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Abstract: Ship noise received by passive sonar is multiple harmonic sources, from which the recognition 
features of ship can be extracted. Based on the multiple signal classification estimation theory, a joint estimation 
method of harmonic sources number, harmonic orders and fundamental frequencies is developed in this paper. 
The observed signal vector is decomposed into multiple harmonics vector and noise vector, and the spectral 
factorization of spatial covariance matrix is evaluated to obtain the signal subspace and noise space. By 
exploiting the orthogonal property between subspaces, the spatial spectral representing cost function is 
presented. The number of harmonic sources, model orders and fundamental frequencies are obtained by 
maximizing the cost function. Simulation results verified the effectiveness of the proposed algorithm.  
Copyright © 2013 IFSA. 
 
Keywords: Fundamental frequency estimation, MUltiple SIgnals Classification (MUSIC) algorithm, Harmonic, 
Feature extraction 
 
 
 
1. Introduction 
 

Since the fundamental frequency is the essential 
feature of a harmonic signal, then the identification of 
the harmonic signal source is essentially to extract its 
fundamental frequency. At present, there are many 
scholars have studied single fundamental frequency 
extraction in-depth [1-3]. According to the processing 
domain, fundamental frequency extraction methods 
can be broadly divided time-domain method, 
frequency-domain methods and statistical methods 
[4]. In the time domain method, the early typical 
fundamental frequency extraction method is match 
filter by using the correlation function [5], which uses 
the maximum correlation coefficient of the 

fundamental frequency as the extraction result. Such 
method can obviously get a "coarse" fundamental 
frequency estimation. In order to obtain more precise 
estimation of the fundamental frequency, there are 
many other methods such as based on subspace 
decomposition method [6, 7], based on the optimal 
filter method in the principle of minimum variance 
[8], comb-like filter array pattern method [9]. Since 
wavelet transform has a good localization quality in 
time-frequency domain，it has been widely used to 
extract fundamental frequency. As in literature [10-
12], these methods have been compared to traditional 
methods in robustness and adaptability aspect. In 
addition, the method based on joint time and 
frequency analysis [13] not only combined the 
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advantages of the time-domain and frequency-
domain method, but also achieved good fundamental 
frequency estimation results. 

This paper studies the fundamental frequency 
extraction of the noise signals generated by ships, 
while received by passive sonar. Typically, the noise 
signals generated by ships and submarine mainly 
include machinery noise, propeller noise and 
hydrodynamic noise. When passive sonar uses these 
noise signals for recognition, it should firstly extract 
the fundamental frequency of the noise signal. 
However, noises often contain a plurality of 
harmonic signals. Therefore, compared to the 
fundamental frequency extraction in the single 
harmonic signal, it will be more complicated for 
multi-frequency harmonics signal extraction [14-16]. 
There is very important factor that the number of 
harmonics in the observed signal is unknown, and the 
number of the fundamental frequency need to 
estimate is unknown. Therefore, before the 
estimation of the fundamental frequency, we need to 
determine the number of harmonic in observed 
signals, and then study the fundamental frequency 
extraction method. When the order of harmonics is 
unknown, it is necessary to estimate the order of 
harmonic. This increases the difficulty of the 
fundamental frequency estimator design. For these 
problems, based on the estimation principle of 
MUSIC (multiple signal classification) algorithm 
[17], uses the "spatial spectrum" cost function in the 
MUSIC algorithm, search for maximization of the 
cost function, and propose a method, which can joint 
estimate of the harmonics number, each harmonic 
order and the fundamental frequency of harmonics. 
Finally, simulation of multi-harmonic signal was 
presented to evaluate the performance of the 
proposed method. 

 
 

2. The Joint Extraction Method  
for Multi-harmonic Signal 
Characteristic Parameter 
 

2.1. Estimation Principle of MUSIC 
Algorithm 

 
The observed signal ( )y t  is the sum of harmonic 

signal and Gaussian white noise, i.e. 
 

0

1
( ) ( )l

L
j jl t

l
l

y t e e w tθ ωα
=

= +∑ , (1) 

 
where, 1, ,t N=  indicates the time index; L is the 
harmonic order of the harmonic signals; lα is the first 

l  index constituent of the amplitude value of the 
harmonic signal, lθ is the index constituent for the 
corresponding phase, and in the uniform distribution 

between [ , ]π π− ; 0ω is fundamental frequency, 
which need to estimate; ( )w t  is complex symmetric 
white Gaussian noise. 

Using the signal model (1), the observation vector 
is defined as 

 

[ ]T( ) ( ),  ( -1), ,  ( 1)t y t y t y t M= − +y , (2) 

 
where M  is the dimension of the vector signal ( )ny , 
and t M≥ ， M L ； T is transpose symbols. 
Assuming lθ  is independent of each other, then the 
covariance matrix of ( )ny  can be  
expressed as 
 

H H 2E ( ) ( )t t σ⎡ ⎤= = +⎣ ⎦R y y APA I , (3) 

 
where [ ]E i  represents mathematical expectation; H  

represents the conjugate transpose; 2σ  is the noise 
variance; I  is a M M×  unit matrix. A is Vander 
monde matrix [18], namely 
 

[ ]( )  (2 )  ( )M L o o oLω ω ω× =A a a a , (4) 
 

where 
T( 1)( ) 1 j j Me eω ωω − − −⎡ ⎤= ⎣ ⎦a . P  is 

the diagonal matrix, the l th diagonal element of 
which is 2

lα . Eigen value decomposition for R , 
which can be expressed as  
 

H=R UΛU , (5) 
 
where [ ], , ,1 2M M M=×U U U U  is the matrix of R , 
whose eigenvectors combination is mutually 
orthogonal; { }diag 1 2M M Mλ λ λ=×Λ is a 
diagonal matrix which is consisted by the Eigen 
values of R , and also 01 2 Mλ λ λ≥ ≥ ≥ > . Because the 
rank of A  is L , and the rank of R  is M , and there 
is M L . Therefore, by the relation (3) and (5), it 
shows that, 2

1 2 Lλ λ λ σ≥ ≥ ≥ > , 2
1L Mλ λ σ= = =+ . U  

is divided into a signal feature vector 
[ ], , ,1 2s L=U U U U and a noise feature vector 

[ ], , ,1 2n L L M= + +U U U U , whose corresponding 
Eigen values are { }, , ,1 2 Lλ λ λ  and 
{ }, , ,1 2L L Mλ λ λ+ + , so R  can be rewritten as 
 

H H

H 2 H    =
s s s n n n

s s s n nσ

= +

+

R U Λ U U Λ U

U Λ U U U
 (6) 

 
Easy to know, and the subspace spanned by 
A and nU is mutually orthogonal, i.e. 
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H
n =A U 0 , H

0( ) nω =a U 0  (7) 
 

MUSIC algorithm defines "spatial spectrum" as 
 

2 2
0

0 2H
0

( )
( )

( )
nF F

n F

J
ω

ω
ω

=
a U

a U
, (8) 

where,
F
i  represents the Frobenius norm [19], and 

using the following equation estimates the 
parameter 0ω of the ( )J ω  
 

0
0 0ˆ arg max ( )J

ω
ω ω

∈Ω
=  (9) 

 
Equation (8) assuming the harmonics order L  

known, Christensen et al [6] extend the harmonic 
order to the unknown situation, use the principle of 
the MUSIC algorithm to study the joint estimation 
problem of the harmonic order L in harmonic signal 

( )y t and baseband 0ω , presents a HMUSIC 
(Harmonic MUSIC) algorithm. 

 
 

2.2. Multi-harmonic Signal Characteristic 
Parameter Combination Extraction 
Method 

 
In reality, the observed signal received may 

contain the signals from different sources. Harmonic 
order and fundamental frequency are emitted by 
those harmonic signal are different, and the number 
of the source, in some cases, is also unknown. In 
view of this situation, new proposed joint estimation 
method, which can estimate the number, harmonic 
order, the fundamental frequency of the multi-
harmonic signal. 

Let the observed signal ( )y t  includes K  harmonic 
signals, i.e. 

 
1 1 1

0

0

1

1

1

( )

( )

l

K K K
l

L
j jl t

l
l

L
j jl tK

l
l

y t e e

e e w t

θ ω

θ ω

α

α

=

=

= +

+ +

∑

∑
, (10) 

 
where, the parameters to be estimated are the 
harmonic number K, Harmonic order 
{ }, 1, ,L k Kk = and fundamental 

frequency{ }, 1, ,0
k k Kω = . Let 

0

1
( )

k k k
l

L
j jl tk

k l
l

y t e eθ ωα
=

=∑ , 

 
and ( )y t  can be rewritten as 
 

1 2( ) ( ) ( ) ( ) ( )Ky t y t y t y t w t= + + + +  (11) 

Using equation (11) to build observation vector 
 

[ ]T

T
1

1

T
1

1

1 2

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

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

( 1) ( 1)

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

( 1) ( 1)
      = ( ) ( ) ( ) (

K

K

K

K

K

t y t y t y t M

y t y t w t
y t M

y t M w t M

y t y t w t
y t M

y t M w t M
t t t t

= − +

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

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

+ + + +

y

y y y w ),

 
(12) 

 

where [ ]T( ) ( ), ( -1), , ( 1)t w t w t w t Mk k k= − +w . Assuming 
each harmonic signal in ( )tky  are uncorrelated, and 
are independent with the noise signal, then according 
to the relationship (3), the covariance matrix can be 
expressed as 
 

[ ][ ]{ }
H

H
1 2

H
1 1

H H

2
1 1 1

E ( ) ( )

E ( ) ( ) ( ) ( )

   =E ( ) ( )

E ( ) ( ) E ( ) ( )

   = ,

K

K K

K K K

t t

t t t t

t t

t t t t

σ

⎡ ⎤= ⎣ ⎦

= + + + +

⎡ ⎤ +⎣ ⎦
⎡ ⎤ ⎡ ⎤+ +⎣ ⎦ ⎣ ⎦
+ + +

i

R y y

y y y w

y y

y y w w

A P A A P A I

 (13) 

 
where kA  is the Vander monde matrix of the k th 
harmonic signal, namely 
 

0 0 0( )  (2 )  ( )k k k
k kLω ω ω⎡ ⎤= ⎣ ⎦A a a a  

 
Similarly, do spectral decomposition to R  as 

shown in Equation (5), divide different signal 
subspace k

sU and noise subspace k
nU for different 

harmonic signal, and the Van der Monde matrix 
corresponding to each harmonic signal and the 
corresponding noise subspace are orthogonal, i.e. 

 
H k
k n =A U 0 , 1 2, , ,

k k

k k k k
n L L M+ +⎡ ⎤= ⎣ ⎦U U U U  (14) 

 
where 
 

1

2

K

⎡ ⎤
⎢ ⎥
⎢ ⎥=
⎢ ⎥
⎢ ⎥
⎣ ⎦

A 0 0
0 A 0

A

0 0 A

,  

 
1

2
n

n
n

K
n

⎡ ⎤
⎢ ⎥
⎢ ⎥=
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

U 0 0
0 U 0

U

0 0 U

 (15) 
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Then use the (14), we can build the following 
equivalence 

 
H

n =A U 0  (16) 
 
Definition "spatial spectrum" objective  

function as 
 

2 2H

0 2H
( , , )

n FF

n F

J K =
A U

L ω
A U

 (17) 

 
The objective function of the unknown 

parameters includes the number of harmonics K , 
harmonic order { }, 1, ,L k Kk= =L , and fundamental 

frequency { }, 1, ,0 0
k k Kω= =ω .These parameters are 

given below through the joint estimation. 
By the definition of Frobenius norm and kA , we 

have 2 MLk kF =A ,
2k M Ln k
F
= −U , from equation 

(15), it can be obtained 
 

2H
1 1( )K KF

ML ML M L L= + + = + +A  (18) 

 
2

1

1

( ) ( )

( )
n KF

K

M L M L

KM L L

= − + + −

= − + +

U  (19) 

 
Therefore 
 

[ ]

2 2H

0 2H

1 1
2H

( , , )

( ) ( )

n FF

n F

K K

n F

J K

M L L KM L L

=

+ + − + +
=

A U
L ω

A U

A U

 (20) 

 
Using the idea of MUSIC algorithm, when all the 

parameters K , L and 0ω  in the multi-harmonic 
signal, make the cost function formula in (20) 
maxima, the value of those parameters are the best 
estimation in the cost function optimization criterion 
represents. These ideas can be expressed as a 
mathematical formula 

 

( )
0

0 0
ˆ ˆ ˆ, , argmax max max ( , , )

K
K J K

ω ∈Ω ∈ ∈
=

L
L ω L ω

L K
 (21) 

 
where Ω , L , K  are sets of all possible values 

0ω , L , K  respectively. 
2H

n
F

A U can be calculated 

by Fast Fourier method given in Christensen [9]. The 
sample covariance matrix of ( )ty  is estimated using 
the following formula 

H1ˆ ( ) ( )
N

t M

t t
N M =

=
− ∑R y y  (22) 

 
Furthermore, when the observed signal ( )y t  

contains only one harmonic signal, i.e. 1K= , now the 
objective function (20) of the "spatial spectrum" is 
converted to  

 

0 2H

( )( , )
n F

ML M LJ L ω −
=

A U
 (23) 

 
That is the objective function derived in [6] by 

Christensen et al. Therefore, the objective function 
shown in (23) can be seen as a special case of 
formula (20) deduced in this paper. 

 
 
3. Simulation Analysis 
 

In this section, multi-harmonic signal 
characteristic parameter extraction method given in 
the previous Section will be analyzed by simulation. 
First, the estimation accuracy of RMSE (Root Mean 
Squared Estimation Error) for the fundamental 
frequency, the harmonic order and the harmonic 
number estimation in the different SNR conditions 
were conducted. Then, the estimation accuracy trends 
of the fundamental frequency and harmonic order 
under observation vector dimension M  in different 
values were analyzed. RMSE is calculated as follows 

 

( )2

0 0
1

1 ˆRMSE=
S

s

sS
ω ω

=

−∑  (24) 

 
where S  is the Monte Carlo experiment number, 
which is 500; 0ˆ sω  is the estimate of the fundamental 

frequency for the s th experiment; 0ω  is the true 
value of the fundamental frequency. Let the true 
signals contain two harmonics, the fundamental 
frequencies are 1 0.15 /0 rad sω =  and 2 0.12 /0 rad sω =  

respectively, and harmonic orders are 1 2L =  and 
42L =  respectively. They contaminated by white 

Gaussian noise of different intensities. 500 times 
Monte Carlo experiments under different SNR 
conditions were conducted. Fig. 1 shows the 
observed signal, whose SNR is 8 dB and length of 
time is 100 s. 

Under different SNR conditions, results of the 
RMSE index are shown in Fig. 2 (a) and (b) 
respectively, whose corresponding fundamental 
frequency were 0.15 rad/s and 0.12 rad/s. As can be 
seen from Fig. 2(a), with the improvement of SNR, 
the RMSE estimation result of the fundamental 
frequency of 0.15 rad/s show in oscillation downward 
trend, which means that the estimation accuracy is 
improved with the improvement of the SNR, while 
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estimation error of the fundamental frequency 0.12 
rad/s SNR is oscillation decrease before SNR arrival 
9 dB, and RMSE tends flatten after 13 dB. This 
gradual trend also occurred in the RMSE curve of the 
fundamental frequency 0.15 rad/s, all of which 
indicate that it has little effect in the aspect of 
increasing the SNR to enhance the role of the 
estimation accuracy, under the conditions of this 
experiment. 
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Fig. 1 . Simulated multiple harmonic signals. 
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(a) RMSE corresponding to 1
0 0.15ω = rad/s. 
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(b) RMSE corresponding to 2
0 0.12ω = rad/s. 

 
Fig. 2. RMSE of Fundamental frequencies estimation  

under different SNRs. 

