increase rate becomes. The stable 
working range of the engine becomes narrower and drifts to the high revolution area. Copyright © 2013 IFSA. 
 
Keywords: Engines, Plateau simulation test, External characteristic, Load characteristic, Data analysis. 
 
 
 
1. Introduction 

 
The mobile pipeline can be used for oil 

transportation in the whole territory and under all 
weather conditions, so it is an important meaning for 
emergency oil transportation [1]. The prime motor of 
a certain type of pipeline pump unit uses the F6L913 
air-cooled diesel engine, with the air intake way of 
natural aspiration. With the risen of elevation, the 
charging efficiency of the engine decreases, its 
working conditions become poor, its fuel 
consumption rate and oil consumption increases and 
its torque and power decreases. The decline in the 
power performance of the engine results in a 
reduction in the lift of the fuel pump and a decrease 
in the amount of oil, thus affecting the transportation 
performance of the pipeline. In order to make a 
quantitative analysis of the decreased performance of 

the diesel engine at different altitudes and under 
different working conditions, the engine test-bed 
experiment that simulates the plateau environment 
was made. 

 
 

2. Test Device and Method 
 
2.1. Test Device 

 
The object of the test is the diesel engine of the 

pump unit, and its main performance indicators are 
shown in Table 1 [2]: 

The experiment was made on the FST2E engine 
test bed which includes three parts, the engine bed 
system, the computer control system and the data 
acquisition system [3], with the butterfly valve as the 
air intake throttling part and the vacuum gauge to 
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measure the vacuum degree of the intake system, to 
simulate the air-intake pressure of the engine at 
different altitudes by controlling the opening degree 
of the butterfly valve, while measuring the air inflow 

of the engine through the glass rotor flow meter. The 
simulation process of the intake of the device is 
shown in Fig. 1. 

 
 

Table 1. F6L913 diesel engine performance parameters. 
 

Number 
of 

cylinders 

Rated 
power (kW) 

Rated 
revolution 

(r/min) 

Maximum 
torque (N • m)  

Rated fuel 
consumption 
(g / kW • h)  

Piston 
displacement 

(L) 

Compression 
ratio 

6 74 2200 384 238 6.128 17:1 
 
 

 
 

Fig. 1. The flow chart of the FST2E intake simulation: 
(1) - Oxygen bottles; (2) - Pressure reducing valve; (3/4) - Butterfly valve; (5) - Pressure stabilizing box;  

(6) - Temperature sensor; (7/8) - Vacuum gauge; (9) – Filter; (10) - Sampling vacuum pump; 
(11) - Oxygen analyzer; (12) - Fuel mass flow meter; (13) – Engine; (14) - Electric dynamometer; 

(15) - Exhaust gas analyzer; (16) - Opaque photometer. 
 
 

2.2. Test Methods 
 

The experiment is made based on Performance 
Test Code for Road Vehicle Engines [4], Reliability 
Test Methods for Motor Vehicle Engines [5], 
Measurement Methods of Net Power for Automotive 
Engines [6] and other national standards. 

 
 

2.3. Test Method of External 
Characteristic [7] 

 
Fix the opening degree of the engine throttle at 

100 %, and measure power, torque, fuel consumption 
and fuel consumption rate and other parameters at the 
engine revolutions of 1300 r/min, 1400 r/min, 
1500 r/min, 1600 r/min, 1700 r/min, 1800 r/min, 
1900 r/min, 2000 r/min, 2100 r/min, 2200 r/min, 
2300 r/min, 2400 r/min, 2500 r/min and 2600 r/min.  

 
 

2.4. Test Method of Load Characteristic [8-9] 
 
Select the rotation speed of the engine at low 

speed (1400 r/min), medium speed (2000 r/min) and 
high speed (2400 r/min), and increase the load of the 
engine under the fixed revolutions, starting from 
20 % of the load, and then gradually increase to the 
load of 30 %, 40 %, 50 %, 60 %, 70 %, 80 %, 90 % 

and 100 %, to separately measure the engine 
parameters under various loads such as engine power, 
fuel consumption rate, etc. 

 
 

3. Test Results 
 
With the above methods, parameters of the engine 

such as power, torque, fuel consumption rate and fuel 
consumption working at the altitudes of 0 m, 2000 m, 
2500 m, 3000 m, 3500 m, 4500 m and 5000 m were 
tested, and the related data were obtained. Method in 
Reference [10] was used to correct the power and 
torque and to obtain the external characteristic curves 
and the load characteristic curves of the engine at 
various altitudes, as shown in Fig. 2 to Fig. 15. 

 
 

4. Data Analysis 
 

Through the analysis of the external characteristic 
curve graphs 2 to 8, the engine of this type has the 
inflection points of a sharp drop in power and torque 
appear in the revolutions between 2400 r/min and 
2500 r/min. In order to ensure the reliability of the 
data analysis, the data in the revolutions from 
1300 r/min to 2400 r/min are to be analyzed. 
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Fig. 2. 0 m External characteristic curve: 
1 - Corrected torque; 
2 - Corrected power; 
3 - Fuel consumption; 
4 - Corrected fuel consumption rate. 
 

 
Fig. 3. 2000 m External characteristic curves: 

1 - Corrected torque; 
2 - Corrected power; 
3 - Fuel consumption; 
4 - Corrected fuel consumption rate. 

  

  
 

Fig. 4. 2500 m External characteristic curve: 
1 - Corrected torque;  
2 - Corrected power; 
3 - Fuel consumption;  
4 - Corrected fuel consumption rate. 

 
Fig. 5. 3000 m External characteristic curve: 

1 - Corrected torque; 
2 - Corrected power; 
3 - Fuel consumption;  
4 - Corrected fuel consumption rate. 
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Fig. 6. 3500 m External characteristic curve: 
1 - Corrected torque;  
2 - Corrected power; 
3 - Fuel consumption;  
4 - Corrected fuel consumption rate. 
 

 
Fig. 7. 4500 m External characteristic curve: 

1 - Corrected torque;  
2 - Corrected power; 
3 - Fuel consumption;  
4 - Corrected fuel consumption rate. 

  

  
 

Fig. 8. 5000 m External characteristic curve: 
1 - Corrected torque;  
2 - Corrected power; 
3 - Fuel consumption;  
4 - Corrected fuel consumption rate. 

 
Fig. 9. 0 m Load characteristic curve: 
1. 4-2400 r/min Fuel consumption (rate); 
2. 5-2000 r/min Fuel consumption (rate); 
3. 6-1400 r/min Fuel consumption (rate). 
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Fig. 10. 2000 m Load characteristic curve: 
1. 4-2400 r/min Fuel consumption (rate); 
2. 5-2000 r/min Fuel consumption (rate); 
3. 6-1400 r/min Fuel consumption (rate). 
 

 
Fig. 11. 2500 m Load characteristic curve: 
1. 4-2400 r/min Fuel consumption (rate); 
2. 5-2000 r/min Fuel consumption (rate); 
3. 6-1400 r/min Fuel consumption (rate). 

  

  
 

Fig. 12. 3000 m Load characteristic curve: 
1. 4-2400 r/min Fuel consumption (rate); 
2. 5-2000 r/min Fuel consumption (rate); 
3. 6-1400 r/min Fuel consumption (rate). 

 
Fig. 13. 3500 m Load characteristic curve: 
1. 4-2400 r/min Fuel consumption (rate); 
2. 5-2000 r/min Fuel consumption (rate); 
3. 6-1400 r/min Fuel consumption (rate). 
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Fig. 14. 4500 m Load characteristic curve: 
1. 4-2400 r/min Fuel consumption (rate); 
2. 5-2000 r/min Fuel consumption (rate); 
3. 6-1400 r/min Fuel consumption (rate). 

 
Fig. 15. 5000 m Load characteristic curve: 
1. 4-2400 r/min Fuel consumption (rate); 
2. 5-2000 r/min Fuel consumption (rate); 
3. 6-1400 r/min Fuel consumption (rate). 

  
 

 
4.1. Impact on Power and Torque 

 
In order to obtain the variation rule for engine 

power and torque at different altitudes, calculating 
the decrease rate of the maximum power and torque 
as well as the minimum power and torque of the 
engine under various revolutions and at various 
altitudes, compared with the data of 0 m, and take the 
mean value, the data are shown in Table 2 below.  

The analysis of the data in Table 2 shows that 
with the rising of altitude, the power and torque 
provided by the engine have different degrees of 
decline, and the decline rate of the minimum power 

and torque is lower than that of the maximum power 
and torque; the altitude of 3000 m is an inflection 
point for the decline of the power and torque of this 
type of engine. When the altitude is lower than 
3000 m, the engine power declines by about 12 % 
and the torque by about 14 % compared to the 
altitude of 0 m per 1000 m; when the altitude is 
higher than 3000 m, the engine power declines by 
about 20 % and  the torque by about 17 % compared 
to the altitude of 0 m per 1000 m. Altitude has a great 
impact on the power and torque of this type of engine 
and the impact degree will be deepened and speeded 
up along with the rising of the altitude. 
 
 

Table 2. Variation rule for engine power and torque at different altitudes.  
 

Altitude 
(m) 

Maximum / 
minimum 

power (kW)  

Maximum / 
minimum power 
decline rate (%)  

Average 
power 

decline rate 
(%) 

Maximum / 
minimum 

torque  
(N • m) 

Maximum / 
minimum 

torque decline 
rate (%)  

Average 
torque 

decline rate 
(%) 

0 74/35 0 0 315/265 0 0 
2,000 55/27 25.6/22.8 24.2 223/200 29.2/24.5 26.9 
2,500 48/26 35.1/25.7 30.4 203/186 35.6/27.3 31.5 
3,000 45/23 39.2/34.2 36.7 188/169 40.3/36.2 38.2 
3,500 40/21 54.1/40 47 165/146 47.6/44.9 46.2 
4,500 29/15 60.8/57.1 58.9 119/109 62.2/58.9 60.6 
5,000 26/10 64.9/71.4 68.1 105/75 66.7/71.7 69.2 
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4.2. Impact on the Fuel Consumption Rate 
 
 
Fig. 2 shows that the engine fuel consumption rate 

is basically stable at about 230 g / (kW • h) at the 
altitude of 0 m and in the revolutions of less than 
2400 r/min. By comparing with data in Table 3 and 
Curve 4 in Fig. 3 to Fig. 8, it can be seen that the 
rising of altitude, the decrease of atmospheric 
pressure and the decline of the charging coefficient 
result in the continuous rising of the engine’s fuel 
consumption rate, and in the altitude of 5000 m, the 
fuel consumption will grow by 203.5 %. By 
comparing Fig. 9 to Fig. 15, it is known that the 
engine fuel consumption rate is the highest in the case 
of low loads, which is followed by the case of 
medium load, and the increase of the fuel 
consumption rate in the case of the high-load area  
is minimal.  

The analysis of the relationship among curves 1, 2 
and 3 in Fig. 9 to Fig. 15 also shows that the three 
fuel consumption curves are nearly parallel without 
intersection in the altitude of 0m, while there is at 
least one group among curve 1 and curve 2 or curve 2 
and curve 3 at the other altitudes with an intersection. 
These present such a tendency that the higher the 
altitude is, the more frequently the cross curves 
becomes and the cross points appear in advance, e.g., 
as shown in Fig. 10. Only curve 1 and curve 2 are 
intersected, and the crossover point occurs in the 
vicinity of the power 45 kW, while in Fig. 12, the 
intersection occurs between both curve 1, curve 2 and 
curve 3, and the point of intersection of curves 1 and 
curve 2 occurs in the position of power 37 kW, which 

suggests that the engine fuel consumption increases 
under the same power and torque in the plateau 
situation, thus leading to the increase in the rate of 
fuel consumption. 

 
 

4.3. Impact on the Engine’s Stable  
Working Range 

 
As shown in Table 4, the maximum load is 38 kW 

when the altitude is 0m and the engine revolution 
number is 1400 r/min; the maximum load is 61 kW 
when the number of revolutions is 2000 r/min and the 
maximum load is 74 kW when the number of 
revolutions is 2400 r/min. With this as a standard, the 
following conclusions can be drawn from the 
comparison of the engine load characteristics at other 
altitudes, that is, every 1000 m increase in altitude 
will cause the maximum load of the engine to fall 
within the range of 10 % to 30 %, but its downward 
trend varies. In the case of 1400 r/min, the maximum 
load of the engine declines slowly in the beginning, 
but after the altitude is over 3500 m, a sharp decline 
occurs in the maximum load of the engine while in 
the case of 2000 r/min and 2400 r/min, the engine has 
the sharpest decline in the maximum load at the 
altitude from 2500 m to 3500 m. In addition, by 
comparing Curve 1 in Fig. 2 to Fig. 8, it can also be 
found that in the case of 1700 r/min to 1800 r/min, 
the inflection point is featured by “first drop and then 
rise of the torque”, and a phenomenon can be seen 
that the higher altitude is, the steeper the curve 
becomes, and the position of the inflection point 
moves to the high revolutions area. 

 
 

Table 3. Variation rule for engine fuel consumption rate at different altitudes.  
 

Altitude 
(m) 

Fuel consumption 
(g / kWh)  

Minimum fuel 
consumption rate  

(g / kWh)  

Maximum fuel 
consumption 

rate of growth 
(%)  

Minimum fuel 
consumption rate 

of growth (%)  

Average fuel 
consumption 

rate of growth 
(%)  

0 240 200 0 0 0 
2,000 280 240 16.7 20 18.4 
2,500 300 260 25 30 27.5 
3,000 325 280 35.4 40 37.7 
3,500 370 324 54.2 62 58.1 
4,500 510 450 112.5 125 118.8 
5,000 700 630 192 215 203.5 

 
 

Table 4. Variation rule for engine load characteristics at different altitudes. 
 

Altitude 
(m) 

1400 r/min 
maximum 
load (kW) 

2000 r/min 
maximum 
load (kW) 

2400 r/min 
maximum 
load (kW) 

1400 r/min 
load decline 

rate (%) 

2000 r/min 
load decline 

rate (%) 

2400 r/min 
load decline 

rate (%) 
0 38 61 74 0 0 0 

200 30 49 56 21 19.7 24.3 
2,500 29 47 50 23.7 23 32.4 
3,000 28 39 46 26.3 36.1 37.9 
3,500 25 31 36 34.2 49.2 51.4 
4,500 19 27 30 50 55.7 59.5 
5,000 12 21 24 68.4 65.6 67.6 
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It follows that with the rising of the altitude, the 
effective power that the engine can provide is getting 
smaller and smaller, and when it drops to a certain 
level, the engine at the low revolution area will be 
unable to output enough power to get out of the 
stable working range, which results in the stable 
working range of the engine drifting to the high 
revolution area, i.e. the stable working range of the 
engine is narrowed.  

 
 
5. Conclusions 
 
Through a series of simulation experiments of 

engine plateau performance, the rule of engine 
plateau performance decline is found and the external 
characteristic curve and the load characteristic curve 
are generated for engines. The following conclusions 
are drawn from the data analysis:  

The engine has a significant reduction in its 
power and torque, and its downward trend speeds up 
along with the rising of the altitude. The experiment 
shows that the altitude of 3000 m is the inflection 
point of the decline in the power and torque of this 
type of engine. In the case of lower than 3000 m, 
every 1000 m increase in the altitude will decrease 
the engine power and torque by approximately 10 % 
to 15 %; in the case of higher than 3000 m, every 
1000 m increase will cause the engine power and 
torque to fall by approximately 15 % to 20 %.  

Fuel consumption increases, and the higher the 
altitude is, the greater the rate of growth becomes. 
The growth rate of the fuel at an altitude of 3500 m is 
maintained at an increase by 15 % for every 1000 m, 
and the rapid growth sharpens once exceeding 
3500 m. The fuel consumption of the engine low load 
area has the highest growth rate, and the growth rate 
of the medium load area is higher than that of the 
high-load area.  

The stable working range of the engine narrows 
and drifts to the high revolution area. Take the 
revolution of 1400 r/min for example, in the altitude 

of 3000 m, the maximum power that the engine can 
obtain is only 27 kW and the fuel consumption 
increases dramatically and intersects with the load 
characteristics curve of 2000 r/min, at which the 
engine has drifted out of stable working range.  

In order to ensure the safe and stable operation of 
the engine, this type of engine must be improved 
accordingly after the altitude exceeds 3000 m, in 
order to improve its plateau adaptability. 
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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, this paper proposed a tool wear fault feature extraction method based on morphological 
filters-singularity value decomposition (SVD) with empirical mode decomposition (EMD). Firstly, an 
experiment system of the cutting tool wear monitoring was set up and a variety of data coming from vibratory 
sensor were collected, then, the pulse components from the original signal were inhibited by morphological 
filters and the signal sequences removed outlier were reconstructed, the attractor track matrix was decomposed 
using SVD for further noise reduction, and then we got weak signal failure frequency after the de-noise signals 
were decomposed with EMD. Finally, tool wear was identified by GA-B-spline neural network. B-spline 
networks were trained using genetic algorithms to search for global optimization. The experimental results 
shown that the diagnosis approach put forward in this paper could identify tool wear fault patterns effectively in 
noise background. Copyright © 2013 IFSA. 
 
Keywords: Empirical mode decomposition; Morphological filtering; Singularity value decomposition; Genetic 
algorithm; 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. In tool wear 
monitoring process, it is very important for tool wear 
early fault diagnosis how to extract the weak signal 
characteristics. Tool wear is a very complex 
phenomenon and the vibration signal is non-
stationary signal with strong noise, so FFT and 
Wavelet analysis is not suitable for it. Empirical 
mode decomposition (EMD) is empirical, intuitive, 
direct, adaptive and is used widely in many  
areas [1, 2]. 

EMD is a good signal processing technique 
capable of decomposing a signal into several single 

stable components at different time scales by sifting 
process. In view of the vibration signal from the 
sensors contains a lot of interference noise, which can 
affect the result of EMD, so, the signals must be de-
noising before implementing the EMD.  
Hao Rujiang [3] applied morphology filters to 
remove the noise in the signal and got obvious 
periodic fault impact characteristics. Wang Taiyong 
[4], Shin [5] proposed that the signal was pretreated 
by SVD before EMD decomposition and obtained 
better effect. Tang Baoping [6], applied singular 
value decomposition-morphology filter to reduce 
noise and got better fault characteristics. 
Morphological filtering can inhibit impulse noise 
signal and SVD can restrain random noise obviously. 
So, we can construct a confederative filter by 
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combining the morphological filtering and SVD as 
the signal pre-processing unit before implementing 
the EMD and achieve weak signal fault frequency 
well. 

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 [7], 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 [8-9]. 
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 fault patterns in noise background. 

 
 

2. 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: 
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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]. 

The total energy Ei, 
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We can structure vector characteristics using the 

percentage of energy to represent the characteristics 
of signal  
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3. Signal Noise Reduction Analysis 
 

In tool wear monitoring process, the vibration 
signal from the sensors contains a lot of interference 
noise. It will increase the number of spline 
interpolation and EMD layers which can increase 
cumulative error [11]. At the same time, because of 
the noise, IMF component can not be decomposed 
effectively and even increase aliasing modal. So, the 
signals must be de-noising before implementing  
the EMD. 

 
 

3.1. Morphological Filtering 
 

Morphological filtering is a nonlinear filtering 
technology based on mathematical morphology. Its 
advantage is fast and simple, generally containing 
only Boolean operations, including subtraction but 
not multiplication. Based on the geometric 
characteristics of the signal, morphological filtering 
uses pre-defined structure elements (SEs) to match 
the signal in order to extract it, maintaining the 
details and reducing the noise, it is used widely in the 
mechanical fault diagnosis [12]. Mathematical 
morphology’s basic operations are: dilation, erosion, 
opening operation and closing operation. To get a 
good filtering result, in the process of fault diagnosis, 
the average value of the opening-closing (OC) and 
closing-opening (CO) filters is applied, which can 
restrain both positive and negative impulse noise. It 
can be defined as: 

 

      nfFnfFny COOC 
2

1
)(  (5) 

 
In morphological filtering, the results of the 

operations depend on not only the form of 
morphological transformation but also the size and 
shape of the SE. There are various kinds of SEs, such 
as flat SE, triangular SE and semicircular SE etc. The 
attributes of the SE are controlled by its shape and 
the selected SE should be as close as possible to the 
signal that being analyzed. In theory, a more complex 
SE will have a much stronger de-noising ability. 
Through the processing vibration signal using of 
different SE, the sine SE should first be consideration 
in the treatment of the vibration signal and the best 
filter effect can be got while the SE width is sampling 
points 1/12 and the SE high is selected  
0.22-0.26 times of the signal amplitude [13]. 
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3.2. Method of Signal Processing Based on 
Singularity Value Decomposition 

 

Though morphological filtering can inhibit 
impulse noise signal well, it is not better than 
Singularity Value Decomposition (SVD) to filtering 
random noise. SVD de-noising is a method to 
increasing the signal-to-noise ratio based on the 
reconstructed attractor track matrix. 

Supposing there is a sampled time series from a 
sensor: x1, x2, …xN , an m×n dimension matrix can be 
reconstructed based on it: 

 

























Nmm

n

n

xxx

xxx

xxx

H









1

132

21

 (6) 

 

In the formula, N=m+n-1, 
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where  rdiagD  ,,, 21  ,  nmr ,min , 

and 021  r   is called singularity value 

of matrix H. S is the track matrix of attractor 
corresponding to the smooth signal in reconstructed 
vector space; W is the track matrix corresponding to 
the noise or the abrupt information from abrupt  
fault [14] . 

SVD is a new and effective way to reduce noise. 
The order of singular spectrum will influence the 
effectiveness of de-noising directly. If the order is too 
small, the information in original signals is short of 
lose and even to cause the waveform distortion. If the 
order is too high, one part noise in original signals 
has been retained. The effect of de-noising is not very 
ideal. So, we will define the concept of singular 
energy difference spectrum which is normalized for 
easy of comparing [15]:  
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It shows that there must be a peak in the parting 
between signal and noise. Behind the peak, spectrum 
peaks caused by noise are smaller. So, k - non-zero 
singular values can be achieved by it.  

 
 

3.3. Simulation 
 

To illustrate the effects of noise on EMD 
decomposition, we simulated signal x(t) added noise 
defined as follows: 
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where n(t) is a white noise with effective value equal 
to 1,  t  is an impulse noise signal. The sampling 

frequency of the signal x(t) is 1000 Hz, the length of 
the time series is 1024 points. The time domain wave 
form of the signal x(t) is shown as Fig. 1, Fig. 2 is the 
results of EMD implementing on x(t) directly. 

 
 

  
 

Fig. 1. Simulation signal. 
 
 

 
 

Fig. 2. The EMD of Simulation signal.  
 
 

It is clear that the first three orders of IMFs are 
high frequency noise and the useful components are 
decomposition out on IMF4, IMF5 and IMF6, but the 
distinct frequency aliasing happened because of the 
noise interference. In order to improve the quality of 
EMD decomposition, the original signal contained 
noise has to be suitably pre-processed. The results of 
pre-processing by morphological filtering, SVD and 
confederative filter of them are shown as  
Fig. 3 - Fig. 5. 

It can be seen, morphological filtering can inhibit 
impulse noise signal well and SVD can restrain 
random noise obviously. So, we can construct a 
confederative filter by combining the morphological 
filtering and SVD as the signal-pre-processing unit 
before implementing the EMD. From the Fig. 6, it 
can be seen that IMF has no frequency aliasing 
because the pulse signal and random signal are 
effectively controlled and the quality of EMD 
decomposition can be improved. 
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Fig. 3. Signal based on morphological filtering.  
 
 

 
 

Fig. 4. De-noised signal based on SVD. 
 
 

 
 

Fig. 5. De-noised signal based on confederative filter. 
 
 

  
 

Fig. 6. EMD result of De-noised signal based on 
morphological filters and SVD. 

 
 

4. Weak Feature Extraction in Tool  
Wear Process 

 

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, a Kistler 
8702B5OMI vibration sensor installation is shown in 
Fig. 7. The material of the workpiece: 45# (average 

hardness 220 HB), the tool is PVD TiAlN coating 
blade (KC5010), main parameters: Kr=90° , 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=1mm. The 
sampling frequency of AD board is 2 MHz, the 
sampling point is 218. We adopt the low temperature 
cold wind cooling in the experiments, as  
shown in Fig. 8.  

 
 

 
 

Fig. 7. Sensor installation. 
 
 

 
 

Fig. 8. Low temperature air cooling cutting. 
 
 

In the experiment process, the tool wear status 
was divided into 3 patterns (shown in Table 1). 

 
 

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 

 
 

300 samples were selected wear in the experiment 
and 120 samples were picked as testing samples. 
Fig. 9 shows the recognized results of tool mild wear 
and 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 test 
samples are shown in Table 2. 
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(a1) The vibration signal of tool mild wear. 

 

 
(a2) The vibration signal of tool severe wear. 

  
 

(b1) De-noised mild wear vibration signal based on 
morphological filtering and SVD. 

 
(b2) De-noised severe wear vibration signal based on 

morphological filtering and SVD. 
 

  
 

(c1) The EMD of mild wear vibration signal based on 
morphological filters and SVD and combining. 

 
(c2) The EMD of severe wear vibration signal based on 

morphological filters and SVD and combining. 
 

Fig. 9. Signal analysis of Tool wear. 
 
 

Table 2. Part test samples of networks. 
 

The energy percentage of IMFs Samples 
(N) 

Status of tool 
wear E1/E E2/E E3/E E4/E E5/E 

1 Mild wear 0.9527 0.2567 0.0823 0.0156 0.0089 

2 Mild wear 0.9316 0.4752 0.0789 0.0571 0.0076 

3 Mild wear 0.8525 0.5217 0.1273 0.0234 0.0065 

4 Moderate wear 0.9572 0.3214 0.1003 0.0832 0.0076 

5 Moderate wear 0.9532 0.2147 0.0756 0.0241 0.0095 

6 Moderate wear 0.8726 0.4211 0.2103 0.1002 0.0024 

7 Severe wear 0.9777 0.1245 0.0874 0.0541 0.0086 

8 Severe wear 0.9587 0.2735 0.0789 0.0259 0.0019 

9 Severe wear 0.9810 0.1403 0.0523 0.0122 0.0034 
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5. GA-B-Spline Neural Network  
 

In tool wear monitoring process, 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 member of the class of 
lattice Associative Memory Networks (AMN). It 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. 10.  

 
 

 
 

Fig. 10. 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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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 
problems are very important in achieving good 
approximation. B-spline neural networks are 
traditionally trained by using gradient-based  
methods [7], 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 [16]. 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. 

Here, the initial chromosomes are randomly 
generated within the feasible ranges. A chromosome 
is defined as follows: 

 
Zp=（w1,…,wn,r1,…rm）, (13) 

 
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 , . 

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:  

 

iE
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where Ei is an estimation error function of ith sample 
defined as follows: 
 

2'

2

1
iii yyE  , (15) 

 
where yi is the current outputs of ith sample, yi’ is the 
desired outputs of ith sample. 

Two primary groups of genetic operators are 
crossover and mutation. Crossover combines the 
features of two parent chromosomes to form two 
similar offspring by swapping corresponding 
segments of the parents. 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.  

When the number of iterations is the maximum or 
the fitness is smaller than setting accuracy, the 
optimization is terminated. 

 
 

6. Tool Wear Intelligent Diagnosis 
 

In this section, the better characters from the 
vibration signal (got in Section 4) are put into GA-B-
spline neural network (got in Section 5). The network 
with 5 inputs and one output was adopted and the 
output of network is the diagnosis value of the tool 
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wear. Each input of network has 7 knot points and 
each order of B-spline basis functions is 2. The 
network is trained with GA, and the classification 
accuracy is 0.001, the largest number of iterations  
is 600, the crossover rate pc=0.8, the variation rate 
pm=0.1. Part of the identification results are shown in 
Table 3. It can be seen that the recognition rate 
achieves 98 % within the scope of the error is 0.01. 

 
 

Table 3. The identification results of networks. 
 
Sample (N) 1 2 3 4 5 
Actual wear 
value (mm) 

0.028 0.076 0.135 0.250 0.356 

Diagnosis 
result (mm) 

0.022 0.075 0.130 0.254 0.351 

Sample (N) 6 7 8 9 10 
Actual wear 
value (mm) 

0.390 0.412 0.500 0.515 0.552 

Diagnosis 
result (mm) 

0.390 0.400 0.500 0.510 0.551 

 
 
The same datasets of the tool wear are trained 

with the different learning algorithms, the error 
curves of training using the gradient-based methods 
and GA are illustrated in Fig. 11 and the results are 
compared 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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Fig. 11. Error curves of training the B-spline neural 
network using the different algorithms. 

 
 

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

Learning 
algorithms 

Average 
Error 

Average  
Diagnosis rate 

Gradient-based 0.0302 94.6 % 

GA 0.0107 98.7 % 

7. 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 tool wear monitoring process, it is 
difficult to extract tool wear feature information 
because of noise interference. The paper proposed a 
confederative filter by combining the morphological 
filtering and SVD as the signal-pre-processing unit 
before implementing the EMD. This can effectively 
remove the noise and reduce modal aliasing of the 
EMD. At last, the weak signal fault frequency  
was achieved.  

2. 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 tool wear monitoring process. Because 
the B-spline network with traditionally trained by 
using 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. It can improve the accuracy of tool wear and 
adapt to online monitoring. 
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Abstract: Risk assessment is becoming increasingly important for railway signal system in order to safeguard 
their passengers and employees while improving safety and reducing maintenance costs. However, the 
application of risk assessment methods in railway signal system may not give satisfactory results because the 
risk data are incomplete or there is a high level of uncertainty involved in the risk data. This article presents a 
new risk assessment method for railway signal system using Failure Mode, Effects and Criticality Analysis 
(FMECA) and Fuzzy Analytical Hierarchy Process (FAHP). A case study on risk assessment of Interval Signal 
Control Function for Train Control Center is used to illustrate the application of the proposed risk assessment 
method. FMECA is firstly employed to summarize the potential failure modes of this function. And then based 
on the expert scoring for each failure mode in terms of Probability of Occurrence, Severity, and Detectability. 
FAHP is used to determine the relative importance of the risk contributions. The risk assessment results show 
that the application of Fuzzy-FMECA method can identify the failure modes and evaluate the potential risk of 
the Railway Signal System more objectively and effectively, which will provide railway risk analysts, engineers 
with a method to improve their safety management of Railway Signal System and set safety standards. 
Copyright © 2013 IFSA. 
 
Keywords: Risk assessment, Railway signal system, FMECA, FAHP, Interval signal control function. 
 
 
 
1. Introduction 

 

China has experienced a large number of railway 
construction projects at an astonishing speed in both 
high-speed mainline railways and metro systems in 
the past few years. A major railway accident 
occurring on 23 July 2011 has brought the Chinese 
railway industry to almost a halt on new 
development. The accident investigation report 
concludes that the accident was due to serious design 
flaws in control equipment and improper handling of 
the lightning strike [1]. For this reason, The Railway 
Ministry stressed to strict with the security 

assessment of the equipments for high speed railway. 
And professional testing for high speed railway 
equipments and risk assessment are carried out. Since 
China does not have the perfect security certificate. 
In order to complete the security certificate, it is 
urgent to study the risk assessment methods for 
equipments of high speed railway [2]. The Train 
Control Center is the core equipment of the train 
operation control system, which is widely used in line 
for passenger transportation and plays a crucial role 
in protecting the safety of the train [3]. The 
requirement of risk analysis is to demonstrate that if 
risks associated with a Railway Signal System are 
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high, risk reduction measures must be applied or 
operation and maintenance have to be reconsidered to 
reduce the occurrence probabilities or to control the 
possible consequences. If risks are negligible, no 
actions are required but the information produced 
needs to be recorded for audit purpose [4-6]. 
Therefore, railway engineers, managers and safety 
analysts need to develop and employ risk assessment 
approaches for their safety management and set 
safety standards. 

Researchers have conducted many studies on the 
risk assessment of Railway Signal System. Failure 
Mode, Effects and Criticality Analysis (FMECA) 
combined with fault tree analysis contains a 
considerable amount of estimation and prediction, 
which can obtain the possible probability of failure 
modes [3, 7]. Analytical Hierarchy Process (AHP) is 
frequently criticized for its inability to adequately 
accommodate the inherent uncertainty and 
imprecision associated with mapping decision-maker 
perceptions to extract number [8, 9]. It is therefore 
difficult to response to the preference of decision-
makers by assigning precise numerical values. Fuzzy 
Analytical Hierarchy Process (FAHP) can not 
identify the failure modes of systems or the 
equipments fully if it is used alone [10, 11]. 
Moreover, many risk assessment methods heavily 
rely on the availability and accuracy of the risk data. 
However, in many circumstances, these methods 
often do not cope with uncertainty of information. 
Furthermore, the statistic data does not exist and it 
must be estimated on the basis of expert knowledge 
and experience or engineering judgment. Therefore, 
railway risk analysts often face the circumstances 
where the risk data are incomplete or there is a high 
level of uncertainty involved in the risk data. 
Therefore, these methods can not assess the risk of 
the Railway Signal System effectively  
and scientifically.  

This paper presents a new risk assessment method 
for Railway Signal System using FMECA combined 
with FAHP. FMECA is firstly employed to 
summarize the potential failure modes of the 
function. And then based on the expert scoring for 
each failure mode in terms of Probability of 
Occurrence, Severity, and Detectability, fuzzy 
comprehensive evaluation method is applied to map 
the investigation data to the corresponding fuzzy 

judgment matrix of each failure mode, the weight 
distribution of every failure mode can be obtained 
using AHP. Through combined quantitative and 
qualitative methods, we had made a comprehensive 
evaluation method for FAHP to assess the risk of 
Railway Signal System. We try to identify risk 
factors and construct a comprehensive and 
reasonable, scientific and effective risk assessment 
analysis model. 

 
 

2. Fuzzy-FMECA Theoretical Basis 
 

This paper presents a new risk assessment method 
for Railway Signal System using FMECA combined 
with FAHP, which is Fuzzy-FMECA method. The 
purpose of the Fuzzy-FMECA is to quantify the 
FMECA analysis results and perform a security 
evaluation of the Railway Signal System. 

 
 

2.1. Application of FMECA in the Security 
Analysis 

 
FMECA can be divided into two procedures, 

Failure Mode and Effects Analysis (FMEA) and 
Criticality Analysis (CA). In FMEA, a procedure 
which covers identification for function of the system, 
analysis for each potential failure mode, and severity 
evaluation is performed to determine effects thereof 
in the system and to classify effects of each failure 
mode according to its severity. FMEA is the base of 
CA. At the beginning of this part, we give the closed-
loop work analytical procedure of FMECA as shown 
in Fig. 1 [12]. 

In CA, based on results of FMEA, each failure 
mode needs to be evaluated and prioritized so that 
appropriate corrective actions can be taken for 
different failure modes. The priority of a failure mode 
is determined through the Risk Priority Number 
(RPN), which is defined as the probability of the 
Occurrence, Severity and Detectability, namely 
RPN=Occurrence×Severity×Detectability [13]. The 
three factors are all evaluated using the ratings (also 
called rankings or scores) from 1 to 10, as described 
from Table 1 to Table 3 [14]. Failures with higher 
RPNs are assumed to be more important and should 
be given higher priorities. 

 
 

 
 

Fig. 1. The closed-loop work procedure of FMECA. 
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Table 1. Evaluation criterion for occurrence  
of certain failure. 

 

Rank 
Criteria: Probability  

of Occurrence 
Probability 

9, 10 
Failure is almost 
inevitable 

Very high 

7, 8 Repeated failures High 
5, 6 Occasional failures Moderate 
3, 4 Relatively few failures Low 
1, 2 Failure is unlikely Remote 

 
 
Table 2. Evaluation criterion for severity of certain failure. 

 
Rank Criteria: Severity of Effect Effect 

9, 10 
System inoperable with 
destructive failure 

Very high 

7, 8 
System inoperable with 
equipment damage 

High 

5, 6 
System inoperable with minor 
damage 

Moderate 

3, 4 System inoperable with damage Low 
1, 2 No effect  Remote 
 
 
Table 3. Evaluation criterion for detection of certain failure. 

 

Rank 
Criteria: Likelihood of 

Detection 
Detection 

9, 10 Remote chance Remote 
7, 8 Low chance Low 
5, 6 Moderate chance Moderate 
3, 4 High chance High 
1, 2 Very high chance Very high 

 
 
FMECA has function analysis and hardware 

analysis, function analysis is used in this paper, 
which lists the functions of the systems or produces 
one by one and analyzes the causes, influence and 
harmfulness of each failure modes for the systems or 
products. The risk analysis of Interval Signal Control 
Function is a very complicated subject, which is 
determined by numerous relevant failure modes. It is 
impossible for a single engineer or manager to 
consider all relevant failure modes. Therefore, risk 
identification of the Interval Signal Control Function 
involves a number of experts with different 
background or discipline regarding the railway safety. 
By referring to these judgments of experts and 
historical data, the failure modes of Interval Signal 
Control Function can be identified comprehensively. 

 
 

2.2. Principles of FAHP 
 
AHP was proposed by American scholar  

T. L. Saaty in the 1970s [15], a certain scale which 
changes subjective judgments into objective ones and 
solves qualitative problems with quantitative analysis. 
It is a simple and practical multi-criteria evaluation 
method, applied in many fields. 

Fuzzy comprehensive evaluation is a branch of 
fuzzy mathematic which is created by a well-known 
cybernetics expert L. A. Zadeh, deal with the fuzzy 
phenomenon with mathematical method [16]. Fuzzy 
is one of the characteristics of human thinking and 
fuzzy sets theory; it is an effective tool for fuzzy 
phenomenon treatment, while the evaluation is a 
general view of things that the nature of thinking 
determines its fuzziness. As a result, the fuzzy 
mathematic method has been widely used in the field 
of systematic evaluation.  

When the evaluation covers a number of indexes 
of things, it should be integrated various demands to 
more realistic assessment. Thus, fuzzy set theory can 
be used to achieve the level of the integrated index, 
and make a comprehensive evaluation in accordance 
with standard limited. 

1) Establishment of Evaluation Factor Set. 
 1 2, , , mU u u u  is the evaluation factor set, that 

is the evaluation index system ( ( 1,2, , )iu i m   shows 

the ith factor which is influential to evaluation 
objects). The establishment of index system must 
follow the principles: systematic, scientific 
comparability and feasibility. After Delphi 
questionnaires repeatedly surveys, index system is 
divided into a number of levels according to their 
attributes. In general, the levels can be classified into 
three categories. 

The highest level: Only one element factor is in 
this level, which is usually the intended target or 
desired results in analyzing problems, so also known 
as the target layer.  

The middle level: This level includes intermediate 
links used for the realization of target level. It can be 
composed of a number of levels, including the 
criteria and the sub-criteria, thus, also known as 
criteria level. 

The lowest level: This level includes a variety of 
measures and decision-making schemes for achieving 
the target, thus, also known as  
scheme level. 

2) Determination of Weight Set. 
The weight set  1 2, , , mW w w w  is determined 

by AHP, the steps are as follows. 
A. Design Delphi questionnaires and compare the 

index in pairwise at each level, and form comparison 
matrix. A judgmental matrix, denoted as A, will be 

formed using the comparisons. Each entry ija  of the 

judgmental matrix is formed comparing the row 
element Ai with the column element Aj.  
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 (1) 

 
The use of the Saaty’s 1-9 scale [17] to transform 

the verbal judgments into numerical quantities 

representing the values of ija . The scale is explained 
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in Table 4. The judgmental matrix is a reciprocal 
matrix with 0ija  , 1 /ij jia a , 1iia  .  

 
 

Table 4. The Fundamental Scale. 
 

The relative 
important 

scale 
The definition of scale 

1 

Two activities contribute equally to the 
objective, Elements Ai9+ iA  and jA  are 

equally important 

3 
Experience and judgment slightly favor 

iA  over jA  

5 
Experience and judgment strongly favor 

iA  over jA  

7 iA  is favored very strongly over jA ; its 

dominance demonstrated in practice 

9 
The evidence favoring iA  over jA  is of 

the highest possible order of affirmation 

2, 4, 6, 8 

Sometimes one needs to interpolate a 
compromise judgment numerically 
because there is no good word to describe 
it 

Reciprocals of 
above 

If iA  has one of the above judgments 

assigned to it when compared with jA , 

then, jA  has the reciprocal value when 

compared with iA  

 
 

B. Once the judgmental matrix of comparisons of 
criteria with respect to the goal is available, the local 
priorities of criteria are obtained and the consistency 
of the judgments is determined. It has been generally 
agreed that priorities of criteria can be estimated by 
finding the principal eigenvector  of the matrix A. 
That is,  

 

naxAw   , (2) 
 

when the vector   is normalized, it becomes the 
vector of priorities of the criteria with respect to the 
goal. nax  is the maximum eigenvalue of the matrix A 

and the corresponding eigenvector  contains only 
positive entries. 

The consistency of the judgmental matrix can be 
determined by a measure called the consistency ratio 
(CR), defined as 

 

CI
CR

RI
 , (3) 

 

where CI is called the consistency index and RI is 
called the Random Index. 

CI is defined as 
 

max( )

( 1)

n
CI

n

 



 (4) 

 

RI is the consistency index of a randomly 
generated reciprocal matrix from the Saaty’s  

1-9 scale, with reciprocals forced. The RI values for 
matrices of different sizes are shown in Table 5. 

 
 
Table 5.  The average consistencies of random matrices 
 

Size 1 2 3 4 5 

RI 0.00 0.00 0.58 0.90 1.12 

Size 6 7 8 9 10 

RI 1.24 1.32 1.41 1.45 1.49 

 
 

If CR of the matrix is higher, it means that the 
input judgments are not consistent, and hence are not 
reliable. In general, a consistency ratio of 0.10 or less 
is considered acceptable. If the value is higher, the 
judgments may not be reliable and have to be  
elicited again. 

3) Establishment of the Evaluation set. 
All kinds of total judgment results given by 

judges form the evaluation set which can be 
expressed as V , denoted as  1 2, , , nV v v v  . 

4) Construct Each Fuzzy Judgment Matrix. 
Evaluation of single index is a set of fuzzy 

mapping :f U V . The different methods should be 
taken to determine membership because of the 
quantitative and qualitative index in the index system 
which has been established. Find some relevant 
experts, and evaluate each element of the second 
layer in the evaluation index system. After the 
collation of the survey results, it gets single-factor 
fuzzy judgment matrix. 
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5) Comprehensive Evaluation. 
Fuzzy comprehensive evaluation matrix can be 

described as follows 
 

B W R  , (6) 
 

where “  ” is synthetically computing operator, 
which uses weighted average based such as  ,M   . 

Fuzzy Mathematics has four models such as 
 ,M   ,  ,M   ,  ,M   and  ,M   for 

membership degree conversion, long-term results 
show  ,M    that is widely accepted [18]. 

 
 

3. Model Application 
 
This article presents a new risk assessment 

method for Railway Signal System using FMECA 
and FAHP, namely Fuzzy-FMECA method. A case 
study on risk assessment of Interval Signal Control 
Function for Train Control Center is used to illustrate 
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the application of the proposed risk assessment 
method. The procedure of this method is presented  
in Fig. 2. 

 
 

 
 

Fig. 2. The procedure of Fuzzy-FMECA. 
 
 

3.1. Application of FMECA 
 

FMECA method is used to identify the risk of 
Interval Signal Control Function, Based on the 
characteristics of signal transmission between the 
functions and the knowledge and expertise of the 

expert, the failure modes of Interval Signal Control 
Function are summarized as four: Lighting control 
information can not be output, the lighting control 
output information is incorrect, Lighting control 
information lags behind seriously, always output the 
same light control information. 

Based on results of failure modes analysis, each 
failure mode needs to be evaluated and prioritized so 
that appropriate corrective actions can be taken for 
different failure modes. The priority of a failure mode 
is determined through the RPN, which is defined as 
the probability of the Occurrence, Severity and 
Detectability. The three factors are all evaluated 
using the ratings (also called rankings or scores) from 
1 to 10, as described from Table 1 to Table 3. 

 
 

3.2. Application of FAHP 
 

1) Establish Evaluation Factor Set. 
Based on the above FMECA analysis, the 

evaluation index set is divided into two levels: the 
first level, goal set is determined as  1 2 3, ,U U U U , 

1U  denotes the Probability of Occurrence,  

2U  denotes the Severity, and 3U denotes the 

Detectability. The second level, sub goal set is 
determined as  1 2 3 4, , ,iU u u u u ,  1,2,3iU i  . u1 

denotes the lighting control information can not be 
output, u2 denotes the lighting control output 
information is incorrect, u3 denotes lighting control 
information lags behind seriously, and u1 denotes 
always output the same light control information. The 
evaluation index is described in Fig. 3. 

 
 

 
 

Fig. 3. The procedure of Fuzzy-FMECA. 
 
 
2) Establish Evaluation Set. 
Based on the ratings from 1 to 10, as described 

from Table 1 to Table 3. The Occurrence, Severity 
and Detectability are all evaluated.  

The evaluation set of factor 1U is determined as 

1V ={ 11v , 12v , 13v , 14v , 15v },  1 1,2, ,5jv j   denote very 

high, high, moderate, low, remote respectively in 
terms of probability of the Occurrence. 

The evaluation set of factor 2U is determined as 

2V ={ 21v , 22v , 23v , 24v , 25v },  2 1,2, ,5jv j    denote 

very high, high, moderate, low, remote respectively 
in terms of Severity. 

The evaluation set of factor 3U is determined as 

3V ={ 31v , 32v , 33v , 34v 35v },  3 1,2, ,5jv j    denote 

remote, low, moderate, high, very high respectively 
in terms of Detectability. 

3) Construct Fuzzy Judgment Matrix. 
10 experts are found to evaluate the RPNs in 

terms of these four failure modes, Based on the 
collation of the questionnaires, the fuzzy judgmental 
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matrix R1 can be obtained by the set of fuzzy 
mapping 1 1:f U V , the fuzzy judgmental matrix R2 

can be obtained by the set of fuzzy mapping 

2 2:f U V , the fuzzy judgmental matrix R3 can be 

obtained by the set of fuzzy mapping 3 3:f U V . 

 

1

0.1 0.9 0 0 0

0.3 0.6 0.1 0 0

0.1 0.6 0.3 0 0

0 0.5 0.5 0 0

R

 
 
 
 
 
   

 

2

0 0.1 0.9 0 0

0.4 0.5 0.1 0 0

0 0.4 0.4 0.2 0

0.3 0.1 0.6 0 0

R

 
 
 
 
 
   

 

3

0 0 0.5 0.3 0.2

0 0.7 0.3 0 0

0 0.4 0.6 0 0

0 0.4 0.6 0 0

R

 
 
 
 
 
   

 
4) Determine the Weight Set. 
Weight Set reflect the magnitude that every factor 

influences the evaluated target, According to the 
AHP, pairwise comparisons are used to compare 
factors based on the Saaty’s 1-9 scale, The results of 
the pairwise comparisons can be used to construct a 
judgmental matrix, as is shown in Table 6.  

 
 

Table 6. Judgmental matrix and priorities of each failure 
mode of interval lighting control function. 

 
Intensity of 
importance 1u  2u  3u  4u  weights 

1u  1 1/9 5/21 1/9 0.0382 

2u  9 1 29/5 1 0.4314 

3u  21/5 5/29 1 5/29 0.0989 

4u  9 1 29/5 1 0.4314 

 
 
According to the formula (2), the maximum 

eigenvalue nax  can be calculated, 4.1264nax  . 

Based on the formula (3) and (4), the results show 
that the CR of comparison matrix is smaller than 0.1, 
which satisfies the consistency of the  
comparison matrix.  

Similarly, the weight set W  corresponding to the 
goal set  1 2 3, ,U U U U  can be calculated as 

 0.343,0.351,0.306W  , the weight set w  

corresponding to the sub goal set  1 2 3 4, , ,iU u u u u , 

 1,2,3iU i   can be calculated as 

 0.0538,0.6438,0.0538,0.2486w  . 
5) Fuzzy Comprehensive Evaluation  
A. Fuzzy Comprehensive Evaluation of First 

Grade. 

The fuzzy comprehensive evaluation of first 
grade is also called the fuzzy comprehensive 
assessment of the single factor. It synthesizes 
contribution to the evaluated value of each grade of a 
factor, and makes assessment of single factor. 

According to the formula (6), the fuzzy 
comprehensive evaluation of first grade can be 
obtained as follows, 

 
 1 1 0.2039,0.59128,0.20482,0,0B w R 

 
 

 2 2 0.3321,0.37366,0.28348,0.01076,0B w R 
 

 
 3 3 0,0.57162,0.40148,0.01614,0.01076B w R 

 
 
According to the results of the first grade fuzzy 

comprehensive evaluation, we can get the 
conclusions. The Occurrence of the Interval Signal 
Control Function is taken into account, Based on the 
calculation, the risk ratio are as follows: 20.39 %, 
59.13 %, 20.48 %. According to the maximum 
membership principle, the Occurrence for the failure 
modes of the Interval Signal Control Function is high, 
and the distribution situation of evaluation criterion 
for probability of the Occurrence is shown as  
in Fig. 4. 

 
 

20.48%

59.13%

20.39%

Probability of the Occurrence

1
2
3

moderate
high
very high

 
 

Fig. 4. The procedure of Fuzzy-FMECA. 
 
 
The Severity of the Interval Signal Control 

Function is taken into account, Based on the 
calculation, the risk ratio are as follows: 33.21 %, 
37.37 %, 28.35 %, 1.08 %. According to the 
maximum membership principle, the Severity for the 
failure modes of the Interval Signal Control Function 
is high, and the distribution situation of evaluation 
criterion for Severity is shown as in Fig. 5. 

The Detectability of the Interval Signal Control 
Function is taken into account, Based on the 
calculation, the risk ratio are as follows: 57.16 %, 
40.15 %, 1.61 %, 1.08 %. According to the 
maximum membership principle, the Detectability 
for the failure modes of the Interval Signal Control 
Function is low, and the distribution situation of 
evaluation criterion for Detectability is shown as  
in Fig. 6. 
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Fig. 5. Distribution situation of evaluation criterion  
for Severity. 
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Fig. 6. Distribution situation of evaluation criterion  
for Detectability. 

 
 

Based on the results of the first grade fuzzy 
comprehensive evaluation, the Occurrence for the 
failure modes of the Interval Signal Control Function 
is high and the failure modes will lead to the 
equipment damage, the likelihood of detection is low. 
Railway maintenance departments should attach 
importance to the failure moods of the Interval Signal 
Control Function, the detailed inspection and test 
plan should be made to ensure that its work is under 
safe state. However, each failure modes for the risk 
level of this function is different, in order to integrate 
the effects of each failure modes on this function and 
make the results of the risk analysis reliable, the 
comprehensive risk assessment about this function 
should be conducted to sequence the failure modes 
and find out the key failure mode. 

B. Comprehensive Risk Assessment 
Judgmental matrix can be obtained by conducting 

the fuzzy comprehensive evaluation of first grade, 
each fuzzy judgmental matrix can be obtained by 
extracting the row vectors of the judgmental matrix 
of each factor. For example, the first row of the 
judgmental matrix R1 can be obtained by the set of 

fuzzy mapping 1 1:f u V . By extracting the 

corresponding row of the judgmental matrix, fuzzy 
judgmental matrix of each failure mode can be 
obtained. For example, in view of the failure mode 

1u , the fuzzy judgmental matrix of failure mode 1u  

can be obtained after extraction 

1

0.1 0.9 0 0 0

0 0.1 0.9 0 0

0 0 0.5 0.3 0.2

R

 
   
    

 

The weights of each factor about goal set is 
calculated as  0.343,0.351,0.306W  , the fuzzy 

comprehensive evaluation of the failure mode 1u  is 

obtained as 
 

 1 1 0.0343,0.3438,0.4699,0.0908,0.0612B W R   
 

In order to integrate the effect of each failure 
mode on this function, the weighted average model is 
used to calculate comprehensive risk level of failure 
mode 1u  

 
5

1

1
i i

i

C b v


  , 

 

where  5,4,3,2,1iv i i   and  1,2,3,4,5ib i i   are 

each element of the matrix 1B . The comprehensive 
risk level of failure mode 1u about this function can be 

calculated as 1 2.89C  . 
The same method can be used to calculate 

comprehensive risk level of other failure modes of 
Interval Signal Control Function; hence the vector of 
comprehensive risk level of other failure modes is 
populated as following 

 

   1 2 3 4, , , 2.89,6.46,3.47,3.54C C C C C   

 

The results show that the failure mode 2u  has the 

highest risk, which should be prioritized for 
inspection, the overall risk priority ranking of the 
four failure modes for Interval Signal Control 
Function is assessed as 2 4 3 1u u u u   , namely the 

risk ranking from high to low is the lighting control 
output information is incorrect, always output the 
same light control information, lighting control 
information lags behind seriously, lighting control 
information can not be output. The ranking of the 
four failure modes is showed in Fig. 7.  
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Fig. 7. The overall risk priority ranking  
of the four failure modes. 
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In order to verify the reliability of evaluation 
results, a number of experts who have nothing to do 
with this algorithm were selected to evaluate this 
function, the expert scoring results consistent with 
the calculation results, which confirm the feasibility 
of this method. 

 
 

4. Conclusions 
 

Risk assessment results demonstrate the 
effectiveness of the Fuzzy-FMECA method, through 
ranking the results of the risk, the risk order of each 
failure mode can be found on this basis, design 
personnel and maintenance personnel can master 
more information of this function, the corresponding 
improvement measures should be made in connection 
to the higher risk of the failure mode. 

By means of establishing the fuzzy-FMECA 
comprehensive evaluation model of the Interval 
Signal Control Function for Train Control Center, 
The risk assessment results show that the application 
of Fuzzy-FMECA method can identify the failure 
modes and evaluate the potential risk of the Railway 
Signal System more objectively and effectively, 
which will provide railway risk analysts, engineers 
with a method to improve their safety management of 
Railway Signal System and set safety standards. 
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Abstract: Based on the traffic flow pattern in single intersection, this paper advances a design method for 
intelligent traffic lights in the state of stochastic dynamic change of traffic flow by employing the Fuzzy Control 
Theory. The application of fuzzy control technology to achieve the traffic lights control system not only breaks 
the traditional mechanical models but also manages to simulate intelligence control system in which the traffic is 
directed by the police, making possible signal conversion for different situations and optimum delay time of 
green light. It is proved that the fuzzy control system can effectively reduce the delay time length of waiting 
vehicles. In consideration of the randomness and robustness of traffic flow, this paper employs the Monte Carlo 
method in combination with MATLAB to simulate, which proved to be more effective than the traditional 
control method. It significantly increases the utilization rate of traffic, thereby generating considerable economic 
benefits. Copyright © 2013 IFSA. 
 
Keywords: Single intersection, Fuzzy control, Intelligent traffic lights, Monte Carlo, Simulation. 
 
 
 
1. Introduction 

 

With the rapid development of automobile 
industry, more and more automobile enterprises 
began to set foot in the field of automobile 
intellectualization and apply cutting-edge 
Information Technology to the automobile and its 
control. According to relevant statistics, over 90 % of 
innovation in automotive industry is related to 
automobile intelligent system. Intellectualization is 
the trend of automobile’s future development and is 
considered as a revolution in the process of 
automotive technology development. It is an 
important and effective means to gain a niche in the 
future automobile market. Although the automobile 
intelligent technology has reached a relatively mature 
stage, the road management cannot be reformed once 

and for all. The congestion problem has become 
increasingly prominent and the intersection is the 
most congested section, where traffic jam is quite 
often seen. Phenomenon of 2~3 hours congestion is 
quite common in metropolis like Beijing, Shanghai 
and Shenzhen. Reform of traffic rules since this year 
particularly poses a grave challenge to the traffic 
control. As a result, ideas of using high-tech systems 
such as intelligent, fuzzy, automation to solve the 
problems of road traffic are emerging. 

Referring to the realistic data of China’s traffic 
situation, considering time difference of traffic flow 
in different regions with periodic regularity, taking 
into account of length of the waiting vehicles in stop 
way of intersection, based on the theory of intelligent 
fuzzy control and with the help of computer 
simulation, this paper sets up an automated multi-
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phase intelligent traffic control system and 
establishes a more effective control system compared 
with the induction time control. The control system is 
designed to make the vehicle at the intersections wait 
for the shortest time, thereby reducing their passing 
time. The control system has the following 
characteristics: 

1) Adopting statistical view, combining the past 
traffic volume and statistical analysis of computer 
data to predict real-time traffic; 

2) Adopting fuzzy control method, taking 
prediction of real-time traffic flow as input condition 
to control the traffic lights; 

3) The control methods used have feedback self-
directed learning function, and have strong sensitivity 
to disturbance of special time quantum. 

 
 

2. Analysis of Intelligent Traffic Signal 
Control 
 
Time delay distribution of traffic light in single 

intersection is determined by traffic flow in different 
intersections. Fig. 1 is the single intersection traffic 
flow chart.  

All of the 4 directions in the three-lane road 
single intersection have three kinds of traffic flow 
direction, namely, left, right, straight on [1]. In the 
control of time delay distribution of traffic light in 
single intersection, this paper takes into account the 
effect of queue length of detained traffic flow at 
intersection during red light and the passing number 
of vehicles during green light on time delay 
distribution and draws up corresponding fuzzy 
control rules, constructs the traffic light intersection 

fuzzy controller, and achieved the delay timing 
control of intersections. 

 
 

 
 

Fig. 1. Single intersection traffic flow chart. 
 
 
According to the analysis of the above traffic 

flow structure chart of single intersection, 
considering the effect of queue length of detained 
traffic flow during red light and the passing number 
of vehicles during green light on time delay 
distribution, in realistic control, traffic flow in rush 
hours and in slack periods are in random change.  
Fig. 2 is flow chart of overall control feedback of 
traffic light, which enables the fuzzy controller of 
traffic light to accomplish intelligent artificial 
feedback timing regulation at different stages, so as 
to shorten the time of traffic congestion. 

 
 

 
 

Fig. 2. Flow chart of overall control feedback of traffic light. 
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3. Model Design of Intelligent Traffic 
Light Control 

 
3.1. Analysis of Traffic Flow Phase  

and the Length of Queue 
 

Since the signal control systems of traffic light in 
the past generally didn’t consider the phase change, 
we take a periodic change control of “four phase” 
into consideration in order to cater to the random 
timing distribution of intelligent automation in 
different states. Fig. 3 is the traffic patterns of  
4 phases. This paper adopts the improved control 
method of 4 phases in random sequence, based on the 
statistical analysis of sensor traffic flow, uses phase 
fuzzy optimization control to calculate and analyze  
to determine the execution phase of the next  
moment [3]. 

 
 

 
 

Fig. 3. Phase traffic patterns. 
 
 

In Fig. 1, )12,1(,i iL  represents the current 

length of fleet in different lanes. The maximal length 

that passes the intersection in current moment is 
called length of passage and the maximal length of 
two fleets that pass in the phase next moment is 
called waiting degree. 

Therefore, the length of passage and value of 
waiting length of 4 phases can be obtained according 
to the traffic patterns of 4 phases [2]. 

 
 

3.2. The Fuzzy Delay Control Rule of Traffic 
Light and its Quantification 

 
Use the theoretical achievements of fuzzy 

controller to turn the control strategy described by 
nature language into fuzzy control rules in order to 
realize fuzzy control. 

In this regard, the variable that is used for fuzzy 
control has the following 3 parts: fuzzification, fuzzy 
control rules and defuzzification. 

Use the theoretical achievements of fuzzy 
controller to turn the control strategy described by 
nature language into fuzzy control rules in order to 
realize fuzzy control. 

In this regard, the variable that is used for fuzzy 
control has the following 3 parts: fuzzification, fuzzy 
control rules and defuzzification [4, 5]. 

In fuzzy control, input is decided through 
considering the queue length of the current phase and 
the next phase. The queue length consists of passing 
queue length and waiting queue length L; Output is 
the delay time T of green light. Set the distance of 
sensor as 100 m, load length of every queue phase as 
4m and the traffic flow of each phase as 50 vehicles. 
It follows that the domain of discourse of the passing 
queue length and waiting queue length in question is 
[0, 54]; since the shortest delay time of green light is 
8 seconds and the longest 90 seconds, the domain of 
discourse of delay time during green light is [8, 90]. 

 
 

Table 1. Passing queue length and waiting queue length of four phases. 
 

Phase Traffic queue length Wait length 
1 Max（L5+L11） Max（L1+L3+L7+L9, L4+L6+L10+ L12, L2+ L8） 
2 Max（L4+L6+L10+L12） Max（L1+L3+L7+L9,L5+L11, L2+L8） 
3 Max（L2+L8） Max（L1+L3+L7+L9,L5+L11,L4+L6+L10+L12） 
4 Max（L1+L3+L7+L9） Max（L5+L11,L4+L6+L10+L12,L2+L8） 

 
 

Fuzzifying the input and output, we can get: 
The basic domain of discourse of passing queue 

length is{3, 6, 9, 12, 15, 18, 21, 24, 27, 30, 33, 36, 
39, 42, 45, 48, 51, 54}, the basic domain of discourse 
of waiting queue length is{3, 6, 9, 12, 1518, 21, 24, 
27, 30, 33, 36, 39, 42, 45, 48, 51, 54}, the basic 
domain of discourse of delay time during green light 
is {8, 12, 16, 20, 24, 28, 32, 36, 40, 44, 48, 52, 56, 
60, 64, 68, 72, 76, 80, 84, 88, 90}. When it comes to 
red light, compare the traffic flow of the east and 
west straight-on lanes and choose the larger one. 

Then, if the traffic flow at last 8 seconds is less than  
5 vehicles, reduce the next-round green light time 
quantum by 4 seconds [6-7]; if more than  
10 vehicles, increase by 4 seconds; if within  
5-10 vehicles, the next-round green time quantum 
remains unchanged. (As shown in Fig. 2) 

On the amount of input and output, we set up the 
model of fuzzy subset: {NB (very few), NS(few), 
ZE(Medium), PS(many), PB(plenty)}[8] and get 
Table 3. 
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Table 2. Time control of traffic flow before the end of green light. 
 

Order number Traffic flow Green time of next round 

1 Less than 5 vehicles Reduced by 4seconds 

2 5-10 vehicles Unchanged 

3 More than 10 vehicles Increased by 4 seconds 

 
 

Table 3. The rule table of fuzzy delay control. 
 

T NB NS ZE PS PB 

NB NB NB NB NB NB 

NS NS NB NB NB NB 

ZE ZE NS NS NB NB 

PS PS ZE ZE NS NB 

PB PB PS ZE ZE ZE 

 
 

3.3. The Rules of Fuzzy Delay Control  
and Analysis of Matlab Program 
 

Based on the above principles, we can set the 
appropriate parameters and consider the probability 
distribution of traffic flow that accord with Queuing 
Theory. (Poisson distribution). Supposing that the 
traffic flow accords with the random quantity of 
Poisson distribution, then calculate the number of 
waiting vehicles and stopping length of time during 
red light in the west and the number of waiting 
vehicles and total stopping length of time in both the 
east and the west, generating the red light waiting 
time and number of waiting vehicles in each 
intersection. It’s therefore defined that the next red 
light time quantum is the sum of green light time 
quantum of the rest three intersections. 

This paper adopts the fuzzy inference method of 
Mamdani [6], the arithmetic of conjunctions "and", 
"or" and "also" of MATLAB fuzzy logic toolbox and 
fuzzy implication and comprehensive defuzzification 
are as follow [9]: 

1) The calculation of “and” 
 

))(),(min(),( WNWN BABA    

 
2) The calculation of “or” 

 

))(),(max(),( WNWN BABA    
 

3) The calculation of Implication 
 

))(),(min(),( WNWN BABA    
 

4) The calculation of Aggregation 
 

))(),(max(),( WNWN BABA    
 

5) The calculation of Defuzzification 
Employing Center of Area, that is, determine the 

fuzzy set membership function curve and center of 
abscissa surrounding area and choose the center’s 
corresponding abscissa value as the representative 
value of the fuzzy set [10]. 
The following are some Matlab procedure codes: 

while t1_WEST<x_1a  
while v1_WEST<=x_1a  
v1_WEST=v1_WEST+CAR1_WEST(i1_WES
T) 
i1_WEST=i1_WEST+1 
while v1_WEST>=x_1a-m 
if v1_WEST>x_1a 
break  
end 
j1_WEST=j1_WEST+1 
v1_WEST=v1_WEST+CAR1_WEST(i1_WES
T) 
i1_WEST=i1_WEST+1  
t1_WEST=t1_WEST+1 
end 
end 
t1_WEST=t1_WEST+1 
end 
… 
d=d1+d2+d3+d4 
s=s1+s2+s3+s4 
p=(y_1a+y_2a+y_3a+y_4a)/(d+s) 
l=(d+s)*60/7 

y=y_1a+y_2a+y_3a+y_4a 
Firstly, through the theoretical analysis and 

construction of traffic light fuzzy neural network of 
traffic flow, we establish the expert fuzzy control rule 
library; and by constant adjustment and learning in 
the MATLAB fuzzy system (FIS) [11]-[12], we 
achieve the queue length membership function and 
green light delay membership function value and map 
out the corresponding membership function diagram 
[4], as shown in Fig. 4: 

 

L 
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Fig. 4. The membership function diagram of queue length in traffic flow and the delay time during green light. 

 
 
4. Monte Carlo Simulation 
 

In order to reflect the advantages of intelligent 
traffic light control system, this paper proposes 
empirical method of control algorithm and combines 
real-time data to carry out Monte Carlo system 
simulation. According to the required intelligent 
control system features, this paper works out a 
Matlab simulated program and makes a simulation 
study on the traffic flow and control system, 
crystallizing the entire system to make a more direct 
and obvious comparison with the traditional traffic 
light. 

At first, we use the date obtained from an 
intersection in Cangshan district of Fuzhou to carry 
out fuzzy control and compare the statistical data 
with the traditional control method, as shown in the 
following Table 4: 
 
 

Table 4. Comparison of the number of waiting 
vehicles at the intersection for 20 minutes. 

 

Intersection 
Traditional 
traffic light 

Intelligent 
traffic lights 

East 50 38 
South 15 12 

West 128 112 

North 39 30 
 
 

Obviously, we find that the intelligent traffic light 
control is superior to traditional traffic light control. 
In order to reflect the uncertainty and mathematical 
regularity of traffic flow, we use Monte Carlo method 
in combination with MATLAB to carry out 
simulation data. Simulation of traffic flow is based on 
on-the-spot and long-time statistical traffic flow 
volume, MATLAB simulation and Poisson 
distribution rule, generating a large amount of 
simulation data. In MATLAB, we can use the 
function of POISSFIT (X) to obtain the sample X, 
and calculate the point estimate of parameter   in 
Poisson distribution, thereby calculating the Poisson 

parameter estimation function. We can use 
[LAMBDAHAT, LAMBDACI] = POISSFIT(X, AL-
PHA) to get the value of sample X. Calculate the 
parameter point estimate of Poisson distribution 
LAMDA and its confidence coefficient and we get 
interval estimation 100(1-ALPHA). Use the sample 
data to replace X in matrix form and we get the 
sample value of ALPHA and then use the formula R 
= POISSRND(LAMBDA,M,N) to get Poisson 
distribution lamda=LAMDA and random number 
matrix of line M and row N. Generally, the M in 
random number matrix is set as 1, then in the process 
of determine N, a certain amount of random number 
can be simulated. Here we set N as 10000, that is, 
there will be a random number of 10000 vehicles 
passing through the intersection. 

According to the above simulation analysis, it is 
evident that no matter the input flow and output flow 
are known/certain or unknown/random, the 
traditional control is inferior to the intelligent fuzzy 
control. 
 
 

5. Conclusion 
 

The signal time delay controller of intelligent 
fuzzy traffic light, which is based on Monte Carlo 
theory and fuzzy mathematics control method, is 
practical in traffic control at single intersections. This 
paper puts forward a preferable intelligent control 
project of traffic light. Since this project is not 
subject to time, region or weather, strictly conforms 
to traffic rules, and has memory and learning 
function, it has universal practical applicability. 

No matter in rush hours or slack hours of traffic, 
imbalance of traffic flow in different direction of the 
same phase will not increase the vehicle’s waiting 
time in other phases or the average vehicle’s delay 
time. This is a big advantage of this project. This 
paper just analyzes the traffic light situation at single 
intersections, and the design of traffic light at 
multiple intersections will be extended and taken as 
the future research. 
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Table 5. Monte Carlo simulation results. 
 

Traditional traffic light Intelligent traffic light The last N 
second of 

green light 
The number of 

stopping vehicles 
The average vehicle 

stopping time 
Number of stopping 

vehicles 
Average 

stopping time 
1 1086 189.3 924 147.4 
2 919 148.4 813 129.5 
3 853 125.4 787 108.7 
4 732 109.6 642 106.3 
5 658 94.7 532 84.4 
6 692 95.2 586 93.5 
7 774 112.1 667 90 
8 832 123.2 795 109.8 
9 982 152.8 960 134.6 
10 1053 186.3 1024 162.4 
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Abstract: In recent years Terrestrial Laser Scaner (TLS) is widely used in complex scene survey and space 
objects measurement, however, due to the trees’ irregular and complex morphology, also the scanning results be 
effected by the wind blowing and occlusion effect, so quantifying the 3-D morphology structure and forestry 
index of an individual tree or a forest stand from Point Cloud Data (PCD) is a challenging task. In this paper, the 
computer theory is combined into our approach. Firstly the covariance matrixes based on neighborhood 
information are constructed to retrieve the feature vectors of every PCD, including normal vector, torsion and 
curvature from the scanning data. Secondly the LLE manifold-learning method is adopted for dimensionality 
reduction of PCD features, then identification and classification of different plant organs are achieved. Finally 
orthogonal least squares algorithm about three-dimensional surface fitting is presented to remove deviation 
caused by leaf jitter, then the whole PCD of singe leave are mapped onto one three-dimensional surface, next, 
many triangles are used to form the foliage area and Leaf Area Index (LAI) can be calculated based on the 
delaunay triangulation algorithm. In this paper we apply computer theory to overcome the shortcomings of TLS 
in forestry application, automatically and nondestructively achieve the classification of different plant organs 
and 3-D reconstruction of real foliage, most importantly, this work provide a theoretical foundation for 
retrieving LAI and forestry parameters from PCD obtained with a TLS. Copyright © 2013 IFSA. 
 
Keywords: Terrestrial laser scanning (TLS), Point cloud data (PCD), Plant organs classification, Foliage 3-D 
reconstruction. 
 
 
 
1. Introduction 

 

The forest has an irreplaceable status in regulating 
the Earth's environment of human habitation and 
slowing down global environmental degradation 
trend, forest surveying and forestry information 
acquisition become an important issue in recent 
years, how to take fine measurement of quantitative 
forest inventories and provide an effective way to 
improve the accuracy and efficiency of  

forestry data collection is the main task in  
forestry management.  

In recent years, there are several methods of 
obtaining trees morphology structure and measuring 
trees parameter. Firstly, plant canopy analyses and 
traditional mechanical instruments for trees 
measurement are inefficient and be affected by leaf 
overlap and aggregation, the measurement results 
also be influenced by sun zenith angle and 
mathematics calibration. Hyper-spectral remote 
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sensing [1, 2] measure the canopy from top down and 
usually include a recorded reflection from the 
ground, it is capable of producing one-shot 
topographic and spectral intensity information, which 
will enable a simultaneous study of structural and 
biochemical vegetation parameters, but hyper 
spectral instrument be affected by atmospheric 
conditions and accuracy of aerial photography, also it 
is not theoretically support by modern physical 
model. Airborne LIDAR [3, 4] can monitor plant 
biomass and growth, but if only rely on the finitely 
waveform of echo signal with attenuation and noise, 
we can not accurately estimate individual vegetation 
features. The TLS scans [5, 6] pulse laser over the 
full upper hemisphere and part of the lower 
hemisphere by using a mirror rotating in the vertical 
plane (the zenith scan) and a rotation of the 
instrument to provide azimuthal coverage. The time-
dependent intensity of reflected light from each laser 
pulse is recorded, providing a waveform that may 
include responses from multiple targets. The laser 
produces an energy pulse that is distributed in time. 
The shape of the outgoing pulse is consistent and has 
a well defined peak. Reflections from targets are 
time-delayed copies of this pulse, where the range to 
the target is simply inferred from the arrival time of 
the pulse peak relative to the peak of the outgoing 
pulse. TLS can mosaic the multi-view scanning data, 
thereby ensure scanning data completeness and 
reduce the impact of foliage cover, eventually get 3D 
point cloud model of real stumpage. Due to high 
precision and high density characteristics of TLS, the 
TLS-based method is taken as a most appropriate 
method for tree measurement, it can also serve as a 
calibration tool for airborne laser scanning and other 
measurement application with ground sampling. 

In recent years, there are several ideologies to 
calculate tree parameters from TLS point clouds.  

1) Different space partitioning method and 
projection strategy about PCD are used to calculate 
vegetation architecture and foliage assemblage in 
each space cell, then to indicate trees’ growth index 
[7, 8]. Such as Zheng [9] presented a new voxel-
based method with line quadrat direction to retrieve 
the biophysical characteristics of the forest canopy 
including extinction coefficient, gap fraction, 
overlapping effect along the direction of the line 
quadrat and estimated effective leaf area (ELA) from 
TLS point cloud data. Bélanda [10] investigated the 
use of a voxel-based approach to retrieve leaf area 
distribution of individual trees from PCD and 
provided vertical as well as radial distributions of leaf 
area in individual trees to estimate savanna 
vegetation structural parameters with a high level of 
detail. Zheng [11] developed circular point cloud 
slicing to explore the spatial variation of point 
density for both azimuthal angular and radial 
directions; the result showed comprehensive scan 
combination could fully represent the canopy 
structure and structural variation of the 
heterogeneous forest stand. 

2) The physical model and forestry formula are 
applied to PCD analyzing for forestry index 
calculation. Such as Lovella [12] used Semi-analytic 
Pgap and Radiative Transfer (CanSPART) model to 
predict tree gap probability (Pgap) profiles, then a 
canopy structure model based on simple geometric 
forms and parameterized with plot-scale statistical 
biometric data were used to predict gap probability 
(Pgap) profiles. Experimental result showed that his 
mathematical model about PCD calculation performs 
better in clumped canopies than a simple exponential 
model. Zheng [13] combined beer laws to present a 
new method that using total least square fitting 
techniques to reconstruct the normal vectors, then 
indirectly and nondestructively retrieved foliage 
elements’ orientation and distribution from PCD 
obtained using a terrestrial laser scanning  
(TLS) approach.  

3) Computer graphics and computer vision theory 
are studied for TLS point cloud processing. Xu [14] 
presented a semi-automatic method for realizing the 
sparse point clouds of range scanned trees transform 
to full polygonal models, a skeleton of the trunk and 
main branches was produced based on the scanned 
point clouds, then steps were taken to synthesize 
additional branches to produce plausible support for 
the tree crown, subsequently, allometric theory was 
used to estimate appropriate dimensions for each 
branch, at last, leaves were positioned, oriented and 
connected to nearby branches. Liang [15] presented a 
fully automatic stem-mapping algorithm, he used a 
series of cylinders to built up trees’ stem model, 
result show in a relatively dense managed forest, the 
majority of stems could be located by proposed 
automatic algorithm.  

In summary, three questions are existed in tree’s 
LAI calculation: 

1) How to extracted and distinguished the leaf 
from the flourishing tree’s PCD with enormous 
various leaf inclination angle and morphology.  

2) The scanning PCD exist deviation and jitter 
due to disturbance and occlusion of external 
environmental conditions, so how to remove the 
measurement deviation and design the algorithm to 
get real deformation foliage data is to be considered. 

3) TLS can obtain discrete point cloud data, while 
the manifestation of real leaves is in the form of three 
dimensional surfaces, so how to design a reasonable 
point to plane transform algorithm is to be solved.  

Due to extreme complex morphology of trees, in 
order to retrieve the biophysical characteristics of real 
stumpage including LAI, branches location, crown 
density, tree trunk shape etc, it needs the combination of 
computer vision and graphics theory to explore hidden 
information from PCD. In this paper the manifold 
learning LLE method is adopted to classify and identify 
different tree organs, then the least squares surface 
fitting method with orthogonal distance is proposed to 
eliminate deviation which caused by wind and 
occlusion, then PCD projection on the Z axis without 
spatial morphology distortion is achieved. Finally, 
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triangulation algorithm for foliage modeling is designed 
to derive real tree leave 3D model. 

 
 

2. Plant Organs Classification  
Based on Manifold Learning 
 

2.1. Characteristics of PCD Calculation 
 
In this section, the spatial distribution properties 

of the laser points are studied. Trees’ PCD are 
defined by means of features calculation such as 
flatness, direction, and shape. Due to geometrical 
form difference, different organs of trees share 
dissimilar attributes, therefore, a robust feature 
extraction and classification method is needed to 
estimate stumpage parameters when branches or 
foliages points are present. In this step, the properties 
of point distribution, such as flatness and normal 
vector direction, are used to distinguish the trees’ 
organs from the huge amounts of irregular PCD. 
Consequently, the method about feature calculation is 
given below. 

For a point  , ,
T

i i i ip x y z  in the point cloud 

P , 3P R , its surrounding finite space is defined by 

N  nearest points  , ,
T

j j j jp x y z  with mean 

 
1

1
N

jj
u N p


  , the covariance matrix PC   

of points jp  is defined by 

  
1

1 N T

p j j
j

C p u p u
N 

   , the point set jp  itself 

does not have context information. The eigenvalue & 
eigenvector approach is usually employed to study 
point distribution, by utilizing eigenvalue 
decomposition, a new coordinate system can be 
defined, where point directions are given by 
eigenvectors and point variances along axes are given 
by the corresponding eigenvalues. Let ie  be the 

eigenvector and i  be the corresponding eigenvalue, 

where 0,1,2,..i   and 0 1 2    . In this new 

coordinate system, 0e  gives the direction in which 

the points exhibit the least variance and 2e  gives the 

one in which the points exhibit the most variance. 
Where a surface structure is spanned in the 
neighborhood, 0e  approximates the normal vector at 

point ip . For convenience, 0e  is denoted as the 

normal vector in the following. The eigenvalue i   

quantitatively shows the data variance along the 
axis ie , or the compactness of the point distribution 

along the axis. Therefore, flatness lF  can be defined 

as 0

0 1 2

1lF


  
 

 
, which shows the significance 

of the point distribution in two main directions. A 
high value of lF  means that the point is 

approximately on a planar surface.  

After the above analysis, a series of features 
about each point ip  is obtained, described as 

 , , , , , , , ,pi i i i i i i i x i y i zc x y z r g b e e e , where , ,i i ir g b  is 

the color value and , ,i x i y i ze e e  represent the normal 

vector of ip , then these features are taken into the 

classification algorithm to realize different tree 
organs classification. 

 
 

2.2. PCD Classification Based on LLE 
Framework 

 
LLE [16] maps a data set 

 1 2 3, , ,...p p p p pnC c c c c , pi dc R  globally to a data 

set  1 2 3, , ,... nY y y y y , m
iy R . In previous 

section calculating pic  has been described, assuming 

the data lies on a nonlinear manifold which locally 
can be approximated linearly, it uses two stages:  

1) locally fitting hyper planes around each sample 

pic , based on k  nearest neighbors of point ip , and 

calculating reconstruction weights;  
2) finding lower dimensional co-ordinates iy  for 

each pic , by minimizing a mapping function based 

on these weights. In stage 1, the cost function 
minimized is: 

 

   

2

1 1

min
n k

i
pi j pN j

i j

W c w c
 

    (1) 

 
i.e. how well each ip  can be linearly reconstructed in 

terms of its neighbors  1Np  2Np …  N kp . For one 

vector pic  and weights  i
jw  that sum up to 1, this 

gives a contribution 
 

   
        

2

1 1 1

k k k
i i i i

I j pi j m jmpN j
j j m

W w c c w w Q
  

    , 

(2) 

where  iQ  is the k k  matrix 

 
 

     T
i

jm pi pipN j pN mQ c c c c    (3) 

 

Let      1
i iR Q


 . Solving the least squares 

problem (Eq. (2)) with constraint   1i
jj

w   gives: 

 
     

1 1 1

k k ki i i
j jm pqm p q

w R R
  

     (4) 

 
In practice, a regularization parameter r  will 

have to be used for  iQ  before inversion (as its rank 

is d , certainly for k d ):      1
i iR Q rI


  . 
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Interestingly,  iQ  can also be calculated based on 

just the squared Euclidean distance matrix D  
between all samples in pC : 

 

 
        , , ,

1

2
i

jm i N j i N m N j N mQ D D D    (5) 

 
In stage II, the weights w  are fixed and new m-

dimensional vectors iy  are sought which minimize 

the criterion: 
 

   
 

2

1 1

min
n k

i
i j N j

i j

Y y w y
 

    (6) 

 

The  i
jw  can be stored in a n n  sparse matrix 

W , where  
 

,

i
ji N jW w . Re-writing Eq. (6)  

then gives 
 

   
1 1

n n
T T

ij i j
i j

Y M y y tr YMY
 

  , (7) 

 
where M  is an n n  matrix found as 

   T
M I W I W    and Y  contains the iy ’s as its 

columns. To be able to solve this problem, the 
covariance matrix of the y ’s can be constrained to 

be identity. Finding Y  then becomes a well-known 

problem: minimize  Ttr YMY  with constraint 

1 TYY I
n

 . All eigenvectors of M  are solutions, the 

eigenvector with the smallest eigenvalue corresponds 
to the mean of Y  and can be discarded to enforce 

1
0

n

ii
y


 . The next m  eigenvectors then give the 

Y  that minimizes Eq. (7).  
By LLE classification, the high dimensional PCD 

can be projected to a low-dimensional plane, on this 
plane we take finely classification according to the 
data distribution and distinguish the different plant 
organs through back projection to the original high 
dimension data space. In this way, classification and 
identification of one tree’s PCD have  
finished, then, the results prepare for leaf three 
dimensional modeling. 
 
 

3. Foliage Reconstruction Using 
Orthogonal Least Squares Fitting 
and Delaunay Triangulation 
Algorithm 

 
3.1. Surface Fitting Based on Least Squares 

Method 
 

The method of least squares requires that the 
vertical distance from each observed data point to the 

model surface be such that the sum of the squares of 
these distances is a minimum. 

Given the data set:,   1 1 1, , ,x y z   2 2 2, , ,...,x y z  

 , ,n n nx y z  calculate coefficients 1 2, ,... ma a a in the 

fitting equation of quadric surface:  
 

    2 2
3 3 1 2 3 4 5 6

3 2 2 3
7 8 9 10

,

1,2..,10.

if l f x y a a x a y a x a xy a y

a x a x y a xy a y j

      

    
 

(8)

and the fitting equation of cubic surface is  
described as: 

 

    2 2
2 2 1 2 3 4 5 6,if l f x y a a x a y a x a xy a y       , (9)

 

where  ,i i il x y , so the sum of squared errors  
 

      
2

2

1 1 1

n n m

i i j i i
i i j

E f f l z a f l z
  

 
    

 
   (10)

 

is minimized. Then set up the equations: 
 

  0 1, 2,...,jE f a j m     (11) 
 

Re-writing Eq. (8) then gives 
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(12) 

 

Solve for the coefficients 1 2, ,..., ma a a , the Eq. (12) 

becomes  
 

1 1 1 2 1 1
1 2

1 1 1 1

2 1 2 2 2 2
1 2

1 1 1 1

1 2
1 2

1 1 1 1

...

...

...

...

n n n n
m

i i i i m i i i i
i i i i

n n n n
m

i i i i m i i i i
i i i i

n n n n
m m m m m
i i i i m i i i i

i i i i

a b b a b b a b b b z

a b b a b b a b b b z

a b b a b b a b b b z

   

   

   


   




   





   


   

   

   

(13)

 

Eq. (13) gives in matrix notation TBB A BZ , 

where 

     
     

     

1 1 1
1 2

2 2 2
1 2

1 2

...

...
n

n

m m m
n

b l b l b l

b l b l b l
B

b l b l b l

 
 
   
 
  


 

   1 2 1 2, ,..., , , ,..., ,T T
m nA a a a Z z z z  B  is the 

m n  matrix, A  and Z  are the ,m n  vector. Based 
on the above matrix equation, the value of 

1 2, ,..., na a a  can be estimated, then least squares 

method is finished. 
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3.2. The Least Squares Surface Fitting 
Method Using Orthogonal Distance 

 
In this section we introduce our very efficient 

orthogonal distance fitting algorithm for implicit 
surfaces, the orthogonal distance or the modifications 
between measurement points to the fitting surface is  

 
0

0

0

p

p

ij

p p x

p p y

ij ij c

x x

y y
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 (14) 

 
 represents correction coefficient, Eq. (14) is 

equivalent to  
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From Eq. (14) and Eq. (15), we get 
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(16)

 
After Eq. (16) expansion, we obtained 
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through calculation then get 
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In Eq. (18), the item including   2
n

n   can be 

discarded because   is a small offset value, so the 
power of   can be ignored. Then derivatives of 
Eq. (18) lead to  
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(19)

 
The matrix form of Eq. (19) is described as: 
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, (20) 

 
where ,

p px yI I are identity matrix with p  dimension, 

,x yB B  are diagonal matrix with p  dimension, 
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The indirect adjustment method is used to 

minimize the Eq. (20), then get   1T TG G G L


 . 

Bring the   into the Eq. (14), the fitting surface 
answer is  
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 0 0

m m i i j
p ij p pi j

z a x y


 
    (21) 

 
Through orthogonal least square fitting method, 

we can get jitter-free and non interference real leaves 
PCD, based on this; the triangulation algorithm is 
adopted to accomplish the conversion of discrete 
points to foliage surface.   

 
 

4. Experimental Results 
 
4.1. Experimental 1 
 

We first collect a scan of a well-isolated 
individual tree, scanned from two side lateral 
locations, this preliminary data set is used to develop 
and illustrate the algorithm. The upper portion of the 
complete individual big-leaf tree’s PCD is provided 
for our experiment, shown in Fig. 1 (a). The leaf 
orientation distribution and the direction of a solid 
angle originated from every PCD are shown in 
Fig. 1 (b). Fig. 1 (c) shows that K-means clustering of 
partitioning method are used, through this method; 
we examine similarities and dissimilarities of 
observations PCD, where the characteristics of points 
in the same cluster are same color and the 
characteristics of points in different clusters are 

presented by different color. Seen from the Fig. 1 (c) 
the existing K-means clustering method can not 
effectively classify the plant organs; In Fig. 1 (d), 
curve drawing and description are adopted to analyze 
every inter-class variance, where curves of different 
colors represent different classes feature quantity, the 
black thick line represents the average value of this 
class. As seen from Fig. 1 (d), the curve of every 
class exist significant fluctuation and indicate the 
classification results are not optimal. Fig. 1 (e) shows 
the building low dimensional embedded space of the 
tree’s PCD by the manifold learning LLE algorithm, 
we find a low dimensional basis for describing high 
dimensional tree PCD, then uncover the intrinsic 
dimensionality of the PCD. Fig. 1 (e) convert to the 
Fig. 1 (f) of three-dimensional space, in the Fig. 1 (f) 
XOY plane is corresponding with Fig. 1 (e), the Z 
axis keep the count of projective PCD numbers on 
the Fig. 1 (e) plane, through the selection of threshold 
value, classification results of tree’s PCD are 
determined. Fig. 1 (g) shows the classification results 
of manifold learning LLE algorithm, as seen from the 
result, our method be able to identify different plant 
organs. It's clear from Fig. 1 (h) that each species 
have discernibly same characteristic quantity and 
every cluster characteristics are similar to its  
cluster centroid.  

 
 

  
 

(a) 
 

 
(b) 

 
 

(c) 

 
Fig. 1 (a-c). The classification result of different algorithm. 
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(d) 

  

 
 

(e) 

 

  
 

(f) 
 

(g) 
 

 
 

(h) 
 

Fig. 1 (d-h). The classification result of different algorithm. 
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4.2. Experimental 2 
 
Fig. 2 Schematic diagrams illustrate the tree 

leaves modeling process; Fig. 2 (a) Original PCD of 
an individual tree leaf; Fig. 2 (b) shows the fitting 
leaf surface after curve fitting method from PCD; we 
can see from Fig. 2 (c) that the fitting results by the 
curve fitting method can not construct a surface 
because an arbitrary surface can not contain all the 
leaf PCD, so the least squares estimation and 
orthogonal least square method are used to map all 
the PCD onto the approximating surface, the results 
are shown in Fig. 2 (d), Fig. 2 (e), Fig. 2 (f), where 
the red points represent the original foliar PCD, the 

green points represent the results of original foliar 
PCD taking “projection” operation by least square 
approach, the blue points are the “projection” 
operation results by orthogonal least square method; 
Fig. 2 (g), Fig. 2 (h) describe the projection surface 
through least square approach and orthogonal least 
square method, just express in the color of black and 
pink, then we obtain a set of projection vertices about 
original foliar PCD at the projection surface and 
utilize delaunay triangulation algorithm to generate 
triangle meshes with highly quality (Fig. 2 (i)), 
finally, adaptive subdivision and mesh re-sampling 
based on distance field are provided (Fig. 2 (j), 
Fig. 2 (k)). 

 
 

  
 

(a) 
 

 
(b) 

  
 

(c) 
 

 
(d) 

  
 

(e) 
 

(f) 

 
Fig. 2 (a-f). The experiment result of foliage reconstruction. 
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(g) 
 

 
(h) 

  
 

(i) 
 

 
(j) 

 
 

(k) 
 

Fig. 2 (g-k). The experiment result of foliage reconstruction. 
 
 

5. Conclusions 
 

In recent years, TLS has been used in forestry 
parameter measurement, but the stumpage shape is 
non-rigid and irregular, and the scanning results are 
interfered by external environment, such as wind and 
occlusion effect, so the registration of multi-location 
scanning PCD exist deviation and can not fully 
capture 3-D structural information of forest stands. In 
this paper, we combine computer graphics and vision 
theory to provide a novel non-contact way for trees 
parameters calculation and real three dimension 
construction, our work mainly include: 

1) Using the point and its neighborhood, we 
construct the covariance matrix to calculate the 
normal vector of every point, and take color 

information, torsion, curvature to form multi-
dimensional characteristics of PCD.  

2) Nonlinear manifold learning method is 
explored for dimensionality reduction of the tree’s 
PCD features and plant organs identification.  

3) Due to foliar jitter caused by the wind, three-
dimensional orthogonal least squares algorithm is 
designed to eliminate jitter, thus making the whole 
leaf’s PCD can project onto single surface and obtain 
the real leaves surface, then delaunay triangulation 
algorithm is used to realize the conversion between 
the discrete PCD to the real leave surface.  

In brief, this paper use the latest measurement 
technology (TLS) to extend traditional tree index 
acquisition method, and combine computer science 
to identify different leaves organs, then proceed to 
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achieve leaf surface reconstruction. After this subject 
study, the mode innovation of broad-leaved trees 
measurement is proposed and the construction of 
forestry digitization process is developed. 
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Abstract: This paper uses the fuzzy clustering method based on clustering path division, according to user 
access path. In the cluster, according to the access time and Agent classification of user, this method is then 
according to the user to all pages in order to visit division. The hardware of intelligent home furnishing 
controller by the advanced ARM9 embedded system, mobile phone module and RFID module. Intelligent 
transportation system through the sharing of traffic information, can realize the coordinated traffic signal 
control, effective traffic prediction and grooming. The paper presents intelligent model of home furnishing and 
transportation based on improved RFID web fuzzy clustering. Experiments show that RFID and fuzzy clustering 
can improve reliability of intelligent traffic and home furnishing and effectiveness. Copyright © 2013 IFSA. 
 
Keywords: Intelligent home furnishing, Intelligent transportation, Fuzzy clustering, RFID. 
 
 
 
1. Introduction 

 

Mining field in the Web log, clustering analysis is 
an important research topic, with fuzzy processing 
ability of fuzzy clustering is introduced into fuzzy 
theory is the analysis of the existing data. The FCM 
algorithm is currently widely used fuzzy clustering 
algorithm. But it also exists some shortcomings, such 
as the FCM algorithm by the initial impact is 
relatively large; the iteration is easy to fall into local 
minimum. This article from the modified clustering 
objective function and the initial implosion of the 
class put forward a kind of improved  
FCM algorithm.  

The RFID solution is RFID technology vendors 
for RFID application plan development characteristic 
industry, can be customized according to the actual 

requirements of different enterprises. RFID solutions 
can be classified according to the industry, logistics, 
anti-theft security, identity recognition, asset 
management, animal management, fast payment, 
please click here to view the scheme. 

Indoor Wi-Fi terminal positioning before the first 
planned in accordance with the actual situation of the 
indoor terminal maps stored in the database of 
information processing; AP access point is then set 
according to the indoor distribution, we need to set a 
fixed location reference tags as a measurement 
reference point to help position calibration, set the 
number of access points according to the  
specific indoor. 

Electronic label vehicles is introduced, the fusion 
of multiple RF field and digital technology in the 
leading technology, using software radio technology, 
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unique micro power technology, anti-collision 
technology, response protocol, local activation of 
space access technology patent portfolio, can fully 
meet the demand of automatic recognition of the high 
speed development. 

Intelligent home furnishing system can realize the 
communication of information through the 
GSM/GPRS/CDMA/ network, ZigBee network, 
Internet domain and community information 
network [1]. Users in the outdoor appliances and 
lighting device through the mobile phone control of 
home, also available anti-theft, fire, gas leakage 
alarm information home in a timely manner; at home 
through the regulation of home appliance remote 
controller. The indoor host controller also has a 
visual intercom system function, can refer to all 
kinds of information community released, can be 
issued a warning to the community security distress 
signal when necessary. The system is mainly 
composed of a smart home furnishing a controller 
and a plurality of indoor monitoring ZigBee modules. 

To analyze a collection of data objects, usually to 
divide the class is unknown. In this case, the 
clustering is more appropriate, by clustering, we can 
identify the dense and sparse regions can discover 
user characteristics different access paths from the 
users of the site, to find the overall distribution 
patterns and data attributes between the interesting 
relationships. This paper uses a method of clustering 
W path planning based on EB log, by dividing the 
user access path, fuzzy C means clustering algorithm 
for peer-to-peer long path clustering, to obtain the 
optimal clustering number, greatly improving the W 
EB access patterns discovery efficiency. 

Electronic label also known as radio frequency 
label, transponder, data carrier; the reader is also 
known as the readout device, scanner, communicator, 
reader (depends on whether the electronic tags can be 
wireless overwrite data). By coupling the RF signal 
components of the space between tag and reader (no 
contact) coupling, in the coupling channel, according 
to temporal relations, the exchange of, data to realize 
the energy. There are two types of coupling RF 
signal between the reader and the tag. 

Work or life needs different pattern to match, no 
one by one to switch lights and light, just set 
according to your heart, you can achieve "one-click" 
scene mode and the scene can be "one-click" 
memory storage, which is the major force of China 
intelligent scene control and storage function let the 
work and life's advantage. Example: in the study on 
the Internet are tired, want to rest for a while, then as 
long as the press of a button, enter the rest mode, by 
a bright light will gradually darken and is particularly 
soft, can be a good nap for a while. Of course, such 
as theater mode, drawing pattern and other patterns 
can be preset and stored and the realization of "one-
click" switch. The paper presents intelligent model of 
home furnishing and transportation based on 
improved RFID web fuzzy clustering. 

 
 

2. Intelligent Home Furnishing and 
Transportation by Web Fuzzy 
Clustering 
 
Through the fuzzy membership to a data object is 

added to a weight value and to optimize the number 
of clusters C into fuzzy clustering validity function in 
the algorithm. To demonstrate the usefulness of the 
improved FCM algorithm, the algorithm is applied to 
two areas: network intrusion detection and Web log 
mining. Intrusion detection is a second line of 
defense of network security [2]. In this paper, 
analysis of the intrusion detection technology to 
point puts forward a method of Intrusion Detection 
Based on improved FCM algorithm. The advantage 
of this method is not need labeled training data sets. 
In this paper, it is using the KDD99 data set as the 
experimental data. 

Intelligent controller can be pre-set zone, the 
security of the entire bedroom in the wireless security 
alarm system, infrared detectors for active human 
body to detect signal. Door sensor detectors switch 
control doors and windows. If the doors and 
windows are opened illegally broke into someone 
from the outside world the controller immediately by 
the siren's live sound and light alarm and press the set 
alarm phone number to send alerts to the owner and 
upload a warning to the alarm center. 

To reduce the traffic accident system, increase 
traffic safety. Through the implementation of traffic 
control, can make the traffic flow conflicts were 
separated from time and space, so as to reduce traffic 
accidents, increase traffic safety. Traffic control and 
reasonable, can effectively guide and scheduling of 
traffic flow, the city traffic flow is maintained in a 
stable state, so as to avoid or mitigate traffic 
congestion, reduce the delay of vehicles  
in road traffic, improve the overall efficiency  
of transportation. 

The basic method of clustering is often defined 
between the distance is defined between the two 
objects in the distance of two objects, but also the 
basic methods do not depend on the distance of the 
definition of the cluster distance between two 
objects: firstly, the definition of a optimization 
objectives, optimization is a local minimum first 
defines an optimal target first, define an optimization 
objective optimization is a local minimum [3]. 
Clustering and classification of difference: clustering 
is an unsupervised learning process is the observation 
of learning; learning process and classification is a 
supervised clustering and classification of the genus 
distinction between supervision, learning  
from examples. 

The fundamental difference between them is the 
fundamental distinction, classification, need to know 
in advance in accordance with the fundamental 
difference between classification according to the 
attribute values and clustering is to find this 
classification attribute value. General attribute values 
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are of two kinds: numerical attributes and attribute 
values and symbolic attributes. 

With the social and economic structure, the 
family structure and the development of information 
technology and the human of home furnishing 
environment safety, comfort, efficiency requirements 
increase, resulting in increased demand for intelligent 
home furnishing, at the same time, more and more 
families requirements of intelligent home furnishing 
products not only to satisfy basic needs, more 
requirements of intelligent home furnishing system 
function expansion, even in extension services can do 
simple, convenient, safe, as is shown by Equation 1. 
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Controller inside with 1 ZigBee module and it is 

communication through the monitoring device for 
ZigBee wireless network and home furnishing in, as 
the coordinator of ZigBee network (FFD) to use. It is 
responsible for the construction of intelligent home 
furnishing ZigBee network, sending and receiving 
control system and the command center and makes 
the corresponding processing. At the same time, from 
the routing node (FFD) or a terminal node (RFD) 
sends the data received to the system control center. 

When a team has many intersections in a trunk 
road, coordinated control makes the vehicle in the 
main intersection always arrive at the beginning of 
green, so there is no need to stop the intersection, 
forming a traffic green wave band [4]. Green wave 
control can effectively improve the vehicle speed and 
traffic capacity, ensure that the road is smooth and 

reduce the vehicle in the running process of the delay 
time and energy consumption. The control 
parameters of arterial traffic coordinated control are 
the cycle length. Green ratio and phase difference, 
the control goal is generally the average delay and 
the number of parking vehicles. 

Although the concept of intelligent home 
furnishing appears very early, the market demand 
will always exist, but for a long time the 
development of intelligent home furnishing due to 
subject to the related technical breakthrough, has not 
been universal large-scale application. Intelligent 
home furnishing technology existing in the present 
market is introduced as follows: all control signals in 
this way must be connected through the cable, signal 
wire controller end is more formidable, but 
encountered problems are difficult. Cable faults are 
very prominent, wiring complexity, heavy workload, 
high cost and difficult maintenance, not easy to 
network. These shortcomings resulted in intelligent 
home furnishing of wired way just stays in the 
concept and the pilot phase, not a  
large-scale promotion. 

Many methods of cluster analysis, it usually 
refers to the record in the database, according to the 
classification rules some classification rule, 
reasonable certain classification rules of a collection 
of records, where each record to determine the 
category (e.g., K - average algorithm, K - center 
algorithm, based on the hierarchical agglomerative 
clustering based on hierarchical clustering division 
etc.) [5]. In general, for the same data set, if using 
different clustering methods, may results in the 
different division, as is shown by Fig. 1. 

 
 

 
 

Fig. 1. Intelligent Home Furnishing and Transportation by Web Fuzzy Clustering storage. 
 
 

Indoor monitoring equipment according to use 
can be divided into 3 categories: the first category is 
the switch and the socket, the socket of the most 
simple through the small electronic switch for 
household electrical appliances (such as electric rice 
cooker, water dispenser, TV, refrigerator, air 
conditioner, washing machine, electric curtains and 
does not require dimming the lamp) power switch 
control; intelligent switch and socket complicated 
with output power adjustable function, used for 
dimming or electric fan pendant lamp, floor lamp the 
speed etc. 

Second types of sensor products, of which the 
piezoelectric infrared sensor and magnetometer 
sensor used for anti-theft, smoke sensor for fire, gas 
sensor for gas leakage and manual alarm button for 
emergencies (such as the elderly sudden onset). 
These nodes are equipped with ZigBee module, as 
the terminal nodes of the network (RFD). The third 
class for a handheld remote controller, in addition to 
the household electrical appliance switch control, 
dimming control, also has lighting scene setting and 
control function. 
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The rise of the Internet of things will bring a 
broad market space for ZigBee. Because of the 
Internet of things will be all kinds of information 
sensing transmission unit and the Internet combine to 
form a huge network, in the vast network, need for 
transmitting data between sensing transmission unit 
and a communication network, while the other 
wireless technology, ZigBee in the investment, 
construction, maintenance and other advantages, in 
the IOT intelligent home furnishing will be widely 
applied to the fields. 

Timing control to the historical traffic flow data 
as the basis, find out the different traffic flow 
changes every day / week and for a period of time, by 
means of artificial method or computer simulation 
prepared different days / week and different time 
zone distribution scheme, which belongs to the open 
loop control, not easily according to the flow 
condition real-time adjustment control scheme. 
Because the timing control of traffic signal machine 
requirements low, no need of real-time traffic, which 
is still a control strategy for the city road traffic 
system is widely used in the. 

Clustering and classification of different is 
clustering requires dividing the class is unknown. 
Clustering is a classification of the data into classes 
or clusters of such a process, so the objects in the 
same cluster is very similar and objects in different 
clusters have great dissimilarity. From a statistical 
point of view, cluster analysis is a method of 
simplifying data through data modeling [6]. 

Statistical cluster analysis method of the 
traditional system clustering method, decomposition, 
addition method, dynamic clustering, clustering 
ordered samples, there are overlapping clustering and 
fuzzy clustering. Cluster analysis tools using k- 
mean, k- center point algorithm has been added to 
many famous statistical analysis software package, 
such as SPSS, SAS etc. From a machine learning 
perspective, clusters correspond to hidden patterns. 
Clustering is an unsupervised learning process  
search clusters. 

Cluster network ZigBee combination of the star 
and mesh structure, we use the intelligent home 
furnishing controller and ZigBee sensor nodes in real 
application cluster network. It has good scalability, 
for the small-sized apartment or villa users, can also 
increase the routing nodes to extend the network 
coverage for large-sized apartment; the user, can 
reduce the routing nodes into a star network, in order 
to save energy, to accelerate the speed of  
data transmission. 
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Clustering is according to certain requirements 

and rules for classifying things, set group of physical 
or abstract objects into the process is composed of 

similar objects multiple classes. In this process, there 
is no teacher guide, didn't have any on the 
classification of prior knowledge, only rely on the 
things between the similarity criterions for dividing 
the class, which belongs to the unsupervised 
classification category, in many applications, can be 
a kind of image data as a whole to stay [7]. 
Clustering and classification are not the same, it 
divided the class is unknown. In the classification 
mode, for what classes of this information exists in 
the target database.  

In the man-machine interface, it is using TFT 5 
inch LCD screen and the configuration of the touch 
screen. Can be used to display various information 
visitor images and small transmitted and it is the user 
easily input data to control various home furnishing 
equipment. In addition to more flexible control, using 
the I2C bus interface design of keyboard interface 
processor, which can be extended in various control, 
alarm, as is shown by Fig. 2. 

 
 

 
 

Fig. 2. The wireless gateway by fuzzy clustering 
architecture. 

 
 

The wireless gateway: all wireless sensor and 
wireless linkage equipment information collection 
control terminal. All sensor, detector will collect the 
information to the mobile phone, tablet computer, the 
computer authority management device through the 
wireless gateway, in addition the control command 
by the management device through the wireless 
gateway sends to the linkage equipment [8]. Than if 
no one at home when the door is opened, the door to 
detect an intruder, the intrusion alarm through the 
wireless gateway is sent to the master mobile phone, 
mobile phone message is received send shock 
ringbone, master confirmation send the control 
command, electromagnetic lock automatically locks 
and trigger the wireless alarm device sends  
out alarm. 

Multi-agent system is a front subject in artificial 
intelligence, is an important research branch of 
distributed artificial intelligence, its goal is to build a 
large complex system into small, communicating and 
coordinating, easy to manage subsystem, the 
subsystem of autonomous ability and the coordinated 
ability to solve complex system control problem. 
City area traffic network with real-time dynamic 
characteristics of the road traffic scale and 
complexity of the traffic flow, the multi-agent system 
is applied to the city traffic network control research 
issues concerned. To design the structure of city 
intelligent traffic control based on it. 
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The controller is equipped with Ethernet 
interface, with the controller on the Web server; 
users can monitor the home environment and various 
appliances by Internet. Fig. 3 RS-485 interface for 
communication with the district Wuguan (matched 
with the original cell network. Using MAX3232 two 
USART transceivers are ARM9, consisting of two 
RS-232 ports and one RS-485 ports. 

Clustering is not know in advance the target 
database to the bottom with the number of class 
situation, hope will have some records into different 
clusters or "cluster" that is high in the same 
clustering, similarity and in different clustering 
between has low similarity. Clustering analysis is the 
method in mathematical research and treatment given 
to cluster image, is a kind of multivariate statistical 
analysis. It is a category of labeled samples set 
according to some criterion is divided into several 
subsets, have similar samples as far as possible to 
make the classified as a class, not similar samples as 
far as possible into different categories. 

Select the middle strategy between the centric and 
based on the method of object based on the 
representative. It is not a single centric or objects to 
represent a cluster, but the choice of a fixed number 
of representative points in data space [9]. Chameleon 
is a dynamic model in a hierarchical clustering 
algorithm. The merge process dynamic model based 
on Clustering for natural and Isomorphism of 
discovery and as long as the similarity function can 
be applied to all types of data, as is shown by 
Equation 3. 
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Clustering analysis is one of the core technologies 
in the field of data mining; it is from a given data set 
search value exists between data objects of the data 
distribution model. Cluster analysis based on the 
principle that objects within the same cluster have 
similar as big as possible, but not the same object in 
the cluster has a different possible in clustering 
analysis, the main problem is how to without prior 
knowledge, we meet to seek the cluster aggregation. 

Clustering analysis is also called unsupervised 
learning (Unsupervised Study), is mainly reflected in 
the clustering data object has no class label, required 
by the clustering algorithm of automatic calculation. 
Clustering analysis, spatial data has been widely used 
in the analysis of financial data, satellite images, 
medical image automatic detection, the relationship 
between experimental elements determining etc. 

Wireless infrared transponder: This product is 
mainly used for equipment in the home can be 
infrared remote control, such as air conditioning, 
electric curtains, TV etc. Through the wireless 
infrared transponder, you can remote control air 
conditioning; you also can not get up close the 
curtains. This is a very meaningful products, it will 
be the traditional home appliance is immediately 
converted to intelligent home appliances. 

The intelligent body except with segment agent 
the same function, such as acquiring traffic flow 
information, the control signal for the data support; 
their independent, can separate operation 
characteristics, regional agents can also according to 
the traffic flow operation, signal coordination of 
traffic intersection, with optimized control 
corresponding road network traffic, decide the 
corresponding control strategy and the signal timing 
results promptly issued parrot regions within each 
signal and transmits the traffic demand and control 
effect to a layer of decision-making layer, namely 
traffic management center. 
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Clustering or grouping, evaluate the output. Data 
preprocessing includes the choice of the number, 
scale and characteristics, it relies on the feature 
selection and feature extraction, feature selection to 
select the important feature, feature extraction feature 
transformation input for a new character, they are 
often used to obtain an appropriate feature set to 
avoid the curse of dimensionality "clustering", data 
pretreatment also includes outlier removal data, 
outlier is not attached to the general data or model of 
the data, so the isolated point often leads to the 
clustering results biased, so in order to get the correct 
clustering, we must put them out. Since similar is the 
definition of a class, then between the different data 
in the measure of the same feature space similarity 
for the clustering step is very important, because the 
diversity of types and characteristics of the scale, 
distance metrics must be cautious, it often depends 
on the application. 
 
 

3. Using Improved RFID to Build 
Intelligent Home Furnishing  
and Transportation 

 

Anti collision (collision) functions of RFID 
system, the price is more expensive than the system 
does not have the function to. When the individual 
users in the RFID system, if not necessary for a 
plurality of ID also know there is no need to select 
the collision resistant function of the reader. 

Wireless intelligent socket: mainly used for 
switch control home appliances, such as it can 
automatically start the exhaust fan exhaust, in the hot 
summer for the airtight garage is an interesting 
application [10]. Of course, it also can control any 
you want to control home appliances, as long as the 
appliance plugs the wireless intelligent socket, such 
as drinking machine, electric water heater and so on. 

A problem of radio frequency technology meets 
is reader collision, is received to a reader's 
information and another reader information conflict, 
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overlap. A method to solve this problem is to use 
TDMA technology, is simply the reader is directed at 
different times of the received signal, rather than at 
the same time, this will ensure that the reader will not 
interfere with each other. But in the same region of 
goods will be read two times, so it is necessary to 
establish the corresponding system to prevent this 
from happening, as is shown by Equation 5. 
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The parking card according to different demands, 

issued monthly card (card), cards, special card (free 
card) and rent card (the temporary card) four types of 
cards: monthly cards and special cards in time limit; 
the stored-value card to balance limit; the temporary 
card along with a grab, simple convenient; in 
addition the monthly card and card of prepaid 
expenses, the yard management simple, active. 

RFID can write another factor data is to 
distinguish the radio frequency identification system 
for RFID tag. The radio frequency identification 
system simple, RFID data are mostly simple 
(sequence) number, can be integrated into the 
processing chip, will never change. On the contrary, 
RFID tags can be written by a reader or a special 
programming device writes data. The RF tag data 
writing is generally divided into wireless is written 
with two forms and cable. The railway locomotive 
and it is lorry RFID application adopting a cable 
written work. 

Wireless air quality sensor: the main sensor 
detecting the bedroom air quality is cloudy, it is very 
useful for you to go home and rest, especially 
families with infants is especially important [11]. It is 
through the detection of the air quality of indoor air 
is telling you the effect of health and related 
equipment optimization adjusting the air quality is 
initiated by the wireless gateway. Wireless doorbell: 
This is valuable for small-sized apartment or villa, as 
is shown by Equation 6. 
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Intelligent home furnishing controller operating 

system adopts the embedded Linux operating system 
with open source, through the reduction of 
transplanted to the hardware platform controller. The 
intelligent home furnishing controller Linux, ARM 
system, mobile phone and ZigBee module to form a 
whole, constitute an embedded system with complete 
functions, using ZigBee technology to realize 
wireless connection within the family of many nodes. 

One of the important features of radio frequency 
identification system is to supply the RF tag. Passive 
RFID tags have no power. Therefore, the 
electromagnetic field energy obtained all passive 
RFID tag work must from reader to send in. In 
contrast, the active RFID tag contains a battery; 

micro chip provides all or part of the work 
("auxiliary battery") energy. 

The low frequency RFID tag, referred to as low 
frequency tags, its operating frequency range is 
30 kHz – 300 kHz. Typical operating frequency: 
125 kHz, 133 kHz. LF tag is passive tags, its energy 
by inductively coupled mode from reader coupled 
coils in the near-field radiation. Data transfer 
between low frequency tags and reader, reader 
antenna radiation in low frequency tags for the near 
field zone. LF tag reading distance is generally less 
than 1 meter.  

Wireless communication technology in intelligent 
home furnishing mainly include: IrDA infrared 
technology, Bluetooth technology and ZigBee 
technology. IrDA belongs to the point of the half-
duplex communication of short distance, point, 
inconvenient use and high error rate, network mode 
is not applicable to the family; Bluetooth technology 
because of the limited network capacity, high cost, 
not suitable for home furnishing network application 
more nodes. The study adopted the transmission 
range is moderate, safe and reliable, high capacity of 
ZigBee network technology, intelligent home 
furnishing design of remote monitoring system, as is 
shown by Fig. 3. 

RFID UHF and microwave band, referred to as 
the microwave radio frequency label, its typical 
operating frequency of 862 (902): 433.92 MHz, 
~928 MHz, 2.45 GHz, 5.8 GHz. Microwave and 
radio frequency label can be divided into active and 
passive tag two tags. When working, RFID reader 
antenna radiation field in the far zone field, coupling 
between tags and reader for the electromagnetic 
coupling. Reader antenna for passive tags provides 
RF energy, the active tab wake [12]. The radio 
frequency identification system reading distance is 
generally larger than 1m, the typical case is 4-6 m, 
the maximum can reach more than 10 m. The reader 
antennas are usually of directional antennas, only in 
the reader antenna directional beam within the scope 
of the RFID tags can be read / write. 

The topology of ZigBee network is mainly of 
3 types: star, tree and mesh network. Mesh network 
fault tolerant ability, adaptive, long transmission 
distance, but its complexity is the highest; the star 
network has the characteristics of simple and low 
power consumption, simple to use, suitable for a 
family of small scale, low complexity of tree network 
is somewhere in between. Application of the star 
network in intelligent home furnishing, can obtain a 
higher price. 

System matching electric block driveway gate is 
lifted, prevent to hit the car function; detection 
system using analog-to-digital advanced conversion 
technology, strong anti-interference ability, adapt to 
the harsh environment, has also increased the 
sensitivity and reliability of one's own knack in; the 
system can query cart, a yard full automatic light full 
words the red light and automatically stop the 
entrance into the car. 
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Fig. 3. Intelligent model of home furnishing and transportation based on improved RFID. 
 
 

ZigBee technology for the low cost and it is low 
power consumption and low rate wireless 
communication market vacancy. The hardware of 
intelligent home furnishing controller by the 
advanced ARM9 embedded system, mobile phone 
module and ZigBee module; the embedded operating 
system Linux, the home network using ZigBee 
wireless network, security, system functions, to meet 
the needs of the future development of intelligent 
home furnishing. 

Data storage capacity of microwave and radio 
frequency label generally confined within 2 kbits and 
large storage capacity does not seem to have much 
meaning, from technology and application 
perspective, microwave and radio frequency label is 
not suitable as a carrier of large amounts of data, its 
main function lies in identifying objects and 
completes the identification process without contact. 
Data capacity index typical: 1 kbits, 128 Bits, 64 Bits 
etc. Developed by Auto-ID Center of the electronic is 
product code EPC capacity: 90 Bits, as is shown by 
Equation 7. 
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See the application of the every kind of RFID, the 

first problem enterprises want to ask is: "how  
do I put my existing system connected with the new 
RFID Reader?" The essence of the problem is the 
enterprise application system and the hardware 
interface problem. Therefore, the permeability is the 
key of application, correctly grasping the data, ensure 
the reliability of data read and effectively transmit 
data to the back-end system is a problem that must be 
considered. Between traditional applications and 
Applications (Application to Application) data 
transparent is solved by intermediate piece of 
architecture; similarly, architecture design 
middleware solutions will become the RFID 
application is a very important core technology. 

The core controller system board for type 
S3C44B0X 32 bit microcontroller, processing and 
the discrimination of the data and through the MMS 
module and ZigBee module sends the information 
and instructions; extension plate is used to access the 
smoke, gas, infrared, home security state sensor; 
MMS module family security state information is 

transmitted to the user mobile phone a system 
controller and receives a user message sent 
instructions; data crosslinked ZigBee module is 
responsible for the system board, between the 
expansion board and household appliances, as is 
shown by Equation 8. 
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Software for the soul of the system, software 

design with friendly interface, convenient operation, 
simple maintenance as the basis and strive to 
practical function and improvement. Parking system 
software design includes: the system registry, system 
maintenance, archives management, card 
management, access control management, access 
management, query records, statistical statements, 
exit the system. 

According to ABI Research Inc., before 2008, the 
global industry demand created by the RFID market 
size could reach $20000000000, of which the 
software market accounted for about $4700000000, 
integrated service revenue in 2010 will exceed RFID 
product revenue. With the development of hardware 
technology gradually mature, large software market 
opportunities to domestic and foreign information 
service producers who sustained attention and early 
input, RFID Middleware in the RFID industry 
applications in central nervous system, particularly 
by international companies concerned. 

Service Oriented Architecture (SOA) target is to 
establish communication standard, breakthrough 
application-to-application communication barriers, to 
achieve business process automation, innovation and 
business model, make the IT more flexible and faster 
response to demand [13]. Therefore, the RFID 
Middleware in the future development will be in 
service oriented architecture based trend, provide 
enterprises with more flexible service. 

The triple play in the network level is to unify 
existing expressway communication, monitoring, 
charging three electromechanical systems; at the 
operational level is the integration of data, audio, 
video three businesses. Triple play is the 
development trend of information is based on the 
expressway communication system for network 
transmission, transmission of voice, data and image 
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in the same network and can contain other traffic 
management information, providing network services 
to society. 

 
 

4. Intelligent Home Furnishing  
and Transportation by Improved 
RFID Web Fuzzy Clustering 
 

Fuzzy clustering is due to the sample belongs to 
each category uncertainty degree; the sample 
expressed an intermediary category, which 
established the sample for the category uncertainty 
description, which can objectively reflect the real 
world, thus becoming the mainstream of clustering 
analysis. The concept of fuzzy partition was 
proposed by Ruspini, using the concept of people 
have proposed many kinds of clustering methods, 
typical are: method of relation and fuzzy relationship 
based on similar (including polymerization method 
and splitting method), based on the transitive closure 
method based on fuzzy equivalence relation, the 
fuzzy maximum tree method based on graph theory 
and data the convex decomposition, dynamic 
programming and is difficult to distinguish between 
method [14]. However, because the method is not 
suitable for large data volume, difficult to meet the 
requirements of real-time applications, so its 
application is not wide enough, so the research in this 
area is gradually reduced. 

The algorithm is in the traditional C - means 
algorithm of fuzzy technology is introduced; based 
on the partition (Partition-Based) clustering method; 
based on the layer (Hierarchical-Based) clustering 
method based on density; (Density-Based) clustering 
method based on grid; (Grid-Based). Clustering 
method; and based on the model (Model-Based) Guo 
Xiujuan: Professor Yu Xianfa: phase angle relation 
method, most small method, arithmetic average 
minimum method, several He Ping were the most 
small method; absolute value index method. 

Density clustering needs to scan the entire data set, 
the data space is divided into different squares, 
approximate representation of clusters and the use of 
small square and. The method may not be accurate, but 
this method for noise data and outlier insensitivity. This 
method can also be used for clustering spatial index 
structure, by calculating the super ball area density, but 
this method because of the need to maintain the index 
structure complex, so the efficiency problems of mass 
data; continuous based clustering: clustering objects 
mapped to model or hyper graph model, then according 
to the edges or hyper edges search connected node sets, 
as is shown by Equation 9. 

 



























),(1),(

1

),(1

2

1

2

1
),(

min,max,

,
min,

nmwnmw

T

nmM
nmw

jj

ABj
j






 

(9) 

 
Clustering analysis is a very active research field 

in data mining and put forward many clustering 

algorithm. Traditional clustering algorithms can be 
divided into five categories: partition method, 
hierarchical method, density based method, based on 
the grid method and the method based on model.  

The 1 division method (PAM: PArtitioning 
method) to first create a K partition, K is the number 
of partition to create; and then use a circular 
positioning technology through an object from a 
partition to another division to help improve the 
classification quality. Including the partition method 
of typical: K-means, k-medoids, CLARA (Clustering 
LARge Application), CLARANS (Clustering Large 
Application based upon RANdomized Search). FCM 
2 level methods (hierarchical method) are to create a 
hierarchy to decompose a given data set. 

RFID middleware is a kind of Middleware 
Oriented message (Message-Oriented Middleware, 
MOM), information (Information) is based on 
message (Message) forms, are transmitted from one 
program to another or a plurality of program [15]. 
Information to be asynchronous (Asynchronous) 
transmission and it is so the sender does not have to 
wait for the response. The intermediate function 
contains a message oriented is not only transfer 
(Passing) information, must also include the 
interpretation of data, security, data broadcast, error 
recovery, cyber source, find the location information 
and the cost path, priorities and debugging work 
extends with services, as is shown by Equation 10. 
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Intelligent home furnishing network 

communication system has the following 
characteristics: the amount of transmitted data is small, 
without the transmission speed is too high; the 
capacity of the network, to meet a variety of household 
appliances in the family; the good real-time 
information, short time delay. RFID technical 
characteristics determine its can well meet the demand 
of intelligent home furnishing network, especially with 
the self-organization, self-healing ability, wireless 
communication technologies such as intelligent home 
furnishing ideal way of communication system. 

The paper presents intelligent model of home 
furnishing and transportation based on improved 
RFID web fuzzy clustering. The system is mainly 
composed of a smart home furnishing a controller 
and a plurality of indoor monitoring RFID modules. 
The system model is shown in Fig. 4. Intelligent 
home furnishing controller through the 
interconnection of 2 wireless communication 
network, Internet and 2 cable lines of communication 
with external equipment to achieve the information 
and intelligent home furnishing controller and can be 
regarded as the digital home gateway. 

This part of the experiment mainly is for user 
session in clustering analysis. Experience using UCI 
data number MSNBC set in the real data set, the data set 
of MSBN network station after data preprocessing all 
session set by households, a total of 8564745 session 
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records and the site has a plurality of intelligent 
furniture and intelligent transportation system, the 
number according to the two dimension set of 
985545×252 sparse matrix, as is shown by Fig. 4.  

The experimental results of different clustering 
threshold (A) of the experimental results of a 
collaborative filtering recommendation method based 
on fuzzy clustering firstly users need for fuzzy 
clustering for all users, each user membership degree 
of fuzzy cluster with respect to on the basis of fuzzy 
clustering, fuzzy clustering for fuzzy clustering 

which will affect the accuracy of recommendation 
method. In order to choose an optimal clustering 
threshold and it is respectively. Found from the 
experimental results. In the implementation of 
proposed method are 3 different clustering 
thresholds; in the selected data set are respectively 
crossed do 4 experiments. The experimental results 
as shown in Fig. 3, where the abscissa is the nearest 
neighbor to the target user number, the ordinate is the 
corresponding MAE value, the experimental results 
were obtained from the 254, 856 and 1245 threshold. 

 
 

 
 

Fig. 4. Compare of intelligent model of home furnishing and transportation based on RFID  
with web fuzzy clustering diagram. 

 
 
 
6. Conclusions 
 

Architecture-centric (Infrastructure Centric) with 
the complexity of enterprise application systems, 
enterprise is unable to load Hot Code for each 
application programming Adapter, while facing the 
object standardization issues, enterprises can 
consider RFID middleware standard specifications 
provided by manufacturers. In this way, even if the 
storage RFID tag information database software by 
other software instead of, or read and write RFID tag 
and RFID Reader increase occurs, the application 
end without modification can handle it. The paper 
presents intelligent model of home furnishing and 
transportation based on improved RFID web  
fuzzy clustering. 

FCM algorithm is the matter which belongs to the 
local search mountain climbing method, through 
clustering of raw P and dividing the alternating 
optimization between U matrix to find the local 
optimal solution, so it must start the iteration from a 
starting point for P or U, the problem that leads to an 
initialization algorithm. Research shows that the 
FCM algorithm strongly depends on the quality of 
parameter initialization, because the body is stored in 
two fatal weak points: the first one is the fuzzy 
clustering objective function is a non-convex 
function, stored in the local extreme points of large 
quantity, when properly will cause the algorithm to 
converge to a local extremism points and not to the 
data set of optimal fuzzy partition. 
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Abstract: To solve the coupling and optimizing problems in MEMS designing and analyzing process, the paper 
mainly put forward to the uniform model construction simulation method. The method adopt uniform 
constraints to describe MEMS multi-fields simulation model, firstly construct MEMS model library which 
includes structure, electricity, magnetic, thermal and fluid elements in multi-field uniform language modeling; 
through these elements, MEMS physics simulation model can be directly constructed; after model construction, 
some prosperities of the MEMS devices can be simulated. The aim of the method of paper is trying to conquer 
the computing efficiency of numerical simulation and abstraction problems of hardware describe language 
(HDL) and realizes MEMS multi-fields uniform constrained model construction and solving theory system. At 
last, an application example of the method has been realized, which shows that the method is effective to the 
early design of MEMS product. Copyright © 2013 IFSA. 
 
Keywords: MEMS, Multi-fields simulation, Sensitivity analysis, Modelica. 
 
 
 
1. Introduction 

 

Micro-Electro-Mechanical Systems (MEMS) are 
the integration of mechanical elements, sensors, 
actuators, and electronics at the micron-scale or even 
at nano-scale through micro fabrication technology, 
which involves the mechanical, electronic, fluid, 
thermal, optical, magnetic and other disciplines [1]. 
Multi-energy domain coupling effect of MEMS can 
hardly be described perfectly, because in a micron-
scale or even in a nano-scale working room, physical 
quantities of energy among the different domains 
interact with each other. So, in MEMS’s design 
process, the comprehensive effects which have been 
made by a variety of physical phenomena must be 
taken into consideration. Along with electronics 
simulation theory, traditional MEMS simulation 
methods often carried out dynamic performance 

analysis with equivalent circuit models, so VHDL-
AMS and SPICE were widely used to design micro 
systems at system level, lacking a clear separation of 
function, complex and heterogeneous MEMS 
involving various other physical domains, such as 
mechanics, fluid, thermal and etc, can hardly be 
descript by these circuit equivalent methods, how to 
quickly and accurately modeling and simulating the 
system has been a big problem for the design 
personnel, so it is a urgent need to study on the 
method to model and simulate the complex micro-
electro-mechanical physical system which includes 
machinery, electronics, hydraulic control and other 
fields [2]. To support the modeling processes more 
effectively, a micro simulation components library  
(e. g. electro-thermal resistors, beams, plate masses, 
electrostatic gaps, and so on) is established based on 
uniform model language -modelica language. Using 
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these libraries, uniform constraints to describe 
MEMS multi-fields simulation model, represented 
simulation models can cascade from coupled multi-
domain models to sub-models at each energy domain, 
then to the micro simulation components. Through 
the uniform constrained model, we can make 
comparison and validation to every link from design 

to manufacturing, so as to optimize the design of 
MEMS devices, test the effectiveness of the 
manufacturing process, prevent unexpected errors 
shorten the development cycle, save the research 
funding, improve the quality of products. Fig. 1 is 
show the process of uniform constrained MEMS 
model construction and optimizing design process. 
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Fig. 1. MEMS uniform constrained model and optimizing process. 
 