The reason is that the characteristic of the 
algorithm determines a search space and a search step 
of the fundamental frequency must be set in advance. 
Since the existence of step length, estimated 
fundamental frequency generally only can be closer 
to the real value of the fundamental frequency, but 
cannot be exactly equal with them. Therefore, when 
the SNR is gradually increased so that the 
fundamental frequency estimation value reaches the 
vicinity of the true value, and then increasing the 
SNR cannot obtain that the estimated fundamental 
frequency is equal to the value of the true 
fundamental frequency, but only in the vicinity of the 
oscillation, so that both RMSE indicators of the 
fundamental frequency does not change much, when 
SNR is as much high as a certain value. Overall, 
estimation errors of two fundamental frequencies are 
below 5% through the proposed algorithm, the 
deviation of estimation results may be due to the 
fundamental frequency of the search step too wide, 
making the obtained fundamental frequency not 
completely fit the real value of the fundamental 
frequency. The solution is to narrow the search for 
the fundamental frequency step size, or use gradient 
descent method so that the estimated value of the 
fundamental frequency gradually become the real 
value of the fundamental frequency. But this time the 
amount of computation will be increased, the reality 
is that requires precise estimates of the fundamental 
frequency, or just need an approximate value, which 
can be determined according to the demand. 

Fig. 3(a) and (b) are the harmonic order 
estimation accuracy under different SNR conditions, 
which means that the estimated accuracy equals 
correct estimate of the number / total number of 
experiments. In general, as higher as the SNR, the 
estimation accuracy of the harmonic order is also 
higher. At SNR = 17 dB, the estimated accuracy is 1, 
which indicates that estimation results of each 
experiment are correct under the SNR. Fig. 4 (a) and 
(b) are the harmonic order estimation result of  
500 experiments, corresponding to the harmonic 
order of 2 and 4, respectively, under the conditions 
SNR=15 dB. From Fig. 4 (a), it can be seen that the 
estimated results=2 of the experiments make majority 
(correct estimate of the number is 476, and estimated 
accuracy is 95.2 %), Followed by the estimation 
results=3 of the experiments. In Fig 4 (b), a correct 
estimate of the number is 468, and the estimation 
accuracy is 93.6 %. In addition, the estimation 
accuracy of the harmonic number reaches 100 % 
under every SNR conditions, which is shown  
in Fig. 5. 

In the simulation, the dimension M  of the 
observation has a relatively large impact on the 
estimation accuracy. In the experiment, the observed 
length of the signal is 100N= , we take eight different 
values, the range is (1/10) (8/10)N N⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦∼ , and the 
step is (1/10)N⎢ ⎥⎣ ⎦ . Fig. 6 (a) and (b) show the RMSE 

respectively corresponding to 1 0.150ω =  and 2 0.120ω =  
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under the conditions of different values. In general, 
as M  is much larger, the estimation accuracy of the 
fundamental frequency is much higher. Because, 
when the value of M  is larger, the vector 
Observation signal ( )ty  contains more information 
that make covariance matrix R  contain more 

abundant information, which is good for the estimate 
of the fundamental frequency. Therefore, the value 
M  can be taken larger in practical application, and 
be ensured that M L . Reference [9] generally 
recommended (4/5)M N=⎢ ⎥⎣ ⎦ . 
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(a) Estimation accuracy corresponding to 1 2L = . 
 

(b) Estimation accuracy corresponding to 2 4L = . 
 

Fig. 3. Estimation accuracy of harmonic orders under different SNRs. 
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(a) Estimation results corresponding to 1 2L = . 
 

(b) Estimation results corresponding to 2 4L = . 
 

Fig. 4. Estimation results of harmonic orders in each experiment with SNR=15 dB. 
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Fig. 5 . Estimation results of number of harmonic sources under different SNRs. 
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(a) RMSE corresponding to 1
0 0.15ω = rad/s. 

 
(b) RMSE corresponding to 2

0 0.12ω = rad/s. 
 

Fig. 6 . RMSE of fundamental frequencies estimation under different M . 
 
 

4. Conclusions 
 
Based on MUSIC algorithm, this paper 

presented a joint estimation method to number of 
harmonics, harmonic order, and harmonic 
fundamental frequency. Compared to some other 
frequency estimation methods, such as the correlation 
coefficient method and nonlinear least-squares fitting 
etc, which need to know the harmonic order of the 
fundamental in advance, the advantage of this 
algorithm can estimate the above characteristic 
parameters, without the need for any prior 
information and assumptions of the above 
parameters. However, the algorithm also faces a 
computational problem, since it needs to search max 
value in three dimensions. As can be seen from the 
simulation results and the estimation results of the 
Fundamental frequency are satisfactory on the whole, 
the estimation accuracy of the harmonic order and 
harmonics number is relatively high. It shows that the 
proposed algorithm is effective. On the other hand, 
considering that it cannot be quantitative validation, 
this paper did not use the measured data for analysis 
in the experiments, which is our next step work. 
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Abstract: In order to consider the sink effect that caused by the mental wheels when the planetary wheeled 
vehicle is driving on the soft soil, 7-DOF spatial vibration model of the whole vehicle is rebuilt. Differential 
equations of this system are obtained by Lagrangian equations. Then the mathematical expressions of the 
frequency characteristics are derived, which respectively belong to the motion of the body center-of-mass, the 
dynamic deflections of the four suspensions and the relative dynamic loadings of the four equivalent wheels. 
Finally, the corresponding amplitude-frequency characteristic curves and phase-frequency characteristic ones 
are presented by MATLAB, and the frequency characteristics of the whole vehicle vibration system are also 
analyzed. Simulation results show that the designed parameters of the vehicle are reasonable. The analytic 
expressions solved above have a certain guiding significance in theory for vehicle vibration study, vibration 
control and vehicle-related parameters optimization. Copyright © 2013 IFSA. 
 
Keywords: Planetary, Spatial vibration, Dynamic deflection, Relative dynamic loadings, Amplitude frequency 
characteristic, Phase frequency characteristic. 
 
 
 
1. Introduction 
 
Planetary wheeled vehicle has certain advantages 
while operating in the off-road environment [1]. In 
this paper, in order to solve the sink effect of the 
mental wheels while the planetary wheeled vehicles 
are operating on the soft soil, the vibration model in 
the literature [2] is improved. In this model, the soil 
soft characteristics and the wheels sinking are 
transfer to damping and each planetary gear train 
wheels is equivalent to a single wheel with damping. 
Because of the soft soil and the rigid metal wheels, 
the road can be regarded as hard-surface without any 
total effect changed. With the advantages of the 
equivalent and conversion, the road roughness 
incentive is regarded as point incentive for each 
wheel which facilitates the analysis of the problem, 
but also simplifies the mathematical processing. 

2. Differential Equations for Vibration 
System 

 
A new 7-DOF spatial vibration model for the 
planetary wheeled vehicle is shown in Fig. 1. The 
generalized coordinates of this vibration system is 
defined as{ } { }T

wrrM wfl wfr wrlZ z z z z zθ ϕ= . The 

physical meaning of each coordinate is stated as 
follows: vertical displacement of the body center-of-
mass, the angular displacement according to positive 
x-axis rotation of the body, the angular displacement 
according to positive y-axis rotation of the body, the 
vertical displacements of the left front equivalent 
wheel, right front equivalent wheel, left rear 
equivalent wheel, right rear equivalent wheel. The 
generalized coordinate origin is the static equilibrium 
position of each DOF while the vehicle is on a 
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horizontal static plane. According to Lagrange 
equations of the vibration system, 
 

( ) 0,
i i i

d L L
dt q q q

ψ∂ ∂ ∂
− + =

∂ ∂ ∂
  …1, 2, ,7i =  

 
differential equations in matrix form for the vibration 
system is obtained: 
 

{ } { } { } { }[ ] [ ] [ ]M Z C Z K Z F+ + = , (1) 
 

where the mass matrix is: 
 

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

[ ] 0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
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the damping matrix is: 
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the stiffness matrix is: 
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1 2 1 2 1 2 1 2

2 2 2
2 2 2

2 2
2 2

2 2
2 2

2

2
2

sin sin sin2( ( )( 2(
sin sin sin sin

sin sin sin) ) )

sin sin( )( ( )(

sin )

[ ]

f f f
f f f

f f r r
f f f f r r r r

r r r
r r r

f f
f f

r r
r

k n m k ak
r r r

k k k k
r r r r r r r r

k k bk
r r r

n m k n m ak
r r

k bk
r

K

α α α
α α β β

β β β

α α

β

+ − −

− − − −

+ +

+ − −

+ +

=

2 2 2 2

2
1 2 1 2 1 2 1 2

2
2

2
2

2 2 2 2 2
2

2
1 2 1 2 1 2 1 22

2
2

2

2
1

2

2
1

2

sin sin sin sin
sin )

sin2(
sin sin sin sin

sin )

sin 0 0 0

sin 0 0

sin

f f r r
f f f f r r r r

r

f
f

f f r r
f f f f r r r r

r
r

f fw
f

f fw
f

r

nk mk nk mk
r r r r r r r r

r

a k
r

ak ak bk bk
r r r r r r r r

b k
r

k k
r

k k
r

k

sym

α α β β
β

α
α α β β

β

α

α

− −

− −

+

+

+

2
1

2

2
1

0

sin

rw
r

r rw
r

k
r

k k
r

β

β

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟+⎜ ⎟
⎜ ⎟
⎜ ⎟+⎜ ⎟
⎝ ⎠

 

 



Sensors & Transducers, Vol. 25, Special Issue, December 2013, pp. 9-16 

 11

 
 
 
 
 
 
 
 
 
 
 
 
 
 

φ

θ

 
 

Fig. 1. The new 7-DOF spatial vibration model for the planetary wheeled vehicle. 
 
 

The road excitation vector is{ } { } { }1 2F F F= + , 
where 
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According to literature [2], 
 

2
21 ii

i
qqq +

=  ,  , , ,i B A C D=  

 
1iq and 2iq are the road roughness functions that 

respectively belong to the front and rear grounded 
gear of the ith planetary wheel, which satisfy the 
following relationship: 

)3()( 12 v
Rtqtq ii −=  

 
The Fourier transform of the above expression is: 
 

)(
2

1)( 1

/32

fqefq i

vRfj

i

π−+
= , DCABi ,,,=  

 
 

3. The Frequency Characteristics  
of Vibration System 

 
3.1. The Frequency Characteristics of Body 

Center-of-mass 
 
By the Fourier transform for both sides of the 
formulation (1), the frequency response function 
matrix of the system response displacement vector 
relating to the equivalent road excitation vector is 
obtained: 
 

{ } 12
~[ ( )] (2 ) [ ] 2 [ ] [ ]Z qH f f M j f C Kπ π

−
= − + + i

 

{ }[ ] 2 [ ]W WK j f Cπ+  (2) 

 
Therefore, the frequency response function matrix 

of the system response velocity vector relating to the 
equivalent road excitation vector is obtained: 

 

qZqZ fHfjfH −⋅= )]([2)]([ ~ π  (3) 
 
The frequency response function matrix of the 

system response acceleration vector relating to the 
equivalent road excitation vector is obtained: 
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qZqZ fHfjfH −⋅= )]([)2()]([ 2
~ π  (4) 

 
So the frequency response function vector of the 

displacement of the body center-of-mass relating to 
the equivalent road excitation vector is the first row 
of matrix (2). Similarly, the frequency response 
function vector of the velocity of the body center-of-
mass relating to the equivalent road excitation vector 
is the first row of matrix (3), the frequency response 
function vector of the acceleration of the body center-
of-mass relating to the equivalent road excitation 
vector is the first row of matrix (4). Since the 
symmetry of the vehicle structure, the frequency 
characteristics of the motion of the body center-of-
mass relating to the equivalent road excitation are 
consistent. Without loss of generality, with the 
frequency characteristics of the motion of the body 
center-of-mass relating to the road excitation of the 
equivalent right front wheel in mind, as shown in  
Fig. 2. When the frequency is 25.42 Hz in the figure 
of amplitude-frequency characteristics, the system 

reaches resonance peaks. The steady-state gain of 
displacement of body center-of-mass relating to road 
excitation of equivalent wheel is always less than 1, 
similarly, the steady-state gain of velocity and 
acceleration of body center-of-mass relating to road 
excitation of equivalent wheels reach resonance 
peaks which is the maximum. In the figure of phase-
frequency characteristic, the phase values of 
displacement, velocity and acceleration increase 
successively by the step of 0.5π, which indicates that 
phase of acceleration advances 0.5π than phase of 
velocity, and phase of velocity advances 0.5π than 
phase of displacement. During (0.001, 90) Hz 
frequency interval, the phase-frequency curves are 
across 1.5π, curves turning points are also at the 
25.42 Hz. In conclusion of frequency characteristics 
of the motion of body center-of-mass, vibration 
parameters of this vehicle avoid the frequency-
sensitive interval, which indicates that the parameters 
are reasonable. 

 
 
 

 
 

 
 

Fig. 2. Bode diagram of Body centroid motion for the road surface excitation of the equivalent right front wheel. 
 
 

3.2. Frequency Characteristics of Suspension 
Dynamic Deflection 

 
Suspension dynamic deflection is expressed as: 
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The Fourier transform of above expression divides by 
the Fourier transform of the equivalent road 
excitation to obtain the frequency response function 
matrix of suspension dynamic deflection relating to 
equivalent road excitation, as shown as following: 
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        (5) 



Sensors & Transducers, Vol. 25, Special Issue, December 2013, pp. 9-16 

 13

where matrix )]([ ~f fH q is given in the preceding 
paragraphs. )]([ ~f fH q is a 4th-order square matrix. 
The ith row of this matrix is the frequency response 
function vector of ith suspension dynamic deflection 
relating to the road excitation vector (i = 1,2,3,4 
corresponding respectively to the B, A, C, D 
suspension). 

Taking the right front suspension as an example, 
Bode diagrams of the frequency response functions 
of these dynamic deflections are shown in Fig. 3.  
Fig. 3(b) shows the dynamic deflection relating to 
equivalent road excitation on itself wheel. On the 
amplitude-frequency curve, the steady-state gain is -
30.41 at 0.001 Hz, with frequency increasing 
successively, the value remains unchanged. There is 
the peak at 25.17 Hz with the value of 32.94, then, as 
the frequency increment, it rapidly decays to -51.32 
(90 Hz); on the phase-frequency curve, the phase 
starts with the value of π, finally reduced to 0, while 

there is the turning point at the same frequency of 
25.17Hz. The frequency response curves of this 
dynamic deflection relating to equivalent road 
excitation of the other wheels are similar, shown in 
(a), (c) and (d). With (a) in mind, on the amplitude-
frequency curve, the steady-state gain is -30.41 at 
0.001 Hz, while at 23.14 Hz, it reaches to -36.97 as a 
little peak as the body’s inertia of being uplifted by 
the road shock, there is a negative peak that rapidly 
transits to -93.1 at 25.64 Hz, which is caused by the 
compressed suspension when the diagonal corner of 
body is uplifted, and later, it returns to -48.29 at  
27.76 Hz, with the frequency increasing, the gain 
reduces, at 90 Hz, it reaches to -138.2; on the phase-
frequency curve, the phase is 0 at 0.001 Hz, and as 
the same, at 25.64 Hz there is a saltus, which jumps 
to a higher phase value, then, with frequency 
increasing, the phase reduces to -1.5π. 

 
 

   
 

(a)                                                                                    (b) 
 

  
 

(c)                                                                                     (d) 
 

Fig. 3. Bode diagram of the right front suspension dynamic deflection for equivalent road excitation vector. 
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In conclusion of frequency characteristics of the 
suspensions dynamic deflection, vibration parameters 
of this vehicle also avoid the frequency-sensitive 
interval, which indicates that the parameters are 
reasonable. 
 
 
3.3. Frequency Characteristics of Relative 

Dynamic Loadings of the Equivalent 
Wheels 

 
Static loadings of equivalent wheels satisfy the 

following equilibrium equation: 
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Therefore, static loadings of the equivalent wheel 

are solved: 
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(6) 

 
The expression of dynamic loadings is described 

as following: 
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(7
) 

By the formulation (6), (7), we can obtain the relative 

dynamic loading
di

i

F
G of each equivalent wheel, and 

then obtain the frequency response functions of the 
relative dynamic loadings of equivalent wheels 

relating to the road excitations by Fourier transform. 
Written in matrix form is as following: 
 

~[ ( )] [ ( )][ ( )]
F Fdi di
G Gi i

qH f A f H f= , (8) 

 

where qZfHfH −= )]([)]([  the coefficient matrix is 
recorded as: 
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 is a 4th-order square matrix, The ith row 
of this matrix is the frequency response function 
vector of relative dynamic loading of ith equivalent 
wheel relating to the road excitation vector  
(i = 1, 2, 3, 4 corresponding respectively to the B, A, 
C, D wheel). 