 
2. MEMS Simulation Method Preview 

 
The scholars of the United States, Europe, Japan 

and other countries have realized the successful 
industrialization of MEMS and occupying the market 
largely depend on how to use the computer aided 
design, analysis and manufacturing methods 
(CAD/CAE/CAM) effectively. Currently, in the 
study of micro-electro-mechanical system, the 
development level of computer aided tools far behind 
the frontiers of the pace, most MEMS devices are 
designed by the analysis tools which have the similar 
functions and can not predict the execution situation 
of MEMS accurately. Therefore, we always use test 
troubleshooting methods, which often requires 
repeated trials to finalize the device equipment to 
meet the specific environment. For the development 
of MEMS devices and systems for commercial 
products, this backward design method has a long 
design cycle, low efficiency, high cost and 
impractical. Thus, there is an urgent need of 
advanced modeling tools and simulation methods for 
MEMS design. The multi-disciplinary nature of 
MEMS involves the complex coupling issues among 
the electric, mechanical, magnetic, thermal, fluid and 
optical physical multi-energy domain, and its 
integrated development trend needs a system 
simulation method of the device or system and 
circuit. At present, the simulation method that mainly 
used in MEMS, including numerical simulation, 
hardware description language method and the 
unified model of multi-domain simulation method, in 
which the hardware description language method 
develops into the signal flow analysis, nodal analysis, 
the bond graph method [3].. 

 

2.1. Numerical Simulation Method 
 
Numerical simulation method includes the 

difference, finite element method, the boundary 
element, the finite volume method and other 
methods, the finite element method is the commonly 
used method, when we do the multi-energy domain 
coupling analysis of microelectromechanical system, 
we should seek the appropriate algorithm for the 
characteristics of each domain, and solve the 
coupling issues between different domains. 
Numerical simulation using ANSYS and other finite 
element software’s or Intellisuite and other dedicated 
MEMS CAD software’s to design and analyze 
MEMS structures. This method requires a pre-set of 
the structural parameters to make the model and 
simulation, then amend the original model according 
to the results of the simulation analysis until we get 
the satisfactory results. This simulation method has a 
greater progress than repeating trials, it reduce the 
costs and shorten the design cycle to a certain extent. 
Some well-known finite element software such as 
ANSYS has successfully introduced a coupling field 
calculation method to solve a variety of coupling 
issues [4, 5]. Li Jun and others have made a finite 
element modeling and analysis of the electrostatic 
micro-pump [6]. Ji Kexing and others have used the 
finite element method to study the influence of 
residual stress on the structural design of electrostatic 
feedback MEMS sensor with high temperature shear 
stress [7]. Field-based analysis of large-scale 
numerical simulation for different energy domain 
analysis needs to mesh, needs to achieve automatic 
mesh division which is very difficult and the 
calculation method has not reached a mature stage. 
The calculation is huge and there is a lack of efficient 
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method of calculating, so we can not achieve the 
simulation of system-level and circuit integration. 

 
 

2.2. Signal Flow Analysis Method 
 

The signal flow analysis is also known as black-
box analysis. The basic idea is to establish on the 
basis of numerical analysis to different energy 
domains of MEMS coupling field, selected a few 
parameters to describe the energy of the system, 
reduce the system’s degrees of freedom and do not 
care about the local structure and characteristics of 
the system. Then, the system coupling field can be 
expressed by a black-box which has a few 
parameters. Generally we select the vibration modal 
of the sporty structures as the basic variables set, we 
use the generalized coordinates for the coefficient of 
linear superposition to get the approximate 
deformation of the sport structures, establishing the 
Lagrange equation of the system, converting it for the 
hardware description language model and having a 
simulation in circuit of the MEMS, then, the 
simulation time of system can be greatly reduced. 
This method can obtain a high precision and applies 
to any complex system [8, 9]. 

 
 

2.3. Nodal Analysis Method 
 

Using the node analysis to system modeling are in 
the form of the system unit geometry size and 
material constants components for simulation 
parameters, its ideology is similar to circuit analysis, 
considering the system is composed by the sub-
structural units of the same energy domain or 
different energy domains, these component units with 
lumped parameter model description, interconnected 
by the nodes which have the same energy domain 
nature, equivalent to the circuit resistance, 
capacitance and so on. After converting it into 
hardware description language model, then link the 
units together, form a network topology structure, 
build the whole differential equations of system and 
implement the system simulation in the software of 
EDA. The advantage of the method is fully integrated 
with IC CAD tools, using the same software tools to 
solve MEMS and IC design problems at the same 
time, applying to the structures of lumped mass and 
stiffness can be decomposed, it is always used for the 
small displacement and small signal occasions. Jan E. 
Vandemeer has proposed nodal analysis for MEMS 
simulation and design [10], Q. Jing improved the 
nodal analysis method and applied it into the MEMS 
parametric analysis [11]. Yuan Weizheng used the 
improved nodal analysis method to solve the MEMS 
issues [12]. 

 
 

2.4. Bond Graph Method 
 
As a powerful theoretical tool for the interaction 

between the different energy domain systems, the 

bond graph method makes the dynamic system as a 
system determined by the state variables, its 
relationship between the state variables and other 
system variables is established by a set of ordinary 
differential equations and algebraic equations. By 
using the bond graph language to describe the system 
model, different systems can exchange energy to 
achieve interaction. But the theory of the method is 
abstract, difficult to understand, incompatible with 
the electric network system simulator, it is difficult to 
achieve system-level simulation and optimization. 

 
 

2.5. MEMS Multi-domain Uniform Modeling 
and Simulation  

 
To early design of MEMS, we often considered 

the MEMS device structure itself more and did less 
departure from a multidisciplinary point of view of 
technology, structure, fluid circuit, error to make the 
optimal design of the MEMS system. Even though 
the device itself achieves the best performance, once 
it is processed and used in conjunction with other 
peripheral subsystems, it can not achieve the optimal 
overall properties of the system, thereby increasing 
the number of iterations of the design, resulting in the 
improvement of product development costs. 
Therefore, it is necessary to study the MEMS 
simulation and optimization of design from the point 
of view of system, but there is still a lack of effective 
design methods to solve system design and 
optimization of MEMS. The method based on unified 
modeling language using a unified approach to 
describe the system components in different areas, it 
can achieve full realization of the seamless 
integration and data exchange between different areas 
of the model. The intrinsic component connection 
mechanism based on a unified language realizes the 
model composition and multi-domain integration; it 
can model and simulate all the problem which can be 
described by differential equations or algebraic 
equations. 

The unified modeling studies of multi-domain 
physical system originated in the first object-oriented 
simulation modeling language Dymola by Elmqvist 
in 1978 [13]. A series of object-oriented and 
equation-based simulation modeling language 
appeared in the later, for example, Omola, ASCEND, 
GPROMS, NMF, ObjectMath, Smile and so on [14]. 
Faced with the compatibility and standardization 
issues of many languages coexist, some experts and 
scholars in the simulation community in Europe had 
introduced a new generation of statement language 
Modelica on the basis of the previously summarized 
and unified a variety of modeling languages in 
1997 [15]. Currently, the modeling based on the 
Modelica language has a wide range of applications 
in the automotive and electric vehicles, hydraulic 
systems, mechanical multi-body system, thermal 
power system, power systems, electromechanical 
systems, chemical systems and hardware in loop 
simulation, discrete event systems and other systems 
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of processes. The simulation application based on 
Modelica has been started in our country. For 
example, the simulation analysis of gas turbines, 
switched reluctance motor, synchronous motor, heat 
engine, engine, mechanical gearbox and turbofan 
engine [16-18]. 

 
 

3. Multi-fields Uniform Constrained 
Simulation Model 
 

3.1. Multi-domain Uniform Constrained 
Simulation Model Expression  
and Construction 

 
Multi-domain uniform constrained simulation 

model’s mainly strategy is to express every fields 
designing parameters, constraints conditions and 
solving aims in a uniform statement equations. 
Because of product’s expression often are hierarchy 
model and MEMS’ constraints relation model is also 
a part of product, so the uniform constrained 
simulation model also adopt hierarchy model like 
Fig. 2. According to classification of products, we 
divided MEMS constraints as product class 
constraints, components class constraints and parts 
class constraints and every class constraints have 
been divided constructive constraints, interface 
constraints and associated constraints and all the 
collects and relationship of the same class make up 
the constraints net. The constructive constraints 
express the MEMS’s own characteristics, interface 
constraints express relationship between different 
fields and associated constraints express the 

relationship between constructive constraints and 
interface constraints.  

According to designing and analyzing of product 
should satisfy constraints, through grasp nature of 
different fields, we refine constraints as three 
elements: port, physical rule and element body, their 
relationship and expression are show as Fig. 3. The 
port was little circle of graph, the element bodies 
were linked by these ports and through object 
oriented and equation technology, make the 
constructive constraints, interface constraints and 
associated constraints as a union expression. 

 
 

3.2. Multi-domain Uniform Constrained 
Simulation Model’s Parameters Sensitive 
Analyzing and Constraints Adjustment 
Strategy 

 
Multi-domain constraint-based simulation model 

mapping the large-scale mixed constrained 
optimization system, corresponding to large-scale 
differential-algebraic and continuous-discrete hybrid 
equation and can not be directly solved. We should 
reduce the size and complexity of the problem before 
solving. Sensitivity analysis is one of the key 
technologies in the solving process of unified 
constrained optimization model, analyzing the 
sensitivity of the income can be used to determine the 
size of effect that the system design variables of 
parameters have been done on the objective function 
or constraint functions, it can also used to determine 
the coupling strength between the subsystems and 
ultimately used to guide the design [19, 20]. 
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Fig. 2. MEMS Product constraints relationship model. 
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Fig. 3. MEMS union constraints model. 
 

 
According to the sparse characteristics of the 

incidence matrix between the constraints (including 
the associated constraints, constitutive constraints, 
the matrix constraints and discrete constraints) and 
the variables, making coordination reduction partition 
processing of the large scale constraint system and 
getting the solution sequence or serialization of sub-
problems, then selecting the appropriate iterative 
method to get the solution and get the best MEMS 
design program. According to the continuous 

variables and discrete variables in the model, we can 
put forward the unified constrained optimization 
model generalized sensitivity analysis method, use 
the acquired information of the sensitivity to 
decouple the unified constrained optimization model 
and get a simplified processing of the constraint 
model. Fig. 4 shows the MEMS union constraints 
simulation model parameters sensitivity analyze 
method [19-21].  
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Fig. 4. MEMS union constraints simulation model parameters sensitivity analyze method. 
 
 

From the angle of MEMS unified constrained 
optimization model, using the method of global 
integrated satisfaction to get the coordinated strategy 
of the MEMS unified constraint model, coordinating 
the constructed unified constraint network, seeking 
the design solution to optimize the overall 
satisfaction of the overall objective under the premise 
of achieving the target satisfaction level of all the 
areas. Fig. 5 shows the MEMS constraints adjustment 
strategy process [22, 23]. 

 
 

4. Application Example 
 
Modelica language, which provides a uniform 

multi-domain simulation model description method 
to construct the system dynamic models of such 
complex and heterogeneous micro-mechanical 
systems. Modelica is a general equation-based object-
oriented language for multi-domain modeling of 

physical systems and utilized in mechatronic models 
in robotics, automotive and aerospace applications 
involving mechanical, electrical, hydraulic and 
control subsystems and distribution of electric power. 
Among the various MEMS products available one 
important mechanical transducer is the accelerometer 
in which the sensor capacitance changes with input 
acceleration. The advantages of low cost, low power 
consumption, small size, reliability and batch 
fabrication make Micro-mechanical accelerometer 
have a wide range of applications in industry 
autoimmunization controls, automotive security 
systems, vibration and shock measurements, military 
markets. In the paper, we will try to find a way to 
construct the Micro-mechanical accelerometer 
uniform constrained simulation models. The typical 
Micro-mechanical accelerometer’s structure is 
showing like Fig. 6, the moveable sensitive mass is a 
double comb micro-mechanical structure, linked with 
two folded flexure. Every comb extend to two sides 
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from middle moveable sensitive mass, every movable 
comb is a changeable capacity plate; fixed comb is 
fixing on the anchor point, every pair of movable 
comb and fixed comb constructs a differential 
capacity. The moveable sensitive mass moved alone 
the sensitive orientation. When the system moves by 
the inertial force, the moveable sensitive mass moves 

to another place, then change the distance from 
movable comb to fixed comb, through measuring the 
differential capacity’s changing value, the inertial 
force can be derived and the acceleration also can be 
computed through the relationship between the 
inertial forces to movement.  
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Fig. 5. MEMS constraints adjustment strategy process. 
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Fig. 6. The typical Micro-mechanical accelerometer’s structure. 
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4.1. Micro-mechanical Accelerometer 
Mechanical Model  

 
Micro-mechanical accelerometer simplified 

dynamics model as shown in Fig. 7, it’s working 
mode can be viewed as a spring-mass-damping 
vibration behavior of system under the action of 
periodic external force.  

 
 

 
 

Fig. 7. Micro-mechanical accelerometer  
dynamic model. 

 
 
Set quality pieces as shown in Fig. 7 in the X 

direction received force F, the movement of system 
can be described by the following equation. 

 
( ) ( ) ( )mx t cx t kx t F   

 (1) 
 
In the equation, m represents the quality of the 

quality mass, c represents the damping coefficient, k 
represents the beam stiffness coefficient, F represents 
the input force, the equation also can be converted to 
the following form equation. 

 

( ) ( ) ( )mv t cv t k v t dt F  
 

(2) 

 
The differential capacity, as shown in the Fig. 8. 
 
 

 
 

Fig. 8. Schematic diagram of the differential capacitance. 
 
 
For the structure of the differential capacitance, as 

shown in Fig. 8, the capacitance can be divided into 
two parts, they can be expressed as:  
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(3) 

 

In the last two equations, 0  represents the 

vacuum dielectric constant, r  represents the relative 

dielectric constant of the medium, d represents the 

initial distance between capacitance boards, 0s  

represents the area of the capacitance between the 
plates, s  represents the changes of the area.  

So that you can produce differential capacitance, 
differential capacitance is obtained as below:  

 
   0 r 0 0 r 0

2 1

0 r

s s s s
C C C

d d
s
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d

     


  

 
    



 (4) 

 
The changes of area s  can be represented as:  
 

xbs   (5) 
 
Among them, b  represents the thickness of the 

finger, x  represents the displacement change of  
the finger. 

The equation 4 and 5 show that tiny displacement 
x  due to acceleration of quality can be converted 

into the change of the differential capacitance and the 
differential capacitance variation C  is proportional 

to the displacement variation x . 
Due to external force F input, in the open loop, 

the inertial force on the quality mass is balance the 
elastic force caused by the beam. 

 
xkmaF   (6) 

 
Among them, F represents the external force, a  

represents the acceleration for the input, k  
represents the equivalent stiffness beam, m  
represents the quality of the mass, so we can obtain: 

 

02 rm b
C a

kd

 
   (7) 

 
The equation 7 shows that the differential 

capacitance variation is proportional to the input 
acceleration, so use the capacitance detection circuit 
converts the differential capacitance variation to 
voltage value that can be measured, so we can 
according to the output voltage to determine the size 
of the measured acceleration. After analyzing the 
micro-mechanical accelerometer in mechanical field 
and electric field, then we construct Micro-
mechanical accelerometer united constrained model 
with modelica language, as shown in Fig. 9. 
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Fig. 9. Micro-mechanical accelerometer united constrained model with modelica language. 
 
 
Exerting a harmonic force  0 sin 2F F ft  along 

the horizontal direction to the accelerometer, the 
amplitude is 8

0 7.2 10F N  , the frequency is 

11933f Hz , taking the quality of the mass 
114.58 10m kg  , the damping coefficient is 

71.76 10 /c Ns m  , stiffness coefficient of the beam 
is 0.2576 /k N m , after simulate in Dymola for 
three millisecond, the test model is showing like 

Fig. 10, we can get the speed characteristic curve as 
shown in Fig. 11, the quality mass reach steady state 
quickly. We can see from the Fig. 11 (a) the 
displacement of the from movable comb to fixed comb 
x=60.8275 nm , the electric force between the 
movable comb and fixed comb is 67.2653 10 N , like 
the Fig. 11 (b). 

 
 

 
 

Fig. 10. Test model. 
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(a) The distance from movable comb to fixed comb. 
 

 
 

(b) electric force between the movable comb and fixed comb. 
 

Fig. 11. Simulation results. 
 
 

5 Conclusions 
 

The physical system modeling and simulation has 
been developed from a single field to the unified 
multi-domain modeling, has produced a number of 
criteria and has made a foundation to the study of the 
key technologies of multi-domain unified simulation 
optimization modeling and solving. Throughout the 
current MEMS simulation design methods, the study 
of multidisciplinary design optimization methods 
include single-discipline optimization, parallel 
optimization between the main systems and 
subsystems, whose role is to constantly improve 
multidisciplinary design of complex systems, until 
you find the optimal design. The simulation analysis 
method has a great progress than the trial and error, 
has reduced the costs and has shortened the design 
cycle to a certain extent. But to the analysis of 
different energy domains, the large scale numerical 
simulation based on the field analysis needs the 
corresponding grid partition. Realizing the automatic 
dividing grid is hard and computing method also did 
not reach the mature stage, the lack of efficient 
computational methods, the great amount of 
calculation, it is difficult to realize the system-level 

simulation and circuit integration simulation. 
Hardware description language methods can get a 
high precision and can apply to any complex system, 
but it is just a abstract of the original system, it can 
not consider the local characteristics of system, can 
not show the influence that the structure size of the 
system parts have done on the performance of 
system, which is unfavorable for the design and 
optimization of MEMS. The MEMS optimal design 
method of the simulation optimization model based 
on multi-domain unified constraint expression use a 
unified constraint optimization model to describe the 
MEMS multi-domain optimization problem model. 
This model can embody the multi-field and 
hierarchical characteristics of MEMS; it has the 
unified constraint representation theory with the 
physical structure intrinsic and reusable 
characteristics. Before solving the situation, we 
should coordinate the coupling factors of each 
discipline, guide the optimal solution obtained under 
the unified constraint environment, improve the 
quality of solution, enhance the fault tolerance ability 
and improve the information exchange ability. 
Solving use the constraint mapping and structural 
reduction technology to achieve the solution of 
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multi-field optimizations design model under a large 
scale constraints environment and ultimately realize 
the solving theoretical system of MEMS unified 
constraint modeling and simulation optimization. 
Therefore, compared to other methods, multi-domain 
unified modeling and simulation optimization design 
method can better solve the MEMS simulation 
optimization problems. 
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Abstract: This paper propose an experiment to determine compatibility of near infrared (NIR) application in 
crude palm oil (CPO) quality measurement, considering only the Free Fatty Acid (FFA). 100 samples were 
taken from Felda Johor Bulkers, Terminal 1 in 7 consecutive days of experiment. FFA reading from 
conventional wet chemical analysis is used as the reference and validation for NIR method. Partial Least Square 
Regression (PLSR) method is used for the linear analysis, generated from MATLAB software. However, the 
finding from this experiment not really support the application at which the accuracy percentage acquire is  
only 48.12 %. Copyright © 2013 IFSA. 
 
Keywords: Palm oil, Fatty fat acid, Near infrared spectroscopy, Partial least square regression. 
 
 
 
1. Introduction 
 

Near-infared spectroscopic is a well-known 
technique in agriculture and food engineering. Mid 
1960, USDA had developed NIR method of analysis 
to detect internal qualities of apple crops. Besides, 
this technology too is used to predict fruit maturity 
level and sugar content. Nowadays, NIR is a popular 
method to perform rapid, non-destructive analyses 
especially across the agriculture and food  
industries [1].  

In Malaysia palm oil (Elaeis Guineensis) is one of 
the important sources of revenue [2]. Two main oil 
yields from palm oil fruit are extracted from the 
mesocarp; Crude Palm Oil (CPO) and from the 
kernel; Palm Kernel Oil (PKO) [3, 4]. These two oils 
have different characteristic and properties. The 
properties of CPO make it suitable for food product 
(e.g. butter, cooking oil) while PKO is used for non-
food product (e.g cosmetic) [5]. However the usage 

of CPO is more likely interested for this project. 
Thus, CPO has been chosen for the time being.  

The main parameter for CPO quality can be 
classified in five term; Free Fatty Acid content 
(FFA), moisture level, Deterioration of Bleachability 
Index (DOBI), iodine value (IV) and carotene[6]. 
Among these internal quality attributes, FFA gave the 
most influence for consumer decision on trading 
purpose. The usage of analytical instrumentation in 
fats and oil is outdated and need adjustment to 
current technology development. Palm oil quality 
assessment need less time consuming method in 
order to preserve its quality [7]. 

 
 

2. Problem Statement 
 
In Malaysia palm oil is one of the important 

sources of revenue. Yet, Malaysia too is the largest 
palm oil producer in the world [7]. Hence, 
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researchers have always finding ways of maintaining 
this sector to be at best performance and quality. 
Continuous studies have being developed in order to 
find ways to maintain and improved oil palm 
production in Malaysia.  

A common problem occurred during harvesting is 
failure to determine the right ripe fruit. Fruit that is 
too ripe contain high fatty acid (FFA) which is 
lowering the quality of palm oil produced. While 
young fruit does not contain much oil. This will be a 
waste as for every 100 kilograms of right ripe fruit 
bunches, typically 22 kilograms of palm oil and  
1.6 kilograms of palm kernel oil can be extracted. 

Therefore, this project is proposing a method of 
determining the right ripe fruit to be harvested by 
using near-infrared spectroscopy. Thus, problems like 
harvesting too ripe or too young fruit can be avoided 
in future.  

Mid 1960, USDA had developed NIR method of 
analysis to detect internal qualities of apple crops. 
Besides, this technology too is used to predict fruit 
maturity level and sugar content as shown in Fig. 1. 
Nowadays, NIR is a popular method to perform 
rapid, non-destructive analyses especially across the 
agriculture and food industries [1-5].  

 
 

 
 

Fig. 1. Near infrared spectroscopy. 
 
 

In 1998, Y. B Che Man and M. H Moh have 
developed a near-infrared spectroscopy calibration 
for determination of free fatty acid (FFA) in crude 
palm oil [4]. However, their objective is just to 
replace the common complex lab process to a simpler 
but reliable NIR method. A similar project was been 
done a year later by Y. B. Che Man et. al., this time 
by using FTIR spectroscopy. Both project shows 
positive improvement of conventional method and 
consistent results [7].  

Conventionally, ripe palm oil fruit is determine by 
number of mature fruit fall from its bunches. In 
Malaysia, the fruit will turn from black to orange 
when ripen. The outer layer of the ripe fruit is oily 
and fleshy. Beside, when ripe, the intensity of fruit is 
increasing thus make it weighted around 40-50 kg per 
bunch.  

Based on this characteristic, we are developing an 
analysis to recognize the ripe fruit by significant 
number of wavelength by applying NIR. This should 
be a promising yet reliable outcome from this project 
for an improvement in palm oil industry.  
 
 
3. Materials and Method 
 

The experiment took place at Felda Johore 
Bulkers-Terminal 1, Pasir Gudang, Johor from  
1st December 2012 to 7th December 2012.  
100 random selection of oil are collected from time to 
time in between these seven consecutive days. Wet 
chemical analysis is been done by qualified 
laboratory attendance immediately after the NIR 
scanning to preserve the same quality attributes of the 
chosen sample. 
 
 
3.1. Wet Chemical Analysis 
 

Manual procedure for determining the acidity of 
CPO is being conducted based on the Malaysian 
Standard for Laboratory, MS 817:1989. (Standard of 
Test for Palm Oil & Palm Oil Products). From this 
standard, the acid value is defined as the amount (in 
milligram) of natrium hydroxide (NaOH) necessary 
to neutralize the free acids in 1 gram of sample. 

Expression of result: 
 

25.6 N V
FFA%

W

 
, 

 
where 

- 25.6 is the weight for palmitic acid (palm oil and 
fractions); 

- N is the normality of NaOH; 
- V is the volume, in milliliters, of NaOH used;  
- W is the weight, in gram, of the test portion. 
For FFA below 0.15 %, FFA is expressed to three 

decimal places while for FFA above 0.15 %, two 
decimal places. 

 
 

3.2. Sample Preparation 
 

100 oil samples received from random palm oil 
mills were used in this study. Each sample was 
divided into two parts to be used for chemical 
analysis and NIR scanning. The samples are collected 
in ambient temperature of 27 °C before inserted into 
water bath of 80 °C just before the analysis. 
 
 
3.3. Measurement 
 

The NIR instrument used for this work is FOSS 
NIRSystem run by Vision Software. The wavelength 
measured range from 400 nm to 2500 nm but only 
1600 nm to 1900 nm taken into account for the 
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analysis [6-9]. A single sample contained a total of 
601 data points. Data were collected by absorbance 
spectroscopic and directly being used for the 
analysis. 

 
 

4. Results and Discussion 
 
A data set comprising spectral intensities of  

100 samples of CPO at region 1600 to 1900 nm 
wavelengths and their respective FFA value was 
loaded as matrix format into Matlab workspace 
[MATLAB 7.9.0 <R2009b>] [10]. Fig. 2 shows the 
raw absorbance spectrum of the CPO.  

 
 

 
 

Fig. 2. Raw absorbance spectrum of the CPO. 
 

 
The pattern shows in the graph is convincing that 

data were reliable for the analysis. Savitzky-Golay 
filter is applied to smooth the data before proceeds 
with the analysis. 

Derivation is one of most widely used 
mathematical treatment for scatter in NIR spectra 
data [11, 12]. Fig. 3 and Fig. 4 show the first and 
second derivative respectively. After eliminating the 
scattering data by derivation, PLSR with  
4 components was applied to it. 
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Fig. 3. First derivative for palm oil spectra data. 
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Fig. 4. Second derivative for palm oil spectra data. 
 
 

Due to this result, it can be said that PLSR is not 
suitable to predict the FFA content of palm oil. The 
accuracy is only 48.12 % which is low as shown in 
Fig. 5. Hence, the data must undergo an advance 
analysis such as Artificial Neural Network for 
betterment in future [10].  
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Fig. 5. Prediction of FFA. 
 
 

6. Conclusions 
 

NIR spectroscopy is an easy, reliable and efficient 
instrument to measure the quality of rice and also 
other quality in food industries. The information 
within third overtone region, range 700 nm until  
1100 nm is suitable for foods analysis since it is 
associated with hydroxyl bonds (O-H) and aliphatic 
chain (C-H). NIR Spectroscopy required further 
investigated on a large number of samples with 
different varieties, growing, cultivation methods, 
processing after harvesting and also the application 
on variety of chemometrics methods. The finding 
from this experiment not really support the 
application at which the accuracy percentage acquire 
is only 48.12 %. Next stage for further classification 
we will be used Artificial Neural Network for 
improving the accuracy. 
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Abstract: There are several methods in assessing the traits of rice including destructive and non-destructive 
method. The objective of this study is to evaluate the amylose content (AC) on seven types of rice grain in 
Malaysia market by using the Near-Infrared (NIR) Spectroscopy. AC is one of the main criteria to determine 
cooked rice quality. Total of samples are 210, there are including two types of brown rice and basmati rice and 
three types of milled white rice where each of them was divided into 30 samples per group. Spectrums from 
210 samples were collected from 680-1280 nm using a non-destructive, rapid and economical method. 
Reflectance spectra was converted into absorbance spectra and the baseline shift effect in the absorbance spectra 
was removed using first and second order derivative coupled with a first and second order Savitzky-Golay 
smoothing filter. Next, the spectral data were process and examine independently, by applying partial least 
square (PLS) analysis. Results show that NIR Spectroscopy help in determined the amylose content based on the 
spectra at 878 nm, 979 nm, 989 nm, 1100 nm and 1210 nm. The prediction on amylose content from Malaysia 
rice by using NIR Spectroscopy need to be further investigated on a large number of samples with different 
varieties, growing, cultivation methods and processing after harvesting. Copyright © 2013 IFSA. 
 
Keywords: Near-infrared spectroscopy, Iodine colorimetric, Amylose content, Malaysia rice grain, Basmati 
rice, Milled rice, Brown rice. 
 
 
 
1. Introduction 

 
Food quality and safety are crucial issues 

throughout the world since it is closely related to 
consumers' growth and health. Staple food qualities 
are even more important issue because staple food 
gives massive contribution in gaining energy. Rice is 
the staple food in Asian countries because several 
countries like Thailand, Cambodia, Indonesia, 
Vietnam, Myanmar and China produce rice for world 
distribution [1]. Furthermore, rice has high 
carbohydrates that will turn into energy. However, 
compared to other Asian countries, the productivity 

of rice cultivation in Malaysia is far lower so that 
Malaysia has to import rice from Thailand and others 
foreign country.  

BERNAS (Malaysian National PaddyRice 
Corporation) report that rice production in Malaysia 
in 2009 was 1.91 million tons, while the annual 
requirement of rice was 2.19 million tones, this show 
that only 70 % the rice sufficiency level in Malaysia 
[2]. In 2010, due to flood and diseases, annual rice 
productions substantially decrease to 1.8 million [2]. 
Therefore, BERNAS has put some effort to increase 
paddy production at least enough for Malaysia 
population. In order to achieve their annual target, 
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BERNAS Rice Factory hire more workers in grading 
process section to ensure that all the rice are grade 
fairly and correctly [2]. However this effort is not 
efficient because it will increase the production cost 
since the workers need to get paid for every 
harvesting season. Therefore, the usage of simple, 
fast and low cost grading process technology is 
necessary such as Near-Infrared Spectroscopy.  

Near Infrared spectroscopy is a form of overtones 
and vibrational spectroscopy utilizing absorption or 
reflection measurements in the near-infrared region of 
the electromagnetic spectrum [3]. The overtones 
makes NIR spectra complex and overlapping and it 
happens when the molecules reaches a vibrational 
states above the fundamental. Overtone was identified 
based on the arising of these chemical groups, C-H,  
S-H, N-H and O-H stretching modes [3, 4]. Besides, it 

offers the non-destructive analysis even for intact solid 
or liquid samples and gives both chemical and physical 
information in development or production. Additional 
for their advantages are chemical free technique, 
required no sample preparation and the quality of the 
sample can assess in just one scan [5]. Usually it has 
been used in agriculture area to determine the amino 
acid [12, 6], protein [7], moisture [8] and it also will 
produce an accurate result for amylose content [9]  
in rice.  

As illustrate in Fig. 1, amylose is made by a long 
carbohydrate molecule, it is insoluble in water, linear 
and long polymer of α- (1 → 4) linked D-glucose 
(IUPAC) units [10] and carry a few (< 0.5 %) 
occasional moderately long chains linked of α- (1 → 
6) unit of starch [11, 12, 13] making up 
approximately 20 – 30 % of the structure. 

 
 

 
 

Fig. 1. The alpha link of amylose and amylopectin 
 
 

Amylose content (AC) has a major influence on 
the characteristics or texture of cooked rice and it 
used for determining a processing quality [14, 15]. It 
is because; AC correlates negatively with taste panel 
scores for roughness, protein [15], cohesiveness, 
tenderness, color, gloss of the boiled rice but 
positively correlated to degree of milling, whiteness, 
adhesiveness and stickiness to lips [15]. Therefore, 
AC also gives an important trait in food industries, 
especially for analysis the ingredient, processing and 
product stage of production [16]. On the paper of 
William R. Windham et al., [15] they conclude that 
NIR Spectroscopy is the best method to predict the 
texture characteristic of cooked rice by using 
uncooked rice as a sample. Then, they also stated the 
relationship between AC with the cooked  
rice characteristics. 

Besides that, rice with high AC also will give 
extra advantages to human health, since high AC will 
reduce the digestion rate and as a results the 
postprandial glucose and insulin response become 
lower [14, 17]. Based on the formulation of diet for 
diabetes, the slower digestion and absorption rate of 
carbohydrate in human body, it will helps to maintain 
the regular levels of glucose in blood and reduce the 
insulin response [18]. So, rice with high AC is good 
for diabetic patient to sustain their regular blood 
glucose level.  

2. Materials and Methods 
 

2.1. Sample Preparation 
 

A total of 210 samples of rice grain used in this 
experiment were obtained from the Factory of 
BERNAS, Kempas Johor, Malaysia. All rice in the 
factory was harvested and imported from local and 
foreign country. Seven types of rice were chosen 
randomly, there are including two types of brown rice 
and basmati rice and three types of milled white rice. 
Each types of rice will be divided into thirty groups 
and each group has 200 single rice grains. Then, all 
of the 210 samples has been packed in the plastic seal 
and labeled individually before the experiment began. 
After that, rice grain samples were stored in the 
laboratory (Robotic Laboratory, Faculty of Electrical 
Engineering, Universiti Teknologi Malaysia) at room 
temperature (~27 oC) before spectra acquisition. 
After the spectrum acquisition using NIR 
Spectroscopy was complete, each of the rice was 
grinded by using a dry blender (Philips, Model 
HR2001/70/AC, made in China) followed by 
crushing it with the white porcelain mortar and pestle 
to produce the soften rice powder. Lastly, before the 
conventional method of the amylose content 
measurement via iodine colorimetric was carried out, 
the rice powders were sieve using Laboratory test 
sieve, size of 106 µm. 
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2.2. Spectra Analysis 
 

A small ring cup was constructed using the OHP 
film (internal diameter 30 mm, depth 10 mm) on the 
transparency glass to place the sample of rice grains. 
The reflectance spectrum of each samples of rice was 
acquired using low cost portable NIR Spectroscopy 
(Ocean Optics USB4000 Miniature Fibre Optic 
Spectrometer (650-1300 nm), ORNET Sdn. Bhd., 
Selangor, Malaysia) from the surface of rice grains. 
The NIR energy source and the optical standard 
reference used in this work were a tungsten halogen 
light (360-2000 nm) (LS-1, Ocean Optics, USA) and 
a diffuse reflectance standard (WS-1, Ocean Optics, 
USA), respectively. A reflection probe  
(R400-7-VIS/NIR, Ocean Optics, USA) was 
positioned at a 45 angle at the top of rice samples 
and the distance to the surface of rice grain is 7 mm 
for the diffuse reflection measurement.  

Both the spectrometer and the energy source were 
switched ON for at least 25 minutes to warm up the 
instruments before spectra acquisition began. The 
spectrometer was interfaced to a laptop computer by 
using software (SpectraSuite®, Ocean Optics, USA) 
for spectral data acquisition. One reflectance 
spectrum from the middle position of small ring cup 
of each rice sample was acquired. In order to increase 
the signal-to-noise ratio of the acquired spectrum, the 
acquired spectrum was smoothed with the boxcar 
value of 60. All the acquired spectral data were 
stored in the laptop computer and processed via 
MATLAB simulation software (MATLAB (R2012b). 

 
 

2.3. Chemical Analysis and Reference 
Measurement 

 
The iodine colorimetric method is a destructive 

and conventional method to determine the value of 
AC in rice. Firstly, for the extraction stage, 13 mg of 
rice flour in centrifuge tube was weighed on a 
microbalance. The samples were centrifuge with 5 ml 
methanol for 30 minutes at 60 oC and then discarded 
the supernatant liquors. Repeat the extraction step 
twice to get the trace of lipids. After that, added 2 ml 
of NaOH and 4 ml distil water to the lipid free 
samples, and heated it for 30 minutes in a water bath 
(or boiled water of 60 oC) - solution I. 0.1 ml of 
solution I and 5 ml of trichloroacetic acid (TCA) was 
added in a separate test tube. Next, added 0.05 ml of 
I2-KI solution and mixed it immediately. After 
30 minutes, the blue color of the solution was read at 
620 nm, using the UV/Vis Spectrophotometer, 
Lambda-25 by Perkin Elmers. The detail about these 
experiment methods can refer to [19]. 

 
 

2.4. Data Pre-processing 
 

Since there are big scattering effect at the 
beginning and the end of the spectrum, this study 
utilized the spectrum from 680 nm to 1280 nm and 
the wavelength beyond the range has been removed. 

Next, NIR Spectroscopy data was transformed from 
reflectance value (R) to absorbance (-log (R)). After 
that, first and second order derivative coupled with a 
first and second order Savitzky-Golay smoothing 
filter was implemented to remove baseline shift effect 
and “smooth out” high frequency noises in the 
spectral data. And then, data has been examined by 
using partial least square analysis. Number of 
component was identified depend on the  
model parsimony.  
 
 

3. Results and Discussion 
 

3.1. Assignment and Absorbance of NIR 
Spectroscopy 

 
Here is the results for non-destructive (NIRS) 

method and the results for colorimetric method. Time 
taken for NIR Spectroscopy measured the quality 
(diffuse reflection light) for 210 rice samples are 
three days. Refer to the Fig. 2 until Fig. 8, all data 
from three days has been separated into seven graphs 
which are based on their type. Each of them 
represented the absorption band from the NIR 
spectroscopy and the wavelength range is 680 nm 
until 1280 nm.  

Let’s evaluate on wavy point of the spectrum by 
referring to Table 1, the near infrared band 
assignment table and others research references for 
more understanding about the overtone of the 
stretching vibration for rice spectra. By searching all 
of the graphs with the assignment table of NIR 
spectra, there are a lots of information of overtone 
that was arise from the C-H, O-H and N-H bond on 
the wavelength range at 680 nm until 1280 nm. Some 
articles [4] state that absorption band from this range 
is suitable for foods analysis because it is suitable for 
measuring the moisture and sugar content since it is 
associated with hydroxyl bonds. Moreover, article on 
the [21] also state that the absorption band from the 
third overtones of the fundamental stretch bond is 
most suite for food analysis which have thick sample 
such as seed. Besides, it also states that this region is 
suitable for measuring the high moisture and  
fat content.  

Refer to entire graph, there are some 
information’s and the differentiation that can be 
recognize roughly. First, there have a similarity on 
their curvy shape accept Thailand brown rice and 
there are three important wavelengths around 
960 nm, 1090 nm and 1220 nm where the curve is 
occur. Thailand brown rice has a different shape of 
spectrum because of the color of rice is dark brown, 
so it was effect on the reflection band on NIR 
Spectroscopy [22]. Next, the sequence of depression 
at 1090 nm and 1220 nm shown that there are dip 
depression for both of basmati rice compare with 
milled rice and follow by Malaysia brown rice. 
Lastly, the amplitude illustrate that both basmati rice 
has higher range of absorbance compare to milled 
rice and Malaysia brown rice. 
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Fig. 2. Absorption band for Thailand brown rice. 
 
 

 
 

Fig. 3. Absorption band for Malaysia brown rice. 
 
 

 
 

Fig. 4. Absorption band for Pakistan maharani basmati rice. 
 
 

 
 

Fig. 5. Absorption band for Kainaat basmati rice. 
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Fig. 6. Absorption band for local Milled rice from Pahang. 
 
 

 
 

Fig. 7. Absorption band for local Milled rice from Selangor. 
 
 

 
 

Fig. 8. Absorption band for local milled rice from Johor. 
 

 
Start from the first peak of the graph around 

958 nm to 960 nm, there are few chemical bonding 
that might be occur on it (Fig. 2 until Fig.8). 
However, most researchers prove that it was 
corresponding to the O-H second overtone of 
absorbance due to the moisture content [3, 15, 20, 
23]. Hence, on the study of [23] and [15] shown that 
at wavelength around 878 nm, 979 nm and 985 nm, 
has indicate to the C-H stretch due to starch 
absorption. The next crucial point on the graphs is 

near to the 1100 nm and it was indicate to the ArC-H 
second overtone band [20] where Ar was illustrate as 
an aromatic compound which have strong 
characteristic odour [24]. Last but not least, the 
wavelength around 1210 nm to 1222 nm also specify 
to the second harmonics for C-H stretching vibrations 
of CH2 [25]. Since the chemical bonding of starch is 
made by a combination of the C-H and O-H bonding, 
so both of them is important for evaluating the 
amylose content in rice.  
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Table 1. The near infrared band assignment table from 700 nm to 2000 nm (for a better picture, refer to [20]). 
 

 
 
 
 

3.2. Amylose Content Distribution 
 

Table 2 summarizes the distribution of AC for 
seven types of rice. All rice has been labeled as a 
BPT, BPM, BBK, BBPM, BJS, BTR and BSBS, it 
was stand as a Thailand brown rice, Malaysia brown 
rice (local rice), Kainaat basmati rice, Pakistan 
Maharani basmati rice, Super tempatan rice from 
Johor (local rice), Super tempatan rice from Pahang 
(local rice) and Super Tempatan rice from Selangor 
(local rice) respectively. The mean values for three 
types of local white rice, two types of basmati rice 
and two types of brown rice is in the range of 6.1845 
to 10.2381, 5.4621 to 6.5514 and 11.3541 to 11.8640 
respectively. As mention on the [9, 14, 15] there are 
several categories for AC and it show that both white 
rice and basmati rice has a very low AC. Meanwhile, 
brown rice has been categorizing as a low AC. 

 
 

Table 2. Type Style Amylose content (AC) distribution  
of seven types of rice cultivar. 

 
Amylose Content  

(mg of amylose per L in Cuvet) Rice 
Variety 

No. of 
samples 

Min * Max ** Mean 
S. D 
*** 

BPT 30 8.2990 16.1353 11.3541 2.2232 
BPM 30 6.8105 25.1534 11.8640 4.3486 
BBK 30 2.2396 9.6959 5.4621 1.8638 
BBPM 30 2.3037 12.0546 6.5514 2.2425 
BJS 30 5.5922 17.1887 10.2381 3.1364 
BTR 30 4.0945 10.9233 6.1845 1.4978 
BSBS 30 3.3113 23.0374 7.2321 3.8432 

 
*Minimum value, **Maximum value, ***Standard deviation 

3.3. Partial Least Squares (PLS) Analysis 
 

Refer to Table 3, roughly, the overall result for 
coefficient of determination (r2) for seven types of rice 
gives unlikeable results. However after through the 
second order derivative and second order Savitzky-
Golay smoothing filter, the results for (r2) is getting 
better but still the value of r2 is small. Since the spectra 
are more severally superimpose, so second order 
derivative is needed to treat it to find some peaks and 
valleys and also to improve the model. From these 
results, PLS analysis perhaps cannot be simply applied 
for this experiment. So, PLS analyses need to combine 
with chemomertric such as back-propagation artificial 
neural network (ANN) for qualitative and quantitative 
analysis since it is anti-jamming, anti-noise and robust 
non-linear transfer ability [26]. Besides that, PLS 
analysis required Unscramble software like (v.8.0, 
CAMO, Trondheim, Norway) to do the preprocessing 
of the spectral data and chemometric analyses in an 
easy, appropriate and reliable way. If we want to 
proceed with PLS method using manual technique, it 
probably need a complex technique because PLS uses 
both the variation of X and Y to construct new factors 
that will play the role of explanatory variable [27]. 
Since, this experiment did not involve with this 
software, therefore principle component regression 
(PCR) is a best alternative to analyze these results easily 
since PCR uses only the variation of X to construct new 
factor [27].  
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4. Conclusions 
 
NIR spectroscopy is an easy, reliable and 

efficient instrument to measure the quality of rice and 
also other quality in food industries. The information 
within third overtone region, range 700 nm until 
1100 nm is suitable for foods analysis since it is 
associated with hydroxyl bonds (O-H) and aliphatic 
chain (C-H). NIR Spectroscopy required further 
investigated on a large number of samples with 
different varieties, growing, cultivation methods, 
processing after harvesting and also the application 
on variety of chemometrics methods such as 
principle component regression and artificial neural 
network in analyzing data. Hopefully, this study is 
one step to enlarge the reference on Malaysia rice 
and in the same time, to ensure Malaysia be a one of 
leading country in science and technology fields 
especially in food analysis based on Malaysia rice.  
 
 

Table 3. Summary of the coefficient of determination 
(r2) and the root mean square error (RMSE) of seven types 

of rice using partial least square (PLS) model. 
 

Rice 
Variety 

No. of PLS 
Components 

Spectral 
Treatment 

R2 RMSE 

6 SG + 1st 0.7171 1.1626 
BPT 

5 SG + 2nd 0.8504 0.8453 
3 SG + 1st 0.3132 3.5432 

BPM 
4 SG + 2nd 0.4452 3.1845 
3 SG + 1st 0.2024 1.6366 

BBK 
3 SG + 2nd 0.2820 1.5527 
3 SG + 1st 0.3524 1.7743 

BBPM 
3 SG + 2nd 0.4041 1.7020 
3 SG + 1st 0.3908 2.4069 

BJS 
3 SG + 2nd 0.4726 2.2394 
4 SG + 1st 0.2290 1.2931 

BTR 
3 SG + 2nd 0.2411 1.2829 
3 SG + 1st 0.1738 3.4346 

BSBS 
3 SG + 2nd 0.2646 3.2404 
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Abstract: In consideration of inconvenient to sinusoidal machine in naval vessels maintain to quick guarantee 
goal nowadays, a portable synthetic testing system has been designed in this paper which used for servo system 
based on information fusion. The testing system used a portable industrial computer as a core, which uses 
Windows as operating platform and C++Builder as programmable aid, and Native-XML database technique and 
dynamic access mechanism, and Win Driver technique and dynamic graphics display for accurate and coarse 
channels signal. Through developed and designed for hardware and software, it had extended function of 
conventional sinusoidal machine. It adopts NFE estimator to fusion multi-source information to diagnosis the 
instrument on-line and database technique for off-line. Application shows it possesses the advantage of simple 
operate and easy test, high efficiency. And it reduces the difficulty of equipment maintenance, conveniences to 
track and mastery the equipment for long time, and increases the quick guarantee capability. The static position 
precision of test overland gets 0.1 mil. It has great application value and promotion value.  
Copyright © 2013 IFSA. 
 
Keywords: Portable design, Servo system, Synthetic testing system, Information fusion, Hardware design. 
 
 
 
1. Introduction 

 

Sinusoidal machine is indispensable as 
maintenance equipment for servomechanism in 
vessels. It provides all kinds of sine signal for 
detecting state of servomechanism. Traditional 
sinusoidal machine has only signal output function 
same as director modeling, has not or partial 
detection function. In order to master the overall state 
of equipment, it is necessary to maintain with the 
help of aided equipments, which raises the cost for 
maintenance and makes the intensity of maintenance 
enhanced. So it lacks the ability to  
rapidly maintenance. 

In view of an increasing attention towards 
winning local wars is the ability to rapidly 
maintenance in high-tech conditions where the 
equipment maintenance cycle extends and reduces 
the work strength, this paper has designed a portable 
synthetic test instrument based on information 
fusion, which has not only signal output function as 
ordinary sine test, but also has automatic fault 
diagnosis and detection functions. It cans diagnostic 
analysis of related equipments on-line and off-line 
using multi-source information fusion technology, 
fusion diagnosis provides to workers serving as a 
rapid equipment support decision making. Also it has 
database functions such as data storage and query, 
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print, which is convenient for tracing the state of 
equipments long-term.  

This paper will be structured as follows. Section 2 
gives a brief overview of a related work. In Section 3 
we will introduce the overall design of the system. In 
Section 4 we will expose the hardware design for 
testing system. In Section 5 we will describe the data 
processing and information fusion. In Section 6 we 
will describe our software design of testing system. 
In Section 7 we will show servo system testing. 

 
 

2. The Related Work 
 
As important equipment for servomechanism in 

vessels maintenance, it output all kinds of signal to 
servomechanism, such as static step signal, constant-
velocity signal, and sine signal, small and larger 
angles turning over signal, which test the servo 
system response. Through the servo system response, 
we can diagnosis the state of servo system based on 
all kinds of technical standard of servo system. 
Currently, we often use some devices to observant 
and measure, analysis and save the response data. It 
is the key to our facing problems which is the larger 
number of devices required, the scarcity of whole 
servo system state, the larger time-consuming  
for diagnose. 

For winning local wars under modern, especially 
high-technology conditions, Zhang [2, 3] design a 
sine machine with some functions. Zhao [1] design 
an integrated portable synthetic detection and testing 
instrument. WANG et al. [10] design a test device 

for flack flowing systems based on virtual instrument 
technology.  

For diagnosis technology and data base design, 
SHI et al. [5] use fuzzy information fusion in servo 
system for naval gun. Lian et al. [6] use SVM-ANN 
hybrid model to diagnosis fault of servo system of 
Naval gun. Guo et al. [9] use prognostics and health 
management technology for new-generation weapon. 

Our work differs from the foregoing in that it 
fully considers the characteristic of quick 
maintenance, synthetic diagnosis and equipment 
maintenance standard and environment conditions. 
Hence, the proposed testing system is not only 
portable but also it provides synthetic  
performance guarantees.  
 
 

3. The Overall Design of Testing System 
 

According to the design requirements, the overall 
structure of testing servo system is as shown in 
Fig. 1. Through testing cable, field data is transferred 
to testing system from servo system. The testing 
system outputs data and command to servo system 
according to the test requirements. The test system 
saves the testing data to real time database and 
history database. Based on information fusion 
technology, testing data is processed and feature 
extracted and fused through the decision-making 
center, in the end, the decision-making is output 
through database reports as the state of servo system. 
The test system can print testing report on-line, and 
the history database can be used as diagnostic 
analysis off-line. 

 
 

 
 

Fig. 1. The structure of testing system. 
 
 

The testing system precede kinds of automatic 
measurement and test functions, such as multistep, 
constant-velocity, large and small angle arc rotary 
control. It can perform static error testing, constant-
velocity tracing error testing, sine tracing error 
testing, large and small angle arc rotary tracing error. 

It can display real-time waveforms for accurate 
channel and coarse channel, and forward feedback 
channel, negative feedback channel. Also it can 
display real-time error voltages, and overshoot, the 
degree of semi-resonance and reciprocating, the 
operating time [1-3]. 
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4. Design of System Hardware 
 
The hardware of system is as shown as Fig. 2. It 

include a portable industrial computer such as 
ACME8514P4V, 3 ISA cards which designed by us, 
1 A/D card and 2 DI cards which made by Advantech 

company, 1#~4# signal wires, 1 wiring kit, and 
testing cables, accessory power. Except for 
peripheral cable, the full weight of the testing system 
is 15.7 kg. All card built in main board slot of 
portable industrial computer. The detailed description 
of the system configuration is as follows [4, 5]. 

 
 

 
 

Fig. 2. The hardware structure of testing system. 
 

 
4.1. Host Configuration 

 
Host configuration of ACME8514P4V as 

follows: Intel Pentium4 2.4 B processor, FSB 
533 MHz, Intel 845GV chipset, 80G hard disc, 64M 
display memory, 12 slots passive backplane. The 
working temperature is from – 40 oC to + 65 oC. 

 
 

4.2. A/D and DI Card 
 
A/D card adopts PCL818LA/D which transforms 

16 channels single-in or 8 channels differential input 
analog signals to digital signal, which used as feed-
forward output for servo system. And it adopts 
PCL733DI card as 32 channels digital input, which 
collect action characteristic of travel switches for 
servo system. Input of travel switches is DC24V. The 
standard pin of A/D card complies with ISA. The 
vacancy analog input must be grounded. 

 
 

4.3. Accurate and Feed-Forward  
Signal Card 

 
Accurate and feed-forward signal card output 

analog accurate voltage and analog feed-forward 
signal for servo system. Accurate voltage output is 
less than AC12V, and feed-forward voltage output is 
less than DC±11.8 V. The card include ISA bus 
interface, address decoder, linear solid selsyn signal 
module, voltage transformer and output interface. It 
adopts D25 pins as output. The core of card is the 
single channel digital-to-selsyn convertor and DAC 
convertor. The card output selsyn signal and feed-
forward voltage. And the standard pins of A/D card 
comply with ISA. The vacancy analog input must  
be grounded. 

4.4. Error Signal Detecting Card 
 
The card is used as detecting card for servo 

system output double channel angle error. The error 
signal U  is described by: 

 
tU sin2.57 , (1) 

 
where 57.2 V is the maximum of linear rotating 
transformer output; and t  is the sum of accurate 
and coarse error angles. 

The card includes ISA bus interface, address 
decoder, XXSZ linear rotate transformer-digital 
convertor, input interface. ISA bus interface driven 
by 74HC574. Address decoder adopts 74HC688. The 
selection signal for output module is generated by 
74HC154, and 74HC138 for input module. The core 
of card is the single channel linear rotates 
transformer-to-digital convertor, which measure 
rotate transformer signal. The standard pins of A/D 
card comply with ISA. The vacancy analog input 
must be grounded. 

 
 

4.5. Selsyn Signal Card 
 

Selsyn signal card output mid frequency signal 
which is simulated as sinusoidal machine output. The 
mid frequency signal send to vessels servo system as 
driving signal. The card includes ISA bus interface, 
address decoder, selsyn signal output module, output 
interface. ISA bus interface is driven by 74HC574. 
The core of card is the single channel digital-selsyn 
convertor which power is 5 W. It output 2 channels 
selsyn signal that is accurate channel and coarse 
channel, which voltage is below AC90V. The two 
channels angle signal transfer is shown in Fig. 3. The 

digital quantity of accurate channel output outA  and 



Sensors & Transducers, Vol. 156, Issue 9, September 2013, pp. 259-267 

 262 

the digital quantity of coarse channel output outR  is 

described by: 
 

nAR

nA

outout

m
out

/1/

6000/2


 , (2) 

 
where   is the output position angle, which is the 
sum of accurate channel output position angle and 
coarse channel output position angle. m  is the 
module precision. And n  is the ratio of the signal of 
accurate and coarse channel, which depends on the 
specific circumstances. In our design n  is 30. 
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Fig. 3. A principle diagram of two signal transduction. 

 
 
4.6. The Wiring Kit and Other Peripheral 

Devices 
 
The card signal and sinusoidal machine output 

signal and the error signal is pull in wiring kit, which 
is shown in Table 1. 

1# ~ 4# signals is group of input and output 
signal for testing system, which max voltage is 
shown in Table 2. 

Some peripheral devices include ±15 V and 
±24 V power, and some testing cable. During the 
tests the mid frequency power is supplied by vessels 
with 220 V/50 Hz and 115 V/400 Hz. 

 
 

Table 1. The main signal in signal box. 
 

 
Accurate/coarse 

signal 
Max 

voltage, (V) 
S1~S3 ~90 V 

Card signal input 
Z1, Z2 ~12 V 

Servomechanism CS1~CS3 ~90 V 
Error input S1/S2 ±90 V 

 
 
Table 2. The max voltage of main signal in 1#~4#. 

 
 Input signal (V) Output signal (V) 

1# signal ±90 90 
2# signal 18 ±10 
3# signal 100 ±12 
4# signal 30 --- 

4.7. The System Design  
for Anti-interference 

 
Due to various interferences can enter in servo 

system testing system, through space and earth wire, 
power line and other wire. In the design, we take 
measures to anti-interference which described  
as follows. 

First, in order to restrain common mode 
interference, we link the IPC ground and signal 
ground and the shell ground to form one end  
line ground.  

Second, in order to restrain series mode 
interference, we adopt filtering technique to restrain 
interference from servo system effectively. 

Third, we adopt isolation technology to isolate 
high and low voltage, and shielding technology to 
anti-electromagnetic, and anti-power interference 
technology to power interference. 

 
 

5. The Data Processing  
and Information Fusion 

 
It is important to pre-process signals such as 

estimate the multi-sensor states for data fusion [6]. In 
this paper, we use neural networks, fuzzy reasoning 
and expert system as multi-sensor state estimate 
method, which is NFE estimator. Because multi-
source information fusion is a multi-attribute 
decision. The assessment procedure of evaluation is 
establishes one kind to correspond the multi-sensor 
information set and the confidence estimation 
mapping relations. The impact factors of sensor 
confidence estimate are sensor performance, 
electronic jamming, clutter intensity and natural 
environment. The single sensor confidence estimator 
is shown as Fig. 4.  

The fusion step is as follows:  
1) Establish the sensor confidence estimate 

system, fuzzy sensor attributes;  
2) Define factors weight coefficient affected by 

sensor performance based on expert knowledge and 
unitary processing;  

3) Modify the attributes using weight coefficient, 
which is confidence estimator input;  

4) Choose fuzzy membership function using 
expert system based on input data;  

5) Training data using comprehensive evaluation 
method, and carry through the evaluation using 
trained confidence estimator [7, 8].  

NFE confidence estimator fusion algorithm is as 
shown as Fig. 5. 

Expert knowledge and expert system include 
mainly the technical standard for servo system which 
is in common, and each servo system has its unique 
characters because of different service conditions for 
each vessel in a long term [9, 10].  
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Fig. 4. A single sensor confidence estimator. 
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Fig. 5. The NFE estimator fusion algorithm. 
 

 
6. The Design of System Software 

 
The software structure is shown in Fig. 6. Edit 

program with C++ language, it is made up of main 
program, detection subprogram, testing subprogram, 
fusion and diagnosis subprogram, database. Because 
system is multitask operation and fast response with 
milliseconds, during software development process 
for testing instrument, it adopts multimedia timer and 
multiple threads control mechanism, the idea of 
modular design, Native-XML database techniques 
and dynamic access mechanism. And the key 
technologies for the designed cards include Win 
Driver technique and dynamic graphics display for 
accurate and coarse channels. With the features of 
independent to operation systems, system can be 
transplant to Linux operation system, which ensures 
the system excellent [11].  

In operating software, some key modules is 
constructed, such as TEngle module, which 
visualized as the servo system electrical position 
directly in real-time. 

The key to software is database, which includes 
dynamic database and static database. The static 
database records vessels administration, equipment’s 
state and maintenance history. The dynamic database 
records testing project, testing time, testing data and 
maintenance decision.  

Some details will be illustrated in the following. 
 

 

main program 

detection subprogram testing subprogram fusion and diagnosis 

subprogram 

Database 

 
 

Fig. 6. A principle diagram of two signal transduction. 
 
 

6.1. The Detecting and Testing Subprogram 
 

A complete testing procedure for azimuth and 
elevation servo system is as shown as Table 3. All 
testing include accurate and coarse signal errors and 
error voltages. Besides, the angles turning over 
testing include turning over time testing, semi-
oscillation testing, and overshoot testing.  

As shown in Table 3, step 1 detects initial state 
which detect the initial positon and related state. In 
step 2, static step testing defines initial position and 
amount of step. In step 3, a constant-velocity 
movement testing defines initial position, finished 
position, angular velocity, guiding time, feed forward 
coefficient, and the number of times for reciprocating 
movement. 
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Table 3. Testing for azimuth and elevation servo system. 
 

No. Content 
1. Detect initial state 
2. Static step testing 
3. A constant-velocity movement testing 
4. Sine movement testing 
5. Small angles turning over testing 
6. Larger angles turning over testing 
7. End 

 
 

In step 4, sine movement testing defines initial 
position, guiding time and cycle and frequency, 
amplitude also. In step 5 and 6, small and larger 
angles turning over testing define initial position and 
turning over angles. A transform formula is described 
by: 

 

milo

3

50
1   (3) 

 
The main performance index of each testing is 

left and right extreme position, minimum and 
maximum velocity and maximum acceleration. Each 
testing includes accurate and coarse channel static 
error measure and error voltage measure. In addition 
to, small angles turning over testing and larger angles 
turning over testing include tests such as turning over 
time and semi-oscillation and overshoot, etc.  

There are some established content. Setting for 
the static testing is initial position and step. Setting 
for a constant-velocity movement testing is initial 
position and terminational position and angle 
velocity, and pilot time, and reciprocal time, positive 
feedback coefficient also. Setting for sine movement 
testing is initial position and cycle and amplitude, 
and the operating time, positive feedback coefficient 
also. Setting for small angles turning over testing and 
larger angles turning over testing are initial position 
and angle. 

There are some characteristic of motion for each 
testing. For a constant-velocity movement testing, it 
output signal to driving servo system to achieve 
established velocity during pilot time. For sine 
movement testing, it output signal to driving servo 
system to achieve established characteristic of 
motion after n pilot time. And for other testing, it 
output signal to driving servo system to achieve the 
terminational position from initial position during the 
step time. 

The established content of the testing system 
dynamic save the last setting. And system display the 
error voltage waveform in real-time. 

Some key programs described as follows. 
 
 

6.2. Sine Signal Output Subprogram 
 
According to the design required, given the cycle 

and the operating time, the testing system output sine 
signal which amplitude is one-third of the established 
amplitude in first cycle and two-third of established 

amplitude in second and next to last cycle, and the 
others output the established amplitude. 
Characteristic of sine signal output is shown in 
Fig. 7.  

 
 

 
 

Fig. 7. The waveforms of sine signal output. 
 
 

The main section of sine signal output 
subprogram is described as follows.  

 
void CALLBACK Tfrmsd::Time Procfszx (UINT 
uID, UINT uMsg, DWORD dwUser, DWORD dw1, 
DWORD dw2) 
{long izx=proctimei[3];double t,ty,zqxs; 
switch(fwgdyxxz) 
{case 0: t=StrToFloat(Edit22->Text);//cycle 
ty=StrToFloat(Edit24->Text);//operating time 
zqxs=StrToFloat(Edit25->Text);//positive feedback 

coefficient 
break;…default: break;} 
static double y=0,thita; 
double zxx0=StrToFloat(Edit20->Text);//initial 

position 
double A=StrToFloatEdit23->Text);//amplitude 
long sum1=(int)(1000/3);long sum2=(int)(2000/3); 
long sum3=(long)(ty*60*1000/t)-2*(sum1+sum2); 
long step0=sum1;long step1=sum1+sum2; 
long step2=sum1+sum2+sum3; 
long step3=sum1+2*sum2+sum3; 
long step4=2*sum1+2*sum2+sum3; 
if (izx<=step0)  

{thita=2*M_PI/sum1; 
y=zxx0+(A/3)*sinl(izx*thita);}     
if((step0<izx)&&(izx<=step1)) 
{thita=2*M_PI/sum2; 
y=x0+(A*2/3)*sinl((izx-step0)*thita);}; 
if ((step1<izx)&&(izx<=step2))             
{thita=2*M_PI/1000; 

y=zxx0+A*sinl((izx-step1)*thita);}; 
if((step2<izx)&&(izx<=step3)) 
{thita=2*M_PI/sum2; 

y=zxx0+(A*2/3)*sinl((izx-step2)*thita);} 
if((step3<izx)&&(izx<=step4))         

{thita=2*M_PI/sum1; 
y=zxx0+(A/3)*sinl((izx-step3)*thita);}  
switch(fwgdyxxz) 
{case 2:y=y*200/3;break;default: break;} 

Kfz1->Port=0x332;Kfz1-
>Write("0x"+IntToHex((int) 
(((long)y%6000+y-(long)y)*4*4096/6000),4)); 
Kfz1->Port=0x334; 
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Kfz1->Write("0x"+IntToHex((int)(((long)y%200+y-
(long)y)*4*4096/200),4));  
double qqdy=(int)(zqxs*y)%10+(zqxs*y-
(int)(zqxs*y)); Kfz1->Port=0x338; 
if (qqdy>0) 
{Kfz1-
>Write("0x0"+IntToHex(((int)qqdy*0x3ff/6000),3));
} 
Else 

{Kfz1-
>Write("0x0"+IntToHex(((int)qqdy*0x7ff/6000),3));
} 

if(izx%10==0) 
Edit53->Text=FormatFloat("###0.##",qqdy); 
Engle1->Engle=y;Engle2->Engle=y;  
Chart2->Series[0]->AddXY(izx,y); 
Chart2->Series[1]-

>AddXY(izx,(zqxs*y)/1000.0); 
if (izx>3000){Chart2->Series[0]->Delete(0); 
Chart2->Series[1]->Delete(0);} 
proctimei[3]++;} 

      
 
6.3. The Accurate and Coarse Channel 

Dynamic Output and Display 
Subprogram 

 
In order to dynamic display the accurate and 

coarse channel error signal which is electrical angle 
that stand for the servosystem position directly, we 
construct the TEngle module.  

As shown in Fig. 8, it looks like a clock which 
indicator stand for the actual electrical angle for the 
accurate channel (as shown in Fig. 8 (a)) and coarse 
channel (as shown in Fig. 8 (b)). The clock is divided 
into ten equal parts, which adopts 600 mil as 
increments for coarse channel and 20 mil as 
increments for accurate channel. 

 
 

 
(a) The accurate channel, (b) The coarse channel 

 
Fig. 8. The TEngle module. 

 
 
The main section of the coarse channel TEngle 

module program is described as follows, which is 
similar to the accurate channel TEngle module 
program. In program, Brush is background color; 
Engle is angle; Font is style of the dial; Pen is the 
color of round frame and scale; and Ppen is the color 
of the indicator. 

void __fastcall TEngle::Paint( )   
{ float rad,dir;float x1,y1,x2,y2; 
(Width<Height)?Height=Width:Width=Height; 
//boundary of square   
(Width<Height)?dir=Width:dir=Height; 
dir=dir-40;rad=dir/2;Canvas->Pen=FPen; 
Canvas->Brush=FBrush;Canvas->Font=FFont; 
if(!JC) //draw dial  
{Canvas-

>TextOutA(10+rad,35+rad,IntToStr(Engle%6000));  
//display the angle 
Canvas->Pen=FPen;Canvas->Brush=FBrush; 
Canvas->Font=FFont;x1=20+rad;y1=20; 
x2=20+rad;y2=30;Canvas->MoveTo(x1,y1); 
 //draw the scale                                     
Canvas->LineTo(x2,y2); 
Canvas->TextOutA(x1-3,y1-13,"0");//draw the 

label                              
x1=20+(rad+rad*sin(M_PI/5));y1=20+(rad-

rad*cos(M_PI/5));x2=20+(rad+sin(M_PI/5)*rad 
*0.9); 

y2=20+(rad-cos(M_PI/5)*rad*0.9); 
Canvas->MoveTo(x1,y1);Canvas-

>LineTo(x2,y2); 
Canvas->TextOutA(x1,y1-13,"600"); 
……… 
x1=20+(rad+rad*sin(9*M_PI/5)); 
y1=20+(rad-rad*cos(9*M_PI/5)); 
x2=20+(rad+sin(9*M_PI/5)*rad*0.9); 
y2=20+(rad-cos(9*M_PI/5)*rad*0.9); 
Canvas->MoveTo(x1,y1);Canvas-

>LineTo(x2,y2); 
Canvas->TextOutA(x1-20,y1-13,"5400"); 
Canvas->Ellipse(20,20,dir+20,dir+20); 
Canvas->Pen=FPPen; 
x1=20+rad;y1=20+rad; 
Canvas->MoveTo(x1,y1); 
Canvas>Ellipse(x1-2,y1-2,x1+2,y1+2); 
x2=20+(rad+sin(Engle*0.06*M_PI/180)*rad 

*0.8); 
y2=20+(rad-

cos(Engle*0.06*M_PI/180)*rad*0.8); 
Canvas->LineTo(x2,y2);}} 
 
 

6.4. Diagnosis Subprogram for Travel Servo 
System 

 

According to the characteristic of action for travel 
servo system, it divides the travel servo system into 
k intervals. ),...,,( 21 nkkkk  , which 

),...,2,1( niki   is an interval subset. Each interval 

subset has some travel switches which is different 
amount. For example, ),...,,( 21 mi xxxk  , 

),...,2,1( mjx j   is detection information of a single 

travel switch in ik  travel subset. Under the normal 

conditions, jx  fit the normal distribution. The 

diagnosis subprogram for travel servo system is 
described in Table 4. We use the data having 
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minimum variance as fault feature criterion in the 
end [12, 13]. 

 
 

Table 4. Diagnosis subprogram for travel servo system. 
 

No. Content 
1. Testing repeated many times 

2. 
Calculate the approximate unbiased 
estimation and variance 

3. Data process using Kalman Filter 

4. Calculate the minimum variance 

5. output 
 
 

6.5. Design of Database 
 
System database include static database and 

dynamic database, there are the table of user 
organization relationship and the table of 
administration authority, and table of equipment 
allocation, table of subservosystem testing, table of 
testing template, and the synthetic tests table, etc. 
The static database is used as saving information 
such as vessel subjection and administrative 
organization, and equipment and its state, history of 
maintenance, etc. It is convenient to master 
equipment state for the static database in long term. 
The dynamic database is used as saving information 
such as vessel code and equipment, testing system, 
testing item, testing time, testing data, maintenance 
decision-making, etc. 

 
 

7. Testing for Servo System 
 
The servo system testing wiring is shown in 

Fig. 9. Power of 220 V/50 Hz and 115 V/400 Hz 
during the tests the mid frequency power is supplied 
by vessels. 

 
 

 

signal box 

power：220V/50Hz or 

     115V/400Hz 

cable cable servo system 

of vessel 

IPC 

 
Fig. 9. The servo system testing wiring diagram. 

 
 
The main section of calling programmer for 

PCL818 is described as follows. 
if(DRV_DeviceOpen(0, &lDriverHandle)!= 
SUCCESS)  
{ShowMessage("Open Error!");return;}//open card  

unsigned short x; //define a variable 
Di.value=&x; 
Di.port=A(0~32); //define a channel 

if(DRV_DioReadPortByte(lDriverHandle,&Di)!=SU
CCESS) 
{ShowMessage("Read error!") ;return;}; //read data 

The main section of detecting programmer for 
static error is described as follows. 
void CALLBACK Tfrmsd::TimeProcjsmw(UINT 
uID,UINT uMsg, DWORD dwUser,DWORD 
dw1,DWORD dw2) 
{int imw=proctimei[7];float mw100ct0=0.0;static 
long flagmw=0,mwctt=0,mwbzdcs=0;double x1,x2; 

double cjcs,jjcs,cjcsdy,jjcsdy,xc,xj,xcdy,xjdy; 
frmsd-> Port=0x330;frmsd-> Write("0x0081"); 
frmsd-> Port=0x33c;cjwcinjt=frmsd-> Read(); 
if(cjcs!=0&&jjcs==0){jjcs=200;} 
//if accurate channel error is zero when coarse 

channel error is not zero 
cjcsdy=strtody(cjwcinjt);jjcsdy=strtody(jjwcinjt); 
cjcs=strtocjmw(cjcsdy);jjcs=strtojjmw(jjcsdy); 
if(imw%10==0) 
{frmsd->Edit12-

>Text=FormatFloat("###0.##",jjcsdy); 
frmsd->Edit10-
>Text=FormatFloat("###0.##",cjcsdy); 
frmsd->Edit31-
>Text=FormatFloat("###0.##",jjcs);} 

 
 

8. Conclusions 
 
Through experiments overland, the servosystem 

has achieved the design requirements. Application 
shows it possesses the advantage of portable and 
simple operate and easy test, high efficiency. It 
reduces the difficulty of equipment maintenance, 
conveniences to track and mastery the equipment for 
long time, and increases the quick guarantee 
capability. The static position precision of test 
overland gets 0.1 mil. Based on above advantages it 
has great application value and promotion value.  

In this paper, we design the hardware and 
software design for servosystem testing system, but 
there are some problems worth considering [14], 
such as how to qualitative describe characteristics of 
mechanical and electric of the whole equipment 
system, etc. 
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Abstract: This study reports the results of simulating a fire that occurred in a semiconductor factory in Taiwan 
in 2005. Based on the Fire Dynamics Simulator (FDS), this research investigated the risk factors involved in the 
semiconductor factory after undergoing the fire, and assessed the hazards caused by smoke. A factory fire of 
such magnitude shuts down operation and is damaging to the local society, economy, and the environment. The 
findings of this research are intended to enhance the engineering of the plant and mitigate the factors that 
negatively influenced the evacuation of people during the actual fire, to reduce risk and loss of the property fire. 
This paper provides specific parameters and quantitative data regarding planning and design, to serve as a 
reference for formulating countermeasures for the fire protection of industrial factories in Taiwan.  
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1. Introduction 

 

Each year, the loss caused by fires occurring in 
factories is far greater than that in city fires, and 
substantially hinders the competitiveness of the 
affected industries. Therefore, it is necessary to 
emphasize concerns about hazards, loss, casualties, 
and environmental disruption caused by fires 
occurring in factory buildings. When a fire occurs in 
a factory, raw, processed materials, products, 
equipment, and other objects that have stored in the 
plant area can be ignited by fire, thereby generating 
smoke and high temperatures. Staff inside the 
building seriously injured by inhalation of toxic gas 
produced, finally may be died on-site or the hospital. 
In recent years, some researchers have investigated 
fires that have occurred in buildings and have 

conducted analyses using FDS [1-3], among 
including focusing on the effects of the venting on 
the fire to the smoke flow [4]. 

The Fire Dynamics Simulator (FDS) fire 
simulation software [5], developed by the Building 
and Fire Research Laboratory (BFRL), National 
Institute of Standards and Technology (NIST), was 
used in this research. The FDS Computational Fluid 
Dynamics fire simulation software is based on the 
Large Eddy Simulation (LES), which is applicable to 
a 3D fire scenario. FDS divides the space of the 
building into a fine grid and solves the governing 
conservation equations of each part of the grid by 
applying a numerical method. FDS accurately 
estimates physical data such as pressure, temperature, 
velocity, and smoke flow at the fire scene. FDS is 
particularly applicable to large buildings and 
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complex building space designs to fire simulations. 
Furthermore, it can calculate and describe in detail 
the temperature, pressure, and velocity at any 
location of a fire scene throughout the entire process 
of the fire, including to the fire phenomenon. FDS 
provides diverse information on the spread of flame, 
the movement of smoke, fuel, and heat transmission 
of the walls, and the actuation of the sprinkler system 
for the effects. FDS, which calculates variations of 
the heat flow field and heat transmission of the fire 
scene of a building space, is primarily based on the 
Navier-Stokes equations. The governing 
conservation equations are as follows [6]: 
1) Conservation of momentum: 
 

ijp
t





bfguuu  (1) 

 

2) Conservation of mass: 
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3) Conservation of energy: 
 





q bss qq
Dt

Dp
h)h(

t
u  (3) 

 

4) Conservation of state: 
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5) Conservation of Species (Combustion Material): 
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6) Equation in Diffusive Terms: 
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7) Equation of Radiative Transport: 
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2. Research Method 

 

This study investigated a fire in a semiconductor 
factory in Taiwan, which occurred in 2005. The sizes 
of the floors and their purposes are shown in Table 1. 

Table 1. Case plant B1 ~ 4F floor area and use explains. 
 

Floors Areas Purposes 
1F - 4F 5,700  4 m2 

B1F 6,800 m2 

Printed circuit plate 
production lines (BGA) 

＊Ball Grid Array (BGA). 

 
 

A fire, such as the case studied here, is one of the 
most harmful and dangerous disasters that can occur 
in a semiconductor factory. This is typically caused 
by large quantities of extremely dangerous, 
concentrated chemicals stored on-site. Examples of 
these chemicals, which are used in the manufacturing 
process, are hydrogen fluoride (HF), silane (SiH4), 
hydrogen (H2), and other substances. Such a disaster 
worsens when toxic or flammable gases and fluids 
are ignited. The diffusion of toxic substances causes 
injury to plant personnel and damages the 
surroundings. The smoke particle causes to 
machinery damage and equipment often costs as high 
as tens of billions of dollars (NTD). Therefore, 
establishing an effective fire protection mechanism 
for high-tech factories is critical to protect staffs from 
such danger. 

The exterior dimensions of the building were 
93 m (long)  83 m (wide)  50 m (high), in a 
rectangular block shape. The fire source was located 
on the first floor of the building. The fire was 
simulated in such a manner that it spread from the 
first floor to the fourth floor through the exhaust 
piping (see Fig. 1 for the model of the first to the 
fourth floors, as created in this study). The entire area 
of the first to the fourth floors, and the boiler 
chamber on the first floor, were explored. 
 
 

 
 

Fig. 1. The FDS software restructures factory model. 
 
 
2.1. Fire Scene Verification and Analysis 
 

This research collected information and data on 
the fire scene, and then verified the simulated results 
from the FDS software with the collected fire scene 
photographs. The results of a numerical simulation 
were added qualitatively and quantitatively, to 
describe the variations of temperature, smoke, and 
toxic gases over time. The method of using 
qualitative and quantitative analysis to determine and 
verify each of the regional variations, as well as the 
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trends of the physical parameters, are described as 
follows. 

 
 

2.1.1. Verification I 
 

This fire appears to have been caused by a boiler 
operator who turned on a boiler improperly, so that 
the boiler chamber exploded. The fuel oil and boiler 
water spilled out of the boiler body. The electrical 
equipment, and the hot boiler body, then ignited the 
fire. The fire spread to the exhaust piping above the 
boiler (Boiler A), and the exhaust piping was made 
of polypropylene (PP). 

The temperature of Boiler A in the boiler 
chamber reached the melting a point of the PP duct, 
above 150 °C, during the initial period of the fire. 
See Fig. 2 and Fig. 3 for the simulation results. The 
fire source was the diesel oil; hence, the fire spread 
rapidly. The CO concentration at this stage was 
between 2000 and 4000 ppm, and the air layer height 
was reduced to 1.5 m. An interview with the boiler 
operator revealed that the boiler operator had left the 
work site to inform the supplier of an abnormality 
observed while turning on the boiler. When the 
operator returned, had found that the rear of the 
boiler was full of thick smoke (see Fig. 4 and Fig. 5), 
which is consistent with the simulation. 
 
 

 
 

Fig. 2. Boiler room in Boiler A upper ducts 
melting situation. 

 
 

 
 

Fig. 3. The boiler chamber at Boiler A upper temperature 
the simulation results. 

 
 

Fig. 4. The boiler chamber at Boiler A at the air layer 
height the simulation results. 

 
 

 
 

Fig. 5. The 600 s boiler chamber smokes to simulate 
transient. 

 
 
2.1.2. Verification II 
 

The plant was surrounded by a construction 
curtain wall. It was found, by analyzing a photograph 
of the fire site, that part of the aluminum partition 
plate was melted by the high temperature of the fire. 
An engineering study [7] stated that the curtain wall 
is made of alloy aluminum board, mostly 1100-H14 
and 3003-H14, which 3003-H14 loses less 
mechanical strength when heated. 

In terms of temperature resistance of the material, 
the melting point of aluminum is approximately 
659 °C, which is insufficient to resist the high 
temperature of the fire scene. Aluminum begins to 
soften and deform at approximately 300 °C, and 
melts at approximately 600 °C. The comparison 
between the simulation result and photographs of the 
site shows that the entrance of the boiler chamber 
reached the threshold temperature of softening, 
deforming, and melting from the 200th to the 1260th 
seconds. This is consistent with the real situation, 
because it was under high temperature for a long 
duration, as shown in Fig. 6. 
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Fig. 6. Boiler chamber entrance temperature change 
simulation result and curtain wall aluminum  

partition plate melting situation. 
 
 
3. Results and Discussion 

 
This research simulated the real fire situation, and 

analyzed variations of upper layer temperature, CO 
concentration and air layer height of the first floor 
and the boiler chamber, as well as the effect of such 
variations on the fire scene. Table 2 lists the related 
settings of fire scene parameters. 
 
 

Table 2. The fire parameters settings to explain. 
 

Parameters Setting conditions 

Cause of ignition 
The ignition of the boiler 
was caused by start 
abnormal factors 

Number of boilers 5 sets 

Boiler type Tubular 

Boiler leakage area 15 m2 

Above the pipeline 
materials 

Polypropylene (PP) 

Main fire source Diesel fuel 

Heat release rate correction 
curves 

Gasoline [8] 

Vents Full open 

Indicators of three parameter limits, upper layer 
temperature, CO concentration, and air layer height 
are discussed below. 
 
 
3.1. Discussion Regarding  

the upper Temperature (°C) 
 

Fig. 7 shows the temperature distribution of the 
upper layer of the boiler chamber, located on the first 
floor. The boiler chamber was designed so that five 
boilers were on the same side of Boiler A, which was 
the fire source. The investigation found that the 
boilers were a tubular-type. The initial determination 
stated that the cause of the fire was that the boiler 
was ignited because it was started improperly. 
Extremely high temperatures developed quickly 
during the initial period of fires. The oil and water 
leaking from the boiler covered approximately 15 m2. 
In addition, the ductwork above was made of 
combustible PP material and extended to the 
passageways and openings of other rooms. 
According to the interview, the doors of this area 
were mostly open, and so that the design of the 
passageway was set to open. Fig. 8 displays a 
simulated fire scenario for the boiler chamber. Diesel 
oil was the fire source. Because the heat value of this 
combustible liquid is extremely high, the heat release 
curve of this case is designed with reference to the 
calibration curve of the heat release rate, as described 
in the literature (TSAI, 2007, [8]). 

 
 

 
 

Fig. 7. The fire is an ignition point location diagram. 
 
 
With advance of a time, the smoke had filled the 

interior of the boiler chamber quickly, and rapidly 
spread outside. This is consistent with the real 
situation when comparing photographs of the fire 
scene with those of the simulated scenarios, as shown 
in Fig. 9 and Fig. 10. Boiler A was burned, adjacent 
Boiler B and the ductwork above the other equipment 
were substantially scorched. The rest of the chamber 
facilities only suffered the surface of smoke damage. 
The fire did not reach a temperature that damage 
reduces the structural strength of the building, but did 
generate a considerable amount of smoke. Therefore, 
the structural damage caused by the fire can be 
repaired for continued use, as shown in Fig. 11. 
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Fig. 8. The fire is the ignition point Boiler A y-section 
transient diagram. 

 
 

 
 

 
Fig. 9. 100 - 1260 s fire transient diagram. 

 
 

 
 

Fig. 10. Boiler chamber outside scene screens. 

 
 

Fig. 11. The boiler chamber inside photographs. 
 
 

3.2. Discussion Regarding the CO 
Concentration (ppm) 

 
The quantity of combustibles is closely related to 

the amount of smoke, temperature, and generated CO 
concentration. When a fire spreads, CO concentration 
reaches several thousand ppm over a short time. 
According to the research on this topic, when the CO 
concentration reaches 1,000-2,000 ppm, humans may 
experience unconsciousness, dyspnea, and coma, and 
may die within 2 hours. Therefore, CO concentration 
has an enormous effect on the survival of evacuees. 

Fig. 12 shows the distribution of CO 
concentration in the boiler chamber on the first floor. 
The fire source was at the location of boiler A. The 
production of CO, from the dissociation caused by 
the combustion reaction, increased rapidly during the 
initial period of the fire. After reaching the peak at 
the 200th second, it stabilized in the range of 7000-
8000 ppm. The PP acid-alkali exhaust piping from 
the boiler chamber is composed of combustible 
plastic materials, which are the source of the high CO 
values. In addition, because the spilled oil was 
extremely flammable, the operator was unable to 
quench the flames with the available extinguisher. 
Therefore, the fire spread rapidly. The firefighters 
attempted to extinguish the blaze with water, but 
failed, as shown in Fig. 13. 
 
 

 
 

Fig. 12. The CO concentration location of Boiler A. 
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Fig. 13. Transient of the fire’s CO concentration. 
 
 

3.3. Discussion of the Layer Height (Meter) 
 
Fire is often accompanied by a large amount of 

smoke. This is cause for concern, because the smoke 
contains toxic gases and has a high temperature; 
therefore, inhalation of such material causes the 
choking and burns in the airway and lungs of people 
in the area. According to previous research, an air 

layer below 1.5 m is hazardous immediately to 
human life. The height of the air layer was declined 
by the accumulation of smoke under the ceiling, 
which also worsened the visibility. This condition 
may cause panic, and the people involved may not be 
able to identify the proper escape route. 

Fig. 14 shows the air layer height of the boiler 
chamber. The height of the air layer in the boiler 
chamber was reduced to approximately 1.5 m  
at 200th second. This height was maintained to 1260th 
seconds the end of the simulation. From this, it may 
be inferred that the boiler chamber has the larger 
area; therefore, the accumulation of smoke requires 
longer time. Furthermore, a defect in the fire 
compartment allows the smoke to billow outwards. 
Consequently, the air layer height in the boiler 
chamber remained at approximately 1.5 m, as shown 
in Fig. 15.  
 
 

 
 

Fig. 14. Air layer height diagram of the Boiler A. 
 
 

 
 

Fig. 15. Transient of the boiler chamber at 100-1260 s. 



Sensors & Transducers, Vol. 156, Issue 9, September 2013, pp. 268-275 

 274 

In verifying the photographs, the part of the wall 
inside the boiler chamber that was blackened by 
smoke is found at approximately this height, as 
shown in Fig. 16. 

 
 

 
 

Fig. 16. Photograph of the boiler chamber’s smoke height. 
 
 

Based on this analysis, the air layer height might 
vary significantly and depends on the amount of 
smoke from combustion, configuration of the room, 
vents, opening time, and the distance from where the 
fire started. If the air layer height of the major 
combustion region were to reach the lethal threshold, 
it would not have been possible to escape. By 
contrast, the production and parking areas were not 
burned by the fire directly, so the extent of influence 
is smaller. 
 
 
4. Conclusions 

 
Based on a review of news reports, interviews, 

and FDS simulation results, the following 
conclusions about the fire scene of this case  
are inferred: 

 
 

A. Fire Compartments 
 

Although the floors and rooms have been at the 
designed stage of buildings, planning the fire 
compartments, but in the use of some equipment and 
ducts permitted through different compartments, in 
this case which leads to the fire to spread to  
other compartments. 

B. Piping Materials 
 
The manufacturing processes of the 

semiconductor factory require acid-alkali exhaust 
piping materials. The material used in the pipeline 
was initially PP. This material is a type of 
combustible plastic with a low melting point. Once a 
fire occurs, the loss can be substantial. In this case, 
along the PP exhaust piping burned, so that allowing 
the fire to expand. 

 
 

C. Fire Source Heat Release Quantity 
 
The amount of heat generated at the source of the 

fire influences the burn rate. This research simulated 
differential heat release rates under different 
conditions of boiler failure and various amounts of 
leaked oil. Research on how to prevent oil leakage, 
and an early warning mechanism, would help to 
prevent the expansion of fires. 

 
 

D. Automatic Sprinkler Equipment 
 
Automatic sprinkler equipment should be 

installed in boiler chambers. If the automatic 
sprinkler in the semiconductor factory case had 
worked during the initial period of the fire, it would 
have inhibited the fire and prevented it from 
expanding. This case exhaust pipes, with a diameter 
of at least 6 inches or more, has been equipped with 
the automatic sprinkler equipment, in order to 
facilitate extinguishing the fire during the  
initial period. 
 
 
Suggestions 
 

The simulation and analysis results can serve as a 
reference for planning and improving the design of 
related plants, which will be helpful for reducing the 
occurrence of fire disasters, and associated loss. This 
research proposes the following suggestions: 

1) The requirements for engineering quality at 
any stage in the building of plants, including 
planning, design, construction, expansion, and 
equipment installation, should be more strengthened. 
In particular, the planning, design, and construction 
of the fire compartment should not be compromised 
by any previous stage. Once any one of the fire 
compartment units is broken, it can cause a domino 
effect when a fire disaster occurred. 

2) Exhaust piping should be composed of non-
combustible material. Even for building and 
equipment materials, non-combustible and 
combustion-resistant material should be the priority. 
If non-combustible and combustion-resistant 
materials are not used, then pipes with a diameter of 
at least 6 inches should be equipped with automatic 
sprinklers, according to NFPA guidelines. 
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3) In planning and designing plants, high-risk and 
high-heat equipment should be isolated from the 
major production manufacturing area. Such 
equipment should not be adjacent or connected to the 
production manufacturing area. However, the designs 
of old plants should also be examined critically to 
reduce the risks of disaster. 

4) The body of the boiler and its surroundings 
should be upgraded by adding fault warning devices 
and a leakage detection device, which is capable of 
transmitting a warning signal to on-site personnel,  
so that any abnormal incidents can be  
promptly addressed. 
 
 
Acknowledgements 
 
The authors would like to thank the National Science 
Council of the Republic of China, Taiwan, for 
financially supporting this research under Contract 
No. NSC 100-2221-E-155-076. 
 
 
References 
 
[1]. C. S. Lin, S. C. Wang, C. B. Hung and J. H. Hsu, 

Ventilation Effect on Fire Smoke Transport in a 
Townhouse Building, Heat Transfer-Asian Research, 
Vol. 35, No. 6, 2006, pp. 387-401. 

[2]. S. C. Wang, C. S. Lin and C. C. Yu, Effect of Wall 
Material and Ventilation on Flashover Phenomenon 
in a Compartment Fire, in Proceedings of the 3rd 
International Symposium on Energetic Materials and 
their Applications (ISEM' 2008), Tokyo, Japan,  
24-25 April 2008, p. 64. 

[3]. Y. He, Smoke Spread Experiment in a Multi-story 
Building and Computer, Center for Environmental 
safety and Risk Engineering Victoria University of 
Technology, 1997. 

[4]. S. C. Wang, C. S. Lin and C. C. Yu, Dynamic 
Simulation of Backdraft Phenomena in a Townhouse 
Building Fire, Heat Transfer-Asian Research, 
Vol. 37, No. 3, 2008, pp. 153-164. 

[5]. N. L. Ryder, J. A. Sutula, C. F. Schemel, A. J. Hamer 
and V. V. Brunt, Consequence Modeling Using the 
Fire Dynamics Simulator, Journal of Hazardous 
Materials, 2004, pp. 149-154. 

[6]. K. McGrattan, S. Hostikka and J. Floyd, Fire 
Dynamics Simulator (Version 5) User’s Guide, NIST 
Special Publication 1019-5, National Institute of 
Standards and Technology, 2010. 

[7]. W. Y. Chang, Preliminary Study on Fire 
Performance for UN-opening Aluminum Plate of 
Curtain Wall, Master thesis, National Cheng Kung 
University, 2003. 

[8]. M. J. Tsai, Development and Application of a Large 
Scales Fire Test Facility, Ph D. Thesis, National 
Taiwan University of Science and Technology, 
Appendix 2.3, 2007, pp. 135-141.  

[9]. “NFPA 101, Life Safety Code, Appendix C,” 
National Fire Protection Association, Quincy, MA, 
1981. 

 
 
Notation 
 

Symbol Description Symbol Description 
p ;  ;T  Pressure; Density; Temperature   Dynamic viscosity 

R  Universal gas constant   Diffusion equation 

W  Molecular weight of the gas mixture   Surface constant density 

u = (u, v, w) Velocity vector I  Radiation intensity 

m   Production rate of species   Wavelength 
g  Gravity vector, normally (0,0, −g)  sxI ,

 Wavelength λ radiation intensity 

bf  External force vector (excluding gravity)   ,xS
 Scattering coefficient 

ij
 Viscous stress tensor D  Diffusion coefficient 

h  Enthalpy s  Unit vector in direction of radiation intensity 

q   Heat release rate per unit volume k  Thermal conductivity; suppression decay factor 

bq   The energy transferred to the 
evaporating droplets 

  Stefan-Boltzmann constant 

q  ;   Heat flux vector; Dissipation rate  ,xB  Radiation source items 

l  
The mass fraction of the chemical 
species l lm   

The production rate of the chemical species l per 
unit volume 

 
___________________ 
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Abstract: A video transmission system generally consists of three main parts: A video data acquisition unit, 
transmission networks and play back terminals. The video data acquisition unit is one of the main parts. This 
paper focuses on an embedded video data acquisition hardware and software design. In the design, a PXA310 is 
used as a primary processor. The software design is based on an Android operating system. First, the paper 
briefly introduces the hardware design including overall scheme and the selection of key components. Then, the 
software design of the video data acquisition unit is introduced more detail, which includes the transplant of an 
Android operating system and the application software implementations for video data acquisition and 
processing. The modifications of BLOB boot program, the modifications of the operating system kernel and the 
NAND FLASH driver transplantation are described in more detail. The description of the video data acquisition 
software design includes the use of the Android internal class “Mediarecorder”, the method of extracting frame 
data according to 3GP and H.264 protocol, and the use of the socket interface to transmit frame data to a     
3G wireless network called TD-SCDMA. The designed acquisition unit has been tested in a video surveillance 
and monitoring system and the experiment results are given at the end of the paper. Copyright © 2013 IFSA. 
 
Keywords: Networking video monitoring, Android, System transplant, Video data acquisition, H.264, 
Transmission unit. 
 
 

1. Introduction 
 
In recent years, the increasing market demands 

for network surveillance camera systems provide a 
good chance for the video data acquisition, 
processing and transmission technology development. 
And with the rapid increase in market penetration of 
3G wireless cellular networks and their transmission 
bandwidths, wireless video surveillance and 
monitoring system can be deployed where a 3G 
network deployed. Under this condition, surveillance 
camera systems based on wireless networks and 
Internet becomes the mainstream of the monitoring 

system [1, 2]. On the other hand, wireless video 
surveillance is also one of the main driving forces for 
3G market development and will be an important 
growth of future mobile applications. Broadband 
wireless networks and the development of video 
compression coding techniques provided the 
necessary conditions for promotion of wireless video 
surveillance technology. In developing the 
surveillance camera systems above, how to design 
the unit for video data acquisition, processing and 
coding, and transmissions through a wireless network 
or Internet is a pivotal work, and have been 
becoming a hot point in technology development 
[12-15]. 
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Video transmission based on the embedded 
system technology has features of low cost, compact 
size, easy to create and flexible applications. Android 
[3] is widely used embedded operating systems with 
open source code in recent years. Developing a video 
data acquisition and transmission unit based on an 
embedded system technology and for use in a 3G 
network is of great significance. 

This paper describes the hardware and software 
design of the video data acquisition and processing. 

 
 

2. Hardware Design of The Video Data 
Acquisition, Processing  
and Transmission Unit 

 
The hardware platform mainly consists of a 

camera unit on the front end, a PXA310 [4, 5] 
processor module and a TM1902 wireless modem, as 
shown in Fig. 1. The Video camera OV7670 is an 
image sensor with 8 bits resolution data output and 
its frame rate is 30 F/s. The TM1902 modem 
supports TD-SCDMA HSUPA wireless transmissions. 
The Android platform is selected as the operating 
system. 

Considering the minimum ROM size 
requirements for Android system to start up and run 
are respectively 105 MB and 128 MB and the 
minimum RAM size requirements are respectively 
128 MB and 256 MB, the two in one chip 
MT29C2G24MAKJ, whose RAM and NAND 
FLASH sizes are 1 Gb and 2 Gb respectively, is used. 
The NAND-FLASH is used to store image files and 
configuration data needed to run the operating 
system. The OV7670 is connected to PXA310 via 
data and control bus respectively, and is programmed 
through the interface SCCB to implement image data 
processing. An LP3972, which is a multifunctional, 
programmable power management IC, is used to 
supply all the powers the PXA310 needed. The 
connection circuits between PXA310 and TM1902 
are shown in Fig. 2, including an external USB 
transceiver TUSB1105, a current-limiting switch 
MAX1693, and the modem TM1902. The TM1902 
uses UART1 to communicate with the PXA310 for 
sleeping and waking-up control. The 6-line USB 1.1 
port 3 of the PXA310 is connected to the 4-line USB 
1.1 port of TM1902 to transfer video data and control 
signals. The TM1902, which operates in the RF band 
of 2010-2025 MHz, implements the communication 
between the video data acquisition unit and a 3G 
wireless network referred to as TD_SCDMA. 
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Fig. 1. The hardware composition of the video acquisition unit. 
 
 

 
 
Fig. 2. The connection between the PXA310 processor and 

the TM1902 wireless modem 
 
 

In debugging an embedded system, we 
generally use a Serial interface, a JTAG, a USB or a 
Network card to download the system image to the 
target board designed. Advantages of using a Serial 
Interface are that the serial protocol is simple and the 
interface is universal. But data rate of the Serial 
Interface are too slow. In contrast, a JTAG interface 

provides a higher data rate. But the disadvantage of 
this method is that it needs a dedicated JTAG 
debugger and there is a checksum problem of the 
image formats. Other methods need a related 
interface provided by host processor. However, the 
products designed based on the embedded system 
generally do not provide such interfaces. This makes 
it inconvenient to develop and produce the embedded 
products. On the other hand, with the increasing 
complexity of applications of the embedded system, 
a large storage is generally required in design an 
embedded products. Based on the reasons above, a 
new method of using a TransFLash card [9] is 
suggested here. The TransFLash card can be used 
both for updating mirror files in the process of 
developing and debugging the embedded systems 
and as a large storage in the final product.  

 
PXA310 

TM1902 

MAX1693 

TUSB1105 
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3. Software Design 
 
3.1. General Software Solution 

 
Software development requires first transplant 

Android operating system [6-8] to the embedded 
hardware platform. And then implement the software 
design for the video data acquisition, encoding, 
extracting video frame data, and transferring the 
encoded video data into the 3G wireless network. 
The transplantation of the Android system includes 
the modification of the boot loader, the Linux kernel 
and the root file system.  

There are two implementation schemes for 
video data acquisition and processing. The first one is 
to directly encode video data from the inner 
CAMERA class of Android. Disadvantages of this 
software encoding approach are that it takes a lot of 
processor resources and its output frame rate is 
generally lower. The second one is the use of the 
MEDIARECORDER class of Android for video data 
acquisition and encoding. Since the outputs of the 
MEDIARECORDER class are the documents in 3GP 
or MP4 format, they must be transformed into the 
video data stream for streaming media transmission. 
This is a hardware encoding approach that does not 
require the transplantation of code library. Therefore 
it is easy for implementing and can output a higher 
frame rate. To output a suitable frame rate, the 
second method is adopted in the paper. Camera 
resolution and encode format are configured in the 
MEDIARECORDER class. The encoded data are 
packed in file stream of 3GP format. The data for 
each frame are picked up from the file stream 
according to the 3GP protocol. Then the frame data 
picked up is sent to the server via the wireless 
modem TM1902.  

For sending video data through the TM1902 
modem, operations needed include dialing wireless 
TD-SCDMA network, establishing PPP protocol 
connection and sending video data by an application 
program calling the Socket interface [10]. Android 
2.3 and later versions include a software module 
supporting TD-SCDMA modems and what needed in 
achieving above operations is to add TM1902 to the 
module and configure it accordingly. 

The OV7670 camera used has a photosensitive 
array of 640 × 480. Maximum frame rate can be   
30 f/s when outputting VGA video data with CIF 
image format and H.264 coding standard. UDP 
datagram fashion is used for video data transmission 
and TCP for signaling. Since the maximum 
transmission unit (MTU) in link layer is 1500 bytes, 
and considering the total length of IP and UDP 
datagram heads is   28 bytes, the maximum UDP 
length in a local area network is 1472 bytes and  
576 bytes in Internet. The maximum transmission 
unit for UDP transferring is 548 bytes. 

 
 
 

3.2. Transplanting Android Operating System 
 

3.2.1. General Description 
 

There are many kinds of bootloaders in use. 
Considering the PXA310 Board Development Kit 
has contained a BLOB, the transplantation of the 
bootloader in the article is based on the BLOB given. 

 
 

 
 

Fig. 3. Flow chart of main function. 
 
 

The src/blob/start.S is the first file for the BLOB 
to run. In running the file start.S, the board contained 
configuration data is read by calling a function 
process and then orderly initializes GPIOs, clock 
system, power supply circuitry and the NAND 
FLASH. The file start.S also calls the TESTRAM 
module of the TESTMEM.s to check the address of 
the 1 Mb space for staring-up the system, which is a 
process of reading-in 0xaa, 0  55, then reading and 
checking. When the above checking finished, it 
copies the second stage codes of the BLOB into 
RAM, jumps to the starting address BLOB_START 
in the RAM and runs stage 2. In running stage 2, it 
first clears away the BSS section, which houses 
uninitialized variables, and then jumps into the 
“main” function. The flow chart for running the main 
function is given in Fig. 3. 

 
 

3.2.2. Modifying Parameters for Starting  
up BLOB 

 

PXA310 provides 3 serial I/O ports. In this paper, 
port 1 of the PXA310 processor is used as the serial 
interface of the console. The serial port is set to open 
in the configuration file and its baud rate is set to 
115200. In this situation, the data for running the 
system will be transferred to host from BLOB. 
Detailed configuration commands are as follows. 
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/* Use STUART */ 
#define USE_SERIAL1 1 
#define TERMINAL_SPEED
 baud_115200 
 

In booting the kernel to start up, it must be 
insure that all the modules on the hardware platform 
have been enabled and clocked properly. Since the 
enable pins of modules connect the processor’s 
GPIOs, in the BLOB the GPIOs should be set to the 
response level or MFP pins. These settings include 
camera enable pin, the write-protect pin of the 
NAND FLASH, the power supply pin of the power 
manager, and the pins for enabling and clocking 
TM1902.  

It requires BLOB read the kernel image files 
exactly from NAND FLASH, which implies that the 
kernel address must be obtained accurately, for 
booting the system kernel to start up normally. 
Therefore, the BLOB should be partitioned in light of 
the image file sizes, and their initial addresses should 
be marked. Generally, the BLOB is partitioned from 
address 0, and in the order of BLOB, kernel, Android 
root file system. The partition sizes are in the image 
file sizes rounding. Detailed setting commands are as 
follows. 

 
/* and where do they live in flash */ 
#define BLOB_FLASH_BASE 
 (0x00000000) 
#define BLOB_FLASH_LEN (1024* 1024) 
#define PARAM_FLASH_BASE
 (BLOB_FLASH_BASE + 
BLOB_FLASH_LEN) 
#define PARAM_FLASH_LEN  (0) /* no 
parameters */ 
#define KERNEL_FLASH_BASE (PARAM_ 
FLASH_BASE + PARAM_FLASH_LEN) 
#define KERNEL_FLASH_LEN(3*1024*1024) 
#define LOAD_RAMDISK 0/* load ramdisk into 
ram */ 
#define RAMDISK_FLASH_BASE
 (KERNEL_ FLASH_BASE+ 
KERNEL_FLASH_LEN) 
#define RAMDISK_FLASH_LEN (96*1024* 
1024) 
#define USERDATA_FLASH_BASE
 (RAMDISK_FLASH_BASE + 
RAMDISK_FLASH_LEN) 
#define USERDATA_FLASH_LEN (32 * 1024 
* 1024) 

 
 

3.3. Transplanting the System Kernel 
 

Transplanting the kernel is modifying and 
recompiling the kernel to run corresponding 
hardware platform, which requires add driver 
programs and other kernel modules to support 
corresponding new chips and hardware modules on 
the platform. The main contents of the kernel 

transplantation include modifying the kernel booting 
parameters and adding new device driver programs. 

Equipment driver programs are the interfaces 
between the operating system kernel and platform 
hardware devices. The driver programs implement 
functions of initializing or releasing devices, 
transferring data from kernel to hardware devices or 
vice versa, reading the data that an application 
program sends to a device file or responding the data 
it asking for, detecting device faults and 
implementing fault-tolerance. 

In the operating system Linux, there are mainly 
three kinds of device files. They are block devices, 
character devices and network equipments. Jobs of 
writing device driver programs mainly include the 
writing of sub functions and putting them into 
different “file_operations” fields. 

 
 

3.3.1. Transplanting the Driver of NAND 
FLASH 

 
Since the login of an NAND FLASH proceeds its 

driver, when the NAND driver logs it will match all 
the devices logged on the bus by matching their 
names. If the matching is successful, it will execute 
the probe function of the NAND driver, namely 
pxa3xx_nand_probe(), which is the beginning of 
running the NAND driver program. Logical flow 
chart is given in Fig. 4. 

 
 

 Initialize 
NAND  

controller 

Scann NAND 
and  

match devices 

Add MTD 
partition 

 
 
Fig. 4. Structure diagram of NAND Flash driver. 

 
 

1). Initializing the NAND controller. On starting 
up, the system will allocate the NAND controller a 
data structure, in which the configuring data are 
included such as a controller’s clock, a reference 
address, and the transferring mode. Android system 
kernel can support various NAND chips. During 
initializing, the controller can read the ID of the 
NAND chip by operating a register and match it to 
the ID in configuration. This operation will continue 
until the controller finds the chip’s configuration data 
and then completes the controller initialization. Fig. 5 
gives the initialization flow chart. 

Source codes for the configuration of 
MT29C2G24MAKJ are as follows. 

 
struct type_info[] = { 

…… 
 { DFC_FLASH_Toshiba2GbX16, 
&toshiba2GbX16}, 
 { DFC_FLASH_Micron_2Gb_X_16, 
&micron2GbX16}, 
 { DFC_FLASH_NULL, NULL}, 

}; 
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struct dfc_flash_info micron2GbX16 = 
{ 

.timing = { 
  .tCH = 10, /* tCH, Enable signal hold time 
*/ 
.tCS = 35, /* tCS, Enable signal setup time */ 
.tWH = 15, /* tWH, ND_nWE high duration */ 
.tWP = 25, /* tWP, ND_nWE pulse time */ 
.tRH = 15, /* tRH, ND_nRE high duration */ 
.tRP = 25, /* tRP, ND_nRE pulse width */ 
/* tR = tR+tRR+tWB+1, ND_nWE high to 
ND_nRE low for read */ 
.tR = 25000, 
/* tWHR, ND_nWE high to ND_nRE low delay 
for status read */ 
.tWHR = 60, 
.tAR = 10, /* tAR, ND_ALE low to ND_nRE 
low delay */ 
 }, 
.enable_arbiter = 1,/* Data flash bus arbiter 
enable */ 
.page_per_block = 64, /* Pages per block */ 
.row_addr_start = 1, /* Second cycle start, Row 
address start position */ 
.read_id_bytes = 4, /* Returned ID bytes */ 

 … … 
 
 

No 

Yes 

Configure 
controller 

Start 

The chip ID= ith 
configuration ID ? 

Read chip ID 

End 

Configure 
controller 

 
 

Fig. 5. Flow chart of NAND controller initialization. 
 
 

2). The function for scanning NAND. This 
function is used to print device ID in starting up 
kernel and lookup bad blocks in the NAND and setup 
a bad block table (BBT), by which the kernel can 
judge if a data block is normal or not and then 
complete device scanning.  

3). Add MTD subarea information. By using the 
function “mtd_part”, an original MTD device can be 
divided into several parts and logged in “mtd_table”. 
In the “mtd_table” each original MTD partition can 
be logged as a MTD device. Two functions of 

“add_mtd_device” and “add_mtd_partitions” are 
used to do this work. Detail codes are as follows. 

littleton_nand_info.parts = 
pxa300_android_128m_partitions; 
littleton_nand_info.nr_parts = 
ARRAY_SIZE(pxa300_android_128m_partitions
); 
add_mtd_partitions(monahans_mtd, pdata->parts, 
pdata->nr_parts); 

 
 

3.3.2. Compiling Kernel Source Codes 
 

This work contains the following steps. 
1) Decompressing kernel. Decompress kernel 

source codes to the host working environment. In this 
paper, the kernel version used is Linux-2.6.29 and 
compressing format is tar.gz. Use “#tar zxvf 
linux-2.6.29.tar.gz” to decompress the kernel to the 
working directory. 

2) Configuring the kernel to support ARM 
platform. The kernel source codes include the source 
codes supporting x86 and ARM system. The source 
codes supporting ARM platform are in the 
“arch/arm” directory. In compiling, setup the 
corresponding infrastructure and cross compile tool 
chain at the top layer of the “Makefile”, which makes 
calling the file “arch/arm/Kconfig” as configuring 
Linux kernel. Commands used are as follows. 

 

#ARCH ?= $(SUBARCH) 
#CROSS_COMPILE ?= 
ARCH=arm 
CROSS_COMPILE=arm-eabi- 

 

3) Modifying platform clock rate. Modify the line 
42 of the file “arch/arm/mach-pxa/pxa3xx.c” in 
kernel and set the clock rate to 13 MHz, which is the 
external clock signal frequency of PXA310 processor. 
Commands are as follows. 

 

/* Crystal clock: 13MHz */ 
#define BASE_CLK 13000000 

 

4) Making kernel configuration file. For the 
kernel used in the paper, when installing a patch 
package a default configuration file 
“pxa3xx_android_defconfig” will be added in the 
directory of the configuration file “arch/arm/configs”. 
The hardware platform in the paper uses this default 
configuration. Executing command “#make 
menuconfig”, the PC screen will display a 
man-machine interface in Fig. 6. On completing 
kernel configuration and executing command 
“#cp .config arch/arm/configs/myconfig”, the current 
configuration files will be stored. 

5) Adding hardware platform ID. When BLOB 
starts system kernel, it first transfers the platform ID 
stored in the register R1 to the kernel. If the ID has 
not been added in the kernel, kernel starts up fault. 
Therefore, the processor ID must be added in the 
kernel before starting up. The ID of PXA310 is 1388. 
The codes for adding platform ID are as follows. 
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Where the command “machine_is_xxx” is a function 
used to judge if the current platform is right, 
“CONFIG_xxxx” is a function produced during the 
kernel configuration, “MACH_TYPE_xxx” is the 
definition of the system platform ID, and “number” 
is the platform ID value. 

 
 

 
 

Fig. 6. Printed screen of kernel configuration. 
 
 

#machine_is_xxx 
CONFIG_xxxx MACH_TYPE_xxx number 
littleton  MACH_LITTLETON

 LITTLETON 1388 
 

6) Modifying MTD partition. The operation of 
the kernel is based on the MTD partition. The BLOB 
and kernel must be partitioned in full accord, 
including partition name, size, starting address. The 
MTD information of the kernel is as follow. 

 
static struct mtd_partition 
pxa300_android_128m_partitions[] = { 
 [0] = { 
  .name = "Bootloader", 
  .offset = 0, 
  .size = 0x100000, 
  .mask_flags = MTD_WRITEABLE, /* force 
read-only */ 
 }, 
 [1] = { 
  .name = "Kernel", 
  .offset = 0x100000, 
  .size = 0x300000, 
  .mask_flags = MTD_WRITEABLE, /* force 
read-only */ 
 }, 
 [2] = { 
  .name = "system", 
  .offset = 0x0400000, 
  .size = 0x4000000, /* mount 64M fs */ 
 }, 
 [3] = { 
  .name = "userdata", 
  .offset = 0x4400000, 
  .size = 0x2000000,  
 }, 
 …… 
 }, 

When above modifications completed, the kernel 
can be compiled. To do this, execute command 
“#make zImage” and the kernel image named 
“zImage” will be formed under the “arch/arm/boot” 
directory. Using a TF card to download [9] and in 
combining with BLOB command, the kernel image 
can be burned to the hardware platform, i.e. the target 
board. 

 
 

4. Software Implementation of the Video 
Data Acquisition Front End  
Based on Android 

 
Video and audio data capturing and processing 

are implemented by using the “Mediarecorder” class 
of Android platform. The “Mediarecorder” is based 
on the “OpenCore” library and achieved in JNI by 
calling "media_jni" library file [11]. Image resolution, 
coding standard and output file type can be set 
directly in the “Mediarecorder” class. Fig. 7 gives the 
operation flow chart. 

 
 

Configuring parameters for the 
operation of the camera 

Setting coding format and resolution 

Setting output path 

Call “prepare” of mediarecorder 

Starting up mediarecorder, recording  
 

 
Fig. 7. Mediarecorder configuration flow chart. 

 
 

The “Mediarecorder” calls “setCamera” to 
select a camera, “setVideoSource” to capture video 
data from the camera, and “setOutputFormat” to set 
output routing path, which must be a file descriptor. 
The detailed “Mediarecorder” configurations are as 
follows. 

 
mediarecorder.setCamera(c); 
mediarecorder.setVideoSource(MediaRecorder.Vi
deoSource.CAMERA); 
mediarecorder.setOutputFormat(MediaRecorder.
OutputFormat.THREE_GPP); 
mediarecorder.setVideoEncoder(MediaRecorder.
VideoEncoder.H264); 
mediarecorder.setVideoFrameRate(15); 
mediarecorder.setVideoSize(640, 480); 

 
Because the “Mediarecorder” class can only 

record local video data, another class called 
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“LocalSocket” is required for sending the coded 
video data to network server via socket interface and 
UDP protocol. The flow chart is shown in Fig. 8. 

 
 

 
 

Fig. 8. Logical connection of LocalSocket. 
 
 

The detailed codes of the “LocalSocket” are as 
follows. 

 
LocalServerSocket mVideoLocalServerSocket = 
null; 
LocalSocket mVideoLocalClientSocket = null; 
LocalSocket mVideoReceiveSocket = null; 
mVideoLocalServerSocket = new 
LocalServerSocket("Video"); 
mVideoReceiveSocket.connect(new 
LocalSocketAddress("Video")); 
mVideoReceiveSocket.setReceiveBufferSize(500
000); 
mVideoReceiveSocket.setSendBufferSize(50000
0); 
mVideoLocalClientSocket = 
mVideoLocalServerSocket.accept(); 
mVideoLocalClientSocket.setReceiveBufferSize(
500000); 
mVideoLocalClientSocket.setSendBufferSize(50
0000); 

 
The output data of the “Mediarecorder” are file 

streams in 3GP format. Since no writing back, the 
file stream can’t be played in stream media; neither 
the stream server can recognize the files and transfer 
them. The recorded video data must be further 
processed to pick up their frame data in H.264 
format. 

The recorded H.264 data are stored in a media 
package from which the frame data can be picked up 
according to the H.264 protocol. The H.264 data are 
stored in the sequence of NAL cells. Namely a NAL 
cell stores a frame. Generally there are two fashions 
for packaging the H.264 data. One is that the first 
four bytes of each frame is its head 0x00000001 [3]. 
The other one is that the first four bytes of each 
frame is its length instead of head. The latter is used 
in Android “Mediarecorder” outputs. Therefore, in 

processing the recorded file stream in 3GP format, 
first check the “mov” (movie package) in the 3GP 
file stream and pick up decoding parameters SPS and 
PPS, add H.264 frame head to the two parameters 
respectively to form data frames, and send these two 
data frames to the stream media server. Then, find the 
media data package “madt”, read the first four bytes 
of the “NAL”, calculate their length, read the NAL 
according to the length calculated. Afterwards, repeat 
the above operations in circulation till the processing 
is finished. Flow chart for above processing is shown 
in Fig. 9. 

 
 

 
 

Fig. 9. Flow chart of extracting frames. 
 
 

The TM1902 is used as a modem transceiver to 
connect the 3G network TD-SCDMA. The modem is 
controlled by PXA310 via programmed AT 
commands. Since data interface of TM1902 is a USB, 
the USB driver must be transplanted to operate the 
modem. On the other hand, since the current kernel 
supports PPP dialing, the Android system can use 
RIL (Radio Interface Layer) to control the modem. 
The modem driver is the function “usbserial.ko” for 
changing the USB interface into a serial port. After 
loaded the “usbserial.ko”, a node called “ttyUSB*”, 
which is used as a channel for transmitting AT 
commands, will be produced.  

1). In the file “reference_ril.c” of the RIL, there 
are several operations for using AT commands. These 
operations must be modified corresponding to 
different hardware platform, which can be done via 
the “onRequest” interface. Modify the function 
“at_open” in “ril/reference-ril/atchannel.c” to open 
the channel “ttyUSB0” for modem TM 1902. 
Detailed source codes are as follows. 

 
int fd2 = -1; 
while(fd2 < 0) { 
fd2 = open ("/dev/ttyUSB0", O_RDWR); 
if (fd2 < 0) { 

No  

Yes  

Start 

Initializing cache 

Lookup “moov” 
and “mdat” 

Recording ?

End  

Reading data according to 
the length given above, 
storing the data in the 
cache and setting a 4 bytes 
offset 

Setting the first 4 bytes of 
the cache as a frame head 

Reading the first 4 bytes of 
data in the cache and write 
back its length  

Mediarecorder outputing 

Local client socket 

Local server socket 

Local receiver socket 

Socket transmiting 
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perror ("opening URC interface. retrying..."); 
sleep(10); 
} 

 
The modifications in “ril/reference-ril/reference-ril.c” 
are that delete command 
“#define PPP_TTY_PATH "/ dev/omap_csmi_tty1"”  
and add command 
“#define PPP_TTY_PATH "/dev/ppp0"”.  
2). Add an access point in the file 
“apn-conf-sdk.xml”. For mobile network 
TD-SCDMA, the access point is 46007. Source 
codes for doing this are as follows. 
 

<apn carrier="CHINA MOBILE" 
mcc="460" 
mnc="07" 
apn="cmnet" 
user="*" 
server="*" 
password="*" 
mmsc="null" 
/> 

 
3). Modify the file “init.rc” and add “pppd_gprs” 

as system server. 
Source codes for doing this are as follows. 

 
service ril-daemon /system/bin/rild -l 
libreference-ril.so -- -d /dev/ttyUSB0 
socket rild stream 660 root radio 
socket rild-debug stream 660 radio system 
user root 
group radio cache inet misc 
service pppd_gprs /etc/ppp/init.gprs-pppd 
/dev/ttyUSB0 
user root 
group radio cache inet misc 
disabled 

 
On above modifications finished, Android 

system can control TM1902 to dial TD-CDMA 
network and make PPP connection. The Socket 
requests from application layer will be translated by 
RIL layer into corresponding AT commands and sent 
to the hardware at bottom layer. The flow chart for 
video data acquisition, processing and sending into 
TD-SCDMA network is shown in Fig. 10. 

 
 

5. Test Results 
 
5.1. The Transplantation of Android 

Platform 
 

In debugging an embedded system, a serial 
interface is generally used to connect the target board 
and a host PC. The host uses serial tools such as 
HyperTerminal to display debugging information. 
JTAG port is used to download BLOB to the target 
board. If command lines are displayed on host screen, 

it means that the BLOB starts successfully. Since 
parameters for starting BLOB have been modified 
and the TF card driver has been transplanted, further 
adding a download command “tfdownload” is needed. 
The commands for reading the TF card, downloading 
and burning the system image are as follows. 

 
 

 
 

Fig. 10. Flow chart of video data acquisition  
and processing unit. 

 
 

blob>tfdownload init //initializing TF card [9] 
blob>nanderase -z 0x100000 0x300000 
//brushing NAND 
blob> tfdownload zImage //downloading system 
image 
blob>nandwrite -z 0x80800000 0x100000 
<zImage-actual-length> //burning image 
blob>nanderase -y 0x400000 0x4000000 
blob> tfdownload system 
blob>nandwrite -y 0x80800000 0x400000 
<system.img actual length> 
blob>nanderase -y 0x4400000 0x2000000 
blob>tfdownload userdata 
blob>nandwrite -y 0x80800000 0x4400000 
<userdata.img actual length> 

 
The debugging output information printed on 

host screen is shown in Fig. 11, which implies that 
the BLOB starts up successfully and the initialization 
of the TF card has been completed. 

After the BLOB started up, the software has 
been in a suitable situation for system operation. At 
this time the operating system will jump to the kernel 
entry address 0x80800000, and start the kernel.  
Fig. 12 gives the starting information and the 
command line parameters of Linux-2.6.29 system. 

Upon starting up, the kernel will check 
peripheral equipments such as NAND FLASH. If it 
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can’t identify the NAND, the kernel can’t start up 
normally. The information displayed in Fig. 13 shows 
that the kernel reads the ID of the NAND equipment 
as 0xba2c, which is the chip MT29C2G24MAKJ 
used in this paper. The following data are the 
information read from MTD partition table. 

The Linux kernel will eventually mounts 
Android file system of YAFFS format and runs the 
“Init” process in the file system. The “Init” process 
starts other local processes and services. The above 
start-up processes can be printed by adding a 
debugging command “Logcat” in the kernel, see  
Fig. 14. 

5.2. The Running Results of the Video 
Acquisition Software. 

 
By using the debugging command “Logcat”, the 

information for running the video data acquisition 
software can also be seen on host screen. Fig. 15 
gives the running results. In the figure, D/ and I/ are 
debugging information types denoting "debugging" 
and "notice" respectively. “VIDEOINF” is the 
software name. The debugging information shows 
that this program is acquiring video data. 

 
 

 
 

Fig. 11. Starting log of BLOB. 
 
 

 
 

Fig. 12. Starting log of kernel. 
 
 

 
 

Fig. 13. Log of NAND device and partition table. 
 
 

 
 

Fig. 14. Log of starting Android. 



Sensors & Transducers, Vol. 156, Issue 9, September 2013, pp. 276-285 

 285

 
 

Fig. 15. Log of the VIDEOINF. 
 
 

Fig. 16 gives the played video image on a 
customer terminal. 
 
 

 
 

Fig. 16. Whole system rendering  
 
 

6. Summary 
 

The design of a video data acquisition unit has 
been introduced including unit scheme, hardware 
platform design, operating system transplantation, 
application software design and system debugging. 
The unit uses Marvell PXA310 as the primary 
processor. Software design is based on an open 
source operating system Android. The unit designed 
has been tested in a video surveillance and 
monitoring system based on a 3G cellular system 
TD-SCDMA. Test results show that the design is 
reasonable. 
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1. Introduction 

 
The next generation of long haul optical fiber 

transmission system is given signal which travels at 
the speed of 100 Gbit/s and the reliability must be 
guaranteed in such long distance. Such standard 
makes ARQ (Automatic Repeat Request) be not 
suited in optical fiber communication system. So in 
order to guarantee low bit error rate, we should add 
some redundant code words to correct mistake caused 
by the channel noise, so the role of forward error 
correction is becoming more and more  

important [1-2]. During all the forward error 
correction codes, TURBO codes [3] and LDPC  
codes [4] have aroused much attention from many 
famous research institutes because of their good 
performance. LDPC code is better than TURBO code 
in decoding complexity and performance, so LDPC 
code is suited in optical communication. The paper 
[5] indicates that nonbinary LDPC code is better than 
binary LDPC code with the same code length no 
matter on performance or system latency. We mainly 
explore on nonbinary LDPC code applying in  
optical communication.  
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In the decoding field, nonbinary LDPC code 
traditionally adopt sum product algorithm based on 
Galois field. But it owns the computational 
complexity of 0 (q2) as a result of vast sum and 
product operations, which influences the application 
of LDPC codes. So Davey and Barnault proposed a 
sum product algorithm based on fast Fourier 
transform which shows the computational complexity 

of 0 ( 2logq q ). However, it still involves vast 

product operations. So Wymeersch proposed a sum 
product algorithm based on log-domain [6], which 
has the computational complexity of 0 (q2). To 
further reduce the complexity, the extended min-sum 
algorithm was proposed by Declercq [7-8]. It was in 
[9], the author introduced a min-max decoding 
algorithm which does not need any sum operations in 
check node processing and greatly reduces the 
computational complexity. In the paper, we propose 
serial min-max decoding algorithm by changing the 
information scheduling order, which effectively 
improves the convergence speed of the message and 
the bit error performance. Combining with paper 
[10], weighting variable node processing, we propose 
serial min-max decoding algorithm based on variable 
weighting for nonbinary LDPC codes, which 
effectively reduces the correlation between variable 
nodes and further improves the performance.  

The rest of the paper is like this. In the first part, 
we introduce serial min-max decoding algorithm for 
nonbinary LDPC codes. Then, serial min-max 
decoding algorithm based on variable weighting is 
introduced in the second part. The third part shows 
the simulation model in optical channel. The concrete 
performance analysis was made in the fourth part and 
we finally come to a conclusion in the fifth part.  

 
 

1. Serial Min-max Decoding Algorithm 
for Nonbinary LDPC Codes 
 
Nonbinary LDPC code is a linear block code 

defined by its parity-check matrix which has a low 
density of nonzero elements from Galois field. The 
structure of the matrix shows a very low complexity 
in encoding and decoding field. Sum product 
algorithm based on Galois field is used to decode 
nonbinary LDPC codes in the conventional sense, 
which shows high complexity. In paper [9], the 
author proposed a min-max decoding algorithm, 
which greatly reduces the computational complexity 
with a small performance loss. Based on paper [9], 
we propose serial min-max decoding algorithm by 
changing the message scheduling order, which 
effectively improves the convergence speed of the 
decoder. To further improve the performance, 
combining with paper [10], we propose serial min-
max decoding algorithm based on variable weighting 
for nonbinary LDPC codes by weighting the variable 
node processing. The simulation indicates that the 
convergence speed of the decoder and the 

performance can be effectively improved in optical 
communication when using the algorithm.  

We denote the following notations for the purpose 
of concrete depiction of serial min-max decoding 
algorithm.  

M(n)={m: 0mnh  }, the neighboring check 

nodes about the variable node n. In other words, the 
nonzero elements of the nth column in the matrix.  

M(n)\m, the neighboring check nodes about the 
variable node n except the check node m.  

N(m)={n: 0mnh  }, the neighboring variable 

nodes about the check node m. In other words, the 
nonzero elements of the m-th row in the matrix.  

N(m)\n, the neighboring variable nodes about the 
check node m except the variable node n.  

a
nf , the log-domain message when the variable 

node n is a .  
a
mnQ , the log-domain information from the 

variable node to the check node when the variable 
node n is a .  

a
mnR , the log-domain information from the check 

node to the variable node when the variable node n  
is a .  

The whole process of serial min-max decoding 
algorithm for nonbinary LDPC codes is as follows.  

Initialization. 
Do as the formula 
 

log( ( | ) / ( | ))a
n n n nf pr x s channel pr x a channel   , (1) 

 

where ns is the most possible value about the variable 

node n.  
Set k=1 and a

mnQ = a
nf .  

① Decide whether k reaches the biggest iteration 
maxiter. If the answer is yes, then exit all the 
process; otherwise set n=1 and goto ②.  

② During the k-th iteration, update variable node 
information in a n=1, 2, …N order. Decide 
whether the comparison expression n>N is 
satisfied. If the answer is yes, goto ⑧;otherwise 
goto ③.  