Taking the right rear equivalent wheel as an 
example, Bode diagrams of the frequency response 
functions of the relative dynamic loadings of this 
wheel relating to the four road excitations are shown 
in Fig. 3. The Fig. 3(d) shows the relative dynamic 
loading relating to equivalent road excitation on itself 
wheel. On the amplitude-frequency curve, the stead-
state gain is -89.3 at 0.001 Hz, with frequency 
increasing successively, the value remains 
unchanged. At 0. 11 Hz, the steady-state gain starts to 
rise. There is the peak at 25.53 Hz with the value of 
114.2, then, as the frequency increment, it rapidly 
decays to -79.93 (90 Hz); on the phase-frequency 
curve, the phase starts with the value of 0, and then 
grows along with the frequency, there is a turning 
point at 0.11 Hz, later reaches a steady state with the 
value of 0. 8788π at 12.86 Hz, finally reduced to 0, 
while there is also a turning point at the same 
frequency of 25.53 Hz. The frequency response 
curves of the relative dynamic loadings of this wheel 
relating to equivalent road excitations of the other 
wheels are similar, shown in (a), (b) and (c). With (a) 
in mind, on the amplitude-frequency curve, the 
steady-state gain is -89.3 at 0.001 Hz, with frequency 
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increasing successively, the value remains 
unchanged. while at 0.11 Hz, it starts to rise, there is 
the first turning point at 0.45 Hz in the rising process, 
there is the second turning point at 4.62 Hz where the 
gain reaches a steady state, then it rapidly rises to 
62.64 as a peak at 25.53 Hz, later it rapidly reduces to 
-105.8 (90 Hz); on the phase-frequency curve, the 
phase is 0 at 0.001 Hz, with frequency increasing 
successively, the value rises. at 0.11 Hz, there is the 

first turning point, at 1.13 Hz, it reaches the 
maximum of 0.4477π, then reduces with the 
frequency increasing, and as the same, at 25.53 Hz 
there is a rapid turning point, finally the phase 
reduces to -2π. In conclusion of frequency 
characteristics of the relative dynamic loadings, 
vibration parameters of this vehicle also avoid the 
frequency-sensitive interval, which indicates that the 
parameters are reasonable.  

 
 

    
 

(a)                                                                                 (b) 
 

    
 

(c)                                                                                  (d) 
 

Fig. 4.  Bode diagram of the right rear equivalent wheel relative dynamic load for equivalent road excitation vector. 
 

 
4. Conclusion 
 

Based on the 7-DOF spatial vibration model of 
the whole vehicle, differential equations are obtained 
by Lagrangian equations. Then, the mathematical 
expressions of the frequency characteristics are 
derived, the simulation results show that the designed 
parameters of the vehicle avoid the frequency-
sensitive interval, which indicates that the parameters 
are reasonable, in conclusion of frequency 

characteristics of the motion of body center-of-mass 
and the suspensions dynamic deflection and the 
relative dynamic loadings of the equivalent wheels. 
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Abstract: The blending process of raw coal‘s being sold to power plants is a optimization process of pursuing 
the cost minimization under certain constraints. Among all intelligent algorithms solving those kinds of 
optimization problems, Particle swarm optimization (PSO) algorithm is relatively a better choice. This paper 
describes the improvement of the PSO by turning single-objective optimization problems with constrained 
conditions into a dual-objective optimization problem, of which one is problem original objective function and 
the other is constraints. Simulation results indicate that the improved dual-objective PSO algorithm is simple 
and feasible, and has a good global search capability to be able to search for the optimal solution quickly. 
Copyright © 2013 IFSA. 
 
Keywords: Coal blending, Particle swarm optimization, Constraint condition, Dual-objective, Optimization. 
 
 
 
1. Introduction 
 

During the coal mining process, the quality of raw 
coal, produced in various mines under the same 
jurisdiction in many mining areas, differs largely and 
even the same with those in the same mines operated 
by different coal beds. In order to improve the 
utilization of coal, reduce energy consumption, the 
Coal Shipping Station, before transport-ting raw coal 
to the power station, will conduct coal blending in 
accordance with a certain proportion of several kinds 
of raw coal with diverse quality, in the hope of 
meeting power station’s requirements. Take 
complementary advent-ages of various coal’s nature 
by blending several kinds of raw coal with diverse 
quality into mixed coal, it can achieve the best 
overall performance, thus greatly improves thermal 
efficiency of coal to meet the user's demand [1]. 

The issue of steam coal blending is a multi-
objective optimization problem under certain 
constraints. Coal blending pursues coal cost 
minimization, lesser high-quality coal blending ratio, 
higher low-grade coal blending ratio according to 
actual situation, but it is restricted to factors 
including, such as objective ash, volatile matter, 
sulfur content, calorific value, unit price and freight 
rates. References [1] and [11] provide models for 
steam coal blending by employing Matlab’s linear 
programming function and gene-tic algorithm, 
respectively. When solving such-like multi-objective 
optimization problems, evolutionary algorithm is a 
better choice.  

Particle Swarm Optimization (PSO) algorithm, 
put forward by Kennedy and Eberhart in 1995 [2], is 
a group evolutionary calculation method which could 
be easily understood and realized. Similar to genetic 
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algorithm, PSO algorithm also starts from the idea of 
random solutions and searches for optimal solution 
through iteration, which makes it much simpler than 
the rules of the genetic algorithm, for it avoids the 
operation of "crossover" and "mutation" that genetic 
algorithm needs. Integrating the characteristics of the 
partial search algorithm and the global search 
algorithm, PSO balances its algorithm's search 
capabilities and thus achieves the advantages of 
simple operation and fast convergence [3]. This essay 
improves the standard PSO algorithms to have solved 
multi-objective optimization problems for raw and 
blending coal under constrained conditions, with 
effectiveness of the algorithm being verified through 
simulation. Therefore, satisfactory result is hereby 
obtained. 

 
 

2. Dual-objective Particle Swarm 
Optimization (PSO) Algorithm 
 

2.1. Particle Swarm Optimization 
 

PSO algorithm is a population-based evolutionary 
algorithm, derived from research on the bird flock 
foraging behaviour. With each particle in the 
algorithm representing a solution for optimization 
problems, multiple particles coexist and cooperate 
with each other. Each particle granted with a velocity 
allows itself to fly in the whole feasible solution 
space and adjust its flight direction according to its 
and companions’ flying experience, during which it 
continuously records and updates the best position 
experienced (also known as local best value, Pb) as 
well as the best position (also known as global best 
value, Pg) the entire swarm experienced. PSO 
algorithm seeks the optimal solution in the iterative 
process based on updated positions and velocities of 
two particles in extreme positions. 

If the i-th particle in the population is denoted as: 
 

 ( )1 2, ,...,i i i idX x x x= , (1) 
 

the current velocity is: 
 

 ( )1 2, ,...,i i i idV v v v= , (2) 
 

and the best position it experienced is: 
 

 ( )1 2, ,...,bi bi bi bidP P P P= , (3) 
 

in D-dimensional search space, the updated position 
and velocity of the particle according to the following 
formula in the PSO algorithm are as follows: 
 

 ( )
( )

1
1

2

1 1

* * ()*

* ()*

n n n
id id bid id

n
g id

n n n
id id id

V V c rand P X

c rand P X

X X V

ω+

+ +

= + − +

            −

= +

  , (4) 

where i = 1, 2,..., N, in which N represents population 
size; d = 1,2, ..., D; w represents inertia weight 
coefficient, which in general linearly decreases from 
0.8 to 0.4. The larger the inertia weight coefficient is, 
the stronger the global convergence capability is, 
while the smaller the inertia weight coefficient is, the 
stronger the local convergence capability [4]. ,1 2c c re-
present learning factor and constant respectively; 

()rand  represents random number in the interval  
(0, 1). 

 
 

2.2. Constrained Dual-objective Particle  
Swarm Optimization Algorithm 

 
Standard PSO algorithm mainly aims at solving 

unconstrained single-objective optimization 
problems; however, in social production and 
scientific practice involved there are mostly 
constrained multi-objective optimization problems. 
Generally, a constrained optimization problem can be 
expressed as follows: 

 
 ( )

( )
( )

min

. . 0, 1,2,...,

0, 1,2,...,
i

j

Y f x

s t g X i l

h X j m

          =

  ≤ =

     = =

   , (5) 

 
where mX R∈  represents decision vector; nY R∈  
represents target vector, ( )g Xi represents the i-th 
inequality constraints, and ( )h Xj represents the j-th 
equality constraints. As for equality constraints, it can 
be converted into inequality constraints through 
tolerable error, which is: 
 

 ( ) 0jh X σ− ≤ , (6) 
 
with σ  represents tolerance and then take the small 
positive number [5]. Thus, only inequality 
constrained optimization problem needs to be 
considered: 
 

 ( )
( )

min

. . 0, 1,2,...,i

Y f x

s t g X i p

          =

  ≤ =
 . (7) 

 
Here, the concept of constraint violation degree of 

particle is introduced in order to solve constrained 
optimization problems. The i-th particle xi in the 
Swarm violated the j-th inequality constraints with 
the degree of: 
 

 

1

( ) max(0, ( )) , 1,2,...,

( ) max(0, ( ))

j i j i

p

j
j

x g x j p

X g X
=

Φ =     =  

Φ =    ∑
 . (8) 

 
Penalty function is a widely used method in terms 

of constraints, for it could turn constrained 
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optimization problems into unconstrained 
optimization problems. However, but determination 
of appropriate penalty factor is rather difficult. This 
paper puts forward an improved constrained 
optimization problems method based on the previous 
studies, namely, the dual-objective Particle Swarm 
Optimization algorithm, by turning constrained 
optimization problems (7) into dual-objective 
optimization problems [6]: the first objective is the 
original objective function ( )f X , and the second 
objective is constraint violation degree of particle 
function ( )XΦ . Among which, ( ) 0XΦ ≥ , when ( ) 0XΦ = , 
X  meets all the constraint conditions. 

Minimizing the function ( )f X enables original 
problem (5) objective function to be minimal; 
minimizing the function ( )XΦ  enables to obtain the 
feasible solution to the original problem. Then the 
solution to the original problem is turned into the 
minimization of ( ), ( )f X X Φ . In other words, the con-
strained optimization problems are turned into 
unconstrained dual-objective optimization problems. 
And with the help of weighting method, the dual-
objective optimization problems can be turned into 
the single-objective optimization problems. Make: 
 

 ( ) ( ) ( )1 2F X f X Xω ω= + Φ , (9) 
 
where ,1 2ω ω represent weights, and then the problem 
(5) solution is equivalent to: 
 

 m in ( ) ( ) ( )1 2Y F X f X Xω ω = = + Φ , (10) 
 
In the PSO algorithm iterative process, ( )F X is 
regarded as the fitness value function to evaluate the 
“quality” of particles. 

Reference [7] confirmed that mutation operation 
could enhance the diversity of the population, and 
then improve the capacity of population to escape 
from local optima solution, thus avoiding from being 
trapped in local optimal solution in the single-
objective PSO algorithm. 

Mutation probability: 
 

 
1 tRate

Maxt
= −  , (11) 

 
where t represents current iteration count and Maxt 
maximum iteration count. Each particle in the swarm 
is endowed with a random value rand between 0  
and 1. If rand is smaller than Rate, it would mutate 
according to the formula: 
 

 1 1 * * * (1 )n n n
id id idX X V randθ µ+ += + −  , (12) 

 
when making θ values 1± , the flying direction 
would be changed; when make 1µ> , accelerated 
particle would escape from the partial optimal speed 
[8, 9]. 

2.3. Algorithm Procedures 
 
Procedures for improved PSO algorithm are as 

follows: 
Step1: Initialize particle swarm; make particle 

scale as N ; position Xi  and velocity Vi for each 
particle would be randomly generated. 

Step2: Calculate the fitness value ( )fitness xi of each 
particle. 

Step3: Set local best value Pbi for each particle and 

global best value Pg  for swarms. 

Step4: Determine whether algorithm termination 
conditions are met, if so, turn to Step7; otherwise turn 
to Step5. 

Step5: Update the position and velocity of each 
particle according to the formula (4), while update 
Pbi  and Pg  according to particle comparison. 

Step6: If the particle satisfies variant conditions, 
mutate the position; otherwise turn to Step7. 

Step7: If the iteration ends, output the result and 
exit; otherwise turn to Step4. 
 
 
3. Coal Blending Models 
 

Main parameter indexes for coal blending techno-
logy follow a linear additive; therefore, linear 
programming is adaptable when modelling. The 
principle for power coal blending optimization model 
design is to pursue the minimum value of objective 
function, reduce energy consumption and improve 
economic efficiency [10] under certain conditions. 

There are mainly three goals which power coal 
blending pursues:  

1) The pursuit of the lowest overall cost of raw 
coal, which consists of raw coal costs and freight 
costs. 

Minimization of raw coal costs is preferential. 
Suppose n  kinds of raw coal and single coal conduct 
coal blending, with the cost price of i-th single coal 
being Ci ;unit freight being Cuf ;ratio being X j ; then 

the minimized cost blending coast being: 
 

 ( )min
1

n
i uf j

j
Y C C X

=
= + ∗∑  . (13) 

 
2) The pursuit of high-quality coal blending ratio 

being as little as possible, for high-quality coal is 
relatively less and the cost is relatively more 
expensive. Therefore in order to decrease coal 
blending cost and take fully advantage of the high-
quality coal, use of high-quality coal should be 
minimized. 

3) The pursuit of low-grade coal blending ratio as 
much as possible to make full use of inferior coal, 
economize high-quality coal. 

In the actual blending process, the ratio of the 
minimum quality coal and inferior coal is impossible 
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to be implemented at the same time, therefore, high-
quality coal blending ratio is the way out. Upon 
comprehensive consideration, objective function 
should be modified to calculate the weighted overall 
costs minimization when establishing optimization 
model, namely: 

 
 ( )min

1

n
j i uf j

j
Y W C C X

=
= + ∗∑  , (14) 

 
where W j represents the weight of j-th single coal. 

Coal blending has specific technical requirements 
on all indexes of coal quality which forms basic 
constraints. Suppose n kinds of single coal need to be 
compounded to mix coal with m technical indexes, if 
i-th technical index of j-th single coal is Tij ; single 
coal blending ratio is X j ; reserve of the single coal is 
H j ; upper limit of i-th technical indexes of mixed 
coal is Ai ,lower limit is Bi ,respectively; coal amount 
of mixed coal is S; then according to the "Guidance 
for Power Coal Blending" [11], there are: 

 
 n

ij j i
j 1

n
ij j

j 1

j
j

j

n
j

j 1

T X A

T X B

H
X

S
X 0

X 1

  1, 2,..., ,   1,2,...,i m j n

=

=

=

⎧ ∗ ≤∑⎪
⎪
⎪ ∗ ≥∑⎪
⎪
⎪⎪ ≤   ⎨
⎪

≥  ⎪
⎪
⎪ =                             ∑⎪
⎪

= =  ⎪⎩

 , (15) 

 
equation (14) and (15) constitute the mathematical 
model for coal blending optimization problems. 

When dealing with the model with improved 
dual-objective particle swarm optimization algorithm, 
turn the original objective equation (14) into: 

 
 ( ) ( )

1

n
j i uf j

j
f X W C C X

=
= + ∗∑  , (16) 

 
as the first objective function. Constraint condition 
equation (15) is converted to the constraint violation 
degree function ( )XΦ , which is used as the second 
objective function. 

 
 

4. Simulations 
 
Assume that coal production enterprise A has four 

production mines, Table 1 shows all technical 
indexes (all indexes are as received basis) for 
objective of each single coal and finished coal 
blending in each coal mine. It requires to find the 
solution of this optimization problem as follows. 

Table 1. All kinds of technical indexes of single coal 
and coal blending requirements. 