③ The information transformation. In this step, we 
should do an information exchange of variable 
nodes according to the parity-check matrix H. For 

example, if we know a
mnQ , then the information 

to the check node m across mnh  is mnah
mnQ , the 

multiplication and division operations in the 
formula are performed in Galois field.  

The check node updating. Perform the following 
formula.  
 

'
'

' ( )\
' :

min( max ( ))
n

a b
mn mn

n n m n
b V x a

R Q

 

 , 
(2) 
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V means vector sets which satisfy the m-th parity-
check constraints.  
⑤ The information transformation. It is the opposite 
process of ③. Do as the following formula.  
 

1' mnaha
mn mnR R



  (3) 

 
⑥ Variable nodes processing. Perform the  

formula (4).  
 

'
'

' ( )\

a a a
mn n m n

m M n m

f R


     (4) 

 

Get the minimum value of a
mn  by the  

formula (5).  
 

( )
min ( )a

mn mna GF q
    (5) 

 
Get the information from the variable node to the 

check node by the following formula.  
 

a a
mn mn mnQ     (6) 

 
⑦ Set n=n+1, goto �.  
⑧ Collect all the information about variable nodes 

according to the formula (7).  
 

'
'

' ( )

a a a
n n m n

m M n

Q f R


    (7) 

 
Try to decide all the codeword in terms of the 

formula (8).  
 


( )

arg min( )a
n n

a GF q
x Q


  (8) 

 

Decide whether the operation * TH x is equal to 
zero, if the answer is yes, then exit the whole 
process;otherwise goto ⑨.  
⑨ Set k=k+1, goto ①.  

We find that the updated variable node 
information can be used faster in serial min-max 
decoding algorithm, so the convergence speed of the 
decoder for nobinary LDPC codes can be  
effectively improved.  

 
 
2. Serial Min-max Decoding Algorithm 

Based on Variable Weighting  
for Nonbinary LDPC Codes 

 
Nonbinary LDPC code is an extension of binary 

LDPC code in Galois field. In other words, nonbinary 
LDPC code is defined by its parity-check matrix 
which owns a low density of nonzero elements from 

Galois field. If we get a binary matrix and try to 
replace the nonzero elements of the matrix with 
nonzero elements from Galois field, then the 
nonbinary matrix comes into being. But it is 
inevitable for binary matrix which is made up of 
random methods to show short cycles, which results 
in the oscillation of LLR and degrades the bit error 
performance. In order to reduce the impact, it was in 
paper [10], the author proposed a kind of information 
weighting algorithm based on variable nodes which is 
used to combine with serial min-max decoding 
algorithm of nonbinary LDPC codes in the paper. 
The process is as follows.  

The formula (6) can be replaced by the following 
formula.  
 

1 2( )new a old
mn mn mn mnQ Q      (9) 

 

As we all know, old
mnQ  and new

mnQ  almost have the 

same value when the message tend to be convergent. 

So we can set 1 21     , then the formula (9) 

can be replaced by the following formula.  
 

( ) (1 )new a old
mn mn mn mnQ Q       (10) 

 
  can be called weighting factor. So the 

decoding algorithm can be called serial min-max 
decoding algorithm based on variable weighting for 
nonbinary LDPC codes. The simulation indicates that 
the algorithm shows better performance in medium 
signal noise ratio region when   is 0. 9.  
 
 
3. The Simulation Model in Optical 

Channel 
 

In order to meet the need of our paper, we 
establish the following simulation model in optical 
channel in Fig. 1 below.  

 
 

 
 

Fig. 1. The simulation model of optical  
communication system. 
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With the purpose of convenient analysis, we 
choose the ideal additive white Gaussian noise 
channel in our paper [11]. The input signal of the 
channel is binary signal such as 0 and 1. Because of 
the existence of additive white Gaussian noise, we 
can get conditional probability density function about 
the output signal y as follows when the input signal  
is transmitted.  

 
2

0
2

( )1
( | 0) exp

22

y
f y




 
  

 
 (11) 

 
2

1
2

( )1
( |1) exp

22

y
f y




 
  

 
 (12) 

 

0  and 1  are the mean value of the received 

signal y when the input signal of the channel is 0  

and 1 respectively. 2 means the variance of the 
Gaussian noise.  
 
 
4. The Performance Simulation Analysis 
 

In the paper, we choose 0.5-rate regular 
nonbinary LDPC code whose code length is 200 to 
analyze the performance in additive white Gaussian 
noise channel and under on-off keying modulation. 
With the purpose of studying the performance of the 
proposed algorithm, we make a comparison between 
traditional min-sum algorithm, traditional min-max 
decoding algorithm and serial min-max decoding 
algorithm. The result is as follows. 
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Fig. 2. The relational graph between bit error rate (BER) and signal to noise ratio (Eb/N0). 
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Fig. 3. The relational graph between average iteration and signal to noise ratio (Eb/N0). 
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What we can find from Fig. 2 is that at the same 
signal-to-noise ratio, the performance of serial min-
max decoding algorithm based on variable weighting 
outperforms serial min-max decoding algorithm 
whose performance is better than traditional minmax 
decoding algorithm and traditional min-sum 
decoding algorithm. when the bit error rate is 10-3, 
compared with serial min-max decoding algorithm, 
traditional min-max decoding algorithm and 
traditional min-sum algorithm, serial min-max 
decoding algorithm based variable weighting can 
offer additional coding gain 0.2 dB, 0.3 dB and 
0.4 dB respectively. Fig. 3 shows that the average 
iteration of serial min-max decoding algorithm based 
on variable weighting is less than that of serial min-
max decoding algorithm whose average iteration is 
less than traditional min-max decoding algorithm and 
traditional min-sum decoding algorithm. In a word, 
serial min-max decoding algorithm based on variable 
weighting is optimal not only in performance but also 
in average iteration. 

 
 

5. Conclusions 
 

We make an analysis on traditional min-max 
decoding algorithm. Then we propose serial min-max 
decoding algorithm based on variable weighting for 
nonbinary LDPC codes. The simulation indicates that 
the proposed algorithm is optimal no matter in 
performance or in average iteration. So it shows 
bright future in optical communication and can be 
treated as one of solutions to decode nonbinary 
LDPC codes by concrete hardware. 
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Abstract: In the AUV binocular vision navigation, in order to improve the AUV positioning accuracy, 
optimizing the stereo vision imaging system structure and weighted least-square method is proposed. The 
principle of AUV location is analyzed, and that the AUV location accuracy depends on the measurement 
precision of the three dimensional space point is proposed. Based on the analysis of stereo vision measurement 
principle, it is puts forward that the baseline, the focal length, and the object distance directly affect the 
stereoscopic vision measurement precision, and mathematical relation model was established for the 
measurement error. The simulation results show that the model can optimize stereo vision system structure and 
imaging parameters, and the positioning accuracy of AUV can be effectively controlled. Because measurement 
error of space point is different with the imaging position, the weighted least squares method is proposed. 
Measurement data is selectively used according to the measurement error, the positioning. An accuracy of AUV 
is improved. Copyright © 2013 IFSA. 
 
Keywords: AUV autonomous location, Binocular stereo vision, Three dimensional measurement error, Error 
mathematical model, Weighted least squares method. 
 
 
 
1. Introduction 

 

In the AUV autonomous navigation, AUV 
positioning accuracy is affected by the accuracy of 
the landmark measurement and location estimation 
method. In the stereo vision measurement system, the 
system parameter of the camera: optical axis angle of 
cameras, focal length, object distance, and baseline 
distance directly affects the measurement error. So 
before measurements start, it is necessary to optimize 
system structure. 

For the stereo vision system structure, Yan 
Shuhua et al. [1] derived parameters relationship 
between distance resolution, detection range, 
detection distance, and the baseline distance in the 
parallel stereoscopic parallax method, which can be 

used to optimize the structure parameters; Zhu 
Xiaoming et al. [2] establish mathematical model of 
the double CCD stereo vision system according to 
geometrical imaging principle, and comprehensive 
analysis three parameters relationship between the 
baseline distance ,the object distance and the viewing 
distance, which can guide for stereo vision system. 
Yan Long et al. [3] research photogrammetry theory 
and binocular stereo vision measuring system, 
analyze measurement accuracy of axis convergent 
structure, which can estimation measurement error 
according to the camera parameters, baseline length, 
distance with the measurement precision in  
the project. 

The analysis [4, 5] of the stereo vision system 
parameters are interrelated, to some extent, which 
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gives the optimization analysis, but did not give the 
analysis of the specific conditions. Based on the 
analysis of parallel stereo vision measurement 
principle, with one of the factors as the variables, 
optimization procedure of concrete and feasible is 
proposed, it is easy to determine the optimal 
structural parameters. With which the measurement 
accuracy of the space point is better, and the AUV 
accuracy can be ensured. 

 
 
2. AUV Locating Principle Based on 

Stereo Vision 
 
The motion trajectory of AUV is determined by 

the spatial rotation matrix and translation matrix, 
including six parameters, so to solve the motion 
trajectory of AUV, six independent equations, which 
needed are established. Two equations are 
determined with one corresponding space point, so at 
least three corresponding space points are required. 
Space point coordinates can be located with observed 
disparity on the same target from binocular stereo 
vision, based on triangulation principle. 
 
 
2.1. This is a Subtitle Example 
 

AUV navigates with a certain depth from the sea 
level, two parallel view axis of the camera look down 
seabed. Based on the principle of stereo vision, the 
camera of AUV observes the same goal from two 
viewpoints, then gets two three-dimensional 
coordinates m , m of space point P , then the AUV 
is located with position relation of two view points 
through coordinate transformation. 

m is the coordinates of three-dimensional point 

P in Euclidean space, m  is the coordinates of 
three-dimensional point P  after the AUV 
movement, R  is the rotation matrix of AUV, t  is 
the translation vector, taking into account the noise 

data i  [6, 7]: 

 

iii tRmm   (1) 

 
There are 3 freedom degrees of R , there are 

3 freedom degrees of t , the movement can be 
decided at least with three pair noncollinear matching 

points. Due to noise or measurement error i , which 

is described by a scalar iw , motion  tR,  is 

estimated by the function minimization: 
 

2

1

)(),( 



n

i
iii tRmmwtRf  (2) 

 
If constraints are ignored between factors of 

rotation matrix R , x  is a vector of 12 dimensional 

and iA  is a matrix of 123 dimensional, 

)0,0,0(0 T  is a zero vector of 3 dimensional. 
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Then the equation (2) changes into: 

 
xAm ii   (3) 

 
Motion matrix is obtained with the least squares 

method when the first order of ),( tRF  derivative  

to zero  
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 (4) 

 
Equation (4) is the motion relationship between 

AUV two viewpoints, in order to make 






i
i

T

i AA  

reversible, at least four pairs of spatial coordinates of 
the two viewpoints is needed. 

From the principle of the AUV positioning, it is 
known that positioning errors of AUV motion is 
mainly caused by the measurement noise. If the 
measurement noise is zero mean, and variance is 
random vector of R , the least squares estimator is 
unbiased estimation. The array of the mean  
square error: 

 

      11~~  AARAAAAxxE TTTT , (5) 

 
where xxx ˆ~  . 

The mean square error reflects the deviation 
degree between the estimation value of AUV 
positioning and the true value, which value is related 
with variance R of the spatial point measurement 
noise. If the measurement noise error is bigger, and 
the AUV positioning error is bigger too, so the 
measurement error need to control, and the 
measurement error can be controlled from the 
imaging structure. 

 
 

2.2. Three-Dimensional Measurement 
Principle of Stereo Vision 

 
Space three-dimensional point is measurable 

when it is respectively observed in the two 
viewpoints by camera, namely the stereo vision. 
When two cameras is laid with relative fixed position 
and orientation, observe the same scene from two 
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viewpoints with different angles, and acquire the 
image at different view angle. The 3D information of 
target is calculated based on triangulation principle 
with the disparity. 

For the parallel binocular vision, the focal length 
of two cameras are the same, the internal parameters 
are the same, and the two camera optical axis parallel 
to each other [8]. x  axises is of coincidence,  
y  axises parallel to each other. Therefore, the first 

camera shifts along the x axis for a distance and 
coincide with the second camera. As shown in Fig. 1. 

 
 

P

1
x

2
x1

y
2

y

1
z

2
z

1
C

2
C

1
O

2
O

1
P

2
P

 
Fig. 1. Parallel binocular imaging model. 

 
 

1111 zyxO  and 2222 zyxO are coordinate system 

of two cameras respectively, and there is only a 
translational in axis direction for the two camera 
coordinate system [9]. The translation distance is 
recorded as b , also known as the baseline length, i.e. 
the distance between the left and right camera optical 
center, which can be obtained with camera 
calibration. The internal parameters of two cameras 

are the same,  00,vu  are the center pixel 

coordinates of the image, f is the focal length  

(unit: mm). Because the focal length of pixel 
expressed is need in the following processing, two 

parameters yx  ,  is defined. xx fk , 

yy fk , which are the focal length respectively 

in the horizontal and vertical pixels unit, xk and yk  

are valid pixels number per mm along the u  axis and 
the v  axis. 

For any point P  in the space, its coordinates 

respectively are  111 ,, zyx  and  111 ,, zybx   in 

the coordinates system 1C and 2C , 1P , 2P  are the 

image points in left and right camera image  
plane [10-12]. 

Coordination mof P  point is available with the 

projection proportion relationship: 
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 (6) 

 

Among them, yxvu  ,,, 00 are the intrinsic 

parameters of the camera, which can be obtained 

with the camera calibration.  00 ,vu  is the center 

coordinates of the left image.  11 ,vu  is the pixel 

coordination of P  point in the left image plane. 

 11 ,vu  is the pixel coordination of P  point in the 

left image plane. 
 
 
3. Analysis AUV Locating Accuracy  

of Stereo Vision 
 
3.1. Analysis Measurement Accuracy  

of Stereo Vision 
 

The space point coordinates are related with 
parallax, which also can be said that the depth 
information is related with parallax, and x , y  

coordinates are related with depth. following 
measurement precision of 3D coordination ),,( zyx  

of the space target point are calculated. 
Depth information is associated with parallax, if 

the disparity 21 uu   is not accurate, such as the 

corresponding point is error matching, or feature 
points location is of deviation, which will cause 

measurement error in the distance 1z , at the same 

time, in the 1x , 1y . Assuming that the measurement 

error of 1u  is 1u , the measurement error of 2u  is 

2u , the measurement error of 1v  is 1v , then 
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Synthesis the influential factors, then the 

measurement accuracy in the x  direction is 1x : 
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The measurement accuracy in the y  direction is 

1y : 
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The measurement accuracy in the z  direction  

is 1z : 
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Taking into account the relationship between 

ranging accuracy and baseline length, object 
distance, and the focal length, the z in the expression 
(6), (7), (8) is substituted with expression (5): 
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The pixel size is 0.01mm, 121  uu   pixel, 

then expression (9), (10), (11) change into: 
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When the camera pixel number is 1024*1024, 

object length is 5 m, the baseline distance is 50 cm, 
the focal length range was 1-30 mm, then the x  
measurement error changes with focus and imaging 
position as shown in Fig. 2 (a), the y measurement 

error changes with focus and imaging position as 
shown in Fig. 2 (b), the z measurement error 
changes with the focal length as shown in Fig. 2 (c) 
shows. It can be seen from Fig. 2, when the focal 
length is less than 5 mm, the error grows very 
quickly, in order to reduce the error, a telephoto lens 
is needed, but lens is longer, field of view is smaller. 
In order to take into account the view field, the 
10 mm lens is selected. 

When the focal length is 10 mm, the baseline 
distance is 50 cm, the object distance ranges from 
1 m to 5 m, then the x  measurement error changes 
with the object distance and image position as shown 
in Fig. 3 (a), the y measurement error changes with 

the object distance and image position as shown in 
Fig. 3 (b), the z ranging error changes with the 
object distance as shown in Fig. 3 (c). It can be seen 
from Fig. 3, when the distance is more than 3.5 m, 
the error grows very quickly, in order to reduce the 
error, near distance is measured, but when the AUV 
speed is fast, larger field of view or far distance is 
needed in order to have enough overlap region. In 
order to take into account the speed of AUV, 
detection distance of 3 m is select. 

When the focal length is 10 mm, the object 
distance is 3 m, the baseline distance variation range 
of 10 mm – 160 mm. Then the x  measurement error 
changes with baseline distance and imaging position 
as shown in Fig. 4 (a), the y measurement error 

changes with baseline distance and the imaging 
position as shown in Fig. 4 (b), z ranging error 
changes with the baseline distance as shown in 
Fig. 4 (c). It can be seen from Fig. 4, when the focal 
length is less than 50 mm, the error growth very 
quickly, in order to reduce the error, longer baseline 
distance is needed. When the baseline distance is 
longer, the structure is more complex. In order to 
take into account the smart structure, baseline length 
of 50 mm is selected. 

According to the optimization imaging structure 
of selected, the focal length is 10 mm, length is 
3000 mm, the baseline length is 50 mm, the x  
measurement error changes with the imaging position 
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as shown in Fig. 5 (a), the y  measurement error 

changes with the imaging position as shown in  
Fig. 5 (b). From formula (14) it is shown, that the z  

ranging error unchanged with the imaging position. 
So it can be seen in Fig. 5, the measurement noise 
variance is different with the imaging position. 

 
 

x

 
x

 

 
(a) x measurement error changes with focal length  

and image position. 
 

 
(a) x measurement error changes with the object distance 

and image position. 
 

y
 

y

 

 
(b) y measurement error changes with focal length  

and image position. 
 

 
(b) y measurement error changes with the object distance 

and image position. 
 

z

 

z

object distance
 

 
(c) z  ranging errors changes with the focal length. 

 

 
(c) z  ranging error changes with the object distance 

 
Fig. 2. Measurement errors change with focal length and 

image position. 
 

Fig. 3. Measurement error change with the object distance 
and image position. 
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(a) x measurement error changes with baseline distance  

and imaging position. 
 

 
(a) x  measurement error changes  

with the imaging position. 
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(b) y measurement error changes with baseline distance  

and imaging position. 
 

 
(b) y  measurement error changes  

with the imaging position. 
 

measurement
error

z

baseline distance  

Fig. 5. Measurement error changes  
with the imaging position. 

 

(c) z ranging error changes with the baseline distance. 
 

 

Fig. 4. Measurement error change with baseline distance and 
imaging position. 

 

 
 

3.2. Analysis of AUV 3D Motion Locating 
Accuracy 

 
The optimized imaging structure can control the 

measurement error of space point to a certain extent, 
and the positioning accuracy of the AUV is 
controlled. But as shown in Fig. 5, measurement 
noise variance is different with imaging position, and 
least squares estimator in the formula (3) uses the 

measured value with the same weight, doesn't 
consider the different, which results in that the AUV 
location estimation accuracy is not high. If the 
measured value is treated with the weighted method, 
the weight of precision high has larger weights, poor 
precision gets smaller, the weighted estimation of (3) 
equation is: 

 

min)ˆ()ˆ()ˆ(  xAmWxAmxJ ii

T

ii
, (16)
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whereW is the type of positive definite weighting 

matrix with appropriate value. Here 1 RW , the 
weighted least squares estimation is Markov 
estimation: 
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The mean square error: 
 

    11~~  ARAxxE TT  (18) 

 
The mean square error estimated as such is the 

minimum, and which is smaller than any other 
weighted least squares estimation, is the best 
estimation of the weighted least squares. For 
different space points measured value, it is used 
according to the different of precision, the estimation 
accuracy will be higher than the estimation precision 
with only high precision measuring value, which can 
effectively improve the AUV positioning  
accuracy finally. 
 
 
4. Conclusion 

 
In the AUV navigating and positioning based on 

the binocular vision, the measurement error of 
binocular vision is directly related to the AUV 
positioning accuracy. Based on the analysis of the 
measuring principle of binocular vision, the 
mathematical model is established to optimize the 
measurement accuracy, and is visualized analyzed 
with simulation graphics. The system structure and 
the imaging parameters of stereo vision system are 
optimized, which further verify the effectiveness of 
the mathematical model. 
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Abstract: Hyperspectral imagery classification is a challenging problem. Wherein, the high number of spectral 
channels and the high cost of true sample labeling greatly reduce the classification precision. In this paper, we 
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provided considerable insight on the band extraction problem and the new features were good for land-cover 
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1. Introduction 

 

Hyperspectral sensors collect imagery 
simultaneously in hundreds of narrow and continuous 
spectral bands [1]. The information contained in 
hyperspectral imagery improved the accuracy and 
robustness of the land-cover classification [2-7]. 
However, several critical problems should be 
considered in the classification of hyperspectral 
imagery, among which, the high number of spectral 
channels and low number of labeled training samples 
give rise to the problem of curse of dimensionality. 
Two kinds of methods can be considered to reduce 
dimensions, namely, feature extraction [8, 9] and 
feature selection [10, 11]. Feature extraction 
transforms the whole initial band set into a new and 
reduced feature set. Feature selection chooses a 
subset of bands from the original band set.  

Recently, Lots of feature selection methods have 
been proposed, which can be grouped into supervised 
method and unsupervised method. Supervised 
method selects feature subset depends on the class 

labels of training samples such that the projected 
samples of different classes are well separated. 
Unsupervised method defines a criterion to select 
suitable feature set. Compared to feature selection 
method, feature extraction method generally achieves 
high accuracy of classification in supervised 
learning. However, due to the high cost of true 
sample labeling, unlabeled training samples are 
readily available but labeled ones are fairly expensive 
to obtain. This circumstance greatly reduces the 
precision of prediction. Therefore, based on former 
research work [12-14], this paper imports semi-
supervised learning to provide an elegant framework 
to learn from labeled and unlabeled data. The new 
proposed method combines linear discriminant 
analysis (LDA) and manifold learning to improve the 
precision of hyperspectral imagery classification. 
Experimental results showed that new method had 
provided considerable insight on the band extraction 
problem and the new features were good for land-
cover classification. 

Article number P_1360 
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The remainder of this paper is organized as 
follows. Section 2 presents a brief overview of LDA 
algorithm. In Section 3, we provide a brief overview 
of manifold learning algorithm. We introduce LDA 
and manifold learning based algorithm for 
hyperspectral data dimensionality reduction in 
Section 4. The pixel classifications on real 
hyperspectral data sets are used to evaluate the 
performance of the new proposed method in 
Section 5. Finally, we conclude the paper in  
Section 6. 

 
 

2. Linear Discriminant Analysis 
 
Linear discriminant analysis [15] is an important 

method used in statistics, pattern recognition and 
machine learning to find a linear combination of 
features which characterizes or separates two or more 
classes of objects or events. The resulting 
combination may be used as a linear classifier, or 
more commonly, for dimensionality reduction before 
later classification. 

LDA seeks directions on which the samples of 
different classes are far from each other while the 
samples of the same class are close to each other. 

Given a n-dimensional data set 1 2{ , ,..., }nX x x x  
nR  and the corresponding class label set 

1 2{ , ,..., }nA a a a R . LDA is used to learn a 

matrix n kw R   which transforms n-dimensional 

vector ix  into k-dimensional vector iy . The 

transformation formula is as follows: 
 

T
i iy w x  (1) 

 
If two data points have the same label, they 

should be as close as possible after they are 
transformed by w . Otherwise, they should be as far 
as possible. LDA convert this problem into an 
optimization problem, the objective function of LDA 
is as follows: 

 

arg min
T

wi
optimal w T

b

w K w
w

w K w
 , (2) 

 

where wiK  is the within class scatter matrix and bK  

is the between class scatter matrix. Suppose we have 
H classes sample points. The definition of the within 
class scatter matrix is: 

 

1 1

( ( )( ) )
hnH

T
wi i h i h

h i

K x x 
 

    , (3) 

 

where hn  is the number of samples in class h and 

h  is the average vector of class h the definition of 

the between class scatter matrix is: 

1

( )( )
H

T
b h h h

h

K n    


   , (4) 

 
where   is the total sample mean vector. 

 
 
3. Manifold Learning 
 

High-dimensional data, meaning data that 
requires more than two or three dimensions to 
represent, can be difficult to interpret [16]. One 
approach to simplification is to assume that the data 
of interest lie on an embedded non-linear manifold 
within the higher-dimensional space. If the manifold 
is of low enough dimension then the data can be 
visualized in the low dimensional space. 

In general, manifold learning algorithm [17] 
seeks for the optimal projection matrix by solving the 
following minimization problem: 

 
2

,

arg min || ( ) ||T T
w i j ij

i j

w x w x M  
(5) 

 

where ijM  is similarity weight of sample points ix  

and jx , which reflects the local structure of the 

sample space. By simple mathematical 
transformation, the objective function can be 
simplified as follows: 

 
2

,

|| ||T T
i j ij

i j

w x w x M  

= 2 ( )T Tw X D M X w  

= 2 T Tw XLX w  
= 2 TY LY , 

(6) 

 

1 2[ , ,... ]T
nX x x x , (7) 

 

1 2[ , ,... ]T
nY y y y , (8) 

 
L = D – M, (9) 

 
where L is Gaussian Laplacian matrix and D is a 
diagonal matrix, whose entry is: 

 

1

n

ii ij
j

D M


  (10) 

 
 

4. Hyperspectral Data Dimensionality 
Reduction 
 
As shown in Fig. 1, hyperspectral imagery is a 

three-dimensional data array, whose width and length 
corresponding to plane dimensions and the third 
dimension corresponding to spectral bands. We use I, 
J and L to represent the three dimensions. Each pixel 
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is represented as an L dimensional vector, constitute 
a sample point. 

 
 

 
 

Fig. 1. Image cube of hyperspectral data. 
 
 

Suppose we are given m labeled examples 

1{( , )}m
i i ix t   and n unlabeled examples 1{( )}m n

j j mx 
  . 

it  Stands for class label. Inspired by linear 

discriminant analysis and manifold learning 
algorithm [18, 19], proposed method combines both 
discriminative information and knowledge of data 
distribution, by minimizing the following  
objective function: 

 
arg min { ( ) ( )}w ML w LDA w  (11) 

 
Manifold regularization term is ( )ML w , which 

makes it  varies smoothly by incurring a heavy 

penalty if two neighboring points in the input space 
lie far away in the output space. We can build a  
q-nearest neighbor graph G over (m+n) samples to 
model the relationship between nearby samples. For 
each samples xi, we find its q nearest neighbors set 
Q(xi) and put an edge between xi and its neighbors. 
Therefore, the corresponding weight matrix is  
as follows: 

 

,

( ) ( )

0

ij i j j i

M ij

s if x Q x or x Q x
M

otherwise

 
 


 (12) 

 
To apply q-nearest algorithm, we must construct 

a similarity matrix used to measure how well sample 
xi is similar to sample xj. Several measures can be 
used to build the distances between sample data, such 
as Euclidean distance, divergence-based distance and 
mutual information distance. In this paper, we use 
KL divergence based method. Firstly, we assume that 

( )ip r  and ( )jp r  represent the probability 

distributions of sample xi and xj respectively. We use 
grey level histogram to simplify probability 
distribution, where r is grey level. KL divergence of 

( )ip r  and ( )jp r  is defined as follows: 

 

1

( )
( , ) ( ( ) log )

( )

R i
ir

j

p r
KL i j p r

p r
  (13) 

The KL divergence is Asymmetric. However, the 
similarity matrix is symmetric. Therefore, the similarity 

between ( )ip r  and ( )jp r  is defined as follows: 
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(14) 

 
The corresponding manifold regularization item 

is as follows: 
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(15) 

 

where MD  is the diagonal matrix, whose entry is: 
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1

m n

M ii M ij
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   (16) 

 
A useful classification function should be smooth 

in class, but produce great contrast between different 
classes. Therefore, this paper uses ( )LDA w  to 

incorporate discriminative information into our 

objective. For each sample ix , ( )wi iZ x contains 

samples sharing the same label with ix , ( )b iZ x  
contains the samples having different labels. 
Specifically, 

 
( ) { | ( ) ( )}wi i j j iZ x x l x l x   (17) 

 

( ) { | ( ) ( )}b i j j iZ x x l x l x   (18) 
 
Within class graph is defined as follows: 
 

,

1 ( )
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i wi j
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if x Z x

M or x Z x

otherwise


 



 
(19) 

 
Between class graph is defined as follows: 
 

,

1 ( )

( )
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i b j

b ij j b i
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(20) 

 
In order to keep the compactness in class, the 

following objective function should be minimized: 
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(21) 

 

where wiD  is the diagonal matrix, whose entry is: 
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, ,
1

a d

wi ii wi ij
j
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  (22) 

 
In order to keep the separability between classes, 

the following objective function should be 
maximized: 
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where bD  is the diagonal matrix, whose entry is: 
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  (24) 

 
Therefore, the LDA regularization item of is 

defined as follows: 
 

( ) (1 )wi bLDA w T T      

= ( (1 ) )T
wi bY L L Y   , 

(25) 

 
where [0,1]  . Because the information that two 

data are similar is more important, we commend that 
parameter   should be larger than 0.6. The original 

objective function is simplified as: 
 

min T
LDA MLY L Y  (26) 

 
(1 ) ( (1 ) )LDA ML M wi bL L L L         , (27) 

 
where 

LDA MLL   is the new Laplacian matrix, which 

combines the discriminative ability of three matrix, 

namely ,M ijM , ,wi ijM  and ,b ijM . ,M ijM  ensures 

that close data in the input space are prone to be 

close in the output space. ,wi ijM  penalizes those 

samples originally in the same class and are predicted 

in the different class. ,b ijM  penalizes those samples 

originally in the different class and are predicted in 
the same class. The coefficient   is chosen in the 
interval [0, 1], which is used to control balance 
between LDA and manifold learning. 

 
 

5. Experiments 
 
The experiments consist of comparing the LDA-

ML algorithm with two relevant algorithms ID [20] 
and MVPCA [21] on real hyperspectral data sets 
shown as Fig. 2.  

Indian pines AVIRIS data set is a section of the 
scene taken over northwest Indiana’s Indian Pines by 
the Airborne Visible/Infrared Imaging Spectrometer 

sensor in 1992. It has 145×145 pixels and 220 bands. 
Fig. 2 shows the 30th band image of the data. In the 
experiment, 200 out of the 220 bands are used. The 
bands of lower signal to noise ratio  
are discarded.  

In order to evaluate the performance of our 
proposed method, support vector machine (SVM) 
and k-Nearest Neighbor algorithm (KNN) is used to 
classify the pixel in hyperspectral imagery. 

 
 

 
 

Fig. 2. Image of 30th band in India pines data set. 
 
 

5.1. SVM 
 
In the environment of non-linear separable and 

small training sample sets, SVM has shown a great 
potential against other classifier in solving 
classification and regression problem. Our 
experiment chooses RBF kernel function. Since 
SVM is used to handle two class problems, this paper 
uses one-against all method to handle multi-class 
classification problem. Fig. 3 shows the classification 
results by ID, MVPCA and LDA-ML respectively. 
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Fig. 3. Classification results of SVM. 
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As Fig. 3 shows, the classification accuracies of 
algorithm ID, MVPCA and LDA-ML improve along 
with the increase of the number of features. Among 
them, LDA-ML algorithm has the highest  
prediction precision.  
 
 
5.2. KNN 
 

The KNN algorithm is a method for classifying 
samples based on closest training samples in the 
sample space. It is the simplest machine learning 
algorithm. In KNN algorithm, a sample is classified 
by a majority vote of its neighbors, where the sample 
is assigned to the class which is the most common 
class in its k nearest neighbors. Fig. 4 shows the 
classification results of KNN by ID, MVPCA and 
LDA-ML respectively. Likewise, the accuracies 
obtained by LDA-ML are better than that of the other 
two methods. 
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Fig. 4. Classification results of KNN. 
 
 

6. Conclusions 
 

In this paper, we propose a new semi-supervised 
method to classify pixels in hyperspectral imagery. 
The proposed method makes efficient use of labeled 
and unlabeled samples, and integrates LDA and 
manifold algorithm to improve the precision of land-
cover prediction. The labeled samples are used to 
maximize the discriminating power, while the 
unlabeled samples are use to preserve the structure of 
data. Experimental results demonstrate the 
effectiveness of our method. 
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Abstract: Lanthanum strontium chromite mixed metal oxides were prepared by sol-gel method by varying the 
mole ratios of strontium and chromium in the compound. The compounds were sintered at 700 °C for 6 hrs and 
were subjected to DC resistance measurements at RH 5-98 % and temperature dependent studies. The change in 
surface conductivity as a function of applied field was measured using picoammeter (Keithely-6485). Among 
the various mole ratios of compounds LCS-4 shows the highest sensitivity factor of 3.34×104 and LCS-1 shows 
the lowest sensitivity factor 6.66×10-1. Response and recovery times were measured. The compounds were 
characterized by X-ray diffraction, FT-IR, scanning electron microscopy (SEM) and nitrogen 
adsorption/desorption studies were employed to study the structural phases, vibrational frequencies, surface 
morphology of the highest humidity sensing compounds. Copyright © 2013 IFSA. 
 
Keywords: Chemosensors, Chromites, Mixed metal oxide, Relative humidity. 
 
 
 
1. Introduction 

 

Humidity sensors have been used in an increasing 
number of applications in industrial processing and 
environmental control. Growing demands for 
controlling water vapour have led to considerable 
interest in the development of sensing  
materials [1-5]. Measurement and control of 
humidity in an environment is important in both 
human comfort and many of industrial processes [6]. 
There are some major requirements for a good 

humidity sensor: high-sensitivity, reversibility, fast 
response time, long life time, high-humidity 
selectivity and stability [7]. In recent years many 
efforts have been in investigations of well 
performance humidity sensors. Many kinds of 
materials have been studied as sensing 
elements/compounds in humidity sensors. The 
principle sensor groups of interest include ceramics 
[8, 9], conductive polymers [10, 11] and  
electrolyte [6]. 

Relationship between nanostructures and their 
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implications on the electrical, optical and thermal 
properties of materials is an extremely interesting 
area of material science. Metal oxides form attractive 
domain therein due to their wide range of properties 
like ferroelectricity, superconductivity and 
piezoelectricity. Perovskite type oxides (general 
formula ABO3) is closely related to the materials that 
show interesting electrical properties and sensing 
behavior of these oxides may be modified by an 
appropriate substitutions of cations at the A and B 
sites [12]. These in the form of bulk thick or thin 
films are being used as multifunctional sensor i.e. 
sensing temperature, gas and humidity [13, 14]. 
These prevoksite type oxides can be synthesized in 
three different ways they are thermal decomposition, 
co-precipitation and sol-gel method. Among them the 
materials prepared by sol-gel method has shown 
increase in the surface area of the material which is 
an essential factor for a sensing material [15]. 

In the present investigation a novel nano 
structured LaSrxCr1-xO3-δ (x=0 to 1) which was 
prepared by sol-gel method reveals both excellent 
humidity and thermal sensitivity properties. The 
novelty of this material is achieved by preparing the 
mixed metal oxide has a single phase compound 
which is done by sintering the samples for 8 hours at 
800 °C in tubular furnace. This supported by the 
XRD reports. The material is characterized by SEM, 
XRD, and IR. The humidity dependent electrical 
properties of Perovskite oxide LaSrxCr1-xO3-δ have 
been studied by preparing different mole ratios of 
LaSrxCr1-xO3-δ by altering the addition of Cr3+ with 
Sr2+. It has been found in the humidity sensing 
studies that the material shows high sensitive factor 
by the substitution of Cr3+ with Sr2+ due to the 
change in the surface morphology of the material. 
Electrical conductance can occur through internal 
surface layers of adsorbed water [16], the tiny pores 
can fill with water as determined by the Kelvin 
equation [17] leading to electrolytic conduction 
through the moisture or the conductance of the 
semiconductor itself can change due to an interaction 
of its surface energy states with hydroxyl radicals, 
especially at the grain boundaries [18, 19]. 
 
 
2. Experimental Procedure 
 
2.1. Sample Preparation 
 

Sol-gel method: A known amount of citric acid 
and ethylene glycol (AR) were mixed well by 
keeping it over a magnetic stirrer for 10 minutes 
around 150 °C and to this the dissolved nitrate 
solutions of La(NO3)3.6H2O, Cr(NO3)3.9H2O and 
Sr(NO3)2 of appropriate mole ratios were added and 
stirred for 30 minutes and the mixture was heated to 
150 °C till powder form is obtained. The resulting 
LCS compounds were compacted to pellet at a 
pressure of 4 ton/sq.inch. The diameter of the pellet 
is 13 mm and the thickness is 2 mm. These solid 

pellet were sintered at 800 °C for 8 hrs in ambient air 
atmosphere. The samples were cooled down to room 
temperature at the natural cooling rate of the furnace. 
As the concentration of strontium increased at 
particular level was shown to enhance the sensitivity 
of humidity sensors. Since our interest is to prepare a 
nanomaterial the compounds were synthesized 
specifically by sol-gel method. 
 
 
2.2. Characterization and Humidity 

Sensing Studies 
 

The DC electrical resistance at different relative 
humidity levels of the samples in the form of pellets 
was determined by a two- probe method as. The 
electrical contacts were made on the surface of the 
pellet by means of two thin copper wires affixed with 
silver paint. Given the high resistivity of the 
materials under investigation, the potential 
inaccuracy due to contact resistance is assumed 
negligible. The pellet was inserted in the middle of 
the pyrex tube of 5 cm diameter on which kanthal 
wire was uniformly wounded externally. The kanthal 
wire ends were connected to avarian to vary the 
temperature and a copper–constantan thermocouple 
kept at the pellet was used to measure the 
temperature of the sample. The electrodes were 
connected to DC power supply and the Keithley 6485 
picoammeter in series. The temperature dependent 
conductance experiments in the temperature range of 
120 – 300 °C under ambient conditions were carried 
out to determine the activation energies for electrical 
conduction of the samples using linearized form of 
the expression 

 
I=Io exp-Ea/kT,  

 
where I is the current, Ea is the activation energy, k is 
the Boltzmann constant and T is the temperature. 

Controlled humidity environments of relative 
humidity 5, 31, 51, 79 and 98 % were achieved by 
using anhydrous P2O5, saturated aqueous solution of 
CaCl2.6H2O, Ca(NO3)2.4H2O, NH4Cl and 
CuSO4.5H2O in a closed desiccators at an ambient 
temperature of 298 K. Prior to the saturation of the 
pellets in the above buffers, the pellets were heated at 
393 K for 12 hrs to remove the adsorbed water.  
A degassed chamber of about 200 cm3 was used for 
evaluating the response and recovery characteristics. 
This chamber has a provision for two-way inlet, one 
for transpiring the dry air and the other for moist air 
from a wet candle. Air drying was accomplished by 
transpiring the air stream through drying columns 
packed with anhydrous CaCl2 and dry P2O5 
connected in series. The resistance measurements in 
the dry air as well as in moist air alternatively helped 
to establish the response and recovery time of  
the compounds. 

The structural studies were carried out using a 
Philips X’pert diffractometer for 2θ values ranging 
from 10 to 80 ° using CuKα radiation at λ = 1.54 A°. 
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The Fourier transform infrared (FT-IR) spectra were 
recorded with Perkin – Elmer spectrometer using 
KBr pellets whose thickness was about 1.3 mm. Each 
spectrum was collected at room temperature under 
the atmospheric pressure. The samples were 
dispersed in spectroscopic grade KBr pellets and 
were scanned in the range of 4000-400 cm-1. 

The surface morphology of the samples was 
observed on a Ultra 55 FESEM with EDS analyzer 
using gold coated samples. 

The surface area and pore size distribution were 
derived from the nitrogen adsorption–desorption 
isotherms using liquid nitrogen at 77 K. The nitrogen 
adsorption–desorption isotherms of the composites 
were measured using an automatic adsorption 
instrument (Quantachrome Corp. Nova1000 gas 
sorption analyzer). 
 
 

3. Results and Discussion 
 

3.1. X-Ray Diffraction Studies 
 

The powder XRD patterns of LCS-1 to  
6 compounds (Fig. 1) showed the characteristic peaks 
corresponding to LaSrxCr1-xO3-δ confirming the 
absence of impurities and presence of mixed oxide 
intermediate peaks of new phases in LCS-2 to  
LCS-5. The XRD pattern of LCS-1 (JCPDS-75-
0441) data corresponds to pure lanthanum chromite 
which is simple cubic system with ‘a’ value  
3.880 whereas the XRD pattern of LCS-6 (pure 
lanthanum strontium oxide) which is a known 
compound it does not match with the existing 
patterns. The XRD pattern of compounds LCS-2 to 
LCS-5 were studied by comparing LCS-1 and  
LCS-6.The uniqueness of these XRD patterns is a 
proof that the compounds LCS-2 to LCS-6 is of 
novel. 

 
 

 
 

Fig. 1. XRD patterns of LCS-1 to LCS-6 compounds. 
 
 

3.2. FT-IR Spectroscopy 
 
The FT-IR spectra of LCS-1 to 6 compounds (see 

Fig. 2) exhibit a common broad band near 3400 cm-1 
due to the OH-stretching vibrations of free and 
hydrogen-bonded hydroxyl groups, and a second 
typical absorption region at 1630 cm-1 is assigned to 
the deformative vibration of water molecules which 
is most probably due to water adsorption during the 
compaction of the powder specimens with KBr  
[20, 21]. The metal–oxygen stretching frequencies in 
the range 400–1000 cm-1 are associated with the 
vibrations of La-O, Cr-O and Sr-O bonds which is 
existing has mixed metal oxides. FT-IR spectra of the 
compounds showed sharp band around 625 and 
512 cm-1 which are characteristic of metal chromite 
spinels [22]. From the FT-IR spectra of the LCS-1 to 
6 compounds it is evident that the band near 
3400 cm-1 and 1600 cm-1 are broader for LCS-4 
compound. This indicates that the surface adsorption 
of water on the ceramic surface is more in LCS-4 
compound than in other compounds. 
 
 

 
 

Fig. 2. FT-IR spectra of LCS-1 to LCS-6 compounds. 
 
 

3.3. Scanning Electron Microscopy (SEM) 
 

The SEM micrographs of LCF-1and LCF-6 
(Fig. 3. a&c) is of the pure lanthanum chromite with 
the particle size 150 – 200 nm and pure lanthanum 
strontium oxide with the particle size 1 μm, which 
doesn’t show much of porosity. The LCS-4  
(Fig. 3 (b) is of the mixed metal oxides of lanthanum 
chromium and strontium oxide in the mole ratio of 1: 
0.4:0.6 which is formed as a compound by the sol-gel 
method. The particle size of LCS-4 is 85 - 100 nm. 
On comparing the SEM micrographs, LCS-4 shows a 
larger grain size and decrease in the particle size than 
LCS-1 & LCS-6.The surface morphology is well 
defined in the LCS-4 compound than in LCS-1 & 
LCS-6. The well developed porosity in LCS-4 is very 
important in humidity sensing studies. 
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Fig. 3. SEM micrographs of 
(a) LCS-1, (b) LCS-4 and (c) LCS-6. 

 
 

3.4. Nitrogen Adsorption/Desorption Studies 
 

Nitrogen adsorption/desorption isotherms (at 
77 K) of LCS-1, LCS-4 and LCS-6 were studied 
(Fig. 4(a) to Fig. 4(c). Among them LCS-4 
compound which possessed maximum sensitivity. 
The BET surface area of chromites and for 
composites has already been reported by Manoharan 
et al. [20] and Saha et al. [23]. The isotherms of 
LCS-1, LCS-4 and LCS-6 compounds showed a 
hysteresis effect with the slope of the plateau 
increasing with a significant increase in the nitrogen 
uptake through the entire pressure range. The 
increase in uptake of nitrogen in the samples is a 
result of the major increase in porosity which is 
observed for LCS-4 compound more compared to 
LCS-1 & 6 compounds. This is due to the presence 
of 0.6 mole of Sr2+ and 0.4 mole of Cr3+ in LCS-4 
compound. LCS-1 is pure lanthanum chromite and 
LCS-6 is pure lanthanum stontium oxide both does 
not have mixture ratio like LCS-4. The LCS-4 
compound exhibited the most prominent hysteresis 
effect, which can be characterized by the formation 
of intergranular pores as a result of 0.6 mole of Sr2+ 
and 0.4 mole of Cr3+ in the LaSrxCr1-xO3-δ matrix. 
The amount of nitrogen adsorbed increased 
corresponding to the BET surface area of 
26.27 cm3/g for LCS-4 compound while it was only 
11.47 cm3/g for LCS-6 and 8.95 cm3/g for LCS-1 
compounds. The addition of 0.6 mole of Sr2+ and 
0.4 mole of Cr3+ retards the growth of the bulk phase, 
leading to an increase in the surface area, an 
enhancement in the formation of a considerable 
amount of micro and mesopores. 
 
 

 
 

Fig. 4. Nitrogen adsorption and desorption isotherm curves 
of (a) LCS-1 (b) LCS-6 and (c) LCS-4. 

3.5. Humidity Measurements 
 
The LCS compounds were subjected to the 

relative humidity studies at various RH % 
environment. The humidity sensing measurements 
showed a decrease in resistance with an increase in 
% RH. The LCS-4 compound showed a highest 
humidity sensitivity of 33,400 with a resistance of 
1.67×1011 Ω at RH 5 % and 5.00×106 Ω at RH 98 % 
whose BET surface area is 26.27 cm3/g. At low 
humidity levels, chemisorption takes place, leading 
to formation of free surface hydroxyls with the 
charge transport occurring by the hopping 
mechanism [24]. While at high humidity levels, 
water is physisorbed on the top of the chemisorbed 
layer. As a result, the condensation of water in the 
capillary like pores leads to a liquid like layer leading 
to electrolytic conduction. The optimum 
concentration of x=0.6 mole ratio shows good sensor 
towards humidity. The increase in porosity as 
evidenced from SEM images confirms the presence 
of more sites for water adsorption in LCS-4 
compound. The sensitivity of the compounds with 
various molar ratios of LCS-1 to LCS-6 is shown in 
Table 1. 

The SEM micrographs also reveal that the LSF-4 
compound produces fine grains with maximum 
porosity compared with the other, indicating that the 
smaller the grain size, the higher the surface energy 
and the adsorption capacity. The sintered porous 
semiconductor has a large internal surface area for 
the adsorption of water vapor. Further the 
coordination of water molecule to Cr3+ ions in LCS-1 
to LCS-6 compounds increase the acidity thereby 
releases H+. Good linearity in the log R versus RH % 
plot is an important criterion for good humidity 
sensitivity material (see Fig. 5). 

 
 

Table 1. Resistance at RH 5 % and RH 98 %,  
Sensitivity factor, Energy of activation of LCS compounds. 

 

Sample 
Codes 

R(Ω),  
at RH 
5 % 

R(Ω), 
at RH 
98 % 

Sf 
(R RH 5 %/ 
R RH 98 %) 

Ea 

LCS-1 3.33×106 5.00×106 0.66 0.271 
LCS-2 1.00×1010 1.11×107 901 0.102 
LCS-3 5.00×1010 5.00×106 10,000 0.098 
LCS-4 1.67×1011 5.00×106 33,400 0.042 
LCS-5 1.25×1011 1.67×107 7,490 0.082 
LCS-6 3.33×1011 1.67×107 19,900 0.063 
 

The results suggest that the more linear the plot, 
the better the response, recovery and sensitivity of 
the material. The LCS-6 compound which is the next 
highest humidity sensing material with the sensitivity 
factor of 19, 900 has a resistance of 3.33×1011 Ω at 
RH 5 % and 1.67×107Ω at RH 98 % The LCS-1 is 
the lowest humidity sensing material among all the 
compounds with the humidity sensitivity factor of 
0.66 has a resistance of 3.33×106Ω at RH 5 % and 
5.00×106Ω at RH 98 %. due to fewer sites for water 
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adsorption on the ceramic surface compared to that 
of LSF-4 compound. 

 
 

 
 

Fig. 5. Plot of log R vs. RH % of LCS-1 to 6 compounds. 
 
 
3.6. Temperature Dependant Studies 

 
The temperature dependence of the electrical 

conductance was carried out in the temperature range 
120 °C to 350 °C suggested that the current (I) 
increased with an increase in temperature (T). The 
electrical conductance measurements of LCS-1 to 
LCS-6 compounds at room temperature prior to 
relative humidity measurements signified that the 
current increased linearly with the applied voltage, 
indicating the ohmic contact of the electrodes. The 
activation energies calculated from the temperature 
dependence of conductance data are also shown in 
Table 1. The activation energy for electrical 
conduction in polycrystalline materials generally 
involves the combination of the energy required to 
raise the carriers from the dominant levels to their 
corresponding transport bands and the energy 
required to create the carriers in the dominant levels 
[25]. The low activation energy of LCS-4 compound 
predicts that the small polaron conduction dominates 
in the studied temperature range. 

 
 

3.7. Response and Recovery Characteristics 
 

The response and recovery time obtained from 
the plot of Log R vs. Time (Fig. 6.)  

For LCS-4 were found to be 200 s and 90 s, 
respectively. The longer time taken for the 
restoration of the resistance to that in dry air could be 
understood by the fact that these experiments are 
conducted at 25 °C at which temperature the 
desorption kinetics is expected to be slow thus 
evidencing a surface controlled phenomena. For 
LCS-4 the invariant resistance in dry air is in the 
order of 1011 Ω. The resistance drops (see Fig. 6) by 
four orders of magnitude to reach the constant value 
of approximately 106 Ω within 270 s on purging the 

moist air. The time taken for the restoration of the 
original signal is approximately 90 s. 

 
 

 
 

Fig. 6. Plot of log R vs. time of LCS-4 compound. 
 
 
4. Conclusions 

 
The LCS (LaSrxCr1-xO3-δ) compounds with 

different mole ratios x= 0, 0.2, 0.4, 0.6, 0.8 & 1.0 
were prepared by sol-gel method. Humidity 
sensitivity measurements, Temperature dependence, 
FT-IR, BET, SEM, XRD studies were done. Their 
purity was confirmed by XRD analysis. The intensity 
of XRD peaks shows a variation from LCS-2 to  
LCS-5 due to the presence of La3+, Cr3+ and Sr2+. The 
novelty of the compound has been proved by the 
XRD patterns which is different from the existing 
phases. The surface morphology of the compounds 
were studied by the SEM micrographs. FT-IR study 
showed the characteristic metal oxide vibrational 
frequencies. BET study gave the surface area of the 
highest humidity sensitive compound. The LCS-4 
(LaSr0.6Cr0.4O3-δ) compound showed the highest 
humidity sensitivity factor of 3.34×104. Temperature 
dependent studies showed the low activation energy 
of all the compound confirming the involvement of 
small polaron hopping mechanism in the conduction. 
The good response and recovery time of LCS-4 
compound and its highest sensitivity factor might be 
a promising humidity sensing material for  
practical application. 
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Abstract: Sulfur dioxide (SO2) is a typical sulfur hexafluoride (SF6) decomposition by product in gas insulated 
switchgear (GIS). Online monitoring and analyzing SO2 gas concentration can timely and effectively evaluate 
the insulation performance of SF6-gas-insulated apparatus. In this study, pure and 3 at % Cu-doped SnO2 
microspheres were synthesized via a simple and facile hydrothermal method, and were characterized by X-ray 
powder diffraction, field emission scanning electron microscopy, transmission electron microscopy, energy 
dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy, respectively. Chemical gas sensors were 
fabricated with the conventional indirect heating technology and their gas sensing properties versus SO2 were 
investigated in detail. The gas sensor fabricated with 3 at % Cu-doped SnO2 microspheres exhibits lower 
optimum operating temperature and higher gas response than that of pure SnO2 microspheres. Meanwhile, it 
demonstrates good stability and fast response-recovery. Most importantly, this sensor holds excellent 
discrimination with other SF6 decompositions, including SOF4, SOF2, SO2F2 and HF. All results provide a good 
candidate in fabricating high-performance SO2 sensor in practice. Copyright © 2013 IFSA. 
 
Keywords: Sulfur dioxide, Gas sensing properties, Cu-doped SnO2, Chemical gas sensor. 
 
 
 

1. Introduction 
 

Gas insulated switchgear (GIS) filled with 
pressurized SF6 gas for electrical insulation and arc 
extinction, has been widely used in electrical power 
systems in the past decades [1-3]. When compared 
with the conventional open high-voltage switchgear 
installations, GIS has the advantages of small floor 
space, high stability and reliability, high-strength 
insulation, lower maintenance cost, and so on [4-5]. 
Despite these excellent advantages, there still exist 
some unavoidable insulation defects in GIS design, 
preparation, installation and running process. Partial 
discharge (PD) may occur at these insulation defects 
and cause SF6 gas decomposition [6-7].  

Till now, researches both at home and aboard 
have reported that SOF4, SOF2, SO2F2, SO2 and HF 

are the mainly characteristic decompositions of SF6 
gas in GIS apparatus [8-10]. So it is available and 
effective to evaluate the insulation performance of 
SF6 in GIS through detecting and analyzing these 
decomposed chemical products [11-12].  

In recent years, interest in SF6 decompositions 
detection has been greatly stimulated, and numerous 
methods have been reported, such as semiconductor 
gas sensors [1, 8, 10], spectroscopy [9] and carbon 
nanotubes [11, 12]. Peng et al. [1] successfully 
synthesized flower-like ZnO nanorods and 
investigated their gas sensing properties to SOF2, 
SO2F2, and SO2. Zhang et al. [11] reported the 
adsorption properties of SF6 decomposition products 
adsorbed on single-walled carbon nanotubes (SWNT) 
from the first principles calculation. However, some 
limitations still need to be further improved  
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[1, 8, 10, 11], such as high operating temperature, 
low gas response and especially poor selectivity with 
potential interference gases. 

Hence, in this study, we reported a simple and 
facile hydrothermal method to prepare pure and  
Cu-doped SnO2 microspheres. Gas sensors were 
fabricated with traditional indirect heating 
technology and gas sensing properties of the 
fabricated sensors to SO2 gas were measured in detail, 
including optimum operating temperature, gas 
response, response and recovery time, stability and 
reproducibility. Moreover, cross sensitivity and 
selectivity between SO2 gas and other SF6 
decompositions were also investigated. Finally, a 
possible sensitivity mechanism was proposed.  

 
 

2. Experimental  
 

2.1. Synthesis of Materials  
 
All chemicals were analytical-grade reagents 

purchased from Chongqing Chuandong Chemical 
Reagent Co. Ltd. and were used as received without 
any further purification. In this study pure and 3 at % 
Cu-doped SnO2 microspheres were synthesized with 
a simple and facile hydrothermal method. The 
detailed synthesis processes were as follows:  

In a typical synthesis process of 3 at % Cu-doped 
SnO2 microspheres [13-15]: 2.104 g (6.0 mmol) of 
SnCl4·5H2O, 0.031 g (0.18 mmol) of CuCl2, and 
1.080 g of NaOH were dissolved completely into 
30 ml distilled water and 30 ml absolute ethanol in  
a beaker of 100 ml capacity. Then 0.588 g (2.0 mmol) 
of C6H5Na3O7·2H2O (99.5 %) and 2.5 ml EG were 
added to the beaker. The mixture was magnetically 
stirred for 30 min to generate a transparent solution 
and then transferred into a 100 ml Teflon-lined 
stainless steel autoclave, sealed and maintained at 
160 °C for 18 h in an electric furnace. After the 
heating treatment, the autoclave was cooled to room 
temperature naturally. Finally the products were 
harvested by centrifugation, washed three times with 
distilled water and absolute ethanol, respectively, and 
dried at 100 °C overnight to remove the solvent.  

Pure SnO2 microspheres were obtained in a 
similar process as 3 at % Cu-doped SnO2 
microspheres, but no addition of copper salt CuCl2 
was added to the precursor mixture. 

 
 

2.2. Structure Characterization 
 
The crystalline structures of the as-prepared pure 

and 3 at % Cu-doped SnO2 microspheres were 
investigated by X-ray powder diffraction (XRD, 
Rigaku D/Max-1200X) with Cu Kα radiation, 40 kV, 
200 mA, λ=1.5418 Å, and 2θ ranging from 20° 
to 80°. The surface morphologies of the samples 
were characterized with a Nova 400 Nano field 
emission scanning electron microscope (FESEM, 

Hillsboro equipped with energy dispersive X-ray 
(EDX) spectroscopy) and transmission electron 
micrographs (TEM, Hitachi S-570). Analysis of the 
X-ray photoelectron spectra (XPS) was performed on 
an ESCLAB MKII using Al as the exciting source. 
 
 
2.3. Fabrication of Gas Sensor 

 
Chemical gas sensors were fabricated with the 

conventional indirect heating technology [14]. Each 
obtained sample was ground into fine powder and 
mixed with absolute ethanol and deionized water in a 
weight ratio of 8:1:1 to form a homogenous paste. 
Then the paste was coated on an alumina ceramic 
tube to form a sensing film with a thickness of about 
350 m, where a pair of Au electrodes was 
previously printed. Pt lead wires were attached to the 
as-printed Au electrodes to collect the electrical 
signals.  

After the ceramic tube was calcined at 300 °C in 
an electric furnace for 2 h, a NiCr heating wire was 
inserted into the alumina tube as a heater controlling 
the operating temperature of sensing material as 
shown in Fig. 1. The tube was welded on the sensor 
pedestal. The distance between the two Au electrodes 
is estimated to be 6 mm and the diameter of the 
alumina tube is 1.2 mm. Finally, the sensor was 
further aged in an aging chamber at 120 °C for 36 h 
to improve the stability and repeatability. Fig. 2 is the 
photography of as-fabricated chemical gas sensor. 

 
 

 
 

Fig. 1. Structure representation of the ceramic tube. 
 
 

 
 

Fig. 2. A photography of the fabricated indirect  
heating gas sensor. 
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2.4. Gas Sensing Property Measurement  
 
Gas sensing properties of the as-fabricated 

sensors were measured by a CGS-8 [14] (Chemical 
gas sensor-8) intelligent gas sensing analysis system 
purchased from Beijing Elite Tech Co., Ltd, China, 
as shown in Fig. 3. The sensors were pre-heated at 
different operating temperatures for about 30 min. 
When the resistances of all the sensors were stable, 
saturated target gas was injected into the test 
chamber (20 l in volume) by a microinjector through 
a rubber plug. The saturated target gas was mixed 
with air by two fans in the analysis system. 

After the sensor resistances reached a new 
constant value, the test chamber was opened to 
recover the sensors in air. The sensor resistance, gas 
response, ambient temperature and humidity values 
were recorded timely and automatically by the 
intelligent gas sensing analysis system.  

 
 

 
 

Fig. 3. Schematic image of the CGS-8 intelligent  
gas sensing measuring equipment. 

 
 
The gas response value S was defined as 

S=Ra/Rg, where Ra was the sensor resistance value 
in air and Rg was that in a mixture of target gas and 
air [15]. The time taken by the sensor to reach 90 % 
of the total resistance change was defined as the 
response time in the case of gas adsorption or the 
recovery time in the case of gas desorption [13]. All 
measurements were repeated several times to ensure 
the repeatability and stability of the sensor. 
 
 
3. Results and Discussion 
 
3.1. Structural Characterization 

 
XRD measurement was first performed to 

characterize the crystalline structure and chemical 
composition of the as-synthesized products. As 
shown in Fig. 4 all the diffraction peaks of pure and 
Cu-doped SnO2 microspheres were well indexed to 
the standard data file of rutile SnO2 (JCPDS file 
no. 41-1445, space group P42/mnm). No diffraction 
peaks from any impurities were detected, which 
means a high purity of our prepared samples. And 
there are no characteristic peaks from dopants, which 
may be attributed to the high dispersion or the poor 
crystallinity of copper related nanostructures. 
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Fig. 4. XRD patterns of the prepared SnO2 microspheres. 

 
 

To check whether dopants have been successfully 
doped into the synthesized nanostructures, EDS 
analysis was conducted. As shown in Fig. 5 
characteristic energy spectrum of Cu element 
appeared at 0.98, 8.09 and 8.87 keV, which confirms 
the availability of dopants Cu on the SnO2 matrix. 
The composition of the Cu dopant is calculated to be 
about 2.92 at %, which matches well with its  
nominal concentration. 

 
 

 
 

Fig. 5. EDS spectra of 3 at % Cu-doped  
SnO2 microspheres. 

 
 

XPS data of the 3 at % Cu-doped SnO2 

microspheres is collected and presented in Fig. 6 to 
further confirm the existence of Cu element and their 
valences. Fig. 6 (a) shows its wide spectrum, which 
is mainly consisted of Sn, O and Cu elements. The 
binding energies in Fig. 6 (b) at 486.5 and 493.8 eV 
correspond to Sn4+ of rutile SnO2. From the narrow 
spectrum of Cu element as shown in Fig. 6 (c), the 
peak at 934.23 eV is identified as Cu 2p3/2, which 
possibly can be attributed to Cu2+ ions (933.90 eV). 
And it ruled out the presence of metallic Cu and 
CuO2 in our sample, whose binding energy is 
932.60 eV and 932.90 eV in standard XPS  
data, respectively. 

Thus, based on the XRD, EDS and XPS results, 
the Cu2+ ions are believed to be successfully 
incorporated into the SnO2 nanocrystals.  

FESEM were further used to investigate the 
surface morphologies and microstructures of the 
synthesized samples. Fig. 7 (a) and Fig. 7 (b) 
illustrate the FESEM images of pure and 3 at % Cu-
doped SnO2 nanostructures, respectively.  
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Fig. 6. XPS spectra of 3 at % Cu-doped SnO2 microspheres 
(a) wide spectrum (b) Sn 3d and (c) Co 2p. 

 
 

 
 

Fig. 7. FESEM images of (a) pure and (b) 3 at %  
Cu-doped SnO2 microspheres. 

 
 
One can clearly see in Fig. 7 that both samples are 

made up of a large scale of SnO2 microspheres. 
These spheres are uniform in size and shape with 
good dispersion in the whole FESEM images. Cu 

doping in our experiments has nearly no influence on 
the morphology of SnO2 nanostructures. The 
diameters of both samples are in the scope of 200 to 
250 nm. 

Fig. 8 shows typical TEM and HRTEM images of 
3 at % Cu-doped SnO2 nanostructures. As shown in 
Fig. 8 (a) that the single microsphere is composed of 
many SnO2 particles with average diameter  
of 2-3 nm. Fig. 8 (b) shows a HRTEM image  
of 3 at % Cu-doped SnO2 sample, and the fringe 
space is measured to be about 0.335 nm, which is 
consistent well with the (110) plane of rutile SnO2. 

 
 

 
 

Fig. 8. TEM and HRTEM images of 3 at % Cu-doped 
SnO2 microspheres. 

 
 

3.2. Gas Sensing Properties 
 

Gas sensing properties of the as-fabricated 
sensors are investigated in detail as follows.  

The gas responses of the pure and Cu-doped SnO2 
based sensors to 30 ppm of SO2 with working 
temperature from 150 to 450 °C were firstly 
measured and shown in Fig. 9. One can see that  
the 3 at % Cu-doped sensor exhibits exclusive lower 
operating temperature than that of pure sensor. It is 
measured to be about 300 °C and 275 °C for pure  
and 3 at % Cu-doped sensors. And the highest gas 
response of the pure and 3 at % Cu-doped sensors 
versus 30 ppm of SO2 is estimated to be about 43.15 
and 23.37 respectively.  