 
Technical indexes 

 A B C D Object- 
tive 

tM  3.50 10.80 3.15 5.75 ≤6.75 

dA  17.5 21.4 32.76 26.10 ≤24.00 

dafV  20.50 33.53 35.50 23.90 ≤27.00 

,gr arQ
 

25009 21660 23400 22300 ≥23100 

/P 500 420 350 400 - 
/F 20 18 10 9 - 
 
 
In this table, Mt , Ad , Vdaf represent moisture, ash 

and volatile matter respectively, all with the unit of 
percentage. ,Qgr ar represents heat with the unit of 

/MJ kg ; /P  represents unit price with the unit of 
yuan/ton; /F  represents unit freight with the unit of 
yuan / ton. 

Make coal blending ratio of coal mine A as 1X , 
coal mine B as 2X , coal mine C as 3X , coal mine D 
as 4X , then objective function and constraint 
condition of power coal blending are as follows: 

 
min 1 1 2 2

3 3 4 4

(500 20) (420 18)
(350 10) (400 9)

Y W X W X
W X W X

= + + +
           + + + +

 , (17) 

 
1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

3.5 10.8 3.15 5.75 6.75
17.5 21.4 32.76 26.1 24
20.5 33.53 35.5 23.9 27
25009 21660 23400 22300

X X X X
X X X X
X X X X

X X X X+

                                                                            

+ + + ≤

+ + + ≤

+ + + ≤
+ +

1 2 3 4

1 2 3 4

23100
1

, , , 0
X X X X
X X X X

⎧
⎪
⎪
⎪
⎪
⎨
⎪ ≥⎪
⎪ + + + =
⎪ ≥⎩

 (18) 

 
Solve the problem with constrained dual-

objective particle swarm algorithm ： make the 
particle scale 100N = ; dimension 4D= , learning 
factor 0.51 2c c= = , inertia weight coefficient w=0.8; 
linear decreasing to 0.4; maximal iteration count 

100Maxt= ; constraint tolerant degree 0.0001σ = . Taking 
11 2 3 4W W W W= = = = , the original objective function (17) 

becomes: 
 

min 1 2 3 4520 438 360 409Y X X X X= + + + . (19) 
 
According to the formula (8): 
 

1 2 3 4( ) 520 438 360 409i i i i if x x x x x+= + + , (20-1) 
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(20-2) 

 
then comes the fitness function ( ) ( ) ( )fitness X f X X= +Φ . 

Use the software simulation of Matlab, here 
comes the simulation results (Figs. 1, 2): 

1) The first objective function optimization 
process. 

2) The second objective function optimization 
process. 
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Fig. 1. The first objective function optimization results. 
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Fig. 2. The second objective function optimization results. 
 
 
3) Simulation results 
Select other better algorithms including Micro-

PSO [12], RY [13] and FSA [14] for comparison, 
with the results as shown in Table 2. 

Table 2. All kinds of algorithm optimization results. 
 

Coal blending ratio / %X  Algorithm 
 
mine DPSO RY FSA Micro-PSO

A 34.8 35.88 48.6 42.42 
B 21.56 24.43 16.45 17.22 
C 22.98 4.83 18.80 17.78 
D 20.66 34.81 16.07 22.58 

cost minY  442.62 487.16 495.73 483.73 

 
 
Where DPSO is improved dual-objective particle 

swarm algorithm. 
Comparison of simulation results shows that the 

improved particle swarm algorithm reduces the ratio 
of high-quality coal and enhances the ratio of inferior 
coal, thus the cost of raw coal is reduced. The 
optimal solution is satisfactory, and this is very 
valuable reference for policy-makers. 

In the actual blending process, the goal of less 
ratio of high quality coal and more low-quality coal 
can be achieved by setting different weight 
coefficient in the objective function. 

 
 

5. Conclusions 
 

Provides the improvement of the particle swarm 
algorithm and puts forward a new algorithm, which 
turns the original problem into dual-objective 
unconstrained optimization problems and works out 
the solution by using constraint violation degree of 
particle function. Besides, mutation of the particle 
would be conducted in the process of algorithm 
iteration to avoid the algorithm from being trapped in 
partial optimum. The improved algorithm has better 
balancing and local search capabilities, with 
convergence rate being accelerated as well as the 
problem of raw and blending coal efficiently solved, 
thus greatly improving the thermal efficiency of coal 
and the economic efficiency of enterprises. 
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Abstract: This paper takes the large band sawing machine GB42500H as the research object, and establishes 
the dynamics models of its various parts. Respectively, the relative research is done from the theoretical modal 
analysis and the dynamic performance testing. According to the analysis results, the structure or geometry 
improvement scheme of the parts is proposed. The paper also studies preliminarily the dynamic characteristics 
of the large band sawing machine GB42500H. During the analysis, the models of the parts and the whole are 
established using the finite element method to optimize the structures of the parts and the whole. That has 
undoubtedly a very important significance for improving the dynamic performance for the new machine tool’s 
structure, increasing the processing accuracy, and shortening the development cycle and costs.  
Copyright © 2013 IFSA. 
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1. Introduction 
 

That the dynamic characteristics of the band 
sawing machine are good or bad will directly affect 
the machining performance. The entire band sawing 
structure is a very complex structured system. The 
dynamic characteristics of the whole machine are the 
integrated results for the dynamic characteristics of 
the various key components and the dynamic 
parameters of the bonding surfaces between the 
various components. 

This paper takes the large band sawing machine 
GB42500H as the research object, and establishes the 
dynamics models of its various parts. Respectively, 
the relative research is done from the theoretical 
modal analysis and the dynamic performance testing. 
According to the analysis results, the structure or 
geometry improvement scheme of the parts is 

proposed. The paper also studies preliminarily the 
dynamic characteristics of the large band sawing 
machine GB42500H. During the analysis, the models 
of the parts and the whole are established using the 
finite element method to optimize the structures of 
the parts and the whole. That has undoubtedly a very 
important significance for improving the dynamic 
performance for the new machine tool’s structure, 
increasing the processing accuracy, and shortening 
the development cycle and costs. 

 
 

2. Structure and Composition of Band 
Sawing Machine 
 
The large and efficient band sawing machine 

GB42500H integrates the mechanical, hydraulic and 
electrical to implement the integrated control through 
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the much structural innovation on the basis of the 
ordinary band sawing machine [1-2]. The unique 
workpiece’s rotation sawing has high efficiency and 
many specifications (cutting the pipe diameter 
5000mm). The machined parts have the high size, 
position, shape accuracy and the low surface 
roughness. The machine can greatly improve the 
processing accuracy and efficiency, and its energy-
saving effect is significant. So it can be widely used 
in military, aerospace, wind power generation, 
machinery, shipbuilding and other industries, and is 
particularly suitable for sawing a variety of large 
flanges and oil pipelines [3]. Its structure is shown  
in Fig. 1. 
 
 
3. Dynamic Structure Design Method  

and Processes 
 
With the internal structure and the external shape of 
the large machine’s parts as a starting point, the finite 
element method is used to study the relationship 
between their geometry and the dynamic 
characteristics. We should quantify the factors that 
affect the dynamic characteristics, and heighten the 
dynamic characteristics of the factors which are 
composed of the internal structure and shape of the 
large machine’s parts, in order to improve the 
dynamic characteristics of the large machine’s parts. 

It can ensure from the micro and macro that the large 
parts of the designed machine have the better 
dynamic characteristics. This approach is targeted to 
avoid the topology optimization for the complex 
structures, and has strong operability [4-5]. The 
research method proposed in the paper on the 
dynamic characteristics of the large band sawing 
GB42500H based on the finite element is shown in 
Fig. 2. 
 
 

 
 

Fig. 1. The large and efficient band sawing machine 
GB42500H. 
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Fig. 2. The research method on the dynamic characteristics of the large band sawing machine. 
 
 

First the big parts of the machine are decomposed 
according to their form and structure, and ultimately 
the basic cell structures which are little in form 
change and relatively independent in internal 
structure are gotten. For example, the pentahedron, 
hexahedron and column leg rib plates of the machine 
body. Optimizing these cell structures from the 

dynamic design angle can obtain the optimization 
parameters of the variable sizes. The module part of 
the machine tool has a basic configuration, such as 
the length, width and height of the body. The length 
and width are decided by the processing range, the 
height can be obtained by optimizing the natural 
frequency. The angle of inclination for constant 
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strength column, the width and thickness of the 
column outrigger can obtained according to the 
similar law. The quality and natural frequency of the 
body can be determined by studying the quality and 
natural frequency distribution pattern of the machine 
tool. That is easy to control the structural parameters 
of the machine body. Then the structural dimensions 
of the various parts are calculated and the forms are 
classified. First the preliminary size is calculated to 
obtain the preliminary parameters. And these 
structural parameters are analyzed using the finite 
element to obtain the optimum size in a certain range. 
The forms are classified to get a variety of machine 
layouts. And the static stiffness and dynamic stiffness 
are structurally analyzed using the finite element for 
each layout. Finally the optimal layout is selected. If 
you modify the layout, the scantlings are re-
calculated. And the component design is verified to 
ultimately get the design criteria of the machine. 

 
 

4. Structural Design Calculation of Band 
Sawing Machine 

 
In this paper, the analysis of the actual band 

sawing movement is achieved by combining the 
mechanical design, the dynamic analysis, the electro-
hydraulic servo control and the multi-domain hybrid 
simulation. Its specific implementation steps are as 
follows. 

1) Analyzing the actual band sawing process 
studies the affection of the cutting speed, the tension 
pressure, and the feed speed to the performances of 
the band saw blades and the saw disks. 

2) Combining the relevant machinery design, the 
dynamic analysis, and the electro-hydraulic servo 
control and the multi-domain hybrid simulation 
studies the impact factors to the cutting speed and the 
saw blade’s performance, namely establishes the 
actual sawing process model. 

3) According to the design parameters, the sawing 
digital design model is established. Using the model 
can optimize the follow-up static stiffness, dynamic 
stiffness and the overall structure design. 

 
 

5. Optimization Design  
based on Dynamic and Static Stiffness 
 
The static rigidity of the sawing machine is 

mainly determined on the materials, shapes, sizes, 
and arrangements of ribs for the components and 
parts. It is an important indicator measuring the 
characteristics of the sawing machine. Increasing the 
sawing static stiffness value is very effective for 
improving the processing efficiency, machining 
accuracy and surface quality. Drawing the static 
stiffness value of the whole machine and its 
distribution by the finite element analysis is very 
useful and time-saving. 
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Fig. 3. Optimization design on dynamic and static stiffness. 

 
 

The static characteristics of the structure can be 
obtained through the structural static analysis. But for 
the sawing machine, usually during the actual use, 
the cutting force and the other excitation force are 
acted on the structure in the form of the dynamic 
load. In order to ensure the processing accuracy and 
efficiency, the structural dynamic characteristics 
should be considered for the sawing machine on the 
basis of the certain static stiffness requirements, as 

shown in Fig. 3. That is, the whole machine has the 
high dynamic stiffness (in the resonance state, the 
ratio of the excitation force and the vibration 
amplitude) and the larger damping. That can make 
the forced vibration amplitude of the structure to be 
small under the certain amplitude of the periodic 
excitation force, and the natural frequency of the 
machine to not coincide with the excitation 
frequency. 
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6. CAD Models and Grid Models  
for Key Support Components 

 
Taking into account the complexity of these 

models, the powerful CAD software of Solidworks is 
used. On the premise of reflecting the true 
mechanical properties for the main column structure 
of machine, the individual local areas of the column 
structure are simplified to facilitate the modeling. 
The top and bottom ends of the base have many holes 
of the small diameter. There are several bolt holes at 
the bottom of the base, the cooling plate and the end 
surface of the bed platform, etc. These holes have 
little effect on the stiffness of the column, but will 
affect the meshing. So they can be negligible in the 
modeling. The overall effect of the three-dimensional 
model for the machine is shown in Fig. 4. The 
machine’s column supporting framework plays a 
main role for supporting the tool and machining 
forces. The motors saw boxes and other parts are 
placed on it. The overall dimensions are 2385 mm, 
1020 mm and 720 mm. The material is HT200. The 
elastic modulus is E=6.61781e10, and the Poisson’s 
ratio is u=0.27. The table support frame is connected 
with the table into a whole by the taper pins and the 
screws. The overall dimensions are 4870 mm,  
1020 mm and 880 mm. The material is HT200. The 
elastic modulus is E=6.61781e10, and the Poisson’s 
ratio is u=0.27. The assembly model for the 
machine’s column supporting framework is shown in 
Fig. 5. The assembly model for the table support 
frame is shown in Fig. 6. 

The base, the table support frame and the 
machine’s column supporting frame are welded by a 
number of ribs. Some ribs are very thin and complex 
in the structure. So the tetrahedron with intermediate 
nodes and 10 nodes of Solid187 are used when 
meshing. 

When meshing the model freely, the refinement 
level is 3. Note the number of nodes and units to 
increase the computing speed. Also check the finite 
element model to prevent coincident nodes, cracks 
and distortion units, etc. When the finite element 
mesh is completed, the overall grid model must also 
be checked to ensure the authenticity of the results. 
First, check the free unit edge. When one side of the 
unit is not in the other units, it is known as free unit 
edge. In the process of establishing the complex 
model, the various components are produced by the 
stretching and rotating operations. They sometimes 
are not connected together. That would lead to 
cracking the finite element model, and affecting the 
results. The serious condition will make calculation 
void. Second, check the repeating units and nodes. 
The element model for the machine’s column 
supporting framework is shown in Fig. 7. The grid 
model for the table support frame is shown in Fig. 8. By 
calculation, the strain for the table support frame is 
shown in Fig. 9, and the equivalent stress for the 
machine’s column supporting framework is shown  
in Fig. 10. 

 
 

Fig. 4. The three-dimensional model for the machine. 
 
 

 
 

Fig. 5. The assembly model for the machine’s column 
supporting framework. 

 
 

 
 

Fig. 6. The assembly model for the table support frame. 
 
 

 
 

Fig. 7. The element model for the machine’s column 
supporting framework. 
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Fig. 8. The grid model for the table support frame. 
 
 

 
 

Fig. 9. The strain for the table support frame. 
 
 

 
 

Fig. 10. The Vos Mises equivalent stress. 
 
 

7. Static and Dynamic Simulation 
 

The ultimate goal of the structural dynamic 
optimization for the sawing machine is to design the 
machine of the excellent dynamic characteristics. The 
dynamic characteristics of the machine are 
determined by the various modules’ characteristics 
and the interface characteristics between the modules. 
Using the dynamic optimization method of the 
element structure and frame size, you can design the 
sawing module of the more excellent dynamic 
characteristics. The preliminary optimized modules 

and the corresponding interfaces are joined together 
to form the whole which has the better form of the 
structure. How to make the whole machine in the 
form of the optimal dynamic characteristics needs to 
be further optimized. 

The finite element model of the sawing machine 
contains a lot of data. The dynamic optimization 
spends a lot of resources and time. So the 
computation amount must be reduced. Decreasing the 
number of the design variables and remaining the 
structure of the whole machine in the optimization 
process is an effective measure to reduce the 
calculation amount. When optimizing the whole 
sawing machine, first the internal structure and the 
whole layout of the machine modules must be 
determined, and then the some structural geometry 
and the dynamic parameters on the combination 
surfaces are taken as the design variables. After the 
ANSYS optimization calculations, the optimal 
solution can be obtained to meet the specific 
constraints (for example, the low-level natural 
frequency of the whole machine shall not be less than 
a certain value, etc.). According to the optimized 
dynamic parameters of the joint surfaces, the existing 
experimental values are combined to determine the 
technical requirements of the interface surface 
accuracy. The dynamic optimization process of the 
whole machine in the form of a fixed structure is 
shown in Fig. 11. 

 
 

8. Modal Analysis of Sawing Machine 
 

The modal analysis can be used to determine the 
natural frequencies and the corresponding modes of 
the structure, to provide the basis for the structural 
design, to avoid the resonance phenomenon under the 
dynamic loads, and to improve the vibration 
performance of the structural system. Therefore, the 
modal analysis is an important element of the 
structural dynamic analysis. The dynamic 
performance analysis of the system is primarily the 
modal analysis of the structure, including the natural 
frequencies and the corresponding modes of the 
structure. In the engineering practice, we often only 
find out the first few orders of smaller natural 
frequencies and mode shapes, because generally only 
the first few orders of the natural frequencies may 
cause resonance and danger. The established model is 
calculated using the ANSYS modal analysis module. 

Modal analysis process includes: 
1) Modeling. 
Only linear behavior of modal analysis is valid. A 

non-linear element will be taken to be linear. Young's 
modulus EX must be specified (or some form of 
rigidity), and density DENS must be specified (or 
some form of quality). Material properties may be 
linear or nonlinear, isotropic or orthotropic, constant 
or temperature-dependent. The non-linear will be 
ignored. 
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Fig. 11. The dynamic optimization process of the whole machine. 
 
 

2) Loading and Solution. 
In the typical modal analysis, the only effective 

load is the zero displacement constraint (if some 
DOF has a nonzero displacement constraint, the 
program will replace the DOF position with a zero 
displacement constraint). The other loads may be 
applied in addition to displacement constraints. But 
they will be ignored. On the direction of non 
constraints, the program will solve the rigid motion 
mode (zero frequency) and the free body mode of 
high-frequency (nonzero frequency). 

3) Expanding the modes. 
“Expanding” means that the reduction solution 

will be expanded to a complete set of DOF. 
“Reduction solution” is commonly expressed by the 
master DOF. In modal analysis, the “expanding” 
refers to write the modes into the resulting file. That 
is, the “expanded mode” is not only suitable for the 
reduced mode shape extracted by the reduction mode, 
but also applicable to the complete mode shape 
extracted by the other mode. Therefore, if you want 
to view the mode shapes in the post-processor, you 
must first expand the modes (that is, to write the 
mode shapes into the result file). 

4) Observing the results. 
The modal analysis results (namely, the treatment 

results of the expanded modes) are written into the 
result file for the structural analysis Jobname. RST. 
The analysis includes: the natural frequencies, the 
expanded mode shapes, the relative stress and the 
force distribution. You can observe the modal 
analysis results in POST1 (namely, the normal post-
treatment). 

Using the ANSYS modal analysis module, you 
can calculate the established model. The modal 
analysis for the key support structure of the sawing 
machine – the pillar framework can be done by the 
block lanczos method. The first 3 and second 2 order 
modal’s vibration modes are respectively shown in 
Fig. 12 and Fig. 13. 

 

 

 
 

Fig. 12. The first 3 order modal’s vibration modes. 
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Fig. 13. The second 2 order modal’s vibration modes. 
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Abstract: Regarding the power, the efficiency and the emission of the low speed diesel engine, this paper has 
studied the matching and optimizing technique in the diesel engine combustion process emphatically, proposed 
the electrically controlled fuel injecting system with the high-pressured common rail as well as the humid air 
motor method and the system plan. The practice proved that the fuel injecting system with the high-pressured 
common rail and the humid air motor system can improve the combustion process most efficiently, thus enhance 
the diesel engine’s performance, and reduce the pollutant discharge. In response to the increasingly stringent 
diesel emission regulations, the paper analyzes the relationship of the low-speed marine diesel engine’s emission 
with the combustion process, the fuel injection law, the exhaust recirculation and the SCR. Then the scheme of 
the fuel injection system with the high-pressure common rail for the low-speed diesel engine is proposed, and 
the test system for the diesel engine’s emission performance is established. Through the experimental research, 
the optimization and matching technology for the diesel combustion process based on the emission control is 
analyzed, and the best injection law of the diesel engine is revealed under the different conditions. That will 
provide the technical support for the design and operating management of the diesel engine.  
Copyright © 2013 IFSA. 
 
Keywords: Optimizing technology, Combustion process, Marine diesel engine, Emission control, Fuel injection 
system. 
 
 
 
1. Introduction 
 

The low-speed two-stroke marine diesel engine is 
composed by the fixed part, the moving part, the 
distribution system, the fuel system, the lubrication 
system, the cooling system, the starting system, the 
speed regulation device, the reversing arrangement, 
and the supercharging system. As a result of its good 
power performance, the fuel efficiency and the 
reliability, the modern merchant ship takes generally 
it to directly drive the propeller as a main propulsion 

system. Its performance has decided the entire ship’s 
power performance and economical performance [1]. 

Internationally the low speed diesel engine's 
brand is mainly MAN B&W and Wartsila. The 
MAN’s intellectualized ME series of the low speed 
diesel engines, can control the air starting valve, 
control the starting, advancing and reversing process, 
replace the speed governor, and implement the 
optimized control to the low speed auxiliary air 
compressor, the feed timing and rule, the exhaust 
gate and the spraying rate of the lubricating oil on the 
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cylinder wall and so on. They may achieve a lower 
oil consumption rate and the performance 
optimization in the entire operating mode and can 
satisfy the various requirements [2]. For example, the 
optimized formation of the injection pressure and 
rule, the lower NOx discharge and the smokeless 
characteristic, the operating pattern transferred easily 
to a low oil consumption or a low NOx, the 
mechanism and system’s simplification, the heat load 
and balance control in the various cylinders, the 
lowest stable speed, the best accelerating, advancing 
and reversing characteristic and the emergency stop 
performance, the optimized control to the cylinder 
wall lubrication, as well as easy adaptation to the 
operating characteristic optimization of various ships. 
Wartsila Corporation expanded the RT-flex serial 
products with the electrically controlled fuel injecting 
system of the high-pressured common rail on the 
RTA series’ foundation, and on the applying 
foundation in the small cylinder diameter RT-flex 50 
and RT-flex60C, developed the larger cylinder 
diameter RT-flex84T-D and RTflex96C with the 
electrically controlled fuel injecting system of the 
high-pressured common rail IV. 

The marine diesel engine’s power and harmful 
emission are enormous. Moreover, the marine diesel 
engine burns generally the heavy fuel oil that is 
complicated in composition and heavy in harmful 
substance. In the same circumstances, it brings about 
the more harmful things. In order to prevent, reduce 
and control the air pollution caused by the ship 
operation, the International Maritime Organization 
(IMO) established the emission control rule of the 
marine diesel engine’s nitrogen oxide (referred to as 
the NOx Technical Code). With the continuous strict 
emission regulations, the research on the emission 
control technology for the marine diesel engine is 
more important. The marine diesel engine is low in 
speed, stabile in load, large in power, low in fuel 
consumption rate, large in available installation 
space, etc. In order to reduce the NOx emission, the 
SCR technology and the watered fuel technology can 
be used. The marine diesel emission control is related 
to regulations, standards, test methods and 
equipments, measuring instruments and their 
evaluation methods and other aspects. It is a 
systematic project. 

A major factor impacting the nitrogen oxide’s 
(NOx) generation is the combustion process in the 
diesel engine’s cylinder. It is related with the 
engine’s structure, the working process parameters, 
the operating conditions, and the working quality of 
the auxiliary equipments and systems. The methods 
reducing the nitrogen oxide’s (NOx) emissions are the 
pre-processing, the processing inside the engine and 
the cleaning outside the engine. The key of the 
processing approach inside the engine is to control 
effectively the combustion process. Currently the 
main way is to develop the direct-injection 
combustion chamber with the low emission as to 
improve the engine’s thermal efficiency while 
meeting the emission standards. In addition, the 

methods of the delayed fuel injection, the exhaust gas 
recirculation (EGR), the variable control mechanism 
and the water injection inside the cylinder can also 
reach the emission standards currently specified, but 
will decrease the thermal efficiency of the diesel 
engine and deteriorate the running economy. 

The research at home and abroad indicates there 
are basically the two ways to control the NOx 
emission. One is to fundamentally improve the 
combustion characteristics and reduce the sulfur 
content of fuel in order to not produce or to less 
produce the above harmful gases. By optimizing the 
structure or parameters of the components related 
with the fuel combustion, the maximum combustion 
temperature and duration is lowered, the Excess air 
factor in the high temperature area is reduced, and 
thereby the amount of the NOx production is 
decreased to reach the emission requirements. The 
other is to reduce the degree of the exhaust gas 
directly into the atmosphere by post-processing the 
diesel exhaust. Through the technology post-
processing the exhaust, the NOx in the exhaust is 
decomposed, oxidized or reduced to reach the 
purpose lowering the diesel’s NOx emission [3-4]. 

As a member of the International Maritime 
Organization, China will strictly enforce the 
provisions of MARPOL Convention, Annex, and 
implement the nitrogen oxide (NOx) control for the 
ship. China Classification Society constituted “the 
nitrogen oxide’s emission testing and examination 
guide for the marine diesel engine” in accordance 
with the provisions of the Convention to direct the 
engine-making yard and the testing organization for 
the effective emission testing. 

 
 

2. Electronically Controlled Fuel 
Injection System 
 
Because the high-power low-speed diesel engine 

is excellent in performance, good in reliability, easy 
in maintenance, and can be fueled with the low-grade 
fuel, etc., it has become the main power for the large-
size oil tanker, the large-size bulk carrier, the large-
size container ship. The main brands of the low-speed 
diesel engines are internationally MAN B&W and 
Wartsila. All are the two-stroke low-speed diesel 
engines with the single valve’s direct-current 
scavenging, the constant pressure supercharging, the 
long stroke, the high compression ratio, and the 
crosshead type structure close to isobaric combustion. 
The mean effective pressures of variety bore diesel 
engines (pme) are 1.9 ~ 2.0 MPa. The maximum 
combustion pressures (pmax) are 15 ~ 16 MPa. The 
fuel consumption rates are 170 g / (kWh) or so. The 
new low-speed diesel engines in the structure have 
the non-cooled fuel injector, the variable injection 
timing pump, the long-size rod, the hydraulically-
driven exhaust valve, the single valve’s direct-current 
scavenging, the constant pressure supercharging, and 
the effective turbosupercharger. In terms of the 
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performance, the average effective pressure and the 
average piston speed is increased, the structural 
components are improved to increase their strength, 
the original level of the low fuel consumption is 
maintained, and the single-cylinder power and the 
service life is improved significantly. The 
electrohydraulic control system replaces the 
traditional mechanism driven by the mechanical cam 
to simplify the engine’s design, reduce the cost, and 
optimize the operating control. 

The current low-speed diesel engine’s 
development is to increase the reliability, to extend 
the overhaul period, to improve the compactness of 
the engine, to reduce the fuel consumption rate and to 
control the emission. Especially in the increasingly 
strict emission requirements, as well as the better 
required economy under the low and high conditions, 
the intelligent diesel engine with the electronically 
controlled fuel injection system and the electronically 
controlled exhaust valves without the camshaft is 
developed and improved continuously. For example, 
MAN B&W increased the electronically controlled 
ME/ME-C series and productions on the basis of the 
MC/MC-C series. Wartsila extended the RTA series 
with the electronically controlled high-pressure 
common rail on the basis of the RT-flex series, and 
the RT-flex84T-D and RTflex96C low-speed engines 
with the large bore and the high-pressure common-
rail type 4 were developed on the basis of the  
RT-flex 50 and RT-flex60C with the smaller bore. 

The high-power low-speed diesel engine uses the 
scheme of the electrically controlled fuel injecting 
system with the high-pressured common rail, as 
shown in Fig. 1. The two-cylinder common rail made 
the high-power low-speed diesel engine small in 
structure against the engine with the high-pressured 
oil track. The high pressure oil circuit controlled by a 
high speed magnetic valve can avoid the low 
operational reliability which governing directly a fuel 
injector needle brings. The electrically controlled fuel 
injecting system with the high-pressured common 
rail, as shown in Fig. 1, has the good injection 
characteristics, can achieve the pre-injection, adjust 
the injection rate’s shape, achieve the desired fuel 
injection law, optimize the combustion process, 
improve significantly the diesel engine’s fuel 
consumption, smoke, noise, emission and other 
performance indicators, and help to improve the 
engine’s torque characteristics. 

It can achieve the high-pressure injection. The 
injection pressure is twice more than the general in-
line pump system. The closed-loop control of the 
common rail’s pressure is implemented with the 
common rail pressure sensor and the control 
algorithm. The optimum injection pressure is 
determined for the different load and speed. That is 
highly advantageous to improve the low-speed and 
the low-load performance of the diesel engine. The 
injection timing and the injection volume can be 
controlled accurately. Implementing the ideal fuel 
injection law of “the pre-injection, the low initial 
injection rate, the high main injection rate, the fast 

stop speed of the post-injection” favors to reduce the 
NOx emissions from the diesel engine. 
 
 

 
 

Fig. 1. The electrically controlled fuel injecting system 
with the high-pressured common rail. 

 
 

3. Optimization of Diesel Engine’s 
Combustion Process 

 
In the low speed diesel engine design, the 

combustion process optimization mainly solves the 
carbon smoke and the NOx emission. Regarding the 
high-power marine diesel engine’s emission, what 
most mainly must be solved is the carbon smoke 
discharge in the slow-speed and the low operating 
mode. Firstly, in the entire operating mode, the black 
smoke that the naked eyes can see should not be 
produced including the starting mode. The emission 
value of the marine diesel engine is easy to be 
satisfied according to the IMO’s NOx stipulation. Fig. 
2 is a group of curves. They are obtained on the 
experimental contrast in the Wartsila46 medium-
speed engine. As can be seen from the figure, when 
the electrically controlled fuel injecting system with 
the high-pressured common rail is used, in the entire 
operating condition, the smoke is below FSN0.15. 
That is, the smoke color does not be seen, and is 
below the guarantee FSN0.4. But with the 
conventional oil supply system, for the entire 
operating mode the smoke surpasses the guarantee 
value in the load below 45 %. But the biggest value is 
FSN0.9, also not too high. If the supplement air 
measure is taken in the low operating mode, the FSN 
value also possibly is below the guarantee value. If 
the requested NOx is below 70 % of the IMO 
standard value, the FSN value has surpassed the 
guarantee value in the load below 60 %. 

The high-power low-speed diesel engine uses the 
scheme of the electrically controlled fuel injecting 
system with the high-pressured common rail. The 
two-cylinder common rail made the high-power low-
speed diesel engine small in structure against the 
engine with the high-pressured oil track. The high 
pressure oil circuit controlled by a high speed 
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magnetic valve can avoid the low operational 
reliability which governing directly a fuel injector 
needle brings. 

 
 

 
 

Fig. 2. The influence of the electrically controlled high-
pressured common rail to the smoke intensity. 

 
 
In the electrically controlled fuel injecting system 

with the high-pressured common rail, the high-
pressured oil feed pump provides the pressured oil to 
the common rail, but the injection discharge and 
injection timing is controlled by the high speed 
magnetic valve in the fuel injector. The electronic 
control unit (ECU) of the fuel injection system acts 
according to the operator’s order and the operating 
condition of the diesel engine, and controls the 
injection start point and the injection end point as 
well as the injection times by controlling the fuel 
pressure and the magnetic valve’s operating time in 
the common rail. Thus it can be seen, the electrically 
controlled fuel injecting system with the high-
pressured common rail may control independently 
the system injection pressure, the injection timing, 
the injection discharge and the injection rule. In 
comparison with the mechanical type fuel injection 
system, its superiority lies in: realizing the high-
pressure injection; guaranteeing the accurate injection 
timing; implementing the optimized control of the 
fuel injection rate; setting the parameter freely and 
flexibly; optimizing the combustion process. 

 
 

3.1. Realizing the High-pressure Injection 
 
One of the most remarkable characteristics for the 

fuel injecting system with the high-pressured 
common rail is to realize the high-pressure injection. 
The high injection pressure may guarantee the good 
fuel atomization, thus can reduce the PM, CO, and 
HC emission. The injection pressure of the 
mechanical type fuel injection system is adjusted 
through the speed and the injection discharge. 
Because the mechanical type cannot guarantee the 
high-pressure injection, it causes easily the bad 
atomization, thus makes the PM, CO, and HC 
emission to increase. For example the diesel engine 

produces easily two times of injection under the high 
speed and the high load. The fuel oil in the two times 
of injection comes into the cylinder by the very low 
pressure, and causes the fume discharge to increase. 