Fig. 10 shows the gas responses of the 3 at % Cu-
doped sensor towards SO2 at 275 °C with gas 
concentration from 1 to 500 ppm. One can clearly see 
in Fig. 10 that the gas response of the sensor 
increases rapidly with increasing SO2 concentration 
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below 50 ppm. And then the sensor shows a slower 
increase with further increasing the gas concentration 
from 50 to 300 ppm, and finally reaches saturation at 
nearly about 500 ppm.  
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Fig. 9. Gas Response of the sensors to different 
operating temperature under 30 ppm of SO2. 
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Fig. 10. Gas Response of the sensor versus SO2 
concentration from 1 to 500 pmm. 

 
 
If the response of gas sensor matches linear or 

quasi-linear relationship with the concentration of 
target gas, the sensor can be applied to engineering 
application in practice. The linear fitting curve of the 
3 at % Cu-doped sensor towards SO2 at 275 °C with 
gas concentration from 1 to 50 ppm is shown in 
Fig. 11. As seen in Fig. 11 the linear correlation 
coefficient R2 is estimated to be about 0.9869. Such a 
higher linear dependence implies the product a 
promising SO2 sensing material. 

Respons-recovery property and stability are other 
two key parameters to evaluate the sensing 
performances of semiconductor gas sensors. As 
shown in Fig. 12 the response and recovery time of 
the 3 at % Cu-doped sensor to SO2 gas is measured 
to be about 5-8 s and 12-20 s, respectively. During 
the four testing cycles, the electric resistance of the 
sensor invariably returns to its initial value, which 
means good reproducibility and excellent stability of 
the as-prepared sensor for SO2 detection.  
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Fig. 11. Gas Response of the sensor versus SO2 
concentration from 1 to 50 pmm. 
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Fig. 12. Response and recovery characteristics of the 
sensor to 10, 20, 30 and 50 ppm of SO2. 

 
 

Selectivity is another very important indicator for 
semiconductor sensors, especially with potential 
interference gases. Fig. 13 depicts the gas response 
histogram of the 3 at % Cu-doped sensor exposed to 
10 and 30 ppm of SO2 and other SF6 decomposition 
byproducts, including SOF4, SOF2, SO2F2, and HF. 
The results imply that the sensor is sensitive to SO2, 
but nearly insensitive to SOF4, SOF2, SO2F2 and HF. 
Thus, the 3 at % Cu-doped sensor exhibits high 
selectivity to SO2 with other SF6 decompositions. 
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Fig. 13. Selectivity of the sensor to 10 and 30 ppm of SO2, 
SOF4, SOF2, SO2F2 and HF. 
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The sensing process of SO2 adsorbed on SnO2 
based sensors has discussed in our former paper [1]. 
A possible sensing mechanism for the enhanced SO2 
sensing properties was discussed as follows. The 
enhanced SO2 sensing performances of the present 
Cu-doped SnO2 microspheres may be attributed to 
two main aspects. The first one is relating to the 
possible chemical effect of the catalytic activity of 
CuO nanoparticles. CuO is a far better oxygen 
dissociation catalyst than SnO2 [16], adsorbed 
oxygen can diffuse faster to surface vacancies and 
capture electrons from the conduction band of SnO2 
to generate various kinds of chemical adsorbed 
oxygen species, namely O2

-, O2- and O-
 [1, 17]. The 

second aspect can be attributed to the synergic 
interaction between CuO nanoparticles and SnO2 
microspheres. An additional barrier and depletion 
layer at the interface of CuO-SnO2 may be formed, 
accelerating the charge transfer between valence 
band and conduction band in the sensing process [18]. 
Thus, an excellent SO2 sensing property are observed 
in our measurements.  
 
 
4. Conclusions 
 

In conclusion, pure and 3 at % Cu-doped SnO2 
microspheres were successfully synthesized via a 
simple and facile hydrothermal method and 
characterized by XRD, EDS, XPS, SEM and TEM. 
Chemical gas sensors were fabricated with the 
conventional indirect heating technology and sensors 
properties were investigated in detail. The optimum 
operating temperature of the pure and Cu-doped 
sensor versus SO2 is measured to be above 275 °C 
and 300 °C. The Cu-doped one exhibits high-linear 
gas response with R2=0.9869 to 1-50 ppm SO2 and its 
response and recovery time is measured to be about 
are 5-8 s and 12-20 s. Moreover, the 3 at % Cu-
doped SnO2 sensor shows a remarkable 
discrimination between SO2 and other SF6 
decomposition byproducts. Therefore, the 3 at % Cu-
doped SnO2 microspheres may be potentially 
exploited into an effective SO2 sensing material for 
chemical sensors. 
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Abstract: MEMS gas sensor is one of the development directions of the sensor, and it must work at a certain 
temperature, so micro heater is an important part of MEMS gas sensor. In this paper, aiming at the high cost and 
complex process of Pt film heater, we developed the research of Fe/Cr/Al and Ni/Cr cheap metals replacing 
Pt metal. With Fe/Cr/Al and Ni/Cr metal as the targets respectively, Fe/Cr/Al and Fe/Cr/Al-Ni/Cr composite 
thin film was prepared by DC sputtering on the wafer substrate and was made into micro-heater by wet etching 
after heat treatment. Finally, the film was characterized by scanning electron microscope (SEM), and the 
performance of micro heater was test. The characterization indicated that the thickness of film was between 
500 nm and 800 nm, the grain size of Fe/Cr/Al was about 40 nm. The test results showed that the change of 
resistance was small in the range of 0-200 oC, so the film suited to be made into micro heater. The relationship 
between power of micro heater and temperature of chip was linear. The ambient temperature had certain 
influence on the temperature of chip. In certain DC voltage conditions, when the temperature of chip was 
200 oC, power consumption of 75 Ω Fe/Cr/Al-Ni/Cr composite film was less than 700 mW, and the heating rate 
was more than 0.5 oC/s. It can satisfy the requirement of MEMS micro gas sensor, which has research value for 
the substitution of Pt thin film micro heater. Copyright © 2013 IFSA. 
 
Keywords: Composite film, Magnetron sputtering, Micro heater, MEMS sensor, Fe/Cr/Al. 
 
 
 
1. Introduction 

 
Resistive semiconductor gas sensor is highly 

regarded in the various types of gas sensors, after 
decades of change its structure develops from 
ceramics sintered type, thick film type to film type, 
array, silicon-based micro-structure type, main 
development trend is direction of miniaturization, 
integration, multi-function and low-cost. 

As is well known, resistive semiconductor gas 
sensor needs heat treatment for a longer time before 
used in order to improve the stability of the sensor 

and to be periodically heated at work to shorten the 
recovery time of the sensor, a gas usually reacts with 
the catalyst at a specific temperature, and a large area 
of the uniform temperature district is needed to 
ensure its selectivity and sensitivity. Metal oxide gas-
sensitive element normally operates in high 
temperature (200 to 450 oC). The most commonly 
used sintered tin oxide (SnO2) gas-sensitive element 
works generally at 200 to 300 oC. Zinc oxide (ZnO) 
thin film gas sensor works at a higher temperature of 
400-500 oC. The usually working temperature of the 
organic polymer semiconductor gas sensor is  
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100-200 oC. Therefore, the micro-heater is an 
important part of the MEMS gas sensor. 

At present different material micro-heaters are 
extensively researched at home and abroad. A heater 
of Al-doped polysilicon was developed by Rong Hao 
and suitable for performance requirements of thermo-
mechanical micro-nanofabrication of polymer 
materials [1]. Ni/Cr micro-heater array was 
manufactured on the Si substrate by Chen Sihai and 
the resistance was about 10 Ω, when the voltage was 
10 V, the temperature could reach thousands of 
degrees, which could be used in MEMS chip level 
hermetically sealed package [2]. Cr and Ni-Cr metal 
film micro-heater was developed and able to meet the 
requirements of PCR biochip and silicon thermal 
distributed micro flow sensor by Professor Yan 
Weiping [3]. Permalloy micro heater was designed 
based on the principle of induction heating by Liu 
Bedong and had advantages of easy processing and 
convenient for seal [4]. RuO2 heater was integrated 
on the aluminum oxide ceramic substrate by Bo 
Zikui through titration covering film formation 
method with a pulsed YAG laser micro-machining, 
the average consumption was less than 500 mW, the 
thermal response time was less than 20 s, and the 
temperature gradient was less than 5 oC/mm, which 
could fully collect the gas sensitive information of 
gas-sensitive materials [5]. SiC micro heater was 
used in NO gas sensors by Jae-Cheol Shim, power 
consumption was 13.5 mW when the chip 
temperature was 300 oC, and had an advantage in the 
high-voltage and high temperature [6]. Ni-Cr-Pt three 
layer metals were used to make hot-film velocity 
sensor by Que Ruiyi [7]. But the most widely used 
micro-heater was polycrystalline silicon thin-film 
micro-heater [8-10] and Pt film micro-heater [11-17]. 

Platinum is expensive, has poor adhesion of the 
platinum film and the silicon or silica, and needs 
titanium or other film as an intermediate layer, which 
makes the platinum resistance temperature 
characteristic complex [18]. Platinum is a difficult 
corrosive metal, the lift-off process instead of the 
normal wet etching process is used in the preparation 
of the Pt resistance, and the preparation process  
is complicated [19]. 

Fe/Cr/Al and Ni/Cr films have the advantages of 
easy manufacture, the relatively mature process, the 
small temperature coefficient of resistance, cheap 
and good adhesion with the silicon or silicon dioxide, 
can be prepared through a normal wet etching 
process, which has great significance to the research 
of micro-heater. While compared with the nickel-
chromium alloy, Fe/Cr/Al alloy has the advantages of 
a long life, high surface load, good oxidation-
resistance, small specific gravity, less influence of 
cold working and heat treatment on resistivity and 
cheap, so research of Fe/Cr/Al thin film heater is 
more practical. 

Because the resistivity of Fe/Cr/Al was higher 
than Ni/Cr, in order to reduce the resistance of the 
film of the same film thickness and improve the 
heating efficiency, in this paper the Fe/Cr/Al thin 

film was sputtered on the surface of nickel-chromium 
thin film to form Fe/Cr/Al-Ni/Cr composite film and 
made into micro-heater, and heating performance of 
micro-heater was test. 

 
 

2. Experimental Details  
 

2.1. Structure Design of the Micro-Heater  
 

In this paper, the metal thin film heater developed 
was mainly used for MEMS organic semiconductor 
gas sensor, design of the micro-heater should make 
the temperature distribution as uniform as possible 
and the working temperature of the gas-sensitive film 
as 100 to 200 oC. 

The structure of indirectly heated semiconductor 
gas sensor was shown in Fig. 1.  

 
 

Thermal isolation
structure

Si
Heating
electrode

 
 

(a) The front of the chip 
 

Temperature
electrode

Signal
electrode

 
 

(b) The back of the chip 
 

Fig. 1. The configuration diagram of micro-heater. 
 
 
The configuration diagram of micro-heater herein 

was shown in Fig. 1 (a), the metal thin film was 
designed into serpentine in order that the thermal 
field distribution was uniform [20]. The substrate 
was monocrystalline with the crystal orientation 
(100), a thickness of 200 μm and the size of  
3 mm × 3 mm, and the surface of the wafer was 
deposited silicon dioxide with a thickness of 300 nm. 
The heating electrode was Fe/Cr/Al and  
Fe/Cr/Al-Ni/Cr composite film respectively, each of 
the strip width was 50 μm, the spacing was 50 μm, 
the size of the line was 1 mm × 50 μm. The thermal 
isolation structure was isosceles trapezoid, the upper 
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base was 0.5 mm, and the lower bottom was 1.4 mm, 
and the height was 0.5 mm. The thermal isolation 
structure was cut by micro-laser processing and 
could reduce the heat exchange between the micro-
heater and the substrate, energy loss and power 
consumption. In order to test the working 
temperature of the chip, temperature sensor was 
produced in the back of the chip and made of Pt, as 
shown in Fig. 1 (b). The type of temperature sensor 
was Pt1000. Signal electrode was used to test the 
resistance of sensitive material. 
 
 
2.2. Heater Preparation Process 
 

In the experiment iron-chromium-aluminum alloy 
(82 % iron, 14 % chromium, 4 % aluminum) and 
nickel-chromium (80 % nickel, 20 % chromium) 
alloy as targets were made into thin film with 
JGP560C ultra-high vacuum sputtering mechanism 
by magnetron sputtering method, magnetron 
sputtering could ensure alloy material component 
unchanged during deposition, to obtain a dense film 
structure and metal film was firmly bonded with  
the substrate. 

The steps of thin film resistor production process 
were as follows: at first, the wafer was pretreated 
with acetone, ethanol, deionized water for 10 min 
respectively through ultrasonic cleaning and dried in 
oven to remove the contaminants on the substrate, 
which enhanced the adhesion between substrate and 
film; then thin film of 500 nm to 800 nm was plated 
on a silicon wafer with a DC magnetron sputtering 
method, the main production process conditions of 
thin film were that the body vacuum was 2×10-5 Pa, 
striking pressure was 1.6 Pa, the working pressure 
was 0.5 Pa, sputtering power was 50 W and 
sputtering time was about 1-2 h; Fe/Cr/Al and Ni-Cr 
thin film needed to be heat-treated at 400 oC for 
3 hours, components of the alloy were diffused each 
other and lattice defects could also be eliminated, 
which improved the thermal stability of thin-film, 
eliminated internal stress, and enhanced the adhesion 
of the film and the substrate, eliminated the 
adsorption of the gas molecules in the film and 
protected the film from contamination and corrosion; 
after that the resistance pattern was made through the 
wet etching process with the homemade etching 
liquid and thermal isolation structure on the chip was 
cut by micro-laser processing; finally leads were 
welded and heating performances were test. 
 
 
3. Results and Analysis  
 
3.1. Analysis of Film Performance 
 

The scanning electron micrographs were obtained 
by Quanta 200 scanning electron microscope. Fig. 2 
was a scanning electron micrograph of the Fe/Cr/Al 
film (sputtering power of 50 W, the sputtering time of 
2 h). Film thickness was about 600 nm and particles 

arranged neatly as shown in Fig. 2 (a). Film surface 
was made of particles arranged compactly and 
uniformly, the particle was about 40 nm (the sizes of 
Fe, Cr and Al particles were different), there were no 
voids, high flatness and cracking stripes on the film 
surface as shown in Fig. 2 (b); the size of grain in the 
film grew after the heat treatment, cracking of film 
surface was improved, and the flatness of the film was 
also improved, as shown in (c), at the same time, after 
the annealing treatment, the resistance of the metal 
thin film was the stable which was conducive to the 
performance test of the heater. 

 
 

 
 

(a) Fracture 
 

 
 

(b) Surface 
 

 
 

(c) After heat treatment 
 

Fig. 2. The SEM pictures of Fe/Cr/Al film. 
 
 

3.2. Analysis of Heater Performance 
 

In order to understand whether the Fe/Cr/Al and 
Fe/Cr/Al-Ni/Cr composite metal thin-film heater 
prepared in this paper could meet the requirements 
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above, the heaters with different resistances were put 
into TEMI880 high and low temperature alternating 
experimental box to test the heating effect. In the 
experiment the different resistances of heaters were 
obtained by changing the thickness of Fe/Cr/Al film 
or Ni/Cr film. 

 
 

3.2.1. Temperature Stability of Film 
Resistivity 

 
Temperature stability of the film resistivity was 

discussed from the two aspects of the characteristics 
of resistance with the change of temperature and the 
relationship between the heating voltage and heating 
current, respectively. 

Metal film heaters required the resistivity varied 
as little as possible with the temperature and had high 
stability [3]. Fig. 3 was a characteristic curve of the 
heater resistance with the change of temperature, A, 
B, C were Fe/Cr/Al thin-film resistors, and D, E were 
the Fe/Cr/Al-Ni/Cr composite thin film resistors. 
Within 0-150 oC the resistance value of the all 
heaters changed little and was relatively stable. The 
highest test temperature of high and low temperature 
alternating experimental box used in this experiment 
was 150 oC, therefore the resistance change within 
150 oC was only test. 

 
 

 
A, B, C: Fe/Cr/Al; D, E: Fe/Cr/Al - Ni/Cr 

 
Fig. 3. The curve of resistance changing with temperature. 

 
 

Fig. 4 was the relationship curve between the 
heating voltage and heating current of the four 
different resistance heaters working properly at 
constant ambient temperature of 25 oC. As can be 
seen from Fig. 4, the relationship between the heating 
voltage and heating current was approximately 
linear, i.e. when the heater was loaded the input 
voltage, the resistance change was little and 
relatively stable; and under the same voltage, smaller 
the resistance of the heater, the greater the heater 
power consumption increased, and the faster the 
temperature rose. 

From above, the resistivity of Fe/Cr/Al thin film 
and Fe/Cr/Al-Ni/Cr composite thin film was stable, 

and varied little with the change of temperature of 
environment and the heating voltage loaded, 
therefore, they were suitable for heater. 
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Fig. 4. The relation of voltage and current. 

 
 
3.2.2. Thermal Power Characteristics  

of the Thin Film Heater 
 

When the thermal power of the heaters was 
different, the highest temperature of the chip was test 
in order to control the temperature of chip through 
the heater power. Thermal power characteristics of 
the thin film heater was discussed from the three 
aspects of the relationships between the heating 
voltage and the chip temperature, power 
consumption and chip temperature, the influence of 
ambient temperature on the chip temperature, 
respectively. 

Fig. 5 was a relationship curve of the heating 
voltage and chip temperature at constant ambient 
temperature of 25 oC, the resistor of 75 Ω was 
Fe/Cr/Al-Ni/Cr composite film resistor, and the rest 
were Fe/Cr/Al thin film resistors. As shown in Fig. 5, 
all the heaters could reach 200 oC under a certain 
voltage, while at the same voltage, the smaller the 
resistance, the higher the temperature of the heater 
would be. Therefore, in order to meet the 
requirements of the MEMS gas sensor working at a 
low voltage, the resistance value of the heater was 
reduced. Because the resistivity of the Fe/Cr/Al thin 
film was relatively large, on the basis of without 
increasing the thickness of the film, the  
Fe/Cr/Al-Ni/Cr composite film was used to achieve a 
low resistance value. The rate of chip warming up 
was greater than 0.5 oC/s. 

Fig. 6 was the relationship curve of the heater 
power of different resistance and chip temperature at 
constant ambient temperature of 25 oC, the 
temperature of the chip increased gradually with the 
increase of power consumption of the heater, the 
relationship between the heater power and the chip 
temperature was approximately linear; under the 
same power consumption the lower the resistor 
value, the higher the temperature was; when the chip 
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temperature needed to achieve 200 oC, power 
consumption of 75 Ω Fe/Cr/Al-Ni/Cr thin film was 
less than 700 mW, while the power consumption of 
310 Ω Fe/Cr/Al film was nearly 800 mW, moreover, 
in order to achieve the same working temperature, 
the power of both heater was greater than the Pt thin-
film heater [6], which because the Fe/Cr/Al film 
resistor value was larger. 

 
 

 
 

Fig. 5. The relation of voltage and temperature. 
 
 

 
 

Fig. 6. The relation of power and temperature. 
 

Fig. 7 was the relationship curve of the 570 Ω 
Fe/Cr/Al thin film heater power and chip temperature 
at ambient temperature of -20 oC and 25 oC 
respectively. As shown in Fig. 7, the influence of 
ambient temperature on the heater was great, under 
the same power consumption, chip temperature at 
25 oC of ambient temperature was higher than the 
chip 45 oC at -20 oC of ambient temperature, which 
was just the temperature difference of the two 
environments; at the different ambient temperatures, 
the relation of the heater power and the chip 
temperature was still linear, and with the increase of 
power consumption, two heater temperatures 
increased at the same rate. Therefore, when the 
micro-sensor worked in different environments, we 
must take into account the impact of ambient 
temperature on the heater, that is to say we must take 

into account the temperature difference between the 
environment and at room temperature in order to 
adjust the power consumption of the micro heater to 
achieve the desired operating temperature. 

 
 

 
 

Fig. 7. The relation of power and temperature under 
different ambient temperature. 

 
 
4. Discussion 

 
As shown from temperature stability of the 

composite film resistivity discussed above, for the 
thin film process, micro heater film was doped low-
resistance metal to form composite film, temperature 
stability of the composite film resistivity varies little, 
which can reduce resistivity of micro heater film, and 
reduce the thickness of micro heater film, which has 
practical significance for reducing costs of micro 
heater and simplifying preparation process  
of micro heater. 

As shown from the thermal power characteristics 
of the thin film heater discussed above, the 
temperature of chip was related to the environment 
temperature, the resistance of the chip and the 
heating voltage. According to the energy 
conservation, in order to maintain a system a certain 
temperature the power consumption of heater is 
determined by heat dissipation. Therefore, the 
environment temperature is different, the heat 
dissipation system is different, and therefore power 
required is different in order to maintain the same 
temperature. While the voltage and the environment 
temperature are constant, the smaller the resistance, 
the greater heating power and the higher the 
equilibrium temperature reached. 

It was tested in the experiments that the resistance 
of the heater did not vary with temperature and the 
heating voltage, so as long as the heating voltage was 
constant, power consumption of heater was constant, 
and the relationship of the thermal power and chip 
temperature was established by experiments, thus the 
relationship curve between the heating voltage and 
the chip temperature can be established, so we can 
easily know the temperature of the chip through the 
heating voltage level. 
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5. Conclusions 
 

In this paper, aiming at the high cost and complex 
process of precious metal Pt thin film heater, we 
selected the Fe/Cr/Al and Ni-Cr cheap metal to 
prepare micro-heater. The Fe/Cr/Al thin film 
resistivity varied little with temperature and the 
heater could reach 200 oC in a certain DC voltage 
conditions, but because of the large resistance value, 
high voltage was needed to reach the desired 
temperature. Therefore, in order to reduce the film 
resistance, on the basis of without increasing the 
thickness of the film, the Ni-Cr film was coated on 
the surface of Fe/Cr/Al film to form the  
Fe/Cr/Al-Ni/Cr composite film, whose resistivity 
varied little with temperature either and was suitable 
for micro-heater. The experimental results were as 
follows: 75 Ω Fe/Cr/Al-Ni/Cr composite thin-film 
heater in 700 mW power consumption could reach 
200 oC, and the heating rate was greater than 
0.5 oC/s; the influence of ambient temperature on the 
micro-heater temperature was great, so the 
temperature difference between the environment and 
room temperature should be considered to adjust the 
power consumption of the micro-heater to achieve 
the desired operating temperature at the non-room 
temperature. In general, the Fe/Cr/Al and Ni-Cr 
cheap metal thin-film heater could meet the 
requirements of the MEMS micro gas sensor and had 
certain significance for replacing precious metals Pt 
thin-film heater. 
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Abstract: Inverted pendulum system is a complicated, unstable and multivariable nonlinear system. In order to 
control the angle and displacement of inverted pendulum system effectively, a novel double-loop digital PID 
control strategy is presented in this paper. Based on impulse transfer function, the model of the single linear 
inverted pendulum system is divided into two parts according to the controlled parameters. The inner control 
loop that is formed by the digital PID feedback control can control the angle of the pendulum, while in order to 
control the cart displacement, the digital PID series control is adopted to form the outer control loop. The 
simulation results show the digital control strategy is very effective to single inverted pendulum and when the 
sampling period is selected as 50 ms, the performance of the digital control system is similar to that of the 
analog control system. Copyright © 2013 IFSA. 
 
Keywords: Inverted pendulum, Double-loop PID control, Digital control, Sampling period. 
 
 
 
1. Introduction 

 

In the development of control theory, the 
correctness and feasibility of the theory must be 
validated by a typical object. The inverted pendulum 
system, which can reflect some problems in control 
systems such as nonlinearity, robustness, stabilization, 
and following control, etc., is an ideal platform to 
carry out these experiments. The rocket's flight 
control can be simplified as an inverted pendulum 
system, so as the step robot control and the satellite 
attitude control. Therefore it has remarkably 
theoretical and practical significances to research 
how to control inverted pendulum systems. 

Inverted pendulum is a kind of complicated, 
unstable and multivariable nonlinear system. There 
are many types of inverted pendulum systems. 
According to the shapes of the inverted pendulum, 
there have linear type and ring type etc.; according to 

stage numbers, there have single, double and multi-
stage inverted pendulum systems; but according to 
the types of control electric motor, there have single 
motor, multi motors etc. [1-3]. From 1960 s, there are 
increasingly interests to research inverted pendulum 
systems. L. F. Sun et al. [3] introduced some control 
methods for inverted pendulum and holded that 
intelligent control method is better than linear control 
method. Some researchers [4-8] have developed 
some control strategies for the cart-pole inverted 
pendulum system using fuzzy logic controller. Siuka 
et al. [9] deals with the application of energy based 
control methods for the inverted pendulum on a cart 
model and presented a swing up controller. There 
have been some studies [10-12] on PID methods for 
the purpose of balance control of inverted pendulum 
system. Also, some other people [13, 14] have 
researched the adaptive control problems of inverted 
pendulum systems. Aguilar-Ibanez et al. [15] present 
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an output feedback stabilization method for the 
Inverted Pendulum Cart system around its unstable 
equilibrium point, and adapt an observer based 
controller devoted to render the closed-loop system to 
the origin. Mladenov [16] had used two Neural 
Network controllers to swing a pendulum attached to 
a cart from an initial downwards position to an 
upright position. But this works are based on state-
space representation, were focused on the analog PID 
controller which can’t be implemented by the 
computer program easily. 

In this paper, under considering there exits the 
cart’s friction, in order to control the displacement of 
the cart of the inverted pendulum system meanwhile 
guaranteeing the pendulum verticality, the model of 
the single inverted pendulum system is divided into 
two parts based on impulse transfer function. A novel 
double-loop digital PID control strategy and how to 
choose its sampling period are researched in this 
paper. Finally Use matlab/simulink to verify the 
performance of the presented control strategy. 

 
 

2. Model of Linear Inverted 
Pendulum System 
 
The single inverted pendulum system consists of 

a cart and a pendulum, as Fig. 1 (a) shows. 
 
 

 
 

(a) (b) 
 

Fig. 1. Single inverted pendulum system. 
 
 

By ignoring the air fiction and some minor 
fictions, the force diagrams of the cart and the 
pendulum are shown as Fig. 1 (b), where M is the 
cart mass, x is the cart position, F is the force 
impacted on the cart, b is the cart friction coefficient, 
m is the pendulum mass, 2L is the pendulum length, 
  is the included angle between the pendulum and 
the vertical direction, and I is the pendulum  
rotary inertia. 

The dynamic models of the single inverted 
pendulum system are nonlinear differential equations. 
If selecting the working points 0 00, 0x    and 

linearizing the system, we have the simplified 
mathematical models of the inverted pendulum 
system. They are: 
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The transfer function of the linear inverted 
pendulum is: 
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The control goal of the linear inverted pendulum 
is to make the horizontal displacement of the cart 
controllable while guaranteeing the pendulum 
verticality. This problem is a type of classic control 
systems with one input (external force F) and two 
outputs (angle of pendulum   and car displacement 
x). In order to control two output parameters 
effectively, we must establish the mathematical 
model of the linear inverted pendulum. According to 
formula (2), we can get two transfer functions for two 
controllable parameters. 
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3. PID Controller 
 

The PID controller consists of three components 
that are proportion, integral and differential. The 
mathematical expressions are 
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where 
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If T denotes the sampling period, we can conclude 

the positional PID controller as 
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According to Z transformation, we can get the 
impulse transfer function of the digital PID controller 
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The block diagram of single-loop analog PID 

control system is shown in Fig. 2 that can only 
control the displacement x of the car. 
 
 

 
 

Fig. 2. Single-loop PID control system for single  
inverted pendulum. 

 
 

4. Double-loop Digital PID Controller 
 

As to single-loop PID control system, three 
components, the proportion, integral, differential, are 
located in the forward channel of control system. But 
as to double-loop PID control system, a PID 
controller and the object can form an inner loop that 
can make the unstable object stable; in the forward 
channel of the control system, another PID controller 
and the object form an outer loop that can make the 
control system have the expected performance [17]. 
Because the single inverted pendulum has one input 

and two outputs, we can divide the mathematical 
model into two parts, as shown in equations (3) and 
(4). When we use the double-loop PID controller, the 
inner loop controls the pendulum angle and the outer 
loop controls the cart horizontal position. 

Fig. 3 shows the block diagram of the analog 
double-loop PID control system. In order to simplify 
the computation, two PID controllers are all designed 
as PD controllers. An amplifier G is placed in the 
inner loop in order to suppress interference and unit 
negative feedback is used in the outer loop in order to 
obtain better following performance. 

 
 

 
 

Fig. 3. Analog double-loop PID control system  
for inverted pendulum. 

 
 

Although the analog double-loop PID controllers 
can make the performance of the inverted pendulum 
system good, they can’t be implemented by computer 
easily and their development cost is very expensive. 
Therefore we must design a digital controller that can 
make the performance of the inverted pendulum 
control system meet the control requirements. Based 
on the analog double-loop PID control system, we 
can get the control strategy of the digital double-loop 
controller using sampling control theory that is 
illustrated in Fig. 4. 

 
 

 
 

Fig. 4. Structure of digital double-loop PID control system for inverted pendulum. 
 

 
The sampling period T is a very important 

parameter in digital control system. We must choose 
the sampling period according to the performance 
requirements and the development cost of the digital 
control systems. When the sampling period is larger, 
the demands for the operation speed of computers are 
lower, so it is helpful to cut down the cost of digital 
controllers, but too large sampling period will 
degrade the performance of control systems. While 
the sampling period is smaller, the performance of 

digital control systems will be improved, but the 
demands for the operation speed of computers are 
higher, which lead to increase the development cost 
of digital control systems. Furthermore, excessive 
sampling period has little help to improve the control 
performance. Therefore the sampling period T must 
be chosen correctly. In this paper, we suppose the 
inner loop and the outer loop in the digital double-
loop control system have the same sampling period. 
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5. Simulation Analysis 
 
In order to compare and analyze the control 

results of these control strategies for linear inverted 
pendulum, Matlab/Simulink [18] is used to simulate. 
Suppose the parameters of the linear inverted 
pendulum are: M=1 kg, m=1 kg, 2L=0.6 m, 
b=0.1 N/m.s, I=0.03 kg.m2. From equations (2), (3) 
and (4), we can get:  
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The analog single-loop PID control system, 

illustrated in Fig. 2, can be simulated by Simulink. 
The simulation results show that no matter how to 
modify the parameters KP, KI and KD of the 
controller, the control system is always unstable, 
which proves the single-loop PID controller isn’t fit 
for the control of this type of inverted  
pendulum system. 

When simulation of analog double-loop PID 
control system for the linear inverted pendulum, we 
set the parameters of the control system as 

1 10.12, 0.12p DK K  , 2 21.625, 0.175p DK K  and 

G= -32. Then the step response of the control system 
can be get in Fig. 5, from which we can conclude that 
for the pendulum angle, the overshoot is 12.33 % and 
the setting time is 3.12 s ( 2 %); as to the cart 
position, the overshoot is 15.55 % and the setting 
time is 6.15 s ( 2 %). The results show the analog 
double-loop PID controller is effective to control the 
linear inverted pendulum system. 
 
 

 
 

Fig. 5. Step response of analog double-loop  
PID control system. 

In order to obtain the control results of digital 
double-loop PID control system, set the sampling 
period T as 100 ms, 90 ms, 80 ms, 50 ms, 10 ms and 
5 ms respectively. According to equation (8), the 
parameters of the digital PID controller will be 
obtained directly from the analog PID controller. The 
results are shown in Table 1.  
 
 

Table 1. Parameters of the digital PID controller. 
 

Digital PID1 Digital PID2 Sampling 
period T KP1’ KD1’ KP2’ KD2’ 

100 ms 0.12 1.2 1.625 1.75 

90 ms 0.12 1.33 1.625 1.94 

80 ms 0.12 1.5 1.625 2.19 

50 ms 0.12 2.4 1.625 3.5 

10 ms 0.12 12 1.625 17.5 

5 ms 0.12 24 1.625 35 
 
 

When T is set as 100 ms, the simulation result is 
shown in Fig. 6 (a). While T is set as 90 ms and 
80 ms, the results can be seen in Fig. 6 (b). The 
Fig. 6 (c) is the simulation results when T is set as 
50 ms, 10 ms and 5 ms.  

From the simulation results, we can get the 
performance indexes of the digital double-loop PID 
control system as Table 2 shows.  
 
 

Table 2. Performance indexes of the digital  
double-loop control system. 

 

Cart position x Pendulum angle  Sampling 
period Over-

shoot 
Setting 

time 
Over-
shoot 

Setting 
time 

100 ms Unstable Unstable Unstable Unstable 

90 ms 85.5 % 33.03 s 104.7 % 40.23 s 

80 ms 50.6 % 5.92 s 
103.02 

% 
4.64 s 

50 ms 38.2 % 6.05 s 82.3 % 2.4 s 

10 ms 38.5 % 6.13 s 60.7 % 2.46 s 

5 ms 38.5 % 6.14 s 59 % 2.46 s 
 
 

From Table 2, we can conclude that when 
T=100 ms the digital control system is unstable; 
When T=90 ms the control system become stable, but 
the performances are very bad which means the 
control system has little practical value; when 
T=80 ms, the system performances is improved 
greatly. When T is between 5 ms and 50 ms, we can 
see that the performances of the digital control 
system have little change and are very similar to 
those of the analog double-loop control system. 

The simulation results further prove that when the 
analog control system is transformed into the digital 
control system, the system performances will 
degrade. So we must select the sampling time T 
correctly when we use digital control system. As to 
the single inverted pendulum, the controlled 
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parameter   changes very quickly, so it is better that 
the sampling time T is set as 50 ms. Finally we can 
conclude that the digital double-loop PID controller 
is a good solution to control the single inverted 
pendulum system. 
 
 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

Fig. 6. Step responses of digital PID controller. 

6. Conclusions 
 

The inverted pendulum system is a complicated, 
unstable and multivariable nonlinear system that can 
reflect many typical problems in control systems, so 
researching inverted pendulum control system has 
remarkably theoretical and practical significance. 
Because the digital controller can be easily 
implemented by the computer program, it is a cheap 
controller and has very high practical value. The 
research results in this paper show: the single-loop 
PID controller is not suitable to control the single 
inverted pendulum that is unstable and has one input 
and multiple outputs. As to this type of problems, the 
controlled objects can be divided into different parts 
according to the numbers of the controlled 
parameters and also different mathematical models 
should be established. The digital double-loop PID 
controller is a good solution for the single inverted 
pendulum with one input and two outputs. For the 
controlled parameter   changes very quickly, it is a 
good way that the sampling time T is set as 50 ms in 
order that the digital control system has good 
performance and cheaper cost.  
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Abstract: In order to control vehicle exhaust emission effectively, the conversion efficiency of catalytic 
converter is one of the key monitoring and evaluated indexes. The signal monitoring system of oxygen sensor is 
built by the TI2812 microcontroller. The method is to obtain the eigenvector and correlation coefficient of signal 
energy distribution, and to determine the two signal correlativity by using the Daubechies wavelet functions to 
analyze voltage signals of front and back oxygen sensors. The noise and vibration source are identified with the 
correlation coefficient. The aging level of catalytic converter is estimated according to the value of correlation 
coefficient. Experiments show that the method is more simple and effective than the traditional one. 
Copyright © 2013 IFSA. 
 
Keywords: Automobile, Catalytic converter, Wavelet transform, Correlation coefficient. 
 
 
 

1. Introduction 
 

Motor vehicle catalytic converter is the most 
efficient outside purification technique to meet the 
discharge standard. But catalytic converter is easy to 
generate the chemical poisoning, heat aging and 
mechanical damage, coking carbon deposit and 
pollution etc during the motor vehicle running. It 
causes transformation efficiency decrease and catalyst 
converter fail, and makes engine emission worsen 
sharply. Therefore, it is necessary to monitor the 
catalyst efficiency of conversion. Automobile 
emissions standards have the strict request for engine 
and vehicle emission pollution in cold starting, and 
compels vehicle to install on-board diagnosis system 
(OBD). The key monitoring objects have three 
indicators, one is whether the conversion efficiency of 
catalytic converter has decreased or not. One is 
whether the engine catch fire or not, and another one 
is the oxygen sensor is degradation or not. Therefore, 

we require the catalytic converter performance 
strictly, which both must have high conversion 
efficiency and good durability. 

Transformation efficiency is the main performance 
indicators of catalytic converter, and which is 
obtained by monitoring and calculating the 
concentration of pollutants from the front and back 
catalyst converter. The method was adopted barely 
with which measure the concentration of pollutant 
from engine emission for diagnosis. The relationship 
between the other sensor (such as oxygen sensor, the 
temperature sensor) and catalyst conversion efficiency 
was established and estimated indirectly. At present 
the catalyst conversion efficiency was monitored with 
three kinds of methods such as oxygen capacity 
estimation [1-3], exhaust component analysis and 
reaction heat analysis [4]. Among them, the methods 
of catalyst diagnosis based on the ability of storing 
oxygen were widely used. 
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The TI2812 digital signal processor was chosen 
and the signal monitoring system from oxygen sensor 
was established in this paper. The voltage signal from 
the front and back oxygen sensor was obtained. The 
correlation between the output signal of front and 
back oxygen sensor was analyzed by wavelet 
transform method. According to the correlation 
coefficient of catalytic converter, we can judge the 
degree of ageing and then evaluate the conversion 
efficiency. 

 
 

2. The Monitoring System  
of Oxygen Sensor  

 
The methods of OBD-II system monitoring 

catalytic converter efficiency is commonly using the 
front and back dual oxygen sensor method which is 
installing an oxygen sensor respectively in the 
upstream and downstream of catalytic converter, by 
monitoring upstream and downstream of oxygen 
sensor signal to estimate the oxygen storage capacity. 
To get the oxygen sensor signal and the development 
of electronic control unit, TI2812 digital signal 
processor is selected as the core to design the data 
acquisition system of output signal from oxygen 
sensor which is shown in Fig. 1, mainly including 
A/D converter, interrupt handling, the SCI serial port, 
the LabVIEW serial read and data storage, the data 
acquisition process is shown in Fig. 2.  

 
 
 

Signal Conditioning 

TI2812 Data 
Acquisition System 

Access Database or 
Excel Data Files 

LabVIEW  
Data Acquisition Software 

Front and Back 
Oxygen Sensor 

The Upper PC Computer 
 

 
Fig. 1. Acquisition and Monitoring System of Oxygen 

Sensor Signal 
 
 
2.1. Program of Receiving Data 
 

TI2812 as lower computer after completing the 
acquisition of sensor data, the data from host PC were 
monitored by the RS-232 and the VISA interface of 
LabVIEW. LabVIEW is used for completing the 
work of serial read and data storage, the program flow 
chart is shown in Fig. 3. 

The writing of driving program in LabVIEW 
changes with the difference of drive mode, which 
makes the versatility and compatibility of the 
application become poor. In order to solve this 
problem, NI has developed a convenient and high-
level application programming interface what is 
called VISA for all kinds of instruments bus to 
communicate. VISA function includes a simple 
control function set to complete the configuration of 

the serial port and read the work. In the design, the 
serial port is configured by the configuration of serial 
node of VISA and the VISA resource name is COM1, 
the baud rate is 9600. 
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Fig. 2. Data Acquisition Flowchart. 
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Fig. 3. VISA Read the Serial Flow Chart. 
 
 

2.2. Data Storage 
 

Factors of affecting the relationship between 
upstream and downstream oxygen sensor signal 
include sensor performance, measurement error and 
interference etc. The sensitivity, stability, noise, and 
dynamic characteristics of oxygen sensor were 
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compared and analyzed. Multiple measurement 
method, which can effectively limit or reduce the 
random error and the larger value of the error should 
be discarded when the test results are stored, The 
output voltage of oxygen sensor was up to 1.0 V, low 
voltage (0.3 V or lower), and RC filter and voltage 
follower were used in the signal conditioning circuit 
for reducing interference. 

In order to analyze data conveniently, the read 
data in serial was saved by the LabVIEW program. 
The data from multi channel into an array using local 
variables, then the array was converted into strings by 
the function of string conversion, and the gotten 
date/time string were connected. Finally the 
information was written into the text file in order to 
achieve saving data.  

 
 

2.3. The Aging Index of Catalytic 
Converter  

 
A three-way catalytic converter in gasoline engine 

has many performance indicators. The main 
performance indicators are pollutant conversion 
efficiency and exhaust flow resistance. After the 
exhaust from the motor vehicle engine there is a 
catalytic reaction in the catalytic converter, and its 
harmful pollutant concentration obtained reduction in 
varying degrees. The conversion efficiency of the 
catalytic converter is defined as: 
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where c(i)in is the concentration of entrance in 
catalytic converter for exhaust pollutants i, c(i)out is 
the concentration of outlet in catalytic converter for 
exhaust pollutant i, The conversion efficiency of a 
contaminant in the catalytic converter depends on the 
composition of the contaminants, the activity of a 
catalyst, the operating temperature, space velocity and 
other factors. The air-fuel ratio characteristics, the 
ignition characteristics and airspeed characterization 
of the catalytic converter are used for the 
representation of these factors, and the flow resistance 
of exhaust gas in catalytic converter is used for the 
representation of flow characterization. 
It was supposed that the output signal of upstream 

oxygen sensor is x (t), the output signal of 
downstream oxygen sensor is y (t), the current 
catalytic converter aging index (ID) is defined as [5] 
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If the catalytic converters are aging, the maximum 
value of ID is about 1.0. It indicates that the voltage 
signal waveforms of two oxygen sensor are similar. 

 
 

3. The Basic Principle of Wavelet 
Transforms 

 
Establish the signal )(tx  is a square integrable 

function, )(t is called the function of a basic 

wavelet or mother wavelet, the wavelet transform of 
the signal )(tx  can be defined as (a>0) (3) 
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where a, b are called scale parameter and 
displacement parameters,* is complex conjugate, 

 yx, stands for inner product which means 
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The above equation is the expansion of 

displacement and scale in the basic wavelet, whose 
equivalent frequency domain expression is 

 

   
 deaXbaWT bj

x   )(),( 2
1  (6) 

 
where )(),(  X  are the Fourier 

transformations of )(tx and )(t . 

So, if the complex frequency characteristics of 
)( is more concentrated band-pass function, 

wavelet transform has the ability to characterize the 
local property of signals )(X  to be analyzed in the 

frequency domain. When using different values of ‘a’, 
the center frequency and bandwidth of )( a  are 

not the same, but the quality factor[(center 
frequency)/(bandwidth)] remains the same.So 
different scales for the wavelet transform is roughly 
equivalent to a set of band-pass filter processing the 
signal in the frequency domain. 

Mallat has proposed the concept of multi-
resolution in the signal processing using filter bank 
equivalently computing discrete wavelet, so that the 
calculation method is greatly simplified. Mallat tower 
algorithm can be described as follows. 
For the discrete sequence signal )(tx , as follows 
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where N is the sampling signal points, 
)( j

kx  is the 

smooth approximation when resolution is 
j2  (the j 

layer wavelet decomposition), 
)( j

kd  is the detail 

signal when resolution is 
j2 , kh and kg  are the 

impulse responses of conjugate mirror filter, Mallat 
has made a detailed study on its value. 

Mallat algorithm is using a set of band-pass filter 
to filter the signal, in order to decompose the signal 
into different frequency channels. Suppose the 
analysis frequency of original signal is f . Firstly the 

signal is decomposed into the high frequency signal 

details ([ ff ,2 1 ]) and low frequency ([0， f12 ]) 

discrete approach signal. Then every time conduct the 
decomposition, the last decomposition of low-
frequency discrete approximation signal is 
decomposed into sub-high-frequency and low 
frequency. After each decomposed layer, half the 
number of data points, double the sampling interval, 
so the decomposition carry on N times, the wavelet 
decomposition results of the N layer is obtained. 

As the results of the wavelet decomposition of each 
frequency channel is equivalent to the original signal 
by filtering and reducing the sampling point in the 
time domain signal, the signal can be analyzed 
according to the results in the time domain. But after 
the minus point sampling of wavelet analysis the 
temporal resolution is decreased. If improve the 
calculation accuracy, the results in this frequency 
channel can be reconstructed to restore the temporal 
resolution of the original signal. 

The reconstruction algorithm can be finished by the 
following formula, namely 
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The construction and selection of wavelet 

functions use different principles depends on the 
purposes of application [6]. In recent years, the 
selection of wavelet function )(t , the wavelet 

decomposition of function )(tx and the reconstruction 

algorithm have been made great progress, and a 
number of general calculation procedures are appear. 
According to the purpose of calculating aging index, 
the selection of wavelet function was carried out. The 
real time voltage signals from front and back oxygen 
sensor were decomposed and reconstructed by 
selecting different wavelet function )(t  in 

MATLAB. By comparison and analysis, the 
Daubechies wavelet function was adopted. 

4. Eigenvectors and Correlation 
Coefficient of the Signal 

 
It is supposed that )(tx  is the output signal of 

oxygen sensor, decompose )(tx in four layers of 

wavelet, the decomposition is 
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Define the characteristics vector of the signal 

)(tx  as [7, 8] 

 

 a1 d1 a2 d 2 a3 d 3 a4 d 4T E ,E ,E ,E ,E ,E ,E ,E / E     

(9) 
 

It is supposed that )(tx , )(ty are output signals of 

upstream and downstream oxygen sensor, xT , yT are 

the feature vector of the response. Define the 
correlation coefficient of )(tx and )(ty  as 

 

xy x yR T T  (10) 

 

Correlation coefficient xyR  reflects the degree of 

correlation , which can be used to decide the degree 
of correlation of the output signals from upstream and 
downstream oxygen sensor. 

 
 

5. The Correlation Analysis of Catalytic 
Converter  
 

The fuel injection is controlled by the output signal 
from oxygen sensors, to ensure that the air fuel ratio is 
in theory air-fuel ratio nearly is the main technique in 
control gasoline vehicles emission [9].The voltage 
signal from the upstream and downstream oxygen 
sensor which is collected before and after the 
purification of automobile exhaust is different. The 
signal from upstream oxygen sensor changes is 
smaller, while signal from downstream oxygen sensor 
changes is larger with the use (aging) time of catalytic 
converter, which is shown in Fig. 4, Fig. 5 and Fig. 6. 
It can be seen from Fig. 4 to Fig. 6 that before the 
aging the catalyst oxygen storage capacity is 
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relatively strong which can release oxygen in the poor 
oxygen and storing oxygen in the rich oxygen, so that 
the harmful exhaust gases undergo chemical changes 
to achieve the goal of purifying the exhaust gas. The 
corresponding fluctuation-resistant ability is very 
strong and the downstream oxygen sensor has a 
relatively long lag time. With the increasing aging 
time, the catalyst oxygen storage capacity decreased, 
resistance to fluctuations in the capacity dropped, the 
lag time of the downstream oxygen sensor shortened, 
the amplitude of the dynamic response of the 
downstream oxygen sensor and the output cycle will 
gradually close to the upstream oxygen sensor[10]. 
Thus, by comparing the output waveform of front and 
back oxygen sensor of catalytic converter, it can 
determine the catalytic converter's oxygen storage 
capacity and the degree of the aging of the catalytic 
converter is obtained which is through the analysis of 
correlation of the output waveform of front and back 
oxygen sensor to determine the performance of the 
catalytic converter. 

The output waveform of front and back oxygen 
sensors is stored as discrete data which is acquainted 
in the monitoring system. The information of each 

band can be gotten using the wavelet transform, using 
the feature vectors of the energy element constructors 
formula (9), after obtaining the feature vectors 
directly calculate the correlation coefficient of front 
and back oxygen sensor in accordance with the 
formula (10), then the correlation analysis of front 
and back oxygen sensor is completed. The data from 
front and back oxygen sensor in a fresh state was 
selected for analyzing. The results of wavelet 
analysis are shown in Fig. 7, Fig. 8, the calculated 
correlation coefficient is shown in Table 1.  

The method of dual oxygen sensor was used to 
judge the performance of catalytic converter. As a 
matter of fact, that is the detection of oxygen storage 
capacity of catalytic converter. The one which has a 
strong oxygen storage capacity has higher conversion 
efficiency. The method of wavelet transform 
described earlier can be used to obtain the correlation 
the front and back oxygen sensor under different 
aging state, which is shown in Table 1. The greater 
correlation, the waveform of front and back oxygen 
sensor is the closer and the degree of aging of the 
catalytic converter is the higher [11]. 

 
 

  
 

Fig. 4. Output Signal in Fresh state. 
 

 

 
Fig. 5. Output Signal after Aging an Hour. 

 
 

 
 

Fig. 6. Output Signal after Aging b Hour. 
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Fig. 7. Reconstructed Signal of the front Oxygen Sensor. 
 
Fig. 8. Reconstructed Signal of the back Oxygen Sensor. 

 
 

Table 1. The Feature Vector and Correlation Coefficient in Different Aging Degree. 
 

The Degree 
of Aging 

Feature Vector 
Correlation 
Coefficient 

T1=[0.283,0.486,0.322,0.219,0.022,0.009,0.029,0.023] 
Fresh 

T2=[0.423,0.510,0.505,0.375,0.012,0.078,0.026,0.066] 
0.876 

T1=[0.330,0.186,0.116,0.070,0.016,0.100,0.041,0.004] 
After a hour 

T2=[0.514,0.210,0.129,0.083,0.011,0.114,0.048,0.004] 
0.968 

T1=[0.383,0.243,0.156,0.081,0.015,0.025,0.033,0.011] 
After b hour 

T2=[0.399,0.304,0.187,0.112,0.022,0.019,0.036,0.012] 
0.994 

  
 
6. Conclusion 

 
1) The signal monitoring system of oxygen 

sensor is built based on TI2812 microcontroller. 
The voltage signal of front and back oxygen sensor 
can be collected real time and effectively. The 
analysis data were supplied in order to evaluate the 
efficiency of catalytic converter. 

2) The theoretical analysis and experimental 
verification shows that using the four wavelet 
decomposition gets feature vectors of the energy 
distribution from front and back oxygen sensor 
signal. The correlation between the front and back 
oxygen sensor signal is studied based on the 
correlation coefficient of the signal energy 
distribution. The calculating method of aging index 
of catalytic converter which can be evaluated by the 
correlation coefficient is given. It is more simple 
and effective using the method in the evaluation of 
catalytic converter aging than the traditional 
analysis method. 
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Abstract: After the major reasons of water bloom were analyzed, using the rough set theory and principal 
component analysis respectively to identify the main factors affecting the forecast algal blooms. On this basis, to 
take advantage of the Libsvm water bloom prediction model and Elman water bloom prediction model for the short-
term prediction of algal blooms phenomenon respectively. Obtained through the fitting networks in the long-term 
forecasting of algal blooms, the Libsvm prediction accuracy is much higher than the prediction accuracy of artificial 
neural network. And the Elman neural network can predict the variation of chlorophyll in short-term well, which laid 
the foundation for in-depth study of the short-term water blooms prediction methods, since the Elman neural 
network ability of generalization is stronger, of network prediction is more accurate, of fitting performance is better. 
Copyright © 2013 IFSA. 
 
Keywords: Water bloom, Libsvm, Elman, Prediction, Modeling. 
 
 
 
1. Introduction 

 

The water bloom is a phenomenon that refers to 
freshwater ponds, rivers, lakes, reservoirs and other 
water bodies are contaminated, resulting in a substantial 
increase in nitrogen, phosphorus and other nutrients, 
and the water reach the eutrophication or severe 
eutrophication state. Some algae is explosive breeding, 
water clarity and dissolved oxygen changes under the 
certain conditions such as the temperature and light, that 
resulting in the deterioration of water quality, and 
present the phenomenon of the surface of the water or 
thin or thick green or other colors algae floats. This 
problem has become one of the major water pollution 
problems faced by today's river lake body. The 
governance and the prevention of water bloom 
prediction has always been a difficulty, which is 

complicated because the mechanism of water bloom is 
intricate, come down to a lot of influence factors, and 
establish directly the blooms mechanism ecological 
models are more difficult. 

Ref. [1, 2] With the development of the artificial 
intelligence methods, the BP network of artificial neural 
network in the prediction of water bloom could be 
better to solve the difficult problems in application of 
the traditional mechanism of water bloom prediction. 
The artificial neural network theory in dealing with non-
linear pattern recognition show good characteristics, so 
it has unique information processing and computing 
power, applied to the mechanism which is unclear, 
high-dimensional nonlinear systems, and in the 
ecosystem modeling, ecological data processing as well 
as remote sensing, ecological parameters extraction has 
been widely used. 
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This article is mainly to make the short-term 
forecasts water bloom model based on Libsvm and 
Elman neural network model to predict and compare. 
These two methods, both in the generalization 
capability, network complexity, or on the sample size 
requirements relative to the BP network has been 
significantly improved. Therefore, the selection of these 
two networks of lakes and reservoirs water bloom 
prediction, designed to improve the prediction accuracy. 

 
  

2. The Study of Libsvm Support Vector 
Machine-based on the Short-term 
Prediction of Water Bloom 

 

2.1. Water Bloom Prediction Model Based on 
the Libsvm Model 

 

Support Vector Machine (for short SVM) is a new 
machine learning technique which is developed based 
on statistical learning theory. SVM is based on the 
structural risk minimization principle export, with 
minimize empirical risk to use the upper bound of 
minimize the error to improve the generalization ability. 
Ref.[3,4] The introduction of kernel function idea which 
can be successfully applied in the field of time series 
prediction is to solve practical problems of the small 
sample, nonlinearity, high dimension and local minima 
points. The basic idea of Support vector machine 
(SVM) is based on Mercer kernel expansion theorem. 
Through nonlinear mapping  , the sample space is 

mapped to a high-dimensional and even infinite 
dimensional feature space (the Hilbert space); the 
search for the algorithm of optimal linear regression 
hyper plane is summed up in solving a convex 
constraint of a convex programming problem. Ref.[5]. 
And we can obtain the global optimal solution, which 
can be applied linear machine learning methods to solve 
highly nonlinear regression of the sample space in the 
feature space. Support vector machine principle shown 
in Fig. 1. 

 
 

 
 

Fig. 1. Support Vector Machine Schematics. 
 
 

Wherein: the first layer of the N inputs and a second 
layer of the support vector is based on the nonlinear 
operation of the N number of support vectors, i.e. core 
computing. 

For nonlinear problems, set the sample as n 
dimensional vector, N samples of some region and its 
value is expressed as: 

 

      RRyxyxyx n
NN ,,,,,, 2211   (1) 

 

First of all, using a nonlinear mapping    , take a 

sample from the original space mapped into feature 
space: 

 

        Nxxxx  ,,, 21   (2) 

 
Again, use the high dimensional feature space 

structure the optimal decision function: 
 

    bxxy    (3) 

 
which is suitable for weight vector , b  for threshold. 
Thus the nonlinear prediction functions into high 
dimensional feature space linear prediction. 

Support vector machine (SVM) as the forefront 
technology of classification learning and data mining 
involved in knowledge of the related data is and its 
complex. For ordinary users is more difficult which 
through programming method to achieve its 
corresponding algorithm. So some scholars at home and 
abroad will put the corresponding research results 
published on the Internet, for the use of relevant 
personnel and research. 

Libsvm package is developed and designed by 
Zhiren Lin of Taiwan University associate professor 
and others. It is based on a simple, fast, and effective 
SVM pattern recognition and regression software 
program. This designer not only provide compiled 
corresponding implementation file in the Windows 
series and Linux series, but also provide the 
corresponding source code for reference and modify. 
Ref. [6]. In Libsvm algorithm, it provides many system 
default parameters; most of these default parameters can 
solve a lot of problems, and also provide the cross-
validation (Cross Validation) function. 

Ref. [7]. The core algorithm of Libsvm is 
decomposition algorithm (Decomposition) and 
sequences the minimum optimal method (SMO). The 
nature of the algorithm is to solve a quadratic 
programming problem: 

 

;
2

1
min  TT eQ   (4) 

 

Ci 0  li ,...,1  (5) 

 

0Ty  (6) 

 
Ref. [8]. In the above formula, is the unit vector, and 

C  as a parameter on the boundary, Q  is positive 

definite or semi-definite matrix. By the decomposition 
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algorithm to solve this problem, Specific steps such as 
shown below: 

1) For the number of given elements 1 qB , and it 

accuracy requirement, we set starting point is 

,1 











n

B
 and set 1K . 

2) If K  is the optimal solution of the problem, then 
stop solving. Otherwise, again to find the working 

set  1,1B , qB  , then define the 

 
B

N
1,1 

 , and define the 
B

K
 and 

N

K
 to be the 

vector quantity K  as the sub vector. They were 
corresponding B and N . 

3) For solving the quadratic equation for B : 
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4) Presume
B

K 1
 is the optimal solution of formula 

(7), and
N

K

N

K


1
. Then KK 1 , 

afterwards repeat Step 2. 
Above described is Libsvm decomposition 

algorithm, its minimum sequence of a method for 
optimizing is similar to the decomposition algorithm 

similar. Just makes 2B , i.e., select only two 

elements, we can obtain the solution about formula (4) 
and (7). Overall, Libsvm algorithm is also 
decomposition algorithm. Select working set B , using 
minimum sequence optimization method to solve 
quadratic about the B . 

 
 

2.2. The Analysis of the Predictive Ability 
Based on the Libsvm Model 

 

In the analysis of the predictive ability in Libsvm 
model, mainly use of the Suzhou water sources data to 
realize the prediction and analyses the predictive ability 
by different time intervals. And obtained the Libsvm 
model based on the RBF kernel function which required 
the less samples, had strong generalization ability and 
high prediction accuracy, so that the Libsvm can predict 
the short-term variation of chlorophyll well, provide an 
effective method for the short-term prediction of water 
bloom.  

2.2.1. Select the Model Parameters  
by Using the Rough Set 

 
Rough set theory is a kind of describing 

incompleteness, uncertainty mathematical tool. It can 
take advantage of the data on the upper and lower 
approximation approximate classification of data; only 
rely on the information provided by the data itself. Ref. 
[9]. It can also retain key information, data 
simplification, and attribute to achieve a minimum 
reduction, seek knowledge minimum expression. The 
main factors affecting water bloom is divided into three 
main categories: biological factors, chemical factors and 
physical factors. The algae is the subject of the water 
blooms, the concentration of the chlorophyll is the most 
direct indicator for characterizing the existing amount 
of algae in water, and is also the main biological factors 
that affect water bloom. Nitrogen and phosphorus are 
aquatic plant growth and reproduction of the source of 
essential nutrients; they are the most important chemical 
factors that limit the growth of algae. Ref. [10]. The 
occurrence of algal blooms is also subject to a number 
of physical factors, such as: water temperature, lighting, 
electrical conductivity, pH value, transparency, 
dissolved oxygen concentration and water flow rate. 

Ref.[11] In this paper, mainly analyses the one year 
data from June to August provided by Suzhou water 
source by making use of the rough set method; and the 
same time make the data partitioning universe and 
calculate its roughness, attributes minimum reduction. 
The water predictor rough set analysis results as shown 
in Table 1. 

 
 

Table 1. The analysis results of the water bloom 
influencing factors rough set. 

 
Chl_a TP Temperature 

I 
90 % 95 % 85 % 
TN Light DO 

II 
75 % 70 % 65 % 
Transparency EC pH Value 

III 
45 % 30 % 55 % 

 
 
The Table 1 shows that the biggest contribution rate 

of the factors is the Chl_a, TP and Temperature, 
followed by the TN, Light and DO from the Suzhou 
water source. Therefore, we determine to use the TN, 
TP, Temperature, Chl_a, Light and DO as the input 
variables of the predictive model. Chlorophyll A (Chl_a) 
is one of the most important indicators of 
characterization of water blooms, so we use this index 
as the forecast model output variable. 

 
 

2.2.2. Data Preprocessing and Modeling 
 
According to the historical data of Suzhou water 

source, we select a total of 736 sets of data as a model 
sample library during the period from 2010.7 to 2012.6. 
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This sample library is divided into training data and 
forecast data. 

1) Data preprocessing. 
The first thing is to normalize the 736 sets of daily 

data, which can accelerate the speed of the model 
operation. So the data mapping formula used is as 
follows: 

 

    1/2 minmaxmin  XXXXT  (11) 

 
In the formula: X  is stand for the original data; T  

is the transformed data; and the maxX , minX is 

representative the maximum and minimum of the 
original data respectively. 

2) Kernel functions and model parameters. 
The support vector machine used the common kernel 

function like the polynomial kernel function, radial 
basis function (RBF) kernel function and the multi-layer 
Sigmoid kernel functions. Ref. [12]. And compare the 
performance of the various kernel functions, the RBF 
kernel function is the best performance of all the 
common kernel functions. So in this paper, decide to 
use the RBF kernel function: 
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 is the kernel function width. 
Ref. [13] Based on the RBF kernel function of 

Libsvm forecast model contains two important 
parameters: c and g. Usually, we selected the 
parameters using a grid search method for support 
vector machine regression prediction problem. 

Ref. [14] C parameter is set to C-SVC, e-SVR and 
v-SVR parameters, namely the loss function; and the g 
parameter is set for the kernel function gamma function. 
The optimal parameters results shown in Table 2. 

 
 

Table 2. The optimal parameters values. 
 

parameter  2 days later 7 days later 
c 0.5 1 
g 1 1 

 
 
3) Predictive modeling. 
Based Libsvm forecast model structure is as follows: 

 6 input variables: Temperature, DO, Light, TP, 
TN, Chl_a (A day before); 

 An output variable: Chl_a; 
 Parameter optimization function: 

SVMcgForRegress; 
 Training function: svmtrain; 
 Forecasting function: svmpredict. 

2.2.3. The Analysis of the Predict the Results 
 
Use the 736 sets of the normalized data into the 

Libsvm water bloom prediction model of Suzhou water 
source. The former 368 sets of data are used of the 
model training, and the later 368 sets of data are used of 
the model prediction. Forecast the level of the Chl_a in 
2 days and the prediction result is shown in Fig. 2. (The 
ordinate is Chl_a (units of mg/ L), the abscissa is the 
number of the sample group). 

 
 

 
 

Fig. 2. The Libsvm model forecast the Chl_a in 2 days. 
 

 

To establish the Suzhou water source in order to 
predict the change of chlorophyll content in one week, 
the prediction result is shown in Fig. 3. The data used in 
support vector machine is daily sampled values. 

 
 

 
 

Fig. 3. The Libsvm model forecast the Chl_a in 7 days. 
 

 

Different time period of the Libsvm water bloom 
prediction accuracy results shown in Table 3. 

As showed from Table 3: based on Libsvm model 
predictive simulation results, the model has a strong 
function generalization performance. Use the same data 
into the Libsvm model to predict the Chl_a content in 2 
days and 7 days later from the comparison of prediction 
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accuracy results, the two days prediction accuracy is 
higher than the seven days'. Therefore, based on the 
Libsvm prediction model is suitable of the short-term 
trend forecast in the water bloom. 

 
 

Table 3. The different Libsvm interval prediction  
accuracy compared. 

 
Time 2 days later 7 days later 

Accuracy 0.0143267 0.0210643 
 
 

3. The Study of Elman Based on the Short-
term Prediction of Water Bloom 

 
3.1. Elman Functions and Network Design 
 

Elman artificial neural network is put forward by 
Elman in 1990 and the model is a recurrent neural 
network, which generally can be divided into four 
layers: input layer, hidden layer, undertakes layer and 
output layer. The input layer, hidden layer and output 
layer of Elman artificial neural network is similar to a 
feed forward neural network, and the neurons of the 
input layer play the role of signal transmission, the 
neurons transfer function of the hidden layer can be 
linear or non-linear, the neurons of the output layer play 
the role of linear weighting. Middle undertake layer 
distinguishes Elman artificial neural network from feed 
forward neural network , which memorizes the previous 
output value of implicit layer, this can be described as 
one step delay operator, and makes Elman network have 
memory function. The model of Elman artificial neural 
network is shown in Fig. 4. 

 
 

  
 

Fig. 4. Elman neural network model structure. 
 
 
Besides memory function, Elman neural network 

structures can approximate nonlinear function with 
arbitrary precision, so if you have sample dates of input 
and output, you can network modeling without 
considering the impact of external noise on the network 
system. 

Ref. 15]. The mathematical model expression of 
Elman network is: 

    ][ 2
3 bkxwgky   (14) 

 

       1
21 1 bkuwkxwfkx c   (15) 

 

   1 kxkxc , (16) 

 
where, k represents the moment; y  represents the 

1-dimensional vector of output node, x represents the 
m dimension unit vector of hidden layer nodes, u  is 
the n dimensional vector of input vector, 

cx  represents 

the feedback state of the m -dimensional vector. And 

321 ,, www  respectively represent connection weights 

of undertake layer to the hidden layer, the input layer to 

the hidden layer, hidden layer to the output layer.  f  

Function is the transfer function of hidden layer, which 

uses non-linear transfer function, and  g function is 

output transfer function, which using the 

linear purelin  . 1b and 2b  are the threshold value of 

the input layer and output layer. 
The purpose of the network learning is getting the 

difference between the desired output values of network 
and the output value of sample data to adjust weighting 
value and threshold value to make the squared sum of 
error of the network output layer become the minimum, 
in order to achieve the accuracy and requirements of the 
network training. Assuming at the k  moment, the 

desired output vector is  kyd  and in the time period 

of  T,0 , the error function of network is defined as: 
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3.2. Fitting Capability Analysis of Elman 
Network 

 
3.2.1. The Choice of the Number of Hidden 

Layer Neurons 
 

For multilayer neural network model, the number of 
hidden layer neurons is very important and selection 
results will directly affect the network performance. The 
role of the hidden layer nodes is to extract its internal 
laws from the sample bank and stores the internal laws. 
Each hidden layer node has several weights, and each 
weight is the parameter of enhancing network mapping 
capabilities. If the number of hidden nodes is too small, 
the network ability of obtaining information from a 
sample library is too weak, and cannot summarize and 
embody the law in the training set of sample; if the 
number of hidden layer nodes is too many, the network 
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may remember the irregular laws to form so-called 
"over-match" problem, which reduces the generalization 
capability of the network. Besides, the excessive hidden 
nodes also increase the training time. 

Ref. [16] However, there is still not an ideal 
expression to determine the number of hidden layer 
neurons. Theoretical proof shows that for feed forward 
neural networks, three-forward network can well 
approximate any continuous function. Ref. [17]. So, in 
the modeling process, the first step is to determine a 
three-tier network based on the Kolmogorov theorem. If 
the input layer of the network has m neurons, the hidden 
layer will have 12 m  neurons. After initially 
determining the theoretical value of the hidden layer 
neurons, hidden nodes is determined according to the 
related references and the trial and error method 
proposed rules. Ref. [18]. In other words, 

  134  kmn , n  is the hidden nodes, m is the 

input layer nodes and is the output layer nodes. 
According to simulation comparison in 

  nll   ,,  interval, l  means the theory 

value of hidden nodes, we can get the best hidden layer 
nodes of neural network model. 

So in the Elman neural network model structure, the 
network hidden layer nodes are determinate by the 
Kolmogorov theorem first to calculate the theoretical 
value is 21. And then according to the interval 

  nll   ,,  to make the numerical 

comparison, determine the range of values of the hidden 
layer nodes（ l  is the theoretical value of the hidden 
nodes）.At last, arrive at the best neural network model 
hidden nodes. Method mentioned in the reference [17] 
shows that 24n , get 3 , so the hidden layer 
nodes desirable values are: 18,19,20,21,22,23,24. The 
neural network node hidden layer nodes selected 
comparative results are shown in Table 4. 

 
 

Table 4. The comparison of the selected results  
in the number of hidden nodes. 

 
Hidden 
layer 
neurons 

Training 
results 

Training 
times 

Error 
objective 

Target 
training 
times 

18 0.0852 95 0.0001 300 
19 0.0924 93 0.0001 300 
20 1.3232 26 0.0001 300 
21 0.0861 96 0.0001 300 
22 0.4989 91 0.0001 300 
23 1.5034 24 0.0001 300 
24 0.0740 104 0.0001 300 
 
 
According to the results in Table 4, the effect on 

function approximation is the best of the Elman network 
when the hidden node is 24, followed by the hidden 
nodes theoretical value is 21. At the same time, the 
phenomenon could be seen from the table is that the 
better performance of the network by setting the number 
of training, the more times the training in the actual 
network learning process. 

3.2.2. Estabish the Elman Network Model 
 
Use the data of 2010.7 to 2012.6 which is provided 

from Suzhou water-source region as well. In order to 
make the full use of the historical data, increase the 
precision of the predict model. We will do the following 
data processing: Separating the data from odd number 
(1, 3, 5) to even number (2, 4, 6) as the training data and 
the testing data of 368 group, respectively. So it can be 
insurance the time continuity of data. Base on the 
indicator system of water bloom which is provided from 
the water-source region of Suzhou, built a four-Layer 
testing Elman modeling what is multiple input and 
single output, the following is the network parameter: 
 Six input layer nerve cells: Temperature, DO, Light, 

TP, TN, Chl_a (A day before); 
 One output layer nerve cells: Chl_a; 
 The excitation function of hidden layer:  Tan-sig 

function; 
 The excitation functions of output layer: Purline 

function; 
 The network learning algorithm:  Gradient descent 

algorithm; 
 The theoretical node of hidden layer: 21; 
 The precision of network training: 0.0001. 

The definition parameter as follows:  
net.trainparam.epochs = 300;  
% Training times 
net.trainparam.show = 20;  
% Step of training between the two displays 
net.trainParam.goal=0.0001;  
% Training target 
net.trainParam.lr_inc=1.05;  
% The learning rate growth scale factor 
net.trainParam.lr_dec=0.7;  
% The learning rate descend scale factor 
net.trainParam.max_fail=5;  
% the confirmed maximum number of failure 
When the network achieves the maximum training 

time, achieves the network error performance target 
value, the training time gets the maximum value, the 
gradient reduce makes the minimal value of 
performance function, or the consecutive authentication 
failures exceed the maximum number of times, the 
network will stop training. 

 
 

3.3. Prediction Results Analysis 
 
Based on the odd-even number principle, people can 

predict the chlorophyll value two days later and one 
week later. When hidden layer nodes equal to 21 or 24, 
the accuracy for the model is presented on Table 5. 

 
 

Table 5. Forecast comparison results of the two hidden 
nodes in different time intervals. 

 
Time Interval 2 days later 7 days later 

21 hidden layer nodes 0.3303 0.8272 
24 hidden layer nodes 0.1328 0.6196 
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Comparing the prediction, the closest result occurs 
when there are 24 hidden layer nodes in the time 
interval. 

Following Figs. 5, 6 present the Elman neutral 
network matching prediction under 24 hidden layer 
nodes. 

 
 

 
 

Fig. 5. Elman network matching prediction result  
of water resource in SuZhou (Two days later). 

 
 

 
 

Fig. 6. Elman network matching prediction result of water 
resource in SuZhou (One week after). 

 
 

Based on the graphs, Elman neutral network model 
can predict chlorophyll value in water accurately. 
Therefore, Elman neutral network can be used to detect 
and monitor alga bloom in water resources. The 
accuracy of model is decreasing when interval 
increases. Even though the chlorophyll keeps the same 
trend when time increases, the prediction accuracy in 
two days is better than the prediction after one week. 

 
 

3.4. The Comparison between Neutral Network 
Model with Supported Vector Model 

 
The examination testifies the accuracy comparison 

between neutral network models with vector supported 
model presenting the result on Table 6. 

Table 6. The comparison between different models. 
 

Prediction interval 2 days later 7 days later 
Libsvm 0.0143 0.0211 
Elman 0.1328 0.6196 

 
 
Based on the accuracy comparison between Libsvm 

model and Elman model, vector supported Libsvm 
model has better accuracy and advantage on short-term 
simulation prediction. 

 
 

4. Conclusions 
 

The improvement of Support Vector Machine (SVM) 
arithmetic—Libsvm and Elman neutral network for 
predicting algal bloom is made after algal bloom 
generating factors and evaluation index analysis. The 
compare and contrast between Libsvm and Elman 
neutral network is done before the SVM improvement. 

The Rough Set Theory is been used on analysis algal 
bloom generating factors in Libsvm arithmetic research. 
Combining algal bloom generating factors, six elements 
(Total Nitrogen, Total Phosphorus, Temperature, 
Chlorophyll a, Illumination & Dissolved Oxygen) have 
been selected for predicting inputs. Chlorophyll a is 
predicted output. The prediction concludes that Libsvm 
needs less samples; has short prediction cycle, good 
generalization ability and high accuracy. It is an 
effective method for predicting chlorophyll variance in 
a medium or long term. 

Research on Elman model is made by selecting 
different hidden nodes. When Elman model has  
24 hidden nodes, the best simulation result occurs. 
Moreover, Elman model also works for short-term 
forecasting simulation. The result is more accurate 
when choosing shorter intervals. Based on the research 
for two models, this conclusion is that Libsvm is a more 
effective and efficient Water Bloom Prediction method. 
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Abstract: Artificial neural network (ANN) is a humanly constructed network which is based on the human 
brain neural network. BP neutral network (BPNN), as a typical forward ANN, can approximate any nonlinear 
continuous rational function. In this paper we use the BPNN to modify the Non-Line-of-Sight (NLOS) Time 
Difference of Arrival (TDOA) measurement value to make it closer to the Line-of-Sight (LOS) measurement 
value. Then we use the Chan algorithm to estimate the Mobile Station (MS) position in order to obtain higher 
localization accuracy. The experimental results show that the positioning accuracy has a more positive 
improvement in the adjusted BPNN algorithm. Copyright © 2013 IFSA. 
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1. Introduction 
 

ANN is a humanly constructed network which is 
based on the human brain neural network [1-4]. It is a 
mathematical model of the neural network system 
and is an information processing system based on 
imitating the human brain neural network structure 
and function. ANN has many favorable features and 
capabilities, such as massively parallel processing 
ability, distributed information storage, strong fault 
tolerance and robustness, well adaptive ability and 
strong self-learning, which has brought hope to our 
human technology revolution. Compared with the 
traditional random adaptive system, ANN not only 
has strong learning function, but also has the ability 
of memory, association, choice, abstraction and 
recognition. BPNN, as a typical forward ANN, has 
been widely used in various fields in recent years. 
Especially in nonlinear modeling and controller 
design of the smart system, pattern classification and 
pattern recognition, it has caused great concern. By 
training the BPNN, we are likely to find a new and 
effective method to solve the problem of NLOS error 
in wireless localization [5]. 

NLOS is the main error sources in distance, 
Angle positioning system [6]. In the case of NLOS 
error statistical properties is unknown, the traditional 
parameter estimation method can’t give the location 
information of the MS accurately. Therefore how to 
reduce the NLOS influence on localization accuracy 
between the Base Station (BS) and MS becomes a 
problem that must be solved. In this paper we use the 
BPNN to modify the NLOS TDOA measurement 
value to make it more closer to the LOS measurement 
value [7-9]. Then we use the Chan algorithm to 
estimate the MS position in order to obtain higher 
localization accuracy. The experimental results show 
that the positioning accuracy has a more positive 
improvement in the adjusted BPNN algorithm. 

 
 

2. The Chan Algorithm of TDOA 
 

Set the coordinate of MS is ),( yx , the 

coordinate of iBS are ),( ii yx , among them 1BS is 

the serving BS, 1,ir is the distance difference between 
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MS to iBS and MS to 1BS , c is the wave propagation 

speed. According to the wave propagation time 
(TOA), we can establish the following distance 
equation 

 

22

2222

22

)()()(

yxyyxxK

yyxxcr

iii

iiii



 
 (1) 

 

Since 11, rrr ii  ，formula (1) can be rewritten 

as the flowing type:  
 

11,1,11,
2
1, 222 KKyyxxrrr iiiii  , (2) 

 

where 11,11,
22 ,, yyyxxxyxK iiiiiii   

Set T
a ryxz ],,[ 1 to be the unknown vector，

then we can establish the linear equation:  
 

aa zGh   (3) 
 

When the system measuring error 1,in  of TDOA 

is existing, we can get the error vector as flowing: 
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where 0
az  is the corresponding az value of the true 

location of MS. 
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The covariance matrix of N is 
},...,,{ 2

1,
2
1,3

2
1,2 MdiagQ  , when TDOA error is small, 

the error vector can be represented as BQB . 

Where },...,,{ 00
3

0
2 MrrrdiagB  . By weighted least 

squares (WLS), we can get the first solution 
 

hGGGz T
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T
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111 )(    (5) 
 

We can get the new matrix B by using the 

value az . Also we can get the improved estimates 

position by using the above process to make a WLS 
calculation again. You must know that we have 

assumed the elements among az are independent, 

infect the position of 1r  is related to the position of 

MS. therefore we can get more accurate position by 
using this relationship. Firstly we calculate the 

covariance matrix of the position az , it can be 

represented as flowing:  
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where 
0
aG  can be got by the result of the formula (5). 

We can construct the new error vector ' , according 

to the relationship 2
1

2
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The covariance matrix is:  
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),( 00 yx can be replaced by the second WLS 

calculation results similarly.  
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The final MS positioning can be represented as 
flowing: 
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(10) 

 
 
3. The Modification of TDOA 

Measurements by BPNN  
 

Set i  is the TOA measurement between MS 

and iBS , because of the measurement error and the 

time delay error caused by the NLOS, i can be 

represented as flowing: 
 



Sensors & Transducers, Vol. 156, Issue 9, September 2013, pp. 345-350 

 347

Min eiiii ,...,2,1,0   , (11) 

 

where 0
i  is the TOA value under the LOS, in  is the 

system measurement error, which obeys the Gaussian 
distribution, whose mean is zero and variance is 

2
n ; ei  is the additional time delay error caused by 

NLOS, which is a positive mean random variables, 

whose mean is ei  and variance is 2
ei . Each ei  is 

independent. Then we can get: 
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, (12) 

 

where 0
1,i is the TDOA measurement under the LOS, 

1in is the system measurement error, which obeys the 

Gaussian distribution, whose mean is zero and 

variance is 2
1,ni ; 1，ei is the additional time delay 

error caused by NLOS, which is a positive mean 

random variables, whose mean is 1，ei  and variance 

is 2
1，ei . Each 1，ei  is independent. According to the 

formula(11) we can get: 
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Therefore 1,i can be rewritten as:  

 

1,1,
0
1,1, ieiii n  , (15) 

 
where 1,in  is a random variable, whose mean is 0 

and variance is 2  
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The BPNN learning algorithm can be represented 

as follows: Suppose that there are P neurons in the 

input layer, whose input is iP ; the number of hidden 

layer neurons is H, whose activation function is 1f  

and the output is jH ; the number of output layer 

neurons is R, whose activation function is 2f  and the 

output is kR . ijw is the connection weight between 

the input layer and the hidden layer, jkw is the 

connection weight between the hidden layer and 
output layer. 

The output of j neurons in the hidden layer is:  
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The output of K neurons in the output layer is: 
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The error function is: 
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We can get the weight change and the error back 

propagation by using the gradient descent method. 
Since there is a positive relationship between the 
weight change of the output layer and the negative 
gradient of output layer weights for the error 
function, we can get the weight changes by the 
flowing formula:  
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The weight of output layer can be changed by the 

formula (22): 
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The change of the hidden layer weight is 

proportional to the negative gradient of output layer 
weights for the error function: 
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The weight of hidden layer can be changed by the 

formula (24): 
 

)()()1( twtwtw ijijij   (25) 

 
Fig. 1 has shown the modification BPNN model 

of the TDOA measurements under the NLOS: BPNN 
is composed of input layer, hidden layer and output 
layer, in which the input layer is consisted of six 
TDOA measurement provided by seven related BS.  

The input vector is:  
 

]6,5,4,3,2,1[ PPPPPPP   (26) 
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Fig. 1. The BPNN modification model of TDOA 
measurements under the NLOS. 

 
 

Then number of hidden layer neurons can be 
obtained by empirical formula, that is 

DH 2log , where H is the number of the hidden 

layer, D is the dimension of the training samples. The 
increase of hidden layer neurons number may 
improve the localization accuracy, but it will bring a 
greater amount of calculation. Since we focus on the 
localization accuracy. we set18 as the hidden layer 
neurons number since we just consider the accuracy. 

Selecting the Sigmoid function )tanh()(1 xxf   as 

the transfer function, whose input value is arbitrary 
and output value is between -1 and +1. Output layer 
is consisted of six neurons, whose transfer function is 

Purlin, that is kxxf )(2 . Its output values are the 

modification TDOA values. The output vector is : 
 

],,,,,[ 654321 RRRRRRR   (27) 
 
 

4. The TDOA Location Algorithm Based 
on BP Neural Network 

 
Chan algorithm has excellent localization accuracy 
when the TDOA error is small and the random 
variable obeys the zero mean Gaussian distribution. 
However, when it has a bigger TDOA error under the 
NLOS, its localization accuracy will be affected 
largely. We are trying to reduce the TDOA 
measurements error under the NLOS by using the 
BPNN model. Then we can get a higher accuracy by 
using the Chan localization algorithm. The specific 
localization steps of the algorithm are shown in Fig. 
2. 
 
 

5. The Simulation and Analysis 
 

In this paper we have analyzed the accuracy of 
the BPNN modification model in different channel 
environments. At the same time we have also taken a 
comparison between the Chan algorithm and the 
BPNN modification in the same condition. Each BS 
position is shown in Fig. 3 and their coordinates 

are: )0,0(1BS , )3,0(2 RBS , 

)
2

3
,

2

3
(3 RRBS

, )
2

3
,

2

3
(4 RRBS  , 

)3,0(5 RBS  , )
2

3
,
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3
(6 RRBS  , 

)
2

3
,

2

3
(7 RRBS  . 

 
 

 
 

Fig. 2. The steps of BPNN modification model. 
 

 

5.1. The Effect of the Radius  
on the Localization Accuracy 

 

The position of the MS: In the simulation, we 
suppose that the MS distributes in the area of the 
shaded part uniformly, which is shown in Fig. 3. We 
have selected 1000 positions to simulate and analyze. 
Except analysis the impaction of the radius on the 
localization accuracy, we all take one kilometer as 
the radius. Assuming that the TDOA measurement 
system error is an independent Gaussian random 
variables distribution whose mean is zero and the 
standard deviation is 0.1 s (about 30 m). The 
environments between MS and BS are all NLOS . 

From the Fig. 4, we can see that the mean square 
error of the two algorithms are both growing while 
the localization error probability are both reducing 
with the increasing of the radius. The reason is that 
the error caused by the NLOS will become bigger as 
the distance increasing. Because of the increasing of 
the radius , the distance between the MS and BS 
becomes bigger. As a result, the NLOS error grows 
and the localization accuracy declines. Between the 
two algorithms, the Chan algorithm has a bigger 
error, for its only considering the impaction of the 
system measurement error, while the NLOS error 
effect is greater than the system measurement error. 
The BPNN presented in this paper is superior to the 
Chan algorithm obviously. This is because the BPNN 
has modified the TDOA values, which can eliminate 
the influence of the NLOS error to some extent, as a 
result it has improved the localization accuracy. 
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Fig. 3. The distribution of the BS and MS. 
 
 

  
 

Fig. 4. The effect of the radius  
on the localization accuracy. 

 
Fig. 5. The effect of the channel  

on the localization accuracy. 
 
 

5.2. The Effect of the Channel  
on the Localization Accuracy 

 
From the Fig. 5 we can see that the localization 

accuracy of the both two algorithms has a certain 
decline with the worsening of the channel 
environment. This is because the NLOS error will 
become bigger with the worsening of the channel 
environment. Obviously, the BPNN presented in this 
paper is superior to the Chan algorithm in different 
channel environment. In different channel 
environment, this paper positioning performance of 
the algorithm is better than Chan algorithm. In 
addition, as the worsening of the channel 
environment , the error growth speed of the BPNN 
presented in this paper is lower than the Chan 
algorithm. That is to say the BPNN Suppresses the 
growth of the localization error effectively. Therefore 
it has a better stability. When it is in the outer 
suburbs which the channel environment is better, 
both of the two algorithms are similar, this is because 
the NLOS error is small at this time. 

 
 

5.3. The Effect of the Number of the BS  
on the Localization Accuracy 
 

From the Fig. 6 we can see that the localization 
accuracy of the both two algorithms has a certain 

improve with the increasing of the number of the BS. 
This is because it will increase more redundant 
information with the increasing of the number of the 
BS which makes the localization accuracy improve. 
Obviously, the BPNN presented in this paper is 
superior to the Chan algorithm from the localization 
effect under the condition of various number of BS. 
In addition, as the decreasing of the number of the 
BS, the error growth speed of the BPNN presented in 
this paper is lower than the Chan algorithm. That is to 
say the BPNN has a better self-adaption to the 
number of the BS. 
 
 

 
 

Fig. 6. The effect of the number of the BS  
on the localization accuracy. 
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6. Conclusions 
 
In this paper, we have put forward a BPNN model to 
modify the NLOS TDOA measurement values to 
make it closer to the LOS measurement values by 
using the neural network’s faster learning 
characteristics and the ability to approximate any 
nonlinear mapping. The simulation results show that 
the algorithm has the advantages of a strong 
inhibition to the NLOS error, a more effective 
inhibitory to the growth of the localization error, a 
better self-adaption to the number of the BS and a 
better stability. By using the BPNN model to modify 
the NLOS error, the localization accuracy and 
reliability have increased obviously, which provides a 
new feasible method for the elimination of the NLOS 
error in the wireless localization. 
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Abstract: The concept lattice is an effective tool for data analysis and rule extraction, it is often well to mine 
frequent patterns by making use of concept lattice. In this paper, a frequent itemset mining algorithm FPCL 
based on concept lattice which builds lattice in batches, the algorithm builds lattice down layer by layer through 
the layer concept nodes and temporary nodes based on hierarchical concept lattice; and seeks up the parent-child 
relationship upward concept nodes layer by layer, which can be generated the Hasse diagram with the inter-layer 
connection. In addition, in the process of the generation of each lattice node, we do the dynamic pruning for the 
concept lattice based on the minimum support degree and relevant properties, and delete a large number of non-
frequent, repeat and containing nodes, such that redundant lattice nodes do not generate, thus the space and time 
complexities of the algorithm are greatly enhanced. The experimental results show that the algorithm has a good 
performance. Copyright © 2013 IFSA. 
 
Keywords: Data mining, Frequent itemset, Concept lattice, Dynamic pruning. 
 
 
 
1. Introduction 

 

Formal concept analysis, proposed by Professor 
Wille in 1980s can be seen philosophical 
understanding of the concepts [1]; formal concepts of 
core data structure can accurately and succinctly 
describe the layers relationship between concepts, so 
it now becomes a kind of important method for 
knowledge representation, along with the 
development of research, more and more researchers 
have focused on formal concept analysis, it applied to 
data mining field increasingly, and becomes an 

effective tool for processing and organizing large-
scale data. The main reason is because formal 
concept analysis can organize judiciously to data by 
the concept lattice, the node of concept lattice 
embodies the unification of intension and extension 
of concepts, so it is very suitable to mining rule 
knowledge, the form of knowledge expression is 
clear and easy. 

The concept lattice is a concept hierarchical 
structure according to binary relation, which is an 
effective tool for data analysis and rule extraction. 
The essence of generating concept lattice from the 
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data set is a conceptual clustering process, the 
concept lattice induced by binary relation is a very 
useful formal tool, it embodies the unification of 
concept connotation and denotation, reflecting the 
relation of objects and attributes and the relationship 
of generalization instantiation between concepts, thus 
it is very suitable to mine potential concepts and 
knowledge from data sets.  

In the process of the application of the concept 
lattice, it is firstly to solve the construction problem 
of lattice. Therefore, it is important to the 
construction algorithm of concept lattice. The 
construction method of concept lattice can be divided 
into two categories: batch processing algorithms and 
incremental construction algorithm. There are many 
literatures have proposed the construction algorithm 
of concept lattice, such as [2-4].  

In view of the characteristics of the concept 
lattice, it is suitable for mining association rules and 
characteristics rules from data, the Eclat algorithm 
proposed by Zaki et al. [5] used the representation of 
longitudinal data, and mined frequent itemsets 
through lattice and item clustering technique. Hu [6] 
proposed the integrated mining methods based on the 
classification of concept lattice and association rules, 
this approach has considered all nodes and produced 
a large number of redundant rules. Wang and Hu [7] 
provided association rule mining based on 
quantitative concept lattice, and improved the 
algorithm in the literature [5], generated frequent 
concept lattice, and extracted rules on frequent 
concept lattice. Godin [8] proposed the extraction 
algorithm to determine the association rules; 
Missaoui [9] provided the extraction algorithm of 
approximate association rules. Pasquier etc. [10] 
proposed a base of the extraction of deterministic 
association rules, as well as the proper base and 
structure base of approximate association rules, 
subsequently extracted association rules on concept 
lattice [11]. Hu [12] also proposed quick algorithm 
on association rules based on the reduct concept 
lattice, other scholars have studied mining algorithms 
of association rules based on concept lattice [13-22]. 

But in the practical applications, the spatial and 
temporal complexities of frequent pattern mining 
algorithms based on concept lattice need to be 
improved, in this paper, a new frequent pattern 
mining algorithms FPCL (Frequent Pattern Mining 
Based on Concept Lattice) is provided based on the 
theory of concept lattice, which only needs to scan 
the database once to generate all frequent patterns. 
This algorithm employs a core data structure concept 
lattice Hasse diagram in formal concept analysis 
theory to store frequent concepts, and designs quick 
building lattice algorithm in batches. It builds lattice 
layer by layer based on hierarchical concept lattice, 
and generates cross-layer connections Hasse diagram. 
The algorithm do the dynamic pruning for the 
concept lattice based on the minimum support degree 
and relevant properties, and delete a large number of 
non-frequent concepts, just reserve frequent concepts, 
such that the space and time complexities of the 

algorithm are greatly enhanced. The experimental 
results show that the efficiency of the algorithm is 
superior to previous algorithms.  

 
2. Basic Concepts 

 

2.1. Concept Lattice 
 

In the formal concept analysis, it can be 
understood as follows, the extension of a concept C is 
a set of all objects that belong to the C, the common 
feature or attribute set of all these objects is called the 
connotation of the concept C, and each concept in 
concept lattice is a set of objects of the greatest 
common properties. All concepts together with the 
relationships of generalization / instantiation form the 
concept lattice. The concept lattice is the core data 
structure of formal concept analysis theory, the 
corresponding Hasse diagram realize data 
visualization. And for a formal context, the 
construction of concept lattice structure is unique, 
that is to say, it does not influenced by the ranking of 
data or attributes, which is a very significant 
advantage of the concept lattice. 

Definition 1: Let I={i1, i2, ....., im} is a set of 
items, the transaction database D=<T1, T2, ......, Tn>, 
each transaction T is a set of items, T I, if XT, 
then X is called an itemset, if X has k elements, then 
X is called k-itemset. If the support degree is greater 
than or equal to a given threshold minsup of an 
itemset X, then X is a frequent itemset or frequent 
pattern.  

Definition 2. A formal context is a triple  
K =(G, M, I), where G is a set of objects, M is a set 
of attributes, I is a binary relation between  
the G and M, i.e. IG×M, gIm denotes it exists a 
relationship I.  

Definition 3. In the formal context K, a binary 
groups (A, B) from G×M exists the following  
two properties: 

1) B=ƒ(A), where ƒ(A) ={m: (m∈M) ∧ (  g 
∈A G, gIm)}; 

2) A=g(B), where g(B)= {g: (g∈G) ∧ (m ∈B 
M, gIm)}; 

In the formal context K, (A, B) is called as a 
concept, where B is referred to as intent of the 
concept, and A is called the extension of the concept. 
Each concept is a node of concept lattice, the 
maximum element of lattice is (G, f(G)), the 
minimum element of lattice is (g(M), M). 

Definition 4. A partial order relation between the 
concept nodes is established. Given C1=(A1, B1) and 
C2=(A2,B2), then C1>C2  B1B2 A1 A2, the 
leading order means C1 is the parent node of C2 or the 
generalization. If concepts C1=(A1, B1) and C2=(A2, 
B2) satisfy A2  A1, and there does not exist the 
concepts (A, B) such that A2AA1; then C1 is 
called the direct super-concept of C2, C2 is a direct 
sub concept of C1, referred to as (A1, B1)>(A2, B2). 
The linear diagram of concept lattice is generated 
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based on the partial order relation, which is  
Hasse diagram. 

Definition 5. In the form context K=(G, M, I), the 
relationship between the object g∈G and the 
property m∈M is (g, m)∈I or (g, m)I. A limited 
form background can be represented by a matrix,  
if (g, m)∈I, we use digit l to represent in the matrix;  
if (g, m)I, we use digit 0 to represent in the matrix,  
this matrix is said to be a transaction matrix T in 
formal context K.  

Definition 6. For the concept C (X, Y), C' (|X|, Y) 
is quantized by the concept C, and C is the real 
concept of C' . |X| is the cardinality of the epitaxial X, 
the posed lattice is quantified by quantitative concept, 
which is quantitative concept lattice. 

Definition 7. Given concept C (A, B), B∈M; 
given a threshold minsup∈[0, 1], the support degree 
of attribute set B in forms background K is 
sup (B)=|g(B)|/|G| (where g (B) = {g∈G|  m∈B:  
(g, m) ∈I}), if sup (B) ≥ minsup, then B is called the 
frequent attribute set, and C is a frequent concept. 
That if the connotation of concept is frequent, then 
the connotation is called as the concept of frequent 
connotation, which is also called as frequent concept, 
sup (C)= |g(B)| / |G| = |A| /| G| ≥minsup, where |A| is 
the epitaxial base of concept C, |G| is the total 
number of transactions in the database D.  

Definition 8. Let K =(G, M, I) be a form context, 
for an attribute y∈M, in the matrix of K, if y 
corresponding to the columns has numbers of n equal 
to 1, we call the rank of the attribute is n, denoted as 
r (y)=n. Denoted by m=max{r(y) |y∈M}, m is the 
rank of form context. 

Definition 9. In the concept lattice, if B in the 
concept (A, B) contains the number of attributes is K, 
called (A, B) is the lattice nodes of the K-th layer, the 
layer is referred to as the Lk.  

The following properties can be obtained from the 
above definitions.  

Property 1. Any one lattice nodes in the N-th 
layer, which at least is covered by one of the lattice 
nodes in the N-1-th layer. 

Property 2. The concept nodes in Lk layer and 
other concept nodes or temporary nodes intersect in 
pair, and generate Lk+1 layer nodes, where the non-
concept nodes are called temporary nodes. 

Property 3. For C1=(a, b) and C2=(a’, b’), if it 
satisfies a’ a, b’ b, then directly discard C2. 

Property 4. For C1=(a, b) and C2=(a’, b’), if it 
satisfies a’=a, b’  b, C1=(a, bb’), then directly 
discard C2.  

Property 5. For C1=(a, b) and C2=(a’, b’), if it 
satisfies a’  a, b’=b, C1=(a a’, b), then directly 
discard C2.  

 
 

2.2. The Relation Between Concept Lattice 
and Frequent Itemsets 

 

The relationship between the set of attributes 
values (itemset) has been reflected in the concept 

lattices. If take G as a set of transaction set TIDS in 
association rules, M as a set of items, I as the 
relationship between them, that is to say, which 
transaction has the same items set, then each concept 
lattice node is actually a maximum itemset. The 
lattice node can be expressed as C= (A, B),  
where |A| is the cardinality of the set of all cases 
belongs to C, B is their common properties. 
Obviously, for each node (A, B), if |A|/|D| is greater 
than the minimum support degree minsup, then B is a 
frequent itemset, and |A| is the support degree count 
of frequent itemset. 

 
 

3. FPCL Algorithm 
 

3.1. The Descriptions of Algorithm 
 
From the structure of the concept lattice, it can 

easily be seen that concept lattice is composed of two 
parts: the node of concepts and the connections 
between nodes. Therefore, the essence of 
constructing concept lattice in the batch algorithm is 
to generate the concept nodes and the connection 
relationship between them. The two tasks are 
included in constructing concept lattice:  

1) Generate all lattice nodes;  
2) Establish the direct predecessor and direct 

successor relations between all the lattice nodes.  
In the batch processing algorithms, the Bordat 

algorithm is simple, intuitive, and representative [2]. 
The lack of this algorithm is to generate a lot of 
duplicate lattice nodes. Each node has many parent 
nodes, so it is generated a number of times. In this 
paper, the designed algorithm FPCL draws the 
characteristics of Bordat algorithm, it is simple, 
intuitive and easy-to-parallel computing, and the core 
designed idea of this algorithm is as follows. For the 
concept node C = (g (m), m) in Lk layer and other 
concept nodes C'=(g (n), n) or the temporary nodes 
C*=(g (n), n), do such operations: construct the 
intersection operation of the extension and the 
combination operation of the connotation 
g(m)  g(n), m  n for every two nodes, and the 
results are taken as the extension and the connotation 
of the newly generated node for Lk+1 layer; generate a 
new node each time is then to call 
PruningConceptLattice(), do the pruning operation 
and delete the duplicate, contained and non-frequent 
nodes; after pruning, if nodes should be reserved, 
then call on the function IsConceptLattice() to 
determine whether the concept node, the non-concept 
nodes are marked with * as provisional nodes, such 
as C*; and for each newly generated node, we call the 
function GenerateLine() to connect the new 
generated nodes to the upper concept parent nodes to 
generate the parent-child relationship, the key of this 
step is to judge the parent node is a temporary node 
in k layer, if it is, we must look for the parent concept 
of concept nodes from k = k-1 layer continually and 
do the connections; after generating all the nodes in 
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Lk+1 layer, we need to delete all temporary node in Lk 
layer to free the space up, until finish generating Lk+1 
layer and establish a father and son connection 
between nodes. Repeat the above steps it will be to 
build a complete concept lattice, at the same time, the 
methods of seeking the parent-child relationship of 
concept nodes up to layer by layer, such that this 
algorithm can generate the Hasse diagram of inter-
layer connection. 

 
 

3.2. Pseudo Codes 
 

Algorithm: FPCL 
Input: A formal context (K), a minimum support 

(minsup) 
Output: Concept lattice L corresponding Hasse 

diagram 
 // Initialization 
D=0; // numbers of all transaction records 
Cmax=Null; // maximum element 
Lk=Null; //save the concept lattice nodes  
Flag=false; 
Begin; 
K→T’; //formal context K is changed into 

transaction matrix T’ 

    T’
( ) in a descending order r msort  by 

T; // generate 
sorted matrix T 

    D=|G|; // G is a set of all records  
C=Cmax=(G,  ), m∈M, C*=(g (m), m) → Lk=0;  

    k=0; 
    While Lk→Lk+1 

       For each Cm∈ Lk //Cm is a concept node  
          For each Cn∈Lk-Cm   //Cn is a concept node or 

a temporary node 

           Cm Cn   nm,  g(n)g(m)  C∈Lk+1;  
    PruningConceptLattice(C);// Pruning 
     IsConceptLattice(C); // determine whether is 

the concept node 
IF Flag==false and C. Extent==Cmax. Extent 

THEN 
         Cmax=C;// find the maximum element to 

replace Cmax 
             Flag=true; 
     ELSE IF Flag==false and 

C.Extent Cmax.Extent THEN 
         Add edge C →Cmax ; 
        ELSE IF 

         GenerateLine(C, k); //connect to generate 
a parent-child relationship 

     END IF 
  End For 

       End For 
  // Delete all temporary nodes in Lk layer  

       For each C*∈ Lk  
   Delete C* From Lk; 

          End For 

       k++; // continue to generate the nodes in next 
layer  

   End While 

END 
Function: PruningConceptLattice(C) 
BEGIN 
//sup(C) represents a epitaxial base of C 

    IF sup(C)/D < minsup  
       Delete C From Lk; 
    End IF 
       For each C’=(a’, b’)∈ Lk-C=(a, b)  

    IF a’ a And b’ b 

         Delete C’ From Lk; 
    Else  IF a’=a And b’=b 

         Delete C’ From Lk; 
    Else  IF a’=a And b’ b 

         C=(a, bb’); 

      Delete C’ From Lk; 
   Else  IF a’ a And b’=b 

      C=(aa’, b); 
      Delete C’ From Lk; 
   End If 

       End For   
 End 

 
Function: IsConceptLattice(C) 
BEGIN 
// if the base of connotation property of C is larger 
than the layer ID k, then C is not a concept in this 
layer, marked as a temporary concept node 

If (|C.Intent|>k)  
 { C→C*; } 

Else 
{ g(m), T→T’, tm;// T' is a matrix composed of g 

(m) rows in T; tm is a column vector with 
all 1's after the merger of m columns in 
T';  

For each t∈T’M-m 
If((tm[0]*t[0])*(tm[1]*t[1])*......(tm[|M|-

1]*t[|M|-1])==1) 
{ C→C*; 

   Break; }  
End For 

} 
End 
 
Function: GenerateLine(C, k) 
BEGIN 
  For each Cp ∈ Lk 

IF Cp is  C's parent node And No edge C→Cp 
  IF Cp  is  a concept node  
    reAdd edge C →Cp ; 
  Else IF Cp  is a temporary node 

GenerateLine(C,k-1);//after finding the parent 
concept nodes of nearest  
layer C then plus edge 

  End IF 
End IF 

   End For 
End 
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3.3. Example 
 

The formal context K is determined by the front 
eight things in the transaction database D as shown in 
Table 1, the fixed number of attributes is 7, the 
minimum support degree minsup=20 %.  

 
 

Table 1. Formal context. 
 

No. a b c d e f g 
1 1 0 1 1 0 1 0 
2 1 1 1 1 0 1 0 
3 1 0 1 0 0 0 1 
4 1 1 0 0 0 0 1 
5 1 1 0 0 0 0 1 
6 1 1 1 0 0 0 1 
7 1 1 0 1 0 1 0 
8 1 0 1 1 1 0 0 

 
 
Input: the formal context K is shown in Table 1, 

the minimum support degree minsup =20%.  
Output: the corresponding Hasse diagram of 

concept lattice  L. 
// Initialization  
D=0;// numbers of all transaction records 
Cmax=Null; // maximum element 
Lk=Null; // save the concept lattice nodes  
Flag=false;// whether to find maximum element 
Step 1: Let formal context K is changed into 

transaction matrix, sort in a descending order 
according to r(m)=n, and generate matrix T; 

D=8; Cmax= (12345678,  ); 

 
 

 
 

Fig. 1. The transaction matrix T after ordering. 
 
 

For each m∈M, generate C*=(g (m), m) = 
{C01*=(12345678, a)*, C02*=(24567, b)*, C03*= 
(12368, c)*, C04*=(1278, d)*, C05*=(3456, g)*,  
C06*=(127, f)*, C07*= (8, e)*}; C=Cmax and C* are 
composed of the set of the temporary layer  
nodes Lk=0.  

The generated process from Lk=0 to Lk=0 is as 
follows: for the concept nodes C=(g(m), m) and other 
temporary nodes C*=(g (n), n) in the current layer 
Lk=0, construct the intersection operation of the 
extension and the combination operation of the 
connotation g (m) g (n), m n, and generate new 
nodes in Lk=1 layer, and for each newly generated 

node, we call for the function 
PruningConceptLattice() to do the pruning. At each 
time it generates a new node and then calls the 
function PruningConceptLattice() to do the pruning 
for nodes, and remove duplicate, contained and non-
frequent nodes, where only the node support degree 
sup(C17)=1/8<20 % of node C17=(8, e), so this step is 
only to remove the C17 node; after pruning for each 
node, we call function IsConceptLattice() to 
determine whether the node is a concept node, if not, 
the non-concept nodes marked with * as temporary 
nodes, when C11=(12345678, a) is determined by the 
concept, because Flag=false and 
C1.Extent=Cmax.Extent, so Cmax=C11 is a maximum 
element, and make Flag = true, to find the maximum 
element; other nodes from C12* to C16* are temporary 
nodes; for each newly generated node, we call for 
GenerateLine() function to generate a new node and 
connect with the concept parent node of the recent 
upper layer, due to the nodes in Lk=1 layer have no 
upper parent node, it does not need to increase the 
edges; after generating the parent-child relationship, 
then to delete the temporary nodes in Lk=0 layer, the 
set of nodes in Lk=1 layer is: {C11=(12345678, a), 
C12*=(24567, b)*, C13*=(12368, c)*, C14*=(1278, d)*, 
C15*=(3456, g)*, C16*=(127, f)*}.  

The nodes of current layer Lk=1 can compute the 
new nodes for layer Lk=2, owing to layer Lk=1 only 
includes concept node C11, C11 and the other 
temporary node is computed, at last, the set of nodes 
in layer Lk=2 is {C21= (24567, ab), C22= (12368, ac), 
C23=(1278, ad), C24=(3456, ag), C25*=(127, af)*}; 
according to function PruningConceptLattice() to 
prune the nodes in current layer, and there are not 
deleted nodes; according to function 
IsConceptLattice(), these nodes have yet to is concept 
nodes, C25*= (127, af)* is only temporary node, 
according to function GenerateLine(), the link is 
connected between the node C11 and the other nodes, 
then delete all temporary nodes in layer Lk=1, the 
process as shown in Fig. 2. 

The nodes of current layer Lk=2 can compute the 
new nodes for layer Lk=3, the set of nodes in layer 
Lk=3 is {C31=(26, abc), C32*=(27, abd)*,  
C33=(456, abg), C34*=(27, abf)*, C35=(128, acd), 
C36=(36, acg), C37*= (12, acf)*, C38= (127, adf)}; 
according to function Pruning ConceptLattice(), the 
nodes C32* and C34* is combined to the new node 
C32*=(27, abdf)*; and according to function 
IsConceptLattice(), although the node  
C32*=(27, abdf)* is concept node, it is not node in 
current layer, so this node is labeled to temporary 
nodes. At last, the set of nodes in layer Lk=3 is 
{C31=(26, abc), C32*=(27, abdf)*, C33=(456, abg), 
C35=(128, acd), C36=(36, acg), C37*=(12, acf)*,  
C38=(127, adf)}; According to function 
GenerateLine (), the relationship between father and 
son nodes are connected, the process as shown  
in Fig. 3. 

The nodes of current layer Lk=3 can compute the 
new nodes for layer Lk=4, the set of nodes in layer 
Lk=4 is {C41*=(2, abcdf)*, C42=(6, abcg),  
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C43*=(2, abcd)*, C44*=(2, abcf)*, C45=(12, cdf),  
C46= (27, abdf)}; According to function 
PruningConceptLattice(), Delete less support nodes 
C41*=(2, abcdf)*, C42=(6, abcg), C43*=(2, abcd)*, 
C44*= (2, abcf) * for sup(Ckn)=1/8 <20 %; According 
to function IsConceptLattice(), determine whether the 
concept nodes, at last, the set of nodes in layer Lk=4 is 
{C45=(12, acdf), C46=(27, abdf)}; According to 
function GenerateLine(), the relationship between 
father and son nodes are connected, then the all 
temporary nodes in layer Lk=4 is deleted, the father 

link between node C46 and C38=(127, adf), the cross-
layer father link between node C46 and  
C21=(24567, ab) are built, the process as shown  
in Fig. 4. 

The nodes of current layer Lk=4 can compute the 
new nodes for layer Lk=5, the set of nodes in layer 
Lk=5 is {C51=(2,abcdf)}, owing to the less 
sup(C51)=1/8<20 % for C51; according to function 
PruningConceptLattice(), the node is deleted, the 
process as shown in Fig. 5. 

 
 

 
 

Fig. 2. Layer Lk=2 be generated by layer Lk=1. 
 
 

 
 

Fig. 3. Layer Lk=3 be generated by layer Lk=2. 
 
 

 
 

Fig. 4. Layer Lk=4 be generated by layer Lk=3. 
 
 

 
 

Fig. 5. Layer Lk=5 be generated by layer Lk=4. 
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So there are not the nodes of next layer, at last, 
the link between the least element ( , abcdefg) and 

the above node is constructed, the entire process for 
building concept is finished. 

Aiming at the core steps, we give an example, 
where calling IsConceptLattice() function to judge to 
determine the node whether is a concept node or not: 
in the generated process from Lk=1 to Lk=2, example as 
follows: by the operator C11 and C14* to generate 
C23=(1278, ad), the judgement method is firstly to 
take T’ and tad from the formal context matrix as 
shown in Fig. 6; multiply each element of ad column 
vector and the elements correspond to the remaining 
column vector in T', the multiplied value is also the 
product, and its values can only be 0 or 1, if there 
exists the multiplied value of one column  
is 1, then it explain that there exists the identical 
column vectors between the rest columns in  
T’ and tab, and therefore it does not satisfy the 
definition 3, so the node is not a concept. The 
determination results are as follows:  
ad*b=(1*0)(1*1)( 1*1)( 1*0)=0, 
ad*c=(1*1)(1*1)( 1*0)( 1*1)=0, 
ad*g=(1*0)(1*0)( 1*0)( 1*0)=0, 
ad*f=(1*1)(1*1)( 1*1)( 1*0)=0, 

Since the multiplication results of the ad and b, c, 
g, f are 0, thus the ad is a concept.  

 
 

 
 

Fig. 6. Temporary matrix T’. 
 
 

While the generated process from the Lk=2 layer 
node to the Lk=3 layer node, C21=(24567, ab) and 
C23=(1278, ad) generate C32*=(27, abd)*, 
C21=(24567, ab) and C25*=(127, af) generate  
C34*=(27, abf)*, by pruning function 
PruningConceptLattice(), it synthesize C32=(27, 
abdf), then calling function IsConceptLattice(), 
though C32 is a concept, due to |C32.Intent|>3, thus 
C32 is not the layer concept, which is marked as a 
temporary node C32*=(27, abdf)*.  

In the generated process of Lk=4 layer node, 
through the concept node C38=(127, adf) and 
temporary nodeC32*=(27, abdf)* to generate the 
concept node C46=(27, abdf), node C46=(27, abdf) is 
connected to line with the two parent nodes, it finds 
that the parent node C32*= (27, abdf)* is a temporary 
node, then continue to be found to the parent node 
from upper layer C21=(24567, ab) to establish the 
parent-child connection.  

The Hasse diagram corresponding to the obtained 
concept lattice is shown in Fig. 8. 

 

 
 

Fig. 7. To find the upper parent concept node. 
 
 

 
 

Fig. 8. The Hasse diagram corresponding  
to the concept lattice L. 

 
 

4. Experimental Analysis 
 
Because the FP-Growth algorithm [23] has good 

time efficiency, we choose FP-Growth and the FPCL 
to make a comparative analysis to analyze the 
performance of the algorithm. The experimental 
environment is a Pc machine of a Windows Server 
2003 operating system, I7 2.0G 64-bit quad-core 
eight lines with the processor, 8G memory, and the 
program runs on the environment of JAVA 
SDK1.4.2. The data set Mushroom is selected from 
machine learning databases UCI provided by the 
University of California (http://archive.ics.uci. 
edu/ml/), the data set contains a total of 8124 objects, 
23 attributes, under different minimum support 
degrees (1 %, 5 %, 10 %, 15 %, 20 %), the two 
algorithms are do the test for the generated process of 
frequent itemsets, and the experimental results show 
that the number of two algorithms generate the same 
number of all frequent itemsets, and the performance 
results are shown in Fig. 9.  

The comparison results show that when the 
minimum support is 1 %, the efficiency of the two 
algorithms for generating frequent item sets is 
similar, because the number of the generated frequent 
items is more at low support degree, the time 
overhead is great for constructing trees of the  
FP-Growth algorithm or the constructing lattice of 
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the FPCL algorithm. However, with increasing 
support degree, the advantages of the FPCL 
algorithm is obvious, due to much pruning for non-
frequent items, it reduces the time of the constructing 
lattice, such that the efficiency is  
significantly improved. 

 
 

 
 

Fig. 9. The comparisons of running time  
by two algorithms. 

 
 

In addition, our designed algorithm FPCL dose 
the layer for concept lattice nodes, by a breadth-first 
approach it is to construct lattices down layer by 
layer, and sort the rank size of each attribute vector 
in the formal context matrix, then it determines the 
temporary node as soon as possible when judging 
whether are the concept nodes; the nodes in lower 
layer are generated by the upper concept nodes and 
other concept nodes or temporary nodes for pairwise 
operations; screening the newly generated nodes by 
the minimum support degree, and delete the 
duplication and contained nodes, in the following to 
determine each node whether belongs to concept 
node or temporary nodes, if it is a temporary node, 
then mark with *; thus the generated node has no 
redundancy and duplication, such that there exists no 
redundancy and duplication nodes in the next layer, 
so as to speed up the construction of lattices. To 
determine new node whether belongs to the concept, 
it uses the transaction matrix to extract parts of rows 
that attributes intersect are equal to 1 to compose the 
validation matrix so as to judge quickly. Therefore, it 
speeds up the speed of the judgment nodes. At the 
same time, the approaches of concept nodes seeking 
the parent-child relationship up layer by layer, such 
that this algorithm can generate the Hasse diagram of 
the inter-layer connection. 

 
 

5. Conclusions 
 
In this paper, a frequent itemset mining algorithm 

FPCL based on concept lattice constructing lattice in 
batches approach. With the introduction of the 
stratified nodes of concept lattice, and discuss the 
property of the hierarchical concept lattice, by the 

breadth-first approach of constructing the lattice 
layer by layer, such that each layer node does not 
generate duplicate node. Therefore, the generation of 
the nodes in the next layer does not occur as the case 
that duplicate nodes generate the nodes, such that the 
generation speed of the nodes is improved, so as to 
improve the solving efficiency of the frequent 
itemsets, and some examples are given to illustrate 
the specific steps and correctness of the algorithm. 
The experiments also proved the superiority of the 
space and time complexities of the algorithm. Our 
direction and future research work are to expand the 
applications of the algorithm and make use of the 
mining results to generate non-redundant association 
rules quickly. 
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Abstract: When the wavelet image mosaics, first of all have to wavelet decomposition, the mosaic image is 
decomposed into multiple scales. In this paper, based on the improved area energy fusion method matching the 
appearance of negative, through the introduction of absolute value, eliminate the negative phenomenon. The 
paper presents the algorithms of image wavelet optimize splicing and fusion based on improved region energy. 
The algorithm to achieve the mosaic effect chart maintained from the source image information is the largest 
while eliminating the seams, and verify the validity and rationality. The simulation results verify the correctness 
and the validity of the algorithm, but also to enhance the clarity of the image fusion provides an effective way. 
Copyright © 2013 IFSA. 
 
Keywords: Wavelet optimize, Region energy, Image mosaic, Image fusion. 
 
 
 
1. Introduction 

 

Fusion refers to the imaging of the multi-sensor of 
the same target, or the same scene or a single imaging 
sensor in accordance with certain rules, certain 
processing, generating a comparison with the original 
image information is more comprehensive and 
accurate and stable and having a the new image of 
redundant and complementary information [1]. Image 
fusion in the military field and non-military fields 
such as remote sensing images, medical images, 
machine vision has been widely used.  

The image is reflected to the objective things or 
process space, time, the array of information of the 
amount of interrelated features. The digital image 
with various observing systems in different forms and 
means of observation of the objective world can be 
direct or indirect role in the human eye and thus 
produce visual perception entity. The meaning of the 
image quality mainly includes two aspects: image 
fidelity and image intelligibility. The fidelity of the 

image refers to the degree of similarity between an 
image and reference image, image processing or 
usually distorted after transmission or experiencing 
interference, it is compared with the original image, 
will be able to reflect the processing or in the image 
quality of the transmission system aspects of the 
performance of the pros and cons. The intelligibility 
image Relevance refers to the image with some 
purpose people, for example, the beautiful, clear, rich 
layers of clear goals highlight characteristics reflects 
the value of the other aspects of the case. 

Image fusion is generally divided into three 
categories: the pixel level, feature-level and decision-
level fusion. The pixel-level fusion as basic fusion, 
feature fusion and decision level fusion. Pixel-level 
image fusion process can generally be divided into 
four steps: pre-processing, transformation and inverse 
transform (reconstructed image). The pretreatment 
includes a filtering and the registration processing on 
the original image to be fused. Alignment to the 
original image is to be fused to make the necessary 

Article number P_1369 

http://www.sensorsportal.com


Sensors & Transducers, Vol. 156, Issue 9, September 2013, pp. 360-367 

 361

conversion, are aligned so that each of the pixels of 
the fused image. 

Seamless image stitching technology today 
photogrammetry, and it is very active in the field of 
computer vision, digital image processing and 
computer graphics, remote sensing image processing, 
medical image processing, such as disciplinary 
research focus. Everyday life, ordinary camera to get 
wide-field must adjust the camera focal length, shot 
through the zoom lens to complete the scene, but the 
acquired panoramic photo resolution is relatively 
low, because the camera's resolution is certain, so 
shoot scene larger scene image of lower resolution, in 
order to obtain high-resolution scene photographs 
had by zooming the camera lens to reduce the field of 
vision of shooting, but it is not a complete scene 
photos and therefore require in the size of the scene 
and compromise between high and low resolution, so 
produce multiple images together to form one  
big scene. 

Seamless image stitching technology widely used 
in the field of remote sensing processing, virtual 
reality, has aroused extensive attention of domestic 
and foreign researchers and research. Only from the 
impact of the visual evaluation patchwork eliminate 
aspects of seamless process multiple images in a two-
dimensional plane of the research object to explore 
the following questions: based the existing stitching 
fusion algorithm, consider the image to be processed 
there is a big gray scale differences, the image 
distorted and partial mismatching may make the 
processed image in the mosaic, mosaic border at 
double boundary and a rough transition issues, put 
forward a more perfect stitching fusion algorithm. 

Image fusion based on regional energy proposed a 
fusion method based on image fusion algorithm 
based on wavelet transform. Wavelet transform-
based image fusion algorithm is mainly the fact that 
the use of the human eye is more sensitive to the 
changes in the local contrast according to certain 
fusion rule, selected the most significant feature in 
the original image, multiple, for example edge 
segment, and these characteristics are retained in the 
final synthesized image. Wavelet transform of an 
image, the absolute value of the wavelet coefficients 
corresponding to the edge of the more significant 
characteristics, largely based on wavelet transform 
image fusion algorithm to study how to select the 
wavelet coefficients in the composite image, that is, 
three the direction of the high-frequency coefficients, 
so as to achieve the purpose of preserving image 
edges. The paper presents the algorithms of image 
wavelet optimize splicing and fusion based on 
improved region energy. 

 
 

2. Image Fusion Method Based  
on the Regional Energy 
 
Region-based fusion rules and it is based on 

regional energy, regional variance, and regional 
gradient. Which, based on the integration of the 

regional energy rules consider the correlation 
between each pixel in the region and it is the local 
characteristics of the image can be further 
manifestation, therefore, this rule has been widely 
adopted in image fusion [2]. Larger regional energy 
center pixel represents a distinctive feature of the 
image, the image edge segment corresponds to the 
absolute value of the wavelet coefficients, so will 
measure the size of the area of energy as fusion rules. 

Two image (or multiple images) through the 
decomposition of the two-dimensional wavelet 
transform, respectively, to obtain a low frequency 
component and high frequency components of the 
corresponding image. High-frequency component 
includes a horizontal high-frequency component, a 
vertical high-frequency component and a diagonal 
high-frequency component. The low frequency 
component corresponding to the low frequency 
coefficients and it is the high frequency component 
corresponding to the frequency coefficient  
(wavelet coefficient).  

For the low-frequency coefficients, select a 
simple weighted average fusion algorithm as the 
fusion rule; while for the high-frequency coefficient 
(wavelet coefficient), since the larger the center pixel 
of the region energy represents the obvious features 
in the image corresponding to the edges of the image, 
the line segment characteristics such absolute the 
large value of wavelet coefficients, determines the 
size of the area of energy, directly after the 
decomposition of the corresponding image is selected 
larger regional energy of the wavelet coefficients as a 
fusion image wavelet coefficient. 

Image Fusion is a new concept in the late 1970 s, 
it is a modern high-tech combination of sensors, 
image processing, signal processing, computer and 
artificial intelligence technology. (Wide spatial and 
temporal coverage, high goals and measuring 
dimension reconstruction ability, redundancy, 
complementarily, time superiority and relatively low 
cost, etc.), highlight the superiority of the probe 
image fusion system has advanced technology in the 
international countries are highly valued, and has 
made considerable progress, as is shown  
by equation (1). 
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Original image fusion algorithm based on 

regional energy introduced the concept of "matching" 
of matching the degree of closeness represents the 
energy of two images corresponding to the local area, 
or away from the degree [3]. Artificially defined 
threshold (typically 0.9). If the match is greater than 
this threshold, it shows that the area of the two 
images corresponding local energy is relatively 
similar, take a weighted fusion algorithm, the 
comprehensive two regional energy wavelet 
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coefficients corresponding final draw wavelet 
coefficients of the fusion image. 

Improved image fusion method based on the area 
of energy, a detailed analysis of the reasons for this 
phenomenon, as the introduced matching degree plus 
the absolute value of the corresponding fusion 
algorithms. If we add the absolute value of the match 
less than a defined threshold, the wavelet coefficients 
taken directly select the corresponding local area 
energy; plus the absolute value of the matching 
degree greater than a defined threshold. 

The wavelet transform has a "mathematical 
microscope" focus function, and thus the pace of 
reunification of the time domain and frequency 
domain, but also be able to orthogonal frequency 
domain decomposition, wavelet transform image 
fusion growing. Dyadic wavelet transform is more 
commonly used the three enters or more into the 
wavelet algorithm, however, expected to achieve 
better results in this regard, as is shown by Fig. 1. 

 
 

 
 

Fig. 1. Improved image fusion method based on the area of energy figure. 
 
 

Finally, the fusion of the wavelet coefficients 
inverse wavelet transform fusion image fusion 
algorithm based on wavelet transform is the first 
image is decomposed wavelet coefficients of 
different frequency bands, and then using the fusion 
rules of wavelet coefficients for each frequency band 
fusion image [4]. Wavelet coefficients fusion rules 
can be divided into two major categories of pixel-
based and region-based. For pixel-based fusion rules, 
by the size of the wavelet coefficients directly 
compare the image transformed to select the wavelet 
coefficients of the fusion image. 

Fully consider regional energy-based image 
fusion of the local features of the image often can not 
be expressed by one pixel, it is characterized by a 
plurality of pixels in a local area and embodied 
within a local area of the normal image tend to have a 
strong correlation between each pixel, so to 
overcome the one-sidedness of the pixel-based fusion 
rules, and get a further manifestation of the local 
features of an image. Now the use of regional energy 
integration as image fusion rules article after another 
has become a hot research, as is shown by equation 
(2). 
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This method is relatively pixel-based fusion rules 
tend to have a strong correlation this characteristic, 
due to the consideration of the respective pixels 
within the local region between fusion results 
obtained better visual characteristics, details richer 
and prominent effects, information amount to get a 
raise. However, relative to the original two local 
regional energy similar case directly to select area 
larger energy wavelet coefficients based on regional 
energy image fusion and improved image fusion 
based on regional energy likely to cause relative loss 
of information. 

Original image fusion algorithm based on 
regional energy, as opposed to the simple fusion 
algorithm based on the regional energy, with some 
improvement, considering the energy of two images 
corresponding to the local area in the case of similar 
regional energy wavelet coefficients means a 
combination of the information included in the two 
images among the fused image. However, because 
the images are often incomplete with prospective 
situations exist, often makes the application of 
traditional rules based on the integration of the 
regional energy regional energy obtained matching 
degree negative lead the energy proximity between 
the areas is difficult to determination will result in 
some loss of information, affect the clarity of the 
fusion image. 

In this paper, based on wavelet transform, a 
detailed analysis of the image fusion method based 
on the area of energy, for the original suggestions for 
improvement based on the existing problems in the 
regional energy image fusion method, namely 
improved image fusion method based on the regional 
energy; in pixel-based and region-based fusion 
method two categories, the selection of wavelet basis 
function.   

Wavelet analysis is a signal and information 
processing tools, at the time - described in the scale 
plane non-stationary signals overcome a Fourier 
analysis of the function of a single variable (time or 
frequency) signal disadvantage. As a new multi-
resolution analysis method has been widely used in 
the field of engineering studies. 

Application of wavelet transform in another 
important advantage is that: the computational 
complexity. Fast Fourier transform has complexity, 
however fast wavelet transform only. Now consider a 
continuous signal which is in the space (all square 
integral function), and produced the following 
approximate sequence [5]. If the size of the image as 
the basis for the principle of halving the pixels of the 
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image decomposition, the largest for the 
decomposition times, but in practical applications, it 
is not possible to take so much, otherwise the sub-
picture pixel too few points will cause severe 
distortion. Conversely, the decomposition level too 
little not reflect the multi-scale thinking, generally 
take 3 to 4 layers appropriate (scholars believe that 2 
to 3 layers appropriate), as is shown by equation (3). 
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As long as it meets the above requirements, so in 

the following discussion content can be applied to 
any kind of wavelet function. In the absence of 
special conditions, for simplicity and effectiveness, 
we will be Hear wavelet as the example. Chart 
depicted in one of two binary tree recursive relations. 
Assuming that there is a time sequence, the sequence 
in the two forks tree at the same sampling interval is 
projected onto the scales. 

The wavelet transform as a new mathematical 
tool, the time between function domain (spatial 
domain) representation and a frequency domain 
representation. It in the time domain and frequency 
domain at the same time has a good localized nature, 
to gradually fine time domain (spatial domain) The 
sampling step can be "in focus" to any of the details 
of the object on the high-frequency component and 
thus known as the "mathematical microscope". A 
signal it can be decomposed into a separate part of 
the signal on the space and time, without loss of the 
information contained in the original signal and can 
be found in the orthogonal basis, to achieve non-
redundant signal decomposition. 