 
 

3.2. Guaranteeing the Accurate Injection 
Timing 

 
To a great extent the injection timing is to affect 

the pollutant emission. Postponing the injection can 
cause the NOx emission to reduce, but possibly 
causes the CO and PM emission to increase. The 
injection timing also is very sensitive to the HC 
emission, and has the best value. The injection timing 
above or below the best value will possibly increase 
the HC emission. Therefore, choosing an accurate 
value of the injection timing is very important. It may 
enable the emission to achieve a best compromised 
value. However, the mechanical type fuel injection 
system adjusts the injection timing by the injection 
pump and the timing advance unit. Its setting range 
and the precision has been restricted. In the fuel 
injecting system with the high-pressured common 
rail, the injection timing is controlled by the ECU and 
the fuel injector. According to the electronic control 
signal from the ECU, the fuel injector takes the high-
pressured fuel oil in the common rail to inject into the 
engine’s combustion chamber by the best injection 
timing, the injection discharge, the injection rate and 
the atomization condition. 

 
 

3.3. Implementing the Optimized Control  
of the Fuel Injection Rate 

 
In the fuel injecting system with the high-

pressured common rail, the injection start point and 
the duration time are decided by the command pulse, 
and they have nothing to do with the speed and the 
load. Therefore the injection time may be controlled 
freely. In addition the injection pressure may be 
controlled flexibly. So the ideal premix combustion 
can be formed. The pre-injecting start point, the main 
injecting start point and the injecting end point may 
be adjusted freely. The pressure in the pre-injecting 
section may be selected freely. The pressure rise rate 
after the main injecting start is suitable. The oil can 
be broken fast. The peak pressure of the injection 
may be chosen flexibly. The full combustion of the 
fuel oil may reduce the CO, HC, and PM emission. 
But the delay period reduced as far as possibly can 
lower the NOx emission. 

 
 

3.4. Setting the Parameter Freely  
and Flexibly 

 
In the fuel injecting system with the high-

pressured common rail, the Injection nozzle 
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parameter and the other various parameters may be 
set freely. Each parameter may satisfy the 
corresponding request independently. The aspect in 
satisfying the request is not restrained, the flexibility 
is good. These are the essential conditions to atomize 
the fuel oil good and reduce the emission. 

Matching reasonably the high-pressure fuel 
injection system and controlling the parameters of the 
fuel injection pressure and the injection time, are 
important to improve the internal combustion 
process, optimize the diesel engine’s power, 
efficiency and emission. 
 
 
3.5. Optimization of Combustion Process 

 
The difficulty of the diesel’s emission control lies 

in the mutual checks of the NOx’s formation and the 
carbon black’s formation. The emissions of the NOx 
and the carbon black are mainly related with the 
combustion process in the diesel engine’s combustion 
chamber. So reducing the diesel’s emissions is 
carried out from improving the combustion process. 
In order to achieve the desired heat release curve and 
reach the desired purpose of reducing the emissions, 
the premixed combustion quantity is suppressed in 
the pre-mixed combustion phase to reduce the initial 
combustion temperature and the NOx emissions. In 
the diffusion combustion period, the good mixing and 
the high combustion temperature is maintained to 
promote the diffusion combustion and to reduce the 
carbon black’s emissions. That requires the good mix 
and match for the diesel fuel injection system, the 
combustion chamber shape, and the air movement. 
Improving the fuel injection system is the most 
important. From the fuel injection law to consider, it 
is important to reasonably allocate the fuel injection 
quantity in the various sections. Specifically, to 
reduce the amount of the pre-injection leads to reduce 
the NOx emissions, and to strengthen the mixture of 
the main injection leads to reduce the carbon black’s 
emissions. These put forward the higher requirements 
to the performance of the fuel injection system. Thus 
enabling the ideal fuel injection process is one of the 
keys to improve the diesel combustion process, 
improve the economy and reduce the harmful 
emissions. 

The fuel injection system has a direct and decisive 
impact to the diesel engine’s combustion and 
emissions. With the development for the diesel 
engine technology of the electronically controlled 
injection, the injection strategy has been an important 
breakthrough to reduce the NOx and carbon black’s 
emissions. By studying the different control 
strategies, comparing and analyzing the influence 
rules of the different main injection timing, the 
different pre-injection quantity and the different 
interval between the main injection and the pre-
injection to the emission performance of the diesel 
engine, the best match on the different conditions can 
be obtained. 

In order to study the influence laws of the 
different injection to the diesel engine’s combustion 
process and emissions, the testing system of the 
diesel engine’s emission performance is established, 
as shown in Fig. 3. Through the experimental 
research, the best injection law of the diesel engine is 
revealed under the different conditions to provide the 
technical support for the diesel engine’s design and 
operation management. 

 
 

 
 

Fig. 3. The testing system of the diesel engine’s emission 
performance. 

 
 

 
 

Fig. 4. The emission regulation of the marine diesel engine. 
 
 
In the aspect of the control of the exhaust 

pollutants, the more strict emission regulation IMO 
Tier3 will be imposed in 2016, as shown in Fig. 4. 
Using the technology of the purification inside the 
engine about improving the combustion (such as the 
high-pressure injection, the injection duration 
shortening, the electronically controlled injection 
system with the common rail, the direct water 
injection and the exhaust recirculation system) and 
the exhaust’s after-treatment technology is to meet 
the increasingly stringent emission standards. Using 
the high-pressure common-rail fuel injection 
technology to controlling the injection timing and the 
fuel injection quantity is the trend on the diesel 
engine’s technology. This paper presents the scheme 
of the fuel injection system with the high-pressure 
common rail for the low-speed diesel engine, and the 
test system for the diesel engine’s emission 
performance is established. Through the experimental 



Sensors & Transducers, Vol. 25, Special Issue, December 2013, pp. 30-35 

 35

research, the optimization and matching technology 
for the diesel combustion process based on the 
emission control is analyzed, and the best injection 
law of the diesel engine is revealed under the 
different conditions. That will provide the technical 
support for the design and operating management of 
the diesel engine. 
 
 
4. Humid Air Motor 
 

In order to adapt to the more stricter request 
compared to the existing IMO’s emission laws and 
regulations, as well as the local codes and regulations 
like Sweden and Norway, besides using the 
electrically controlled fuel injecting system, in the 
low-speed engine the other measures also considered. 
For example, MAN B&W uses the EGR method and 
the humid air motor (HAM) method. The water-in-oil 
emulsion is used in the 5 MAN B&W low-speed two-
stroke diesel engines for the power plant. If water is 
sprayed in the air cylinders directly, the more 
refitment must be made in the structure, moreover the 
massive fresh water must be used. But with the HAM 
system, the water is injected into the high 
temperature air after the supercharger, and it can also 
play the cooling role. If the air temperature after 
cooling is 70 C about, the HAM system may replace 
completely the intercooler. 

With the HAM system, the diesel engine itself 
does not need to refit, moreover may use the sea 
water. Therefore it is a good choice. The HAM 
system was once experimented on the 4T50ME-X 
testing engine. The NOx discharge drops by 25 % ~ 
50 %, the oil consumption rate increases by  
1.0 % ~ 1.5 %, the CO discharge increases some, the 
PM and HC discharge changes a little. Using the 
EGR in the two-stroke diesel engine may realize the 
cylinder’s EGR through adjusting the exhaust timing. 
Moreover, MAN B&W uses the high-pressured EGR 
system, namely an air compressor presses the exhaust 
gas into a sea water bathing pool to purify and cool 
the exhaust gas. The experiment proved that the NOx 
discharge may drop by 30 % ~ 50 %. The EGR and 
the HAM system further experimented in 2004 on the 
solid ship. Wartsila has also done the corresponding 
experimental study. The method combining the direct 
water injection (DWI) in the cylinder with the EGR 

in the cylinder is called WaCoReG (Water Cooled 
Residual Gas). Testing in the 4RT-flex58T-B using 
the above method, may make the NOx discharge 
lower than 50% of the limitation value by the IMO 
laws and regulations. In order to further improve the 
cylinder wall lubrication, lengthen the time between 
overhauls (TBO) and cut the lubricating oil 
consumption rate, Wartsila uses the anti-polishing 
rings in the two-stroke low-speed engine. 

 
 

5. Conclusion 
 
Matching and optimizing the low-speed diesel 

engine’s combustion process has decided the 
engine’s power, efficiency and emission. But the 
combustion process’s optimization and match has 
more to do with the fuel injection rule, the intake 
swirl control, the Valve timing adjusting, the 
combustion chamber structure, and the operating 
condition. This article proposed the electrically 
controlled fuel injecting system with the high-
pressured common rail as well as the humid air motor 
method and the system plan. They can improve the 
low-speed diesel engine’s combustion process, thus 
enhance the diesel engine’s performance, and reduce 
the pollutant discharge. 
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Abstract: The research on the predictive maintenance system of CNC machine tools based on PDA is of great 
theoretical significance and practical application value. This paper studied PDA-based predictive maintenance 
system of CNC machine tools using predictive maintenance theory as a guide to obtain the work state of CNC 
machine tools in machining process. The corresponding acoustic emission sensors, acceleration sensors and 
speed sensors are installed on CNC machine tools, by which PDA collected the information of tool machining 
process. If collected data is found abnormal, the warning module sends the alarm information to the staff via 
email or SMS and monitors the work state of CNC machine tools. Based on HP iPAQ hx2490 with data 
acquisition card, the sensor and other hardware equipment, the structure of hardware platform is completed. 
Employing LabVIEW, the system modules including data acquisition, email warning, SMS warning, login, and 
report generation are developed. This paper carried out positive exploration on the design of PDA-based 
portable data acquisition platform, data communication, the early warning maintenance.  
Copyright © 2013 IFSA. 

 
Keywords: PDA, Predictive maintenance, CNC machine tools, Data communication, Ubiquitous 
manufacturing. 
 
 
 
1. Introduction 
 

The development of network communication 
technology and the improvement of the cost-effective 
of PDA make PDA-based monitoring of CNC 
machine tools in ubiquitous manufacturing network 
environment become possible [1-3]. With the 
hardware platform of PDA, the staff can obtain the 
work status information of CNC machine tools 
through the network platform anytime and anywhere 
to achieve the ubiquitous monitoring and diagnosis of 
CNC machine tools [4, 5]. Data detection and remote 
network traffic based on PDA can get rid of the space 
constraints and has the significance to the building of 
ubiquitous network. 

Based on ubiquitous network environment, some 
scholars use M2M (Mobile to Machine) to carry out 
the mobile monitoring of CNC machine tools, 
construct the model of remote monitoring 
communications network, put forward using wireless 
communication technology to display the realtime 
work status of machine tools in the PDA [6, 7]. 
However, the present research has been confined to 
the open CNC machine tools at home and abroad, 
which mainly develops the mobile monitoring 
module, uses embedded technology transplanting 
partial functions of NC system to PDA, and make 
PDA communicate with CNC systems anytime and 
anywhere to achieve the purpose of remote real-time 
monitoring of CNC machine tools. 
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Considering the predictive maintenance theory as 
a guide, this paper explored the building of portable 
data acquisition platform, the data communication 
warning maintenance and other aspects oriented on 
non-open CNC machine tools, completed the data 
communication experiment between the PDA and the 
computer, studied PDA-based monitoring of CNC 
machine tools in ubiquitous manufacturing network 
environment. 

 
 

2. Overview of PDA-based Predictive 
Maintenance System 
 

2.1. System Solutions 
 
PDA-based predictive maintenance system 

monitors the machining process of CNC machine 
tools by using predictive maintenance theory as a 
guide. The monitoring objects of CNC machine tools 
mainly include the machine status, the tool condition, 
the machining process and the workpiece quality, etc. 
In the machining process, because the tool condition 
directly influences the machining quality of the 
workpiece, this paper selects the tool condition as 
main monitoring object. In the metal cutting process, 
the tool can produce a kind of elastic wave. When the 
tool is broken, the elastic wave is transformed by the 
power, which spreads out when the plastic 
deformation and fracture happens in solid. In 
application, the acoustic emission sensors adsorb on 
the surface of the workpiece through the magnetic 
force. Because the acoustic emission signal reflects 
the lattice change inside the metal materials, which 
includes the information closely related to the tool 
wear, it has better forecast characteristics for the tool 
wear and breakage. 

The system scheme is shown in Fig. 1.  
 
 

 
 

Fig. 1. The scheme of PDA-based predictive  
maintenance system. 

 
 
This system collects the signal of the 

corresponding acoustic emission sensor, acceleration 
sensor and speed sensor installed on the machine 
tools through the PDA, and uses the interface and 

communication function of the PDA sending the data 
to the computer through the wire or wireless way. 
The processed data can achieve web publishing 
function through the network released and report 
generation way, and can collect the historical data to 
predict the tool wear. The PDA can also analyze a 
number of time-frequency information and compare 
it with preset thresholds. When the signal appears 
apparently unusual, the PDA uses its communication 
function to complete the warning operation by SMS 
or email, and informs the responsible personnel of 
maintaining CNC machine tools. The PDA can't 
install the program development environment to 
develop corresponding program, so the program need 
to be developed in computer and install it in PDA 
using the synchronization software through USB 
interface. 
 
 
2.2. System Architecture 
 

The system architecture is shown in Fig. 2. The 
equipment layer includes CNC machine tools that 
require carrying out the predictive maintenance. The 
sensor layer is used to set up a portable data 
acquisition system to gather the data when the 
equipments are running. The data layer includes the 
users’ data, data collection, and data management. 
The processing layer mainly analyzes the data 
collected by the sensors. The function layer includes 
the functions of the system, including data 
acquisition, condition monitoring, fault analysis, 
early warning and maintenance, etc. The human-
machine interaction can be realized through the 
presentation layer and the system can be operated 
directly by it. 

 
 

3. Hardware Platform of the Predictive 
Maintenance System 
 

3.1. Design of the Portable Data Acquisition 
System 

 
The composition of the portable data acquisition 

system based on PDA is shown in Fig. 3, where 1 
represents the PDA, 2 represents the acquisition card, 
3 represents cable, 4 represents the junction box, and 
5 represents the sensor. 

 
 

3.2. Selecting Hardware Module 
 

PDA is the platform of the portable data 
acquisition system, and its performance directly 
affects the achievement and implementation of the 
system functions [8]-[10]. The choice of PDA 
directly affects the choice of other hardware, so the 
choice of PDA should be considered as the primary 
factor of building hardware platform. In this paper, 
the system uses HP iPAQ hx2490, and its basic 
parameters are shown in Table 1. 
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Fig. 2. The architecture of PDA-based predictive maintenance system. 
 
 

 
 

Fig. 3. The schematic diagram of the PDA-based data 
acquisition system. 

 
 

Table 1. Basic parameters of HP iPAQ hx2490. 
 

Contents Parameters 
Operating system 
Processor type 
Processor frequency 
RAM capacity 
ROM capacity 
Expansion slot 
Data transmission 
interface 
Battery capacity 

Windows Mobile 5.0 
Intel PXA270 
520 MHz 
64 MB 
128 MB 
SD/MMC/CF Type II card, 
support SDIO 
USB/serial/IR/Bluetooth 
1440 mA 

 
 

The system proposed in this paper selects the NI 
CF-6004 data acquisition card. Its single-channel rate 
is the 200 kS/s. It has 14-bit resolution data 
acquisition of 4-channel 132 kS/s sampling rate, and 
connects with the PDA by CF Type II slot. 

This system uses PXR15 acoustic emission 
sensors, LC0120 piezoelectric acceleration sensor 
and optical reflection-directional sensor WO-RNMW. 

The sensors connect the PDA by the SH-15-15 cable 
and CB-15 junction box. The real configuration 
system is shown in Fig. 4. 
 
 

 
 

Fig. 4. The picture of the configuration system. 
 
 
4. Development Environment  

of the Predictive Maintenance System 
 

4.1. LabVIEW Mobile Module 
 
The installation of the software development 

environment and the development of the system 
cannot be achieved in the PDA. The software 
development is completed in a desktop computer or 
laptop, and the program is made run on the PDA 
platform by software development kit (SDK). 

The Mobile module of NI LabVIEW expands the 
development environment of LabVIEW into PDA. 
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Using this module, the users can develop the 
application programs in LabVIEW environment and 
download completed application programs to the 
PDA. The Mobile module of NI LabVIEW can 
compile VI running in designated PDA, and 
download completed application development to the 
PDA. 