Fusion the basic idea of the image data is the first 
multi-source image, the two-dimensional wavelet 
decomposition; then to compare the details of the 
image information, at different angles to achieve 
fusion, to extract important wavelet coefficients in 
the wavelet transform domain through; finally, an 
inverse wavelet transform image can be obtained 
after the data fusion. The basic steps are as follows: 

1) Calculated according to equation (3) the image 
of the two-dimensional wavelet transform and 
decomposition level is it; 

2) The wavelet transform domain in the two 
images, respectively, of the horizontal, vertical and 
diagonal components fusion [6]. The high frequency 
coefficients of the two images of each scale will be 
compared to the position corresponding to the larger 
absolute value coefficient as significant wavelet 
coefficients retained; 

3) After the two images by the wavelet transform 
approximation coefficients for processing, since the 
image is fuzzy representation of the details (or high-
frequency information) lost more contrast, the overall 
information (or the low frequency information) to 
maintain good two image the difference between the 
approximation coefficients after wavelet 
decomposition to be much smaller than the difference 

between the wavelet coefficients, and therefore the 
fusion after the approximation coefficients by 
equation (4). 
 











1

0

1

0

2 )/()),((
M

i

N

j

NMMEANjiFSTD
 

(4) 

 
At present, the fusion performance evaluation 

mainly includes subjective and objective evaluation 
method. The objective evaluation method is often 
divided into three categories:  

1) According to a single image source image and 
fused image statistical characteristics);  

2) According to the fused image and the reference 
image;  

3) According to the fused image and the source 
image relationship. Let M× N image area F (x, y) of 
the total gray series L, Pi said the gray value of pixels 
and the pixels total ratio. 

Entropy reflects the size of the image carrying 
information number; average image is the pixel gray 
mean value, to the human eye as reflected in the 
average luminance; standard deviation reflected the 
image relative to the average gray value of the 
discrete case, to some extent, can also be used to 
evaluate the image contrast and visibility of size; 
evaluation of image clarity is the key index. Entropy, 
mean, standard deviation and visibility of  
4 parameter value is increasingly big, shows that the 
effect of image fusion. 

Image fusion demising effect principle of 
evaluating information, whether to improve noise is 
suppressed, homogeneous region noise suppression is 
strengthened, the edge information is retained, 
enhance image mean does [7]. 

Wavelet transform first choose a wavelet function 
on the image first layer wavelet decomposition, a low 
frequency image and a three high frequency image, 
and then for the low-frequency images of second 
layer wavelet decomposition, and so on, the number 
of decomposition, wavelet decomposition, fusion 
frequency range and more abundant, the fusion result 
details the more abundant, but this is not to say that 
the number of wavelet decomposition, image fusion 
quality is higher, but the fusion effect will decrease, 
of course the decomposition layer cannot exceed 
image size range [8]. 
 
 
3. Wavelet Optimization Method 
 

Wavelet transform image processing, the 
selection of wavelet base in image processing effect 
has a great influence on. General wavelet basis the 
main basis of the choice (1) (2) orthogonal linear 
phase (symmetry) (3) compact support (4) continuous 
four features, only with these characteristics, image 
decomposition of spatial image to each other, have 
better local and smooth degree, which can completely 
reconstruct the original image information. 
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However, this can also have a few wavelet 
function almost does not exist, in order to adapt to the 
different requirements of image processing 
technology, the characteristics of the different trade-
offs, produced with different characteristics of 
wavelet algorithm [9]. Orthogonal wavelet 
decomposition algorithm can guarantee the subspace 

image processing independently of each other, realize 
splicing can be on low frequency sub image multi-
scale decomposition, and according to the different 
frequency selecting different stitching width, will be 
spliced image according to its content features 
targeted splicing, has realized the seamless, smooth 
transition, as is shown by Fig. 2. 

 
 

 
 

Fig. 2. Wavelet transform image processing figure. 
 
 

Orthogonal wavelets derived low-pass and high-
pass filter, and the four functions are decomposed 
image frequency information, high level, high 
frequency vertical detail information of high 
frequency details and diagonal detail information, 
and the subspace decomposition of the sub picture 
information is orthogonal to each other, and there is 
no redundant information, thus effectively to 
improve the efficiency of information transmission 
and reduce the storage capacity [10]. At the same 
time, the image of each frequency band characteristic 
details of expression very image, lifelike, ensure the 
sub-band image reconstruction when the integrity. 

Orthogonal wavelet in image stitching 
application, can make the image is decomposed into 
different frequency bands on a sub-graph without 
correlation, it can maintain the energy decomposition 
without loss. And Fourier transform, Gabor 
transform, wavelet transform can in time and 
frequency domain local analysis, it can be telescopic, 
translation operation will signal or function multi-
scale gradually thinning, ultimately achieve high 
frequency time breakdown at low frequency, 
frequency segmentation, automatic adaptive time-
frequency signal analysis requirements, which can 
focus signal any details. 

For seamless image stitching technology 
research, this paper mainly discusses the effective 
elimination is flat-fell seam [11]. As we know, the 
influence of different factors may lead to different 
joints, and joints have generally can be divided into: 
the rules of seam and random process. This chapter 
first discusses when there is rules seam processing 
method when the seams and the most common 
correction method are in the stitching region using 
the weighted average method. 

In recent years, multire-solution techniques have 
been proposed in efficient image mosaic algorithm, 
such as Laplasse of Pyramid, according to the 
different frequency band overlapping width selection 
structure function of weighted, and the overlapping 

width is and the band into a certain proportion; 
multire-solution spline technique also has very good 
effect of stitching. The multire-solution signals 
decomposition and reconstruction technology in the 
unique advantages, it is widely used in the field of 
image processing. But based on the Laplasse gold 
tower algorithm, Gauss pyramid algorithm, in 
different scales of the sub image without wavelet 
transform that has a direction (the better able to 
explain the subgraph features), so this paper uses 
wavelet transform to complete a seamless image 
mosaic, as is shown by equation (5) [12]: 
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The first step after stitching image stitching is 

seam as an example to illustrate the rules of one-
dimensional weighting function selection method. 
General splicing processing effect in the vicinity of 
the pixel values of the required seam size must be 
continuous gradient that is smooth transition, in order 
to make the seam to eliminate, and ideal gradient 
should meet three conditions: 1 is a gradual process 
resulting in the intermediate state should keep the 
monotone smooth change; 2 is the intermediate state 
boundary surface should be kept smooth; the initial 
object and the target object is shared by a number of 
features in a gradual process should be retained. 

To solve this problem, through continuous 
regulation of sine function and obtain better results, 
or looking for a better weighting function, but if use 
the example of mosaic source may still see the splice 
region, so need to be designed with the weighted 
value [13]. Such rules can be used for splicing the 
arctangent gradient weighted function, but they must 
satisfy the above gradient conditions, if specific to 
the splicing of weighting function selecting principle. 

Because the MEM algorithm successfully breaks 
through the Rayleigh limit, thus further to attract the 
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majority of scholars on this issue in-depth and 
extensive research, such as the double linear 
prediction algorithm. These LP algorithm research 
for feature subspace algorithm for the rise of 
foundation, but also promote the LP algorithm 
research. LP type algorithms have a common 
drawback is the spectrum peak search will appear 
when the artifact peaks, but through some method  
to suppress. 

Objective assessment of image quality and visual 
effect of the results are often inconsistent, sometimes 
better image makes the vision to accept. But the 
subjective image quality evaluation by the observer, 
preferences, mood and mind, the severe refashion of 
the element, it is difficult to make an objective 
judgment. So the image quality evaluation of the 
trend is able to balance the two, from both subjective 
and objective to obtain precise evaluation system. 
Because the final identification image quality is the 
human vision, so the reasonable evaluation of the 
image quality of the method should fully conform to 
the characteristics of human vision (HVS), as is 
shown by equation (6): 
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Generally speaking, different weighting functions 

corresponding to different splicing effect, and 
different effect of stitching and corresponding to 
different evaluation index. Single factor evaluation 
indicators can be from one side of the image after 
stitching evaluation to measure the effectiveness of 
the algorithm, so the single factor index often has 
very strong specific aim, can objectively reflect the 
image content distribution, frequency of activity, 
carry information on local details characteristics, 
contribute to the processing algorithm improvement 
or correction. 

In order to make the image after stitching and to 
be spliced image deformation and the degree of twist 
is as small as possible; the pixel value variation 
amount should be as small as possible, and so as to 
maintain to be spliced images in the mosaic effect 
diagram characteristic integrity. More and more 
small, then spliced to be spliced image from image is 
extracted from the information quantity is more, its 
deformation and distortion is smaller, ideally = 0; but 
if = 0, then spliced image and image mosaic no gray 
value difference, then the image of the joint will not 
be modified. 

The image is essentially a source; it can be used 
to describe the information entropy. Image entropy is 
expressed by image carrying information volume, 
i.e., the image information more rich, gray change 
wind speed, the contrast is better, the details of the 
more prominent, the clearer the image, its entropy is 
also bigger [14]. In addition, the image entropy 
transform, entropy size only with local gray 
distribution relation, and with a single pixel gray 
value size, by a single noise impact is small, thereby 

improving the image of real content description 
precision, as is shown by Fig. 3. 
 
 

 
 

Fig. 3. Image entropy and stitching image figure. 
 
 

Mutual information in information theory is an 
important concept, it is the two variable correlations 
metric, or as a variable to contain another variable 
information quantity measuring, so you can use this 
concept to measure image mosaic with the source 
image mutual information, thus the evaluation of 
splicing effect. 

Based on the mechanism analysis of visual 
“attention” and it is if in the mosaic processing 
results of seam will cause great attention to visual 
perception, thereby undermining the overall effect. 
Assuming the image mosaic processing, only the 
presence of a mosaic area, so the mosaic image effect 
diagram may only exist in the following two 
situations: one is the embedded boundary exists 
together, another is mosaic area compared to other 
regional brightness is not harmonious sex. 

Image mosaic, mosaic final processing results are 
judged by human performance, and from the visual 
psychology point of view, the vision is a kind of 
positive feelings, and physiological factors related to 
not only, still of considerable extent depends on the 
psychological factors. People in the observation and 
understanding image are often unconsciously on 
some regional interest. 

 
 

4. The Algorithms of Image Wavelet 
Optimize Splicing and Fusion Based 
on Improved Region Energy 
 
First introduced the two dimensional wavelet 

image decomposition method, and then introduces 
the general image fusion method based on wavelet 
transform, finally introduces the fusion results 
evaluation index. Wavelet transform in time domain 
and frequency domain at the same time has good 
localization, the high frequency components using a 
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progressively finer time domain (spatial) sampling 
step length, can be "focused" any object to details, 
thus known as the "mathematical microscope", so the 
image fusion has been used widely. 

Static image mosaic manner generally using 
batch processing image sequences in the image at the 
same time are converted into the same coordinate 
system for registration, and then select different filter 
methods for image seamless fusion, thereby 
obtaining optimal stitching effect. The coordinate 
system is often based on regular users select their 
own, but the splicing process this coordinate system 
is fixed. What tell here refers to the splicing process 
coordinates do not transform, does not refer to the 
scene motionless. 

When the mosaic image registration, splicing is 
the main task to eliminate the seam, to achieve gray 
fusion splicing, even after the image in the joint 
smooth and natural. Vertical or horizontal seam 
elimination rule is based on the thought of effective 
fusion rules. In this rule, overlap with intensity of 
average and weighted fusion is the simpler of the two 
kinds of fusion algorithms. The use of average light 
intensity is very narrow, it is only in the direct 
combination based on a little progress, and the 
weighted fusion method is simple, fast method is 
more commonly used. Weighted fusion mainly 
focused on how to select the weighting function, in 
order to obtain more appropriate fusion weights, as is 
shown by equation 7. 
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In order to verify the validity of the improved 

algorithm, using traditional algorithm and the 
improved algorithm for image fusion results of 
comparative study, observation is improved, at the 
same time compared with using traditional algorithm 
and the improved algorithm the fusion image 
information entropy size. Fusion images of the 
entropy value is greater, the better the performance 
of fusion method. 

A considerable part of image region 
corresponding to the energy matching degree is less 
than zero, as can be seen, the improved based on area 
energy fusion image obtained than the original area 
energy fusion rules based on the fusion image 
sharpness is high, and the image edge features more 
obvious. We can see from the improved fusion 
method to obtain the fusion image entropy than by 
the traditional fusion methods the fusion image 
entropy increase, the amount of information is 
increasing, as is shown by Fig. 4. 

The paper presents the algorithms of image 
wavelet optimize splicing and fusion based on 
improved region energy. Stitching image algorithm 
from the mosaic image pixel distortion degree and 
the image after processing in joint space near the 
continuous degrees two aspects, through the fuzzy 
integral evaluation values in different frequency 

bands for wavelet realize splicing optimum 
weighting function. Pixel distortion describes the 
images before and after processing of information 
loss degree, spatial continuity describes to eliminate 
the seam degree, but they are conflicting. Through 
the fuzzy integral comprehensive evaluation value of 
the feedback to optimize the seamless image 
stitching algorithm, realized the mosaic effect graph 
is maintained from the source image information is 
the largest while eliminating the seams, and verify its 
effectiveness and rationality. 
 
 

 
 

Fig. 4. Compare of algorithms of image wavelet optimize 
splicing and fusion based on improved region energy. 

 
 
5. Conclusions 
 

Region based image fusion rule is currently one 
of the hot topics. In this paper, it is based on the 
regional energy fusion method. “Match “the 
appearance of negative, through the introduction of 
absolute value, eliminating the matching negative 
phenomenon, and based on this idea the 
corresponding fusion rules. The simulation results 
verify the correctness and the validity of the 
algorithm, but also to enhance the clarity of the 
image fusion provides an effective way. The paper 
presents the algorithms of image wavelet optimize 
splicing and fusion based on improved region energy. 
Image mosaic technology (Mosaic) is defined for a 
given image sequence, the image registration and 
positioning, and then fusion splicing, produce a 
seamless, high resolution and large scene image. 
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Abstract: Antibiotics are widely used to kill or inhibit microorganisms, but their abuse results in various types 
of side effects in humans and the appearance of super bacteria with tolerance to antibiotics. Excess residual 
antibiotics in food products have become a serious problem, and so a more reliable, accurate, and easier 
detection system has been required. Aptamers have strong potential as sensitive bioprobes for the development 
of biosensors for antibiotics detection, a specially designed aptamer for an antibiotic may be suitable for this 
purpose. Aptamers are synthetic RNA or DNA single-stranded oligonu-cleotide sequences which can be 
generated by an in vitro selection process called SELEX (Systematic Evolution of Ligands by Exponential 
enrichment) technique. Antibiotics are small molecule targets, therefore, they cannot act as an antigen 
independently and high specificity and affinity antibiotics antibody are difficult to prepare. Aptamers have 
advantages over antibodies, such as easy chemical synthesis, easy modification, and less immunogenic response, 
thus, which can be considered as a valid alternative to antibodies receptors to bind to the target molecules with 
high affinity. In this review, we concentrated on recent advances made in detection and quantification of 
antibiotics residues with aptamers biosensor. In this paper, the preparation of aptamers biosensor, the selection 
of analysis methods and the detection of real samples are introduced in detail. Future prospects toward the 
development of selective, sensitive aptamers biosensor systems are also discussed. Copyright © 2013 IFSA. 
 
Keywords: Antibiotics residues, Detection, Aptamers, Biosensor. 
 
 
 
1. Introduction 

 

Antibiotics are widely used to kill or inhibit 
microorganisms, but their abuse results in various types 
of side effects in humans and the appearance of super 
bacteria with tolerance to antibiotics [1]. Therefore, it is 
critical to develop sufficiently sensitive methods to 
detect antibiotics residues for food safety and clinical 
diagnosis. Recently, many analytical methods, such as 

capillary electrophoresis [2], surface plasmon 
resonance [3], square-wave cathodic adsorptive 
stripping voltammetry [4], immunoassay [5], HPLC [6], 
the microbiological multi-residue system [7] and 
Enzyme-linked immunosorbent assay (ELISA) [8] have 
been reported for the detection of antibiotics. However, 
most of those above-mentioned methods are time-
consuming, expensive and cannot be adapted to high-
throughput screening and on-site detection. Thus, a low 
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cost, less reagent consumption, sensitive and selective 
technique for kanamycin detection is very desirable.  

In recent years, the generation of antibodies against 
antibiotics has seen significant progress leading to the 
introduction of immunosensors for sensitive small 
molecules antibiotics in food samples [9-11]. 
Consequently, immunosensors have already gained a 
place in the analytical benchtop as alternative or 
complementary methods for antibiotics rapid detection 
[12-15]. They are fast, economic, and at least as 
sensitive as usual chromatographic techniques. 
However, immunosensors have not been used for 
analytical applications as much as expected, principally 
due to the instability of antibodies. Antibodies are 
commonly selected as the molecular recognition 
element but they present some limitations such as 
limited shelf life, thermal and chemical instability 
leading to denaturation of proteins and loss of binding 
ability. As alternatives to antibodies, aptamers (APTs) 
have recently attracted increasing attention due to their 
capability to bind a wide range of targets: nucleic acids, 
proteins, metal ions and other molecules with high 
affinity and sensitivity [16, 17]. Aptamers are peptides 
or oligonucleotides, which are synthesized by in vitro 
process with no need for animal or cell cultures [18, 19]. 
Aptamers exhibit many advantages as recognition 
elements in biosensing when compared to traditional 
antibodies. They are small in size, chemically stable 
and cost effective. More importantly, because of their 
simple structure, sensor layers based on aptamers can 
be regenerated more easily than antibody-based layers, 
are more resistant to denaturation and have a much 

longer shelf life [20, 21]. Especially for antibiotics 
small molecule targets, the aptamers show superior 
specificity to antibodies since small molecules cannot 
act as an antigen independently and high specificity and 
affinity antibody are difficult to prepare. Therefore, the 
search for specific aptamers for antibiotics small 
molecules has drawn substantial interest [22-24]. 

In this review, we summarize recent advances in the 
development of aptamer-based biosensors for 
antibiotics detection. We will review the key steps to 
construct the electrochemical aptamer biosensor 
including the immobilization protocols used for 
formation of a bio-recognition interface and the 
electrode modification. We also will discuss the trends 
and challenges associated with designing a reliable 
aptamer biosensor for practical applications in detail. 

 
 

2. Selection of Aptamers 
 
Since the SELEX (systematic evolution of ligands 

by exponential enrichment) technique was developed 
by both Gold’s group and Szostak’s group in 1990 [25], 
especially nanomaterials and magnetic beads are 
introduced to aptamer biosensor, many researchers 
have successfully prepared aptamer biosensors for 
antibiotics residues detection. To date, only a part of 
aptamers against antibiotics have been selected for 
antibiotics detection applications. As shown in Table 1, 
the aptamer sequence of antibiotics has been selected. 
Therefore, for commercial applications, many aptamer 
sequences of antibiotics still need be selected. 

 
 

Table 1. Selection aptamer sequence of antibiotics reported in literature. 
 

Antibiotics Aptamer sequence 5’-3’ Conference 
Sulfadimethoxine· GAGGGCAACGAGTGTTTATAGA [26] 
Kanamycin TGGGGGTTGAGGCTAAGCCGA [26] 

Chloramphenicol 
AGCAGCACAGAGGTCAGATGACTTCAGTGAGTTG
TCCCACGGTCGGCGAGTCGGTGGTAGCCTATGCGT
GCTACCGTGAA 

[27] 

Tobramycin GGCACGAGGUUUAGCUACACUCGUGCC [28] 
Ampicillin GCGGGCGGTTGTATAGCGG [22] 

Oxytetracycline 
GGAATTCGCTAGCACGTTGACGCTGGTGCCCGGTT
GTGGTGCGAGTGTTGTGTGGATCCGAGCTCCACGT
G 

[29] 

Tetracycline 
CGTACGGAATTCGCTAGCCCCCCGGCAGGCCACG
GCTTGGGTTGGTCCCACTGCGCGTGGATCCGAGCT
CCACGTG 

[30] 

Daunomycin 
GGGAATTCGAGCTCGGTACCATCTGTGTAAGGGGT
AAGGGGTGGGGGTGGGTACGTCTAGCTGCAGGCA
TGCAAGCTTGG 

[21] 

Nenomycin B GGCCUGGGCGAGAAGUUUAGGCC [31] 
Streptomycin GGGGTCTGGTGTTCTGCTTTGTTCTGTCGGGTCGT [32] 

 
 
3. The Preparation of Electrochemical 

Aptamer Biosensor 
 

The label-free aptamer biosensor supplies a 
simpler and faster preparation and detection process 
compared with label-dependent aptamer biosensor. 

As a consequence, a great number of research papers 
have appeared over the last years describing the 
development of novel aptamer biosensors for 
detecting amounts of antibiotics residues in food 
samples. While an important disadvantage of this 
kind of electrochemical aptamer biosensor is that the 
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signal changes due to biomolecular recognition are 
generally very small. Especially, antibiotics such 
small molecule sensing using electrochemical 
biosensor is more challenging. It requires us to offer 
highly sensitive small molecule aptamer biosensor 
technologies through careful consideration of sensor 
interface design and signal enhancement.  

The oligonucleotide aptamers can easily be 
modified with signal moieties and can be produced at 
low cost. Up to now, a variety of assays have been 
successfully developed for aptamer based analysis of 
biomolecules. Nanomaterials usually can enhance the 
speed of electron-transfer, which lead to high 
background and low signal-to-noise ratio. The 
application of nanomaterials provides a novel 
approach to develop really label-free, high-sensitivity 
biosensors. For example, Zhou et al., have reported a 
simple electrochemical tetracycline (TET) aptamer 
biosensor with multi-walled carbon nanotubes 
(MWCNTs) modification [30]. The anti-TET 
aptamer was immobilized on the glassy carbon 
electrode (GCE) modified with MWCNTs. The 
format provides a “label-free” method to 
electrochemically monitor the aptamer-target 
interaction. Herein, MWCNTs played a role in the 
increase of the electroactive surface area and 
provided the conducting bridges for the electron-
transfer of Fe(CN)6

3-/Fe(CN)6
4-. Therefore, the 

proposed aptamer biosensor improved its sensitivity 
with a detection limit of 5 × 10−9 M in spiked milk 
samples. The fabrication of aptasensor was shown  
in Fig. 1. 

 
 

 
 

Fig. 1. The fabrication of aptasensor modified  
with MWCNTs. 

 
 
Chandra et al., have used Au nanoparticles 

deposited conducting polymer to immobilized 
aptamer onto glassy carbon electrode [16]. At the 
same time, Au nanoparticles deposited conducting 
polymer can also enhance the speed of electron-
transfer between solution and electrode.  

Zhu et al., have reported a label-free aptamer 
biosensor for kanamycin detection. The sensor probe 
is fabricated by covalently immobilizing an in vitro 
selected DNA aptamer for kanamycin onto gold 
nanoparticle comprised conducting polymer. The 
self-assembled poly-DPB (AuNP) nanocomposite 
exhibited significantly improved sensitivity.  

González-Fernández et al, used amino groups to 
covalently immobilize tobramycin onto the surface of 
carboxylated magnetic microparticles [28]. They 

used a monovalent system for introducing the 
enzyme conjugate on a tagged-aptamer for 
specifically recognizing tobramycin. Compared with 
multivalent systems such as biotin-streptavidin, the 
sensitivity is greatly improved. The proposed 
tobramycin inhibition assay with monovalent 
labeling system is shown in Fig. 2. 

 
 

 
 

Fig. 2. The proposed tobramycin inhibition assay  
with monovalent labeling system. 

 
 

Therefore, nanomaterials can make biomolecules 
such as aptamer immobilize easily onto the electrode 
surface, and keep its bioactivity. At the same time 
nanomaterials can enhance the speed of electron- 
transfer, thus, increase the response of current of 
aptamer biosensor. 

Microfluidic chip can develop the efficiency of 
antibiotics detection and realize on-site detection. 
Daprà et al., have reported an aptamer biosensor for 
kanamycin and ampicillin detection based on 
microfluidic chip [22]. As shown in Fig. 3 is the 
structure of microfluidic chip. At the same time, the 
polymer film is one of the immobilization methods of 
biomolecules on electrode surface. This entrapment 
process, theoretically, should occur without chemical 
reaction between the electrically conducting polymer 
(CP) films and the biomolecules, thus, this 
immobilization method can preserve biomolecules 
biological activity.  

 
 

 
 

Fig. 3. The structure of Daprà et al., assembled 
microfluidic chip. 

 
 

The ampicillin or kanamycin A aptamer was 
immobilized onto microfluidic chip with conductive 
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bilayer tosylate doped poly (3, 4 - ethylenedi-
oxythiophene) (PEDOT : TsO) and the hydroxyl-
methyl derivative PEDOT-OH : TsO, respectively. 
After the immobilization of aptamer, the detection 
based on microfluidic chip. The ampicillin or 
kanamycin A aptamer was immobilized onto 
microfluidic chip with conductive bilayer tosylate 
doped poly (3, 4 - ethylenedioxythiophene) 
(PEDOT : TsO) and the hydroxymethyl derivative 
PEDOT-OH : TsO, respectively. After the 
immobilization of aptamer, the impedance had a 
significant increase.  

The use of an array of microelectrodes can 
overcome the disadvantagement, because one of the 
main benefits of using a microelectrode in a sensor 
application is the greater sensitivity that arises from 
the enhanced mass-transport at these small electrodes. 

Hemispherical diffusion layers are formed at such 
electrodes and a much faster diffusion of 
electroactive substances occurs due to the multi-
dimensional nature of this process, resulting in 
sigmoidal (or steady-state) cyclic voltammograms 
(CVs). The advantages are in the improved response 
time (faster response), greater sensitivity and 
increased response per unit electrode surface area 
(greater current density, increasing the signal-to-
noise ratio).  

Kim et al., have reported electrochemical sensing 
system for oxytetracycline (OTC) detection. The 
ssDNA aptamer was immobilized on gold 
interdigitated array (IDA) electrode chip by covalent 
chemistry [29]. As shown in Fig. 4, the aptamer is 
immobilized onto gold interdigitated array (IDA) 
electrode chip.  

 
 

 
 

Fig. 4. The oxytetracycline detection progress with gold interdigitated array electrode chip. 
 
 

4. Trends and Challenges of Aptamers 
Biosensor for Antibiotics Detection 
 
The use of aptamers for the detection of small 

molecules still represents a challenge because of the 
lower affinity interaction when compared with large 
molecules. For small molecules, this induced fit can 
be very small leading to minute changes in the 
analytical signal. However, it has been shown that 
the stability of such molecules can be improved by 
chemical modification of the ribose ring at the  
3′-position or 5′-position [33-35].  

Matrix complexity is one of the greatest 
challenges for aptamer-based biosensor to detect 
antibiotics in food samples. Several components 
regularly present in food samples can produce 
interference or cross-reaction in immunology-based 
and aptamer-based detection systems [36, 37]. 
However, several aptamer biosensor platforms for 
detecting antibiotics have been developed. Aptamer 
biosensors for antibiotics detection are a promising 
and challenging application, with potential 
advantages over existing immunological  
biosensors [38, 39]. 
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Abstract: Electrochemical immunosensors have emerged as a highly sensitive and rapid technique for chemical 
contaminants detection in environmental monitoring, food safety and quality control. This review concentrates 
on recent advances made in detection and quantification of chemical contaminants such as pesticides and 
antibiotics residues with electrochemical immunosensors. In this paper, the preparation of immunosensors, the 
selection of analysis methods and real samples detection are introduced in detail. Future prospects toward the 
development of selective, sensitive immunosensors systems are also discussed. Copyright © 2013 IFSA. 
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1. Introduction 

 
Pesticides are widely used in agriculture produce, 

and antibiotics are also being used on a large scale in 
livestock production. These lead to the excessive 
chemical residues in foods and cause severe 
impairment of human health. The analysis of foods to 
assess the presence of chemical contaminants is a 
practice of crucial importance for ensuring food 
safety and quality. Currently, the majority of 
chemical contaminants are commonly analyzed by 
various analytical techniques such as gas 
chromatography (GC), high-pressure liquid 
chromatography (HPLC), capillary electrophoresis 
(CE) and mass spectrometry (MS) [1-4]. These 
conventional methods are very sensitive and reliable, 
but have disadvantages such as complexity, extensive 
time consumption, and the need for costly, bulky 
instrumentation. For these reasons, the development 
of rapid and efficient monitoring methods becomes 
more and more important.  

In recent years the generation of antibodies 
against pesticides residues has seen significant 
progress leading to the introduction of several 
immunoassays for environmentally sensitive small 
toxic molecules [5-9]. As consequence, 
immunochemical methods, such as enzyme-linked 
immunosorbent assays (ELISAs), have already 
gained a place in the analytical benchtop as 
alternative or complementary methods for routine 
pesticide and veterinary drugs analysis. They are fast, 
economic, and at least as sensitive as usual 
chromatographic techniques. However, the analyte 
detection in ELISAs is always indirect because one 
of the immunoreagent is labeled. Moreover, that need 
extensive sample handling such as rather large 
number of washing steps. On the contrary, in 
immunosensors the detection is direct: one of the 
immunoreagents is immobilized on the surface of the 
transducer, and a direct physical signal is produced 
when the immunochemical interaction occurs. This 
label-free direct detection represents an essential 
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advantage of immunosensors as compared to label-
dependent immunoassays [10-13]. As consequence, a 
great number of research papers have appeared over 
the last years describing the development of novel 
immunosensors for detecting trace amounts of 
chemical residues in environmental and food 
samples.  

Among the immunosensors, the electrochemical 
immunosensors for pesticide residue detection have 
attracted extensive interest in recent years  
[14-16]. Fig. 1 is the schematic diagram of 
electrochemical immunosensor for analyte [17].  

 
 

 
 
Fig. 1. The schematic diagram of electrochemical 

immunosensor for analyte. 
 
 
Electric impedance spectroscopy (EIS) is a 

sensitive technique, which detects the electrical 
response of the system studied after application of a 
periodic small amplitude AC signal. Impedance 
immunosensors detect the pesticide residue 
concentrations by the measurement the changes of 
electrical conductivity of the solution and capacity 
due to the Ab-Ag interaction on the electrode 
surface, which also can be reflected in impedimetric 
response. Enrique Valera’s group [18-23] has 
reported series methods about impedance 
immunosensor for atrazine detection based on the 
interdigitated microelectrode array. The complete 
assay process and the mechanism of the 
immunosensing reaction are shown in Fig. 2 and 
Fig. 3, respectively. However, the detection of 
pesticide residue such small molecule compound is 
usually performed under competitive conditions 
involving the competition between the free antigen 
(analyte) and a fixed amount of coated antigen for a 
limited amount (low concentration) of antibody (Ab). 
At the end of the reaction the amount of Ab captured 
on the electrode surface and hence the free antigen 
(analyte) is determined, as schematically shown  
in Fig. 3.  

 
 

Fig. 2. Schematic diagram of the complete assay system 
performed on the IDμE’s. 

 
 

 
 

Fig. 3. Immunosensor reaction. An amount of the specific 
antibody is bounded on the coated antigen layer. Other 

amount is evacuated of the IDμE’s, this amount is related 
to the atrazine concentration. 

 
 
Except for few transducing principles already 

well established (i. e., SPR, surface plasmon 
resonance) [24-26], most of the immunosensors 
reported until now, rely on the use of labels to reach 
the necessary detection limits required by the 
legislation. As it is well known, the competitive 
assay is complex. In order to obtain simpler and 
faster immunosensing methodology, direct detection 
of pesticide residues in food products without the use 
of labels (fluorescent compounds, enzymes, etc.) are 
increasingly meeting these challenges. Different 
sensor approaches have been published to avoid the 
use of labels when the target analyte is a 
biomacromolecule, a bacteria or a virus, but only a 
few immunosensors are used to detect haptens which 
are difficult to immobilize and have little effect on 
electron transfer of the electrochemical mediator in 
solution, since haptens usually are small molecular 
compounds. For the detection of electroactive hapten, 
it also has been reported that the antibody was 
immobilized on the electrode to capture the hapten, 
then the hapten adsorbed on the electrode showed 
well-shaped redox responses [10] (Hu et al., 2003). It 
can suffer from steric hindrance between the small 
antigen and large antibodies. However, it is difficult 
to detect non-electroactive small molecules. 
Therefore, it requires offer highly sensitive small 
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molecule immunosensor technologies through careful 
consideration of sensor interface design and signal 
enhancement [24]. 

However, there is a time gap between current 
status in the field and the most recent reviews. Thus, 
in this review, we specifically provide an overview 
of the research carried out during the last 5 years 
relative to electrochemical immunosensor for food 
and environment safety. We will review the key steps 
to construct an immunosensor including the 
immobilization protocols of antibod, the formation of 
a bio-recognition interface, and the electrode 
modification. We also will discuss the trends and 
challenges associated with designing a reliable 
immunosensor for practical applications in detail. 

 
 

2. The Antibody Immobilization Methods 
 
Using nanomaterials as electrode modification 

materials, the antibody is immobilized the modified 
electrode surface. This method is the most of 
reported antibody immobilization methods. Sun et al., 
fabricated amperometric immunosensor for 
carbofuran detection using deposited gold 
nanocrystals/4,4′-thiobisbenzenethiol multilayers 
membranes to modify Au electrode [14]. Suri et al., 
immobilized diuron antibody onto electrode modified 
with Prussian blue-gold nanoparticle film to prepare 
immunosensor for diuron detection [27].  

Another immobilization strategy is based on the 
antibody bonding through Fc fragment to Protein A 
or G. The bond strength from strong to weak between 
Protein A (or G) and an antibody are greatly affected 
by the antibody classes and subclasses. The binding 
involves the formation of multiple non-covalent 
bonds between the Protein A and amino acids of the 
binding Fc site [28].  

Antibodies or antigens are also immobilized at 
the surface of magnetic beads and all immunological 
steps are performed in micro-tubes using a rotation 
sample mixer. After each incubation or washing step, 
the magnetic beads are concentrated on the side wall 
of the micro-tubes by placing the tubes in a specially 
designed magnetic particle separator allowing the 
supernatant to be discarded. Finally, the magnetic 
beads are concentrated onto the magnetized working 
electrode surface and the electrochemical 
measurements are carried out. Using this approach, 
which combines the selectivity of the antibodies with 
the sensitivity of the electrochemical detection and 
the possibility of concentrating magnetic particles on 
the electrode surface, it is possible to achieve 
remarkable enhancement in the performance of 
classical immunoassays [29].  

 
 

3. The Selection of Electrode Materials 
 
At the present, the most of reported 

immunosensors use normal three electrode system, 
such as glass carbon electrode, gold electrode and so 

on. Usually, before immobilizing antibody onto 
electrode surface, the electrode is first modified with 
nanomaterials to enhance electron transfer between 
electrode and testing solution.  

To overcome this problem, in recent years the 
application of single use screen-printed electrodes 
(SPEs), characterized by low-cost fabrication and 
mass production, has attracted an increasing interest 
for the development of immunosensors (especially 
enzyme immunosensors). Tothill et al., have 
developed an immunosensor for herbicide detection 
with membrane-based screen printed electrode [30]. 
Using screen printed electrode, the detection process 
is simplified, shortened, which can realize portable 
and miniaturization. However, the signal of 
immunosensor with screen printed electrode is 
instability, and low sensitivity.  

Another kind of electrode is microelectrodes. The 
use of an array of microelectrodes can overcome the 
disadvantagement, because one of the main benefits 
of using a microelectrode in a sensor application is 
the greater sensitivity that arises from the enhanced 
mass-transport at these small electrodes. 
Hemispherical diffusion layers are formed at such 
electrodes and a much faster diffusion of 
electroactive substances occurs due to the multi-
dimensional nature of this process, resulting in 
sigmoidal (or steady-state) cyclic voltammograms 
(CVs). The advantages are in the improved response 
time (faster response), greater sensitivity and 
increased response per unit electrode surface area 
(greater current density, increasing the signal-to-
noise ratio) [31]. 

 
 

4. Trends and Challenges  
of Immunosensor for Pesticide 
Residues Detection 
 

In any case, the general strategy for 
immunosensor construction is to place the biological 
material in close contact with the transducer in order 
to obtain high sensitivity and to minimize the time of 
measurement. Several immunosensors for the 
detection of biological and chemical contaminants 
are reported in the literature, but only a few have 
actually been applied to food analysis. 

Electrochemical biosensors have revolutionized 
modern chemical analysis because of their technical 
simplicity and fast response due to the direct 
transduction of the biomolecular recognition event 
into electronic signals [19]. Mass fabrication, low 
cost, and decentralized infield analysis are other 
important features of these electrochemical sensors. 

A disposable amperometric immunosensor for 
2, 4-D was described by Kaláb and Skládal  
[32, 33], who could measure concentrations in the 
range of 0.1 ug/l but required an assay time of 60 min 
per test due to a long preincubation step. Compared 
to optical detection systems, amperometric sensors 
have several advantages. They are very sensitive and 
usually exhibit a wide linear range. The transducers 
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are easily prepared and quite inexpensive; portable 
devices are also available. 

Ciumasu et al. reported a versatile, portable 
miniaturized flow-injection immunosensor 
instrument for TNT, diuron and atrazine detection 
(Fig. 4) [34].  

 
 

 
Fig. 4. The portable miniaturized flow-injection 

immunosensor instrument. 
 
 
The applicability and advantages of 

immunosensors have been particularly demonstrated 
in the field of pesticide analysis. Nonetheless, 
biosensors cannot compete with HPLC or GC (with 
selective detection), when it comes to detailed 
sample composition analysis. In most environmental 
applications, multi-analyte determination is needed, 
and because biosensors can only normally detect 
single analytes, chromatographic methods are 
preferred. These techniques generally feature the 
immobilization of antibodies or other receptor 
molecules in discrete locations of a sensor surface.  
A planar array immunosensor equipped with  
a chargecoupled device (CCD) as detector have been 
developed and applied to the determination of 
different bacteria, viruses, and toxins (some of them 
of particular concern because of their potential use as 
biological warfare agents) [35].  
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Abstract: In this study, firstly, the YL12 aluminum alloy is used as experimental materials, then in the 
following experiments it is cut in JJ-I-type water jet machines, and 1,000 group data are gotten by measurement. 
In each group data, pressure, material thickness, surface roughness, abrasive flow and traversing speed are 
included. Next, BP artificial neural network is established. In this network, there are four inputs and one output. 
The inputs are pressure, material thickness, surface roughness and abrasive flow rate; the output is traverse 
speed. And then the BP artificial neural network is programmed by one toolbox of Matlab. Using the former 
1,000 group data, the BP artificial neural network is trained, and its forecast function is obtained. Finally, the BP 
neural network is tested to verify through using different thickness of aluminum alloy verifies its forecast 
function. According to given pressure, material thickness, roughness and abrasive flow, traverse speed is 
predicted. The YL12 aluminum alloy is cut by the predicted traversing speed. The maximum error between the 
prediction values of surface roughness and the actual values of the surface roughness is 6.5 %.  
Copyright © 2013 IFSA. 
 
Keywords: Abrasive water jet cutting, BP neural network, Surface quality, Forecast, Verification. 
 
 
 
1. Introduction 

 
Abrasive water jet (AWJ) is the solid liquid two 

phases jet beam. Through the jet beam, the material 
can be grinded, scraped, erode and extruded. 
Compared with the laser beam, plasma cutting and 
abrasive water jet, AWJ is new type of cutting tool 
and has the unique superiority—during the process, 
without lateral force and recoil, the workpiece will 
never be out of shape by mechanical force and 
deformation damage or mechanical vibration. 
Therefore, AWJ has the reputation of the most 
durable cutting tool [1, 2]. On the other hand, the 
speed of AWJ cutting is fast, the cutting gap is 
narrow and the quality is high. Using AWJ cutting, 
both of labors and material can be saved. It is easy to 

cooperate the NC system to process the material 
arbitrarily and realize the automation [3, 4].  

AWJ is one of soft cutting tool, so the process- 
ing performance has its obvious disadvantage, which 
is called Jet Lag. As the nozzle moves as a certain 
speed and the workpiece has a thickness, the time of 
entering the workpiece and the exit of workpiece is 
different. The latter is comparatively slower, so this 
is so-called Jet Lag [5]. This lag causes arc lines on 
the surface, showed in Fig. 1. On the other hand, 
when the high energy water beam leaves the sprayer, 
the beam will scatter somewhat. The energy will 
weaken with the increase of distance, so there will be 
obvious taper when AWJ cutting workpiece [6]. At 
the same time, the lag will cause the distinct surface 
quality differences, that is to say, the surface on the 
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top is smooth and the bottom is rough [7, 8]. But 
through the speed adjusting, in fact, energy 
compensation, the problem of Jet Lag will be solved. 

 
 

 
 

Fig. 1. Water jet section cutting diagram. 
 
 

During the process of AWJ cutting, not only the 
factor of AWJ itself, but also the elements of the 
machine tool characteristic, material and technology, 
the relationship between AWJ parameters and the 
machining accuracy is highly nonlinear. As a result, 
it is difficult to control the processing precision and 
surface quality [9]. The process is often operated by 
experience. Based on fuzzy neural network, this 
study establishes the machining model of AWJ. 
Through the specific water jet machine tool, the 
sample data are obtained. Using these data, the BP 
neural network is trained and has prediction function. 
The model will realize the processing of the higher 
requirements of precision and intelligent control.  
 
 

2. Building Model of Water Jet Cutting  
 
2.1. Parameter Determination  
 

The surface quality of Water Jet cutting is related 
to jet system, material and thickness of workpiece 
and the parameters of the machine tool working  
[10, 11]. To make it simple, selecting specific 
materials (YL12 duralumin) processing, so the 
influence of material property will not be taken  
into consideration.  

On the side of AWJ system, considering the 
specific diameter of water nozzle and nozzle as well 
as the most commonly used abrasive particle size of 
abrasive research, the pressure of water jet and the 
flow rate of abrasive will be studied as the main 
parameter [12]. On the side of machine tool, due to 
the specific study of water jet machine tool, therefore 
the influence caused by machine tool’s property on 
surface cutting quality will be neglected. In this 
study, only the transverse speed of nozzle will be 
used as machine tool parameter, the thickness of 
material as the processed workpiece parameter. The 
rate of surface roughness Ra (here, the rate of surface 
roughness takes the place of the surface cutting 
quality of workpiece.) will be as studied here, the 
other two elements the taper and surface morphology 
will be excluded [13]. 

2.2. Establishment of BP Neural Network 
 

AWJ cutting technology of fuzzy artificial neural 
network structure is shown in Fig. 2. Fuzzy system 
has four inputs: E1, E2, E3 and E4. They represent 
the water jet pressure P, abrasive flow rate of Ma, 
material thickness of H, and the cutting surface 
roughness Ra. Fuzzy artificial neural network the 
system output is the speed of cutting nozzle V. If the 
single hidden layer neural network only be selected 
in the study, it is difficult to adjust the weight 
coefficient in neural network training, what’s more, it 
is more complicated, and hardly to meet the 
requirements [14]. As a result, the double hidden 
layer should be chosen in FNN. But it is lack of the 
unity and complete theory of how to choose the 
hidden layer nodes [15]. The number of nodes and 
input / output unit are directly related to how much 
they have and also with the other factors [16]. This 
paper uses Matlab for test selection, gain  
better nodes. 

 
 

 
 

Fig. 2. FNN neural network. 
 
 

Considering experimental conditions of the study, 
E1, E2, E3 and E4 numerical interval of each are 
identified as (150, 300) MPa, (0, 0.18) kg/min, (10, 
30) mm, (2.5, 25) μm. On E1, E3 and E4 parameter, 
each defines 3 Fuzzy sets, note separately:  

 1
1B  Low pressure 

 
 2

1B  Intermediate pressure 
  

 1
3B  The thinner 

  
 2

3B Moderate thickness 
  

 3
3B Thickness 

  
 1

4B Fine Processing
 

 2
4B Semi fine processing 

 
 3

4B Rough machining 
  

E2 is defined by 2 Fuzzy Sets, Note separately: 

 1
2B  Moderate  ,  2

2B Overdose  . Chooses 

Gauss function as membership function, and the 
cutting surface roughness of the membership 
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There are 54 fuzzy rules in fuzzy system. The 

general form of fuzzy rules: If l
1E1=B  and l

2E2=B  

and l
3E3=B  

l
4E4=B  then ly= (l=1, 2, 3, …, M, M 

represents the number of rules) and αl is the first rule 
activation degree, then the fuzzy system output is: 
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M

V 
 

(1) 

 
 
2.3. Sample Data Acquisition 
 

Water jet machine of type JJ-I is used as the 
experimental device. The maximum pressure of Ultra 
high pressure generator is up to 380 MPa, the 
maximum displacement is 2.7 L/min, water spray 
nozzle diameter is 0.28 mm, sand nozzle diameter is 
0.76 mm, cutting angle is 90 °, abrasive is 40 # 
garnet and target distance is 5.0 mm. In the 
experiment, the thickness of 20 mm, 35 mm and 
50 mm YL12 duralumin will be chosen as the test 
piece. The TR200 roughness is used to measure the 
specimen surface roughness Ra. 
 
 
3. Neural Network Programmed  

by Matlab 
 
3.1. BP Neural Network Establishes Function 
 

The Nnbox toolbox of Matlab software can 
provide specialized function newff() for establishing 
neural network. The method of the function’s 
application [17]: 

 
net =newff (A, 1, c, Trainfun) 
 
Network properties and parameters can be stored 

in this net, in which the network parameters 
respectively stands for each input vector of the 
maximum or minimum value; L is a row vector and 
each element represents the number of neurons per 
layer; C is character vector and elements are each 
layer of neuronal transmission’s function; Trainfun is 
a string variable, which is the network training 
function name. 
 
 
3.2. BP Neural Network Trains Function 
 

When the neural network is established, the 
network should be trained. The essence of this 
training is, through the repetition of comparison 
between input parameter and output parameter, to 
adjust the different layer of neurons’ weights and 
biases, and finally to get the network which can be 

suited to all samples. Obviously, the prediction of 
network and the number of training group have direct 
relationship. In Matlab, network can be trained 
through Train function, used as following style: 

net = train (net, u, y) 
u: sample matrix of input 
y: sample matrix of output 

 
 

3.3. BP Neural Network Simulates Function 
 

For the trained network, it can be used to deal 
with the practical problems. Matlab provides a 
function sim(), to realize the neural network’s 
simulation function. This function is simple and 
convenient to be used. The using method is the actual 
network output matrix: 

 

a = sim (net, p) 
 

Type in P: processing parameter matrix. 
BP neural network training scheme is shown  

in Fig. 3. 
 
 

 
 

Fig. 3. Training ANN by MATLAB. 
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In this paper, (Fig. 2) the procedures of the BP 
neural network model are as follows: 

 
lc 
clear 
load matlab; 
t=output; 
p=input; 
[pn,minp,maxp,tn,mint,maxt] premnmx(p,t); 
% Initialize neural network 
net=newff(minmax(pn),[30], 
{'tansig','purelin'},'trainlm'); 
net.trainParam.mu=0.001; 
net.trainParam.show=1; 
net.trainParam.mu_dec=0.2; 
net.trainParam.mu_inc=10; 
net.trainParam.epochs=1000; 
net.trainParam.goal=0.00001 

 
 
4. Experimental Verification 
 

Using the trained neural network predicts the 
speed of different curves and then using the predicted 
speed programs and cuts the car model which 
thickness is 5mm and 8mm and material is YL12 
duralumin. The recorded data are the shown in the 
Table 1. 

 
A given surface roughness

Cutting surface quality error
A given surface roughness

Average value of Surface roughnes

A given surface roughness



—

 

 
In experimental verification, the biggest cutting 

quality’s maximum error is 6.5 %. 
 
 
5. Conclusions 
 

According to the actual needs of sophisticated 
processing pieces, this study utilizes the BP neural 
network to establish YL12 duralumin’s model cut by 
AWJ. Under the condition of given water beam 
pressure, the rate flow of abrasive quality, the 
thickness of AL and required processed the 
roughness of transverse section, the model can 
rapidly and reliably predict the desired nozzle’s 
cutting speed. Using the gained experimental data to 
train the neural network, when the variance of 
transverse speed reaches to the fastest convergence, 
the hidden layer node number is 55, as a result, in BP 
neural network, 55 is chosen to be he hidden layer 
node number; using the trained neural network the 
speed of different curve’s part is forecast. This speed 
is to be programmed and cut, at last, the biggest error 
of the rate of surface roughness is 6.5 %. The quality 
of transverse section is in the allowed range. The 
prediction model can be applied to  
practical production. 

Table 1. Comparison of experimental data  
and prediction data. 

 

No. 
Jet 

Presuree
(MPa) 

Brasive 
flow 

(kg/min) 

Thickness 
workpiece 

(mm) 

Demand
Roughness

(μm) 

1 150 0.1155 5.0 27.5 

2 200 0.1480 5.5 7.8 

3 150 0.1155 6.0 12.6 

4 250 0.1385 6.0 60.03 

5 240 0.1306 8.0 3.26 

6 280 0.1540 9.0 4.15 

7 260 0.1498 9.0 4.15 

8 240 0.1306 8.0 4.5 

9 220 0.1436 6.0 50.32 

10 220 0.1480 5.5 12.5 

11 180 0.1260 5.0 11.6 

 
 

Table 1. (Continued). 
 

No. 
Prediction 

Speed 
(mm/min) 

Target 
distance 

(mm) 

Measured 
surface 

Roughness 
(μm) 

1 29.25 5 28.11 

2 57.32 5 8.31 

3 82.51 6 13.02 

4 175.85 7 63.03 

5 28.64 8 3.34 

6 37.40 6 4.32 

7 32.8 5 3.98 

8 38.6 6 4.32 

9 158 4 48.5 

10 70.36 5 11.8 

11 42.6 6 11.0 
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Abstract: Building materials have played a more and more important role in saving building energy since the 
central government of China set higher standards and requirements for new-constructed and retrofit buildings 
after 2005. Glazing units, especially energy-saving units including LOW-E coated glazing units and  
PVB laminated glass, are utilized nation-wide. This paper employs energy simulation to analyze the energy-
saving effects of different glazing units in residential buildings in the city of Guangzhou, as an example of hot-
humid climate in China. It appeals that the PVB laminated glass can refuse 44 % solar radiation to enter rooms 
and reduce 40 % of the shading coefficient comparing to clear glass. Meanwhile, in the aspects of operation and 
design of the HVAC system, 28 % of cooling load, 21 % of installed capacity and 8.6 % of full-load operation 
time can be saved. Copyright © 2013 IFSA. 
 
Keywords: Energy-saving glazing units, Residential buildings, Thermal properties, Energy conservation, 
Computational simulation. 
 
 
 

1. Introduction 
 

Glazing units, as common building materials, are 
widely utilized in China. Large windows are 
considered to be attractions of residential buildings, 
especially in hot-humid climate areas like Guangzhou 
etc. It is estimated  that China produced and 
consumed approximately 2/3 of the total glazing units 
in the world.  

However, design standards of building energy 
conservation for both commercial and residential 
buildings required higher thermal properties in 
energy saving of glazing units. It is reported that the 
heat transferred through windows in summer 
consumes 20 %-40 % of total energy of air 
conditioning. As a result, various types of glazing 
units, including LOW-E coated glazing units and 
PVB laminated glass, were employed to meet the 
mandatory requirements of energy saving ratio in 
recent years.  

This paper take residential buildings in 
Guangzhou as an example to study the energy-saving 
effects of five widely-used glazing units in local 
building markets, including 12 mm and 8 mm clear 
glass, 6 mm LOWE coated glass, 7 mm and 11 mm 
PVB laminated glass. The simulation tool  
DeST-h (Designer’s Simulation Toolkit) was 
employed to simulate hourly room base temperature 
and cooling load. Based on the simulation results, 
thermal properties in energy saving of different 
glazing units are evaluated. 

 
 

2. Solar-optical Properties of the Tested 
Glazing Units  
 
The main request to thermal properties of glazing 

units in hot-summer-warm-winter areas in China can 
be concluded as following: natural lights should 
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transmit as much as possible so as to satisfy the 
indoor lighting demand while the solar radiation is 
reflected to outside. That is, in the precondition of 
keeping visible light transmittance stable, the cooling 
load of solar radiation through glazing units is 
decreased and the air-conditioning consumption in 
summer is reduced. The major parameters of glazing 
units can be summarized as following two aspects:  

 
 

2.1. Solar Radiation Control 
 
2.1.1. Total Solar Energy Transmittance g  

 
Constituted by solar direct transmittanceτe and 

secondary heat transfer factor qi, it indicates the ratio 
of the total solar radiation on glass to the ones which 
gets into the room. According to the ISO and GB 
standards, solar direct transmittanceτe can be 
calculated by using the following formula: 
 

τe =
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where τ(λ) is the solar spectral transmittance of the 
glazing, Sλ is the spectral distribution of the solar 
radiation,   is the spectral bandwidth. The values 

of  S  can be found in the ISO and  
GB standards. 
 
 
2.1.2. Shading Coefficient Se  

 
It is defined as the ratio of the total solar energy 

transmittance g of glass or glazing units with coatings 
and other hi-tech improvements to the one of 3 mm 
normal plat glazing. Namely, 

 

e
n

g
S

g
 ,

 
(2) 

 
where g  indicates the total solar energy 

transmittance of improved glass or glazing units, ng  

indicates the total solar energy transmittance of 3 mm 
normal plat glazing. It shows the change of solar 
energy after transmitting these constructions. The 
total solar energy transmittance of 3 mm flat glass is 
prescribed as 88.9 %.  
 
 
2.1.3. Solar Heat Gain Coefficient SHGC 

 
It refers to the proportion between the total inner 

heat gain through glass, including refraction and 
absorption, and the outer heat quantity. It shows the 
ability of accepting solar radiation. When sun light is 
irradiated to the surface of an object with certain 

angle of incidence i, the Solar Heat Gain Coefficient 
SHGC of this object can be expressed as: 

 

( , ) ( , ) ( , )SHGC i i N i     ,
 (3) 

where i

e i

h
N

h h



, in which, ih  is the heat 

convection resistance inside the window, eh  is the 

heat convection resistance outside the window.  
 
 

2.1.4. Thermal Conductance K 
 

It is composed of the heat transfer coefficients 
towards the inside and outside respectively and the 
heat transfer coefficient in the construction itself.  
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(4) 

 

where 0R  is the total heat resistance, including the 

heat resistance of each layer iR , the heat transfer 

resistance of inner nR  and outer wR  surface. In the 

case that the position of glazing is vertical, εi=0.83 
and the wind velocity of outside surface is 
approximately 4 m/s, the value of he and hi is 
23 W/(m2 K) and 8 W/(m2 K) [6] respectively. 
 
 

2.2. Optical Properties 
 

2.2.1. Visible Light Transmittance τv 
 

It indicates the transmittance capability of glass, 
coating and other kinds of transparent constructions 
in the spectrum 380 nm-780 nm (visible light). 
According to [7, 8], τv can be calculated using the 
following formula: 
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where τ(λ) is the spectral visible light transmittance, 
Dλ is the relative spectral power distribution of 
illuminant D65, V(λ) is the photonic luminous 
efficiency function defining the standard observer for 
photometry,   is the spectral bandwidth.  

The higher this value is, the more light can 
transmit through the glass, and the more natural light 
should be taken into use. Thus, the less electrical 
lighting would be used. 

 
 

2.2.2. Visible Light Reflectance ρ(λ) 
 

It shows the reflectance capability of glazing units 
in the spectrum 380 nm-780 nm (visible light). It can 
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be calculated using the same formula to (2), but the 
value of τ(λ) needs to change to ρ(λ): 
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Flat clear glass, LOW-E coated glass and  
PVB laminated glass with different thickness are 
taken as samples. All the optical data, such as 
spectral transmittance and reflectance of the samples, 
in this paper are tested by spectrophotometer. The 
total solar energy transmittance and shading 
coefficient are calculated in response to standards, as 
is shown in Table 1. 

 
 

Table 1. Solar-optical properties of the tested glass. 
 

Items 
12 mm 

Clear Glass 

8 mm 
Clear 
Glass 

6 mm 
LOWE 
Glass 

7 mm  
PVB 

laminated 
Glass 

11 mm  
PVB 

laminated 
Glass 

Hemispherical Emissivity 0.89 0.89 0.43 0.84 0.84 
Visible Light Transmittance τv, % 85.97 88.65 81.18 64.12 57.89 
Visible Light Reflectance ρv, % 8.35 8.87 8.26 8.08 7.12 
Solar Direct Transmittance τe, % 72.93 80.22 53.80 41.87 30.34 
Solar Direct Reflectance ρe, % 7.38 8.06 6.85 6.56 5.95 
Solar Direct Absorptance αe, % 19.69 11.72 39.35 51.57 63.71 
Total Solar energy Transmittance g, % 78.01 83.24 61.92 52.52 43.50 
Shading Coefficient Sc 0.88 0.94 0.70 0.59 0.49 
Solar Heat Gain Coefficient SHGC 0.77 0.82 0.61 0.51 0.43 
 
 

3. Simulation Analysis  
 

The simulation tool DeST-h (Designer’s 
Simulation Toolkit) was employed to simulate hourly 
room base temperature and cooling load with 
different envelope types and glazing units. The 
current energy-saving standards in hot-summer-
warm-winter zone and Guangdong set baseline 
according to the U-value and thermal inertia of walls, 
which are divided into heavy-weigh walls and light-
weigh walls. The definitions of walls and roof in the 
standards are listed in Table 2. 

 
 

Table 2. Definitions of envelopes in national and regional 
energy-saving standards of residential buildings. 

 
Heavyweight walls Lightweight walls 

K=2.0, D=3.0 K=1.0, D=1.5 
Note: D is the index of thermal inertia, K is the 
U value. 

 
 

3.1. Calculation Principles 
 

Heat balance equation of building envelope inner 
surface: heat conduction + indoor heat convection + 
radiation heat between each surface + direct radiation 
heat = 0. 
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(7) 

Indoor heat balance equation: heat convection of 
each surface + various convection heat + air 
infiltration heat + the influence of the air-
conditioning system = heat increment in unit time. 
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(8) 
 
The room base temperature within a building can 

be obtained ignoring the influence of the air-
conditioning system. 

The thermal resistance of a single glass can be 
calculated according to the thermal conductivity and 
its thickness. The size of the total thermal resistance 
of the window has decisive importance on the heat 
convection inside and outside the window. To reduce 
this part of heat convection, the thermal resistance 
should be as large as possible. The window is 
composed of frame material and glass system. 
Assume that the heat transfer of the glass and the 
frame obeys a strict parallel relationship, the total 
thermal resistance of the window is: 

 
1

1 g f

g f go f o

F F
R

F F R R


  

       

, (9) 

 

where goR  and f oR  is the thermal resistance of the 

glass system and frame material respectively;  
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gF  and fF  is the area of the glass system and frame 

material respectively. 
 

f
f

g f
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(10) 

 

The term U is adopted to denote the 
corresponding heat transfer coefficient, and we obtain 
the following relationship: 

 

( )g f r gU U U U  
 

(11) 

 

The thermal performance is measured using 
factors such as heat resistance, thermal conductance, 
and thermal inertia index. These factors are expressed 
in formulae (9)-(11). 

The total heat resistance of the exterior walls  
and roof: 
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(12) 

 

The total heat resistance of the inner walls and 
floor slabs: 
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(13) 

 

Thermal conductance K: 
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1
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(14) 

 

Thermal inertia index: 
 

i i iD D R S   ,
 

(15) 
 

where i  is the heat conductivity of each layer;  

i  is the thickness of each layer; iS  is the heat 

storage coefficient of each layer. 
 
 

3.2. Simulation Models and Settings 
 

According to the national and regional energy-
saving design standards of residential buildings, the 
trade-off method requires that the annual cooling and 
heating energy consumption of proposed design 
building should not exceed the reference building, 
which is considered as benchmarking building of 
saving 50 % energy. In this paper, this reference 
building, which is referred in the appendix of the 
national standard, is utilized as baseline. The other 
parameters and settings of baseline and simulation 
cases are listed in Table 3. 

In this paper, the baseline energy models with 
both heavy-weigh and light-weigh walls, as defined 
in the national and regional standards, are utilized to 
evaluate the energy saving effects of different glazing 

units. Meanwhile, these models with various 
window-to-wall ratios are simulated respectively to 
study the relationship between shading coefficient 
value and energy consumption of cooling. Thus the 
differences in energy saving of glazing units  
can be concluded. 

 
 
Table 3. Settings of baseline and simulation cases. 
 

 Baseline Simulation 
Cases 

Floors and height (m) 6, 18 m 6, 18 m 

U value of exterior wall 
2.1–2.9 

(W/m2K) 
2.3 

(W/m2K) 

U value of roof 
0.64 

(W/m2K) 
0.63 

(W/m2K) 
Window-wall ratio 0.44 0.42 

Window parameters 
5.6 

(W/m2K) 
5.3 

(W/m2K) 
Interior environment 22.3 ○C 22.3 ○C 
Indoor heat gain 10%-38% 28% 
HVAC equipments 60% 58% 

 
3.2.1. Room Base Temperature 
 

The distributions of max and average room base 
temperature in each month are shown in Figs. 1-2 
respectively. According to the simulation results, the 
maximums of average and max room base 
temperature of 8 mm clear glass are at least 2.4℃ and 
5.6℃ higher than those of 11 mm PVB laminated 
glazing units respectively. It indicates that the ability 
to control the change of inner temperature of 8 mm 
clear glass is weaker than 11 mm PVB laminated 
glazing units. In other words, it is more suitable to 
utilize 11 mm PVB laminated glazing units other 
than clear glass in the place where cooling load is the 
major building energy consumption. 

 
 

3.2.2. Cooling Load 
 

In order to make a clear guide for choosing proper 
energy-saving glass and calculate the time period for 
recovery of investment in future practice, after 
obtaining the room base temperature of different 
glazing products in the worst condition, the annual 
cooling load and the max of annual cooling load with 
different window-to-wall ratio are simulated. The 
simulation results are shown in Fig. 3-6. 

As shown in the figures above, as the window-to-
wall ratio or shading coefficient become larger, the 
cooling load correspondingly increases. The largest 
amplitude can reach 31.8 % and 27.9 % respectively. 
The less the window-to-wall ratio is, the less change 
in cooling load because of using different kinds of 
glazing products. The amplitude would be around 
16 %-28 %. In the condition of same window-to-wall 
ratio, the utilization of energy-efficient glazing units 
can not only save 20 % power consumption in air 
conditioning, but also decrease 15 % installed 
capacity and 5 % full-loaded operation time.  
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Fig. 1. Max of room base temperature. 
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Fig. 2. Average of room base temperature. 
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Fig. 3. Annual cooling load of heavyweight wall. 
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Fig. 4. Max of annual cooling load of heavyweight wall. 
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Fig. 5. Annual cooling load of lightweight wall. 
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Fig. 6. Max of annual cooling load of lightweight wall. 
 
Therefore, although increasing investment in the 

envelope, employing energy-efficient glass in  
hot-summer-warm-winter zones, such as Guangzhou 
city, can obviously reduce the investment in air-
condition machines and operation fee. 
 
 
4. Conclusions 
 

Based on the simulation results of clear glass, 
LOW-E coated glass and PVB laminated glass, their 
effects on the room base temperature and cooling 
load in hot-summer-warm-winter zone are analyzed. 

Compared with clear glass, PVB laminated glass 
can prevent 44 % of solar radiation entering indoor, 
reduce 40 % in shading coefficient. Meanwhile, in 
the field of choice and operation of air-conditioning 
machines, it can decrease 28 % of cooling load, 21 % 
of installed capacity and 8.6 % of full-loaded 
operation time. 
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