 
 

4.2. DAQmx Base Driver 
 

The communication between the PDA and CF-
6004 data acquisition card can be realized through 
the application programming interface (API) 
provided by DAQmx Base. 

DAQmx Base supports many operating systems 
including Windows, Linux, Mac OS X and Pocket 
PC. Using DAQmx Base driver the user can develop 
the application software in multi-platform LabVIEW 
graphical development environment. Simple 
programming interface, programmable channel, task 
generation and high integration of the LabVIEW 
make the development of the application program 
become very simple. The driver software also 
includes immediately available LabVIEW VI and C 
function examples, and these examples are similar to 
that of NI-DAQmx software with complete functions. 

 
 

4.3. Microsoft ActiveSync 
 

Microsoft ActiveSync software provides the data 
synchronization between personal computer and 
PDA, which is a kind of data synchronization 
software based on the devices of Windows Mobile. 
Microsoft ActiveSync instantly provides available 
synchronization experience with Microsoft Outlook 
and personal computer based on Windows. Microsoft 
ActiveSync can act as the gateway between 
Windows-based personal computer and Windows 
Mobile-based devices, which allows transmitting 
Outlook information, Office documents, pictures, 
music, videos and application program between the 
personal computer and the devices. In addition, 
ActiveSync can directly synchronize with Microsoft 
Exchange Server, so it allows the users leaving the 
personal computer to get the latest email, calendar 
data, tasks and contact information through wireless 
way. 

 
 

5. Program Development of the 
Predictive Maintenance System 
 

5.1. Program Development of Data 
Acquisition and Communication 

 
The communication of CF-6004 data acquisition 

card with the PDA can be realized through the 
application programming interface (API) provided by 
DAQmx Base. The data acquisition program mainly 

uses read function, start function and stop function of 
the DAQmx. In addition, API provides a DAQmx 
Base task constant, which allows being created and 
set in task configuration. In order to be able to use 
DAQmxBase API, the corresponding tasks must be 
created first. The task is predefined configuration of 
an input channel of data acquisition card, and the new 
tasks will be related to concrete channels and 
attributes. In order to make projects be created and 
generated in the PDA memory, the task constants 
must be created and connected to the Base function 
of DAQmx. 

After completing the task configuration and 
program generation, there will be a small amount of 
code in program block diagram. Then the developer 
can delete the code and put While cycle. The exit 
button connected to the end button of While cycle. 
The run button connected to the branch selector of 
the branch structure. Considering the limited 
processing ability of PDA, the delay time is set to 
100ms. The true branch of the branch structure is 
executed when the start button is pressed. After 
placing the Start Task VI and the task constant, the 
While cycle will begin. The value of "Wait until 
milliseconds" timer is set to 50 to control the speed of 
loop processing. The data acquisition cycle uses the 
Boolean “or” functions to terminate. Similarly, with 
the data acquisition cycle terminated, the data 
acquisition program uses DAQmx Base stop task 
function placed outside the cycle to achieve the 
termination of data acquisition tasks. The block 
diagram of data acquisition program is shown  
in Fig. 5. 
 
 

  
 

Fig. 5. Block diagram of data acquisition program. 
 
 

In order to prevent the loss of data, the producers 
and consumers model is used as the design model of 
data acquisition and storage program when the 
sampling rate is relatively high. The block diagram of 
data acquisition program based on the producers and 
consumer model is shown in Fig. 6. 
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Fig. 6. Block diagram of data acquisition program based on producers and consumer model. 
 
 

This paper combines the portable data acquisition 
system with network connection so that the collected 
data can be sent to the laboratory computer 
immediately for permanent storage and further 
analysis. Data communication test is mainly on the 
portable data acquisition module based on mobile 
devices and sends the data to the server program of 
the specified PC through the network. The layout of 
network transmission system is shown in Fig. 7. 

In LabVIEW, the user can directly call the 
released TCP VI and related sub-VI of TCP modules 
to complete the writing of the process. This paper 
uses the C/S (client/server) communication mode in 
software design. The function of its VI program is 
divided into two parts. On one hand, it processes the 
host work in the server, completes data reception, and 
provides the related processing of the data. On the 

other hand, it collects data in the client and transmits 
it. The block diagram of the client program is shown 
in Fig. 8. The block diagram of the server program is 
shown in Fig. 9. 
 
 

 
 

Fig. 7. The layout of network transmission system. 

 
 

 
 

Fig. 8. Block diagram of the client program. 
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Fig. 9. Block diagram of the server program. 
 
 

5.2. System Module Development 
 
The screen size of PDA is very limited, so the 

system uses the tab control overlapping the front 
panel control on the front panel and necessary 
abbreviations to the use screen size effectively. In 
addition, the system adopts the top-down design 
method and achieves the development of complex 
programs by decomposing it into some program 
modules with specific functions and tasks. 

In order to maintain the CNC machine tools in 
time, the predictive maintenance system develops the 
warning module. If the signal exceeds preset 
threshold during the data collection process, the 
warning module will send the abnormal data to 
designated mailbox. Remote worker receives the 
alarm information and makes the diagnosis of 
receiving fault data to realize the remote monitoring. 
Some interface about triggering the warning status 
while beyond the threshold is shown in Fig. 10. 

Email warning can be realized by the SMTP 
communication protocol node of LabVIEW. If 
collected data in the machining process exceeds the 
preset warning value, PDA automatically sends data 
to designated mailbox. Using SMS warning function 
needs to install SMS driver in the PDA first. After the 
driver is installed, the PDA can use the related 
functions of SMS to develop SMS warning program 

and realize SMS warning when programming. The 
diagram of email warning is shown in Fig. 11. 

The program diagram of SMS warning is shown 
in Fig. 12. The related interface of email and SMS 
warning is shown in Fig. 13. The system also designs 
the login module using the attributes of Key Focus 
and completes the report generation module using the 
Office report generation toolkit, etc. 
 
 

  
 

Fig. 10. Trigger warning interface while  
beyond the threshold. 

 
 

 
 

Fig. 11. Program diagram of Email warning. 
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Fig. 12. Overall diagram of the SMS warning program. 
 
 

  
 

Fig. 13. Email and SMS warning interface. 
 
 

6. Conclusions 
 
The research on the predictive maintenance 

system of CNC machine tools based on PDA is of 
great theoretical significance and practical 
application value. The PDA-based monitoring of 
CNC machine tools presented in this paper not only 
got rid of the space restrictions, but also provided a 
new platform and methods for the information 
acquisition, transmission, processing of machine tool. 
With the platform of PDA, this paper completed the 
design of portable data acquisition system based on 
PDA, built the PDA hardware platform, developed 
the data acquisition program and communication 
program based on PDA, and achieved the effective 
collection, storage, and transmission and other 
operations of the data.  

Using the predictive maintenance theory as a 
guide, this paper carried out positive exploration on 
the design of portable data acquisition platform, data 
communication, the early warning maintenance, 

completed the test of the data communication 
program between the PDA and the computer, made 
explorative research on using the PDA to monitor 
CNC machine tools under ubiquitous manufacturing 
network environment. 
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Abstract: A vision-based parking guidance system is proposed to help drivers parking their cars into parking 
space. The proposed system only relies on an embedded hardware and a wide-angle camera to capture images 
for analysis without steering sensor. This is a money-saved technique; moreover, it is suitable for used cars and 
after-market usage. In the system, input images are first transformed into top-view images by a homography 
transformation. Then corner feature points on two continuous images are extracted to match each other. The 
feature-point pairs are further pruned by a least-square error metrics. The remained pairs are then used to 
estimate vehicle motion parameters, where an isometric transformation model based on the Ackermann steering 
geometry is proposed to describe the vehicle motion. At last, the vehicle trajectory is estimated based on the 
vehicle motion parameters and the parking guidance lines are drawn according to the vehicle trajectory. The key 
characteristics of a parking guidance system are stability and precision; the proposed model is more proper than 
general considered models for image-based parking guidance system. Copyright © 2013 IFSA. 
 
Keywords: Parking guidance, Parking assistance, Advanced safety vehicle, Ackermann geometry, Computer 
vision, Motion analysis. 
 
 
 
1. Introduction 
 

Parking a vehicle into a parking space or garage is 
an essential skill for drivers; however, it is still hard 
for someone. Moreover, to maneuver a vehicle into a 
parking space with limited dimension or with other 
vehicles or obstacles around the parking space is 
difficult for most drivers. Even a familiar driver has 
an unpleasant experience to park a vehicle into a 
small parallel parking space. 

In these few decades, cameras and related 
embedded system are more and more cheap, and have 
been used for vehicle driving assistance, such as lane 
departure warning, forward collision warning, blind 
spot detection, etc. [1]. The mentioned parking 

problem can be solved by an around view monitor 
system [2-4] or a back guiding monitor and detection 
system, which are just equipped cameras and an 
embedded system. 

Nissan Motor Co., Ltd. [2] has developed a 
parking assistance system named as "Around View 
Monitor". The system uses four wide-angle cameras 
mounted on the front, sides, and rear of the vehicle to 
capture images of the surrounding area to generate a 
bird’s eye view of the vehicle with its surrounding 
scenery and a parking guiding view of the rear 
scenery as shown in Fig. 1.  

Honda Motor Co., Ltd. [3] has provided a similar 
system named “Multi-view Camera System” with 
extra functions for tight driving support as shown in 
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Fig. 2. At the same time, Mitsubishi Motors Corp. [4] 
provided a similar system “Multi-around Monitor 
System”. After two years, Fujitsu Semiconductor 
America, Inc. announced the commercial availability 
of a breakthrough 3D imaging technology that 
provides a complete 360-degree view of a vehicle’s 
surrounding [5]. 
 
 

 
 

Fig. 1. Nissan Around view monitor system. 
 
 

 
 

Fig. 2. Camera system. 
 
 

In a general parking guidance system, a steering 
sensor is installed on the steering column to compute 
direction of front wheels and then provide the vehicle 
guiding path to the drivers. All above mentioned 
systems are just with such a configuration. The 
installation of steering sensor is a complicated task; it 
is also very inconvenient to install a steering sensor 
on a used car; thus the steering sensors are only set 
on new cars. Moreover, a steering sensor is expensive.  

In this paper, we propose an image-based parking 
guidance (IPG) system to estimate the direction of 
front wheels without steering sensor. The hardware is 
just an ARM-based embedded system and a wide-
angle camera. The camera is mounted on the rear of 
vehicle to capture sequential images of ground area 
just behind the vehicle. In the software development, 
off-line and on-line processes are sequentially 
constructed. The off-line process is used to calibrate 
3D position of the camera to the ground coordinate 
system; then the on-line process is utilized to 
estimate the vehicle trajectory with respect to the 
ground coordinate system. At first, input images are 
first transformed into top-view images by a 
transformation matrix of homography. Then corner 
feature points on two continuous images are extracted 

to match each other. The feature-point pairs are 
further pruned by a least-square error metrics. The 
remained pairs are then used to estimate the motion 
parameters, where an isometric transformation model 
based on the Ackermann steering geometry [6] is 
proposed to describe the vehicle motion. A vehicle 
trajectory is then estimated based on the parameters. 
At last, a top view or rear view of parking guidance-
lined images are provided to assist the driver. The 
proposed IPG system is shown in Fig. 3. 

 
 

 
 

Fig. 3. The proposed image-based parking guiding system. 
 
 

2. Camera Calibration 
 
Camera calibration is a fundamental and 

important topic in computer vision and image 
processing. Many excellent works have been 
proposed [7]-[9]. Here we used the Zhang’s camera 
calibration technique [10] and Devernay-Faugeras 
distortion calibration method [11] to estimate camera 
intrinsic, extrinsic, and distortion parameters. 

In a perspective projection camera model, a 3D 
point P = [X Y Z 1]T and its 2D projection point p = 
[u v 1]T in the homogeneous coordinate system have 
the relation 

 
s p = A [R t] P , (1) 

 
where s is the non-zero scale factor. R and t are 3×3 
rotation matrix and 3×1 translation vector, 
respectively.  A is the camera intrinsic parameters 
matrix: 
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where (uo, vo) is the camera optical axis center on the 
image coordinate system, α and β are the focal 
lengths in pixel unit for image u and v axes, 
respectively; γ is the skew parameter between 
photosensitive plane and optical axis of lens. 

Based on the orthogonal restriction of coordinate 
axes, a complicated square-error formula is derived 
and then solved by the Levenberg-Marquardt 
algorithm [10]. In the Zhang’s approach, the lens 
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distortion parameters were estimated based on the 
radial distortion model and the distortion was not 
completely resolved in the wide-angle images; thus 
Devernay-Faugeras’ FOV distortion calibration 
method [11] was further utilized to improve the 
distortion calibration.  

In the Devernay-Faugeras distortion model, the 
relation of a distortion image point pd = [xd yd]T and 
the undistorted image point pu = [xu yu]T is described 
as 

 
rd = R(ru), (3) 

 

where    and  2222 yxryxr uuuddd +=+= . Based on 
the factor that the larger the incident angle between 
3D point and optical axis, the larger the distance 
between image point and image center as shown in 
Fig. 4, Devernay and Faugeras [11] derived the field-
of-view (FOV) model,  
 

)
2

tan 2(tan
1 1 ω
ω ud rr −= , 

(4) 
 
where ω is the distortion parameter associated to field 
of view; and the inverse function is 
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u
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(5) 

 
One calibration example is shown in Fig. 5. 
 
 

 

rd  
 

ru  

Optical axis 

Image plane

θ 2 
θ 1 

Lens 

 
 

Fig. 4. Devernay-Faugeras FOV distortion model. 
 
 
3. Top-view Transformation 
 

There are several methods to generate top-view 
images. One of the simplest methods is using least-
square calibration method to generate the top-view 
images. In the least-square method, we need a virtual 
image plane to present the desired top-view image. 
The idea is described as follows and shown in Fig. 6.  

A calibration board with regular grid mesh is put 
in the view field of the rear camera. Assume a virtual 
camera is rightly above the calibration board facing 
down to the calibration board. It means that the 
virtual image plane is parallel to the calibration board; 
thus the grid mesh in the virtual image is completely 

like that on the calibration board. Consequently, we 
take the grid mesh on the capture image and 
calibration board to calibrate the relation between 
real and virtual cameras to generate the top-view 
images.  
 
 

  
 

(a)                                             (b) 
 

 
 

(c) 
 

Fig. 5. An example of distortion correction. (a) Original 
image. (b) After distortion correction. (c) After top-

view transformation. 
 
 

 
 

Fig. 6. The least-square calibration method. 
 
 

Assume the coordinates of an image point pi is 
(ui, vi) and its corresponding point pv on the 
calibration board is (xi, yi); then  
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where s is a scaling factor for adjusting the scale of 
the desired image. The formula is derived as  
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Then we can derive two linear equations from Eq.(7), 
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If there are n corresponding points on real and 

virtual images, we have 2n linear equations and then 
put these equations into a linear system as  
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The equation is simply written as 
 

C2n×8 h8×1 = p2n×1. (10) 
 
If n ≥ 4, x can be calculated by the least square 
method 
 

h = (C T C) -1 C T p. (11) 
 
H is then reconstructed from h. The top-view image 
can then be inverse transform from the capture image 
by the homography matrix H. One example is shown 
in Fig. 5 (c). 

The top-view transformation can also be 
completed by the previous camera calibration 
processes. Rewriting Eq.(1) in more detail, 
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If the 3D points are all on ground; that is, Zi = 0, then 
the equation is simplified as  
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where Hi is just the homography transformation from 
ground plane to image plane. If we also construct the 
transformation matrix Hv for transforming from the 
ground plane to the virtual image plane; then Hv Hi

 -1 
is just the homogrpahy transformation matrix from 
real image plane to the virtual image plane. 
 
 
4. Feature Matching 

 
Matching two continuous images to acquire the 

motion parameters of the host vehicle, we need to 
extract feature points in advance. Rosten-Drummond 
FAST corner detector [12] was utilized to acquire 
corner feature points for matching. 

Lowe [13] has proposed the scale-invariant 
feature transform (SIFT) for feature extraction and 
matching. SIFT is an excellent feature and method for 
application; however, it is very time consuming. In 
general, the vehicle speed is slow during parking and 
then the difference between two continuous images is 
small; thus a SAD-based matching method was 
alternatively used for feature-point matching. 

For corner point (u, v) on image I t matching a 
corner point (u'k, v'k) on image I t-1, the sum of 
absolute difference (SAD) criterion is defined as 

 
[ ]

∑ +′+′−++

=′′

−==

=

2/

2/,,...,2,1

,...,2,1

),(),(   min

),(,),(min

N

Nji
kkKk

kkKk

jviufjviuf

vuvuSAD
,
 

(14)
 

 
where f (u, v) is the gray level of pixel (u, v), K is the 
number of corner points on I t-1 and N is the radius of 
the window for computing a SAD. One example of 
corner-matching result is shown in Fig. 7. 
 
 

  
 

(a)                                            (b) 
 

  
 

(c)                                            (d) 
 

Fig. 7. Feature point matching. (a) The corner points on 
image I t. (b) The corner points on image I t-1.  

(b) The extracted point pairs. (c) The yellow lines  
are the credible point pairs. 

 
 
5. Generation of Vehicle Trajectory 

 
Ackermann geometry [6] described the motion 

trajectory of a four-wheel vehicle as shown in Fig. 8. 
In moving, all wheels have their axles arranged as 
radii of a circle with a common center point p. As the 
rear wheels are fixed, this center point must be on a 
line extended from the rear axle. Thus the center 
point can be found as the intersection of the rear-
wheel and front-wheel axles. 

We have no steering sensor, so we cannot get the 
directions of the front wheels directly. Here we use 
the movement of the vehicle to obtain the wheel 
direction based on the feature points on images. 

We have designed two methods to generate 
vehicle trajectory. One is based on the concept of 
coordinate transformation and the other is based on 
the shift of centroid of the feature points. 
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Fig. 8. Ackermann steering geometry and vehicular 
trajectory. 

 
 

5.1. Coordinate Transformation Method 
 
We analyze the geometric transformation 

between two continuous images based on the 
extracted feature point pairs as shown in Fig. 9. The 
isometric coordinate transformation model  
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is used to simulate the Ackermann steering geometry 
to describe the vehicle motion. According to the 
Ackermann steering geometry, the vehicle is rotated 
with respect to a center point p = (a, b). We use 
Eq.(15) to describe the vehicle motion from t-1 
coordinate system (u’, v’) rotating θ  angles to t 
coordinate system (u, v). 
 
 

 

u

v 

p = (a, b) 

v’ 

u’

t-1 image 

t image 

 
 

Fig. 9. The coordinate transformation model. 
 
 

If we set c = cos θ and d = sin θ, then Eq.(15) can 
be rewritten as two linear equations 
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then Eq.(17) becomes two linear equations of four 
unknowns c, d, e, and f , 
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If there are n corresponding points on the two 
continuous images, we can get 2n linear equations. 
Integrating these equations to form a linear system 
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The equation is simply written as 
 

b = A x, (21) 
 
then the unknowns (c, d, e, f) can be estimated by the 
least-square estimation method, 
 

x = (AT A) -1 A T b. (22) 
 
At last, the center point (a, b) can be found by Eq.(18) 
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Since 1sincos 22 =+ θθ ; that is, 122 =+ dc ; thus 
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and θ = tan-1 (d/c). 

Some point pairs may involve more error; thus 
these point pairs should be pruned out. We utilize the 
square error to prune the point pairs which have more 
error. Substituting a point pair [(ui, vi) (u’i, v’i)] into 
Eq.(19) to compute the square error 
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If the error is greater than a pre-defined threshold 
value, the point pair is discarded. After that, all 
remained point pairs are used to re-compute the least-
square estimation of transformation parameters again. 
At last, the parameters a, b, and θ are used to 
generate the vehicular trajectory.  

With the coordinate transformation method, the 
vehicular trajectory is generated and then the parking 
guiding lines are drawn on top-view and original 
images as examples shown in Fig. 10.  

 
 

  
 

(a)                                              (b) 
 

Fig. 10. The parking guiding lines. (a) drawn on the top-
view image. (b) drawn on the original image 

 
 
5.2. Centroid Shift Method 

 
This second method needs no feature-point 

matching and then is time saved. The centroid of all 
extracted feature points in one image is used to define 
the location of the vehicle in the world coordinate 
system. The centroid is regarded as independence to 
rotation; thus two centroids of feature points in two 
continuous images are used to find the move 
direction of the front wheels as shown in Fig. 11. 
 
 

 
 

Fig. 11. The vehicular trajectory model on world 
coordinate system. 

 
 

Assume the centroid coordinates of feature points 
in images I t-1 and I t are (u1, v1) and (u2, v2), 
respectively. The trajectory arc passes through points 
(u1, v1) and (u2, v2); the line between (u1, v1) and (u2, 
v2) must be a chord of the circle trajectory. The 
perpendicular line of the chord must pass through the 
center point (cu, cv) of the circle trajectory; so the 
equation of the perpendicular line (radius of the circle) 
can be defined as 
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where e = - (u2 - u1) /(v2 - v1) is the slope of the 
perpendicular line. 

We have stated that the center point is located on 
the extended line of the rear axle. If current image is I 

t, the rear axle is parallel to the u-axis of image. 
Assume the equation of the rear wheel axle line is v = 
v0, where v0 is a constant and was previously 
calibrated. The center point coordinates are just the 
intersection of two axles. The coordinate of cu can be 
obtained by substituting vc = v0 into Eq.(27), 
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6. Experiments 
 

The proposed methods were implemented with 
C++ language, tested on a PC-based platform with 
Intel® Core2 Duo 2.66 GHz CPU, and run on an 
embedded system with 1 GHz ARM Cortex A8 CPU. 
A low-cost wide-angle camera with a view field of 
136o angle in horizontal and 115o angle in vertical 
was used to capture images. 

In the current implementation of generating 
vehicular trajectory, although the centroid shift 
method is faster than the isometric coordinate 
transformation method; the isometric coordinate 
transformation method generated less error than the 
centroid shift method; thus the isometric coordinate 
transformation method was adopted in the following 
experiments and analysis. Both perpendicular parking 
and parallel parking to parking spaces were 
demonstrated as examples shown in Figs. 12 and 13. 
The guiding lines are drawn according to the 
transformation parameters in real time. Run on the 
embedded system with 20 frames per second. The 
top-view parking guidance images can also been 
alternatively provided to the drivers. 
 
 

  

  
 

Fig. 12. A sequence images of perpendicular parking. 
 
 

We totally generated six vehicle trajectories with 
different steering angles to analyze the accuracy of 
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the guiding lines. The steering angles include 0, 90, 
180, 270, 360, and 450 degrees. The average and 
standard deviation of the deviation distances on each 
trajectory are given in Table 1. The deviation errors 
are small in small steering angles, but the errors are 
growing during the steering angles are increased. The 
proposed isometric coordinate transformation is 
theoretically proper to the geometric transformation 
of vehicle motion; however the (rotation) center point 
is very sensitive to the extracted point pairs. Different 
sets of point pairs in multiple continuous images may 
result in vibrated center points and then generate 
guiding lines with larger errors. 

 
 

  

  
 

Fig. 13. A sequence images of parallel parking. 
 
 

Table 1. Accuracy of the generated vehicle trajectories. 
 

 0 o 90 o 180 o 270 o 360 o 450 o 
Average 2.03 3.28 4.16 5.73 7.65 8.22 
Standard 
deviation 1.52 2.31 3.27 3.84 4.93 6.36 

Maximum 6.54 12.64 16.39 20.71 22.44 30.34
 
 

7. Conclusions 
 

In this paper, a vision-based parking guidance 
(IPG) system is proposed to help drivers parking 
their cars into parking space. The proposed system 
only uses an embedded hardware and a wide-angle 
camera to capture images for vehicle trajectory 
generation; the proposed system needs no steering 
sensor; it is a money-saved technique; moreover, it is 
suitable for used cars and after-market usage.  

The proposed system only relies on image 
analysis; it may results in larger error in the guiding 
lines. The isometric transformation is theoretically 
proper to the geometric transformation of vehicle 
motion; however the (rotation) center point is very 
sensitive to the extracted point pairs. The trajectory is 
vibrated during driving backward. 

In the future, a motion analysis method will be 
proposed to estimate the geometric transformation. It 
is directly using optical flow to estimate motion 
vectors for trajectory generation without feature 
matching. The least-square-version Lucas-Kanade 

optical flow method [14, 15] can used to estimate the 
motion vectors. On the other hand, a stabilization 
method based on the learning principle will also be 
provided to stabilize the trajectory. We hope that the 
stability of parking guiding lines generated by the 
proposed method is the same as that of using steering 
sensor. Moreover, the obstacle detection [16] should 
be added to enhance the system benefit. 
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Abstract: PSD is a unique kind of semiconductor photoelectric position sensors. In this paper, the principle of PSD is 
introduced, and the relationship between coordinates position of the dot of laser beam and conversion formula is 
derived theoretically. The paper analyses the influence to PSD of external environment such as background light, 
reverse biased voltage and temperature, and the testing error of the non-linearity of PSD. At the end, the method of 
eliminating the testing error was put forword. Copyright © 2013 IFSA. 
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1. Introduction 
 

Position sensitive detector (PSD) is a kind of 
semiconductor photoelectric [1], which can measure 
the position of the incident light pot on the 
photosensitive surface continuously and accurately. 
The device has many advantages, such as small size, 
fast responding speed, high sensitivity, large linear 
range, low noise and simple subsequent circuit 
processing. After measured by the error correction 
and the compensation of optical path or circuit, the 
device is widely used in all kinds of vibration 
displacement measurements. 
 
 

2. Principles 
 

PSD is generally made by the P+IN structure, and 
it has the similar advantage of photodiodes, that is the 
photoelectric conversion efficiency, the sensitivity 
and the responding speed are better because of the 
thick I area. The working principle of PSD is based 
on the lateral photoelectric effect. As shown in    
Fig. 1(a), the P+ is both the photosurface and a 

uniform layer of resistive film, and the signal output 
electrode can be found on both sides of P+ layer. The 
I layer is in the middle and the common electrode 
which is in the lower layer is used to add reverse bias 
voltage. When there is an incident light on the 
photosurface, electric charges are generated. Due to 
the transverse electric field which parallels to the 
junction surface, the photocurrents I1 and I2 that 
flowing the electrodes at both ends are carried by the 
photon-generated carrier. Total current I0 is equal to 
the sum of I1 and I2. Since the area resistance of PSD 
is uniform and the values of R1 and R2 are much 
larger than the load resistance RL, the values of 
resistance R1, R2 only depend on the position of the 
incident current, such that [2]: 

 

1 1

2 2

I R L x

I R L x


 

 ,  
(1)  

 

where L is the distance from the midpoint of PSD to 
the signal electrode; x is the distance from the 
incident light spot to the midpoint of PSD. 0I ＝ 1I

＋ 2I  and (1) are combined such that 
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It can be seen that when the position of incident 
light spot is certain, the output current of signal 
electrode is proportional to the intensity of incident 
light. However, when the intensity of incident light is 
certain, the relation between the output current of 
signal electrode and x which is the distance of the 
incident light spot and the midpoint of PSD is linear. 
If the two output currents of the signal electrode are 
processed as follows: 
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, 

(4)  

 

a useful result can be obtained, which is xP  only 

relates to the light spot position x, but not to the 
incident light intensity 0I . The characteristic of 

output position is showed in Fig. 1(b). 
 
 

 
 

(a)Principles of PSD 
 

 
 

(b) Output characteristic of PSD 
 

Fig. 1. The principle and out characteristic of PSD. 
 
 
3. The Factors Causing Testing Error  

of PSD and the Method of Eliminating 
 

As specific position sensitive detector, PSD has its 
own advantages, but is not without disadvantages. 
For example, the influence of background light and 
temperature is quite significant. Besides, PSD itself is 
non-linear. If the factors are not eliminated, the 
testing results will be greatly affected. 

3.1. The Influence of Background Light 
 

As mentioned previously, the output signal of 
PSD has nothing to do with the intensity of incident 
light spot and the size of light spot. Increasing the 
intensity of incident light is favorable to increase the 
signal-to-noise ratio, thus the position resolution is 
enhanced. However, the device will become saturated 
if the intensity of incident light is too high. The 
significant advantage, which is the position output 
only relates to “the center of gravity” of the incident 
light spot, but not to the size of light spot, brings 
great convenience to application. But it should be 
noticed that the closer the light spot moves towards 
the edge, the greater the error will be. In order to 
reduce the edge effect, the light spot should be small 
as possible and the center sensitive parts should be 
only used. 

The intensity of the background light has an 
impact on the error of position output. The reason is 
that when the background light I is existing, (2) and 
(3) are changed to [3]: 

 

1 0 2

L x
I I I

L


  , (5)  

 

2 0 2

L x
I I I

L


  . (6) 

 
After the process, the output position signal is written 
as 
 

02 1
2

2 1 0

II I x
P

X I I I I L


  

  . (7)  

 
It is obvious that the change of the intensity of the 

background light will influence the error of the 
position output. 

There are two methods of eliminating the 
influence of the background light, which are the 
optical method and the electric method. 
 
 
3.1.1. The Optical Method of Eliminating  

the Influence of the PSD  
Background Light 

 
Light will be absorbed when it is transmitting in 

any substances. Most substance has the general 
property of matters - wavelength selectivity. That is 
defined as for different wavelengths of light, the 
absorption coefficients are different, even vary widely. 
Based on the property, the optical method of making 
optical frequency filter is putting a filter matching the 
signal light to filter out most of the background light. 

Because the light from laser has the characteristic 
of high directivity, monochromaticity and good 
brightness, the semiconductor laser diodes are used 
by most light resources when testing. Since the 
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wavelength of the laser is in a very narrow range, 
putting a narrowband filter matching the wavelength 
of laser could basically remove the effect of the 
background light. 

Visible light is electromagnetic radiation which 
has a wavelength in the range of 380 nm to 780 nm. 
Different wavelengths cause different color visions. 
Visible light is classified into red, orange, yellow, 
green, indigo, blue and purple based on the 
wavelength and the red light has a wavelength of 622 
nm-780 nm. The wavelength which is chosen by the 
sensor is about 650 nm and it is general from dotted 
red laser. Firelight has a large wavelength range, 
including UV-light (<380 nm), visible light (380 
nm-780 nm) and infrared light (>780 nm).The 
interference of environment light and firelight can be 
reduced by the filer whose performance parameters 
are as follows: pass-band range is from 620 nm to 
660 nm; transmittance of pass-band is above 80 %; 
stop-band range is 400 nm-620 nm and 660 nm -  
800 nm; cut-off depth is 0.8 %.  
 
 
3.1.2. The Electric Method of Eliminating  

the Influence of the PSD Background 
Light 

 
In the electric method, impulse modulation is used 

for the light resource, and lock-in amplifying and 
synchronous detection is used for the output signal to 
filter the background light. Impulse modulation is a 
method that the magnitude of the pulse sequence 
changes with the signal. The impulse modulation 
signal can be describes as [4]: 
 

( ) [ ( )] ( )
0

S t A f t S t
PAM p

  , (8)
 

 
where 0A  which represents the DC level is the 

constant. Message signal )(tf  is bipolar and its DC 

level is zero. The waveform of pulse sequence )(tS p  

can be arbitrary, normally the square wave is chosen. 
The impulse modulation signal is obtained by 

multiplying signal )]([ 0 tfA  and )(tS p . Assuming 

A  is the magnitude of the square wave,  is the 
width, and ssT  /2  is the repetition period, 
only a low-pass filter is needed during the 
demodulation processing to obtain the signal 
spectrum near the zero frequency. The signal is the 
original signal )(tf .The demodulation processing is 

showed in Fig. 2, where )()(0 tf
T

A
tS

s


 . 

 
 

)(tSPAM
)(0 tS

 
 

Fig. 2. The demodulation processing. 

3.1.3. Experimental Results 
 

Table 1 shows the experimental results of 
displacement-measuring system which is measured 
by the previous method of eliminating the influence 
of the PSD background light under different light 
intensity. In the experiment, the normalized 
displacement of the light spot on the PSD was  
20 mm. 
 

Table 1.theresults of the sensor output when  
the displacement of the light spot is 20 mm  

under different light intensity 
 

No. 
Initial 
value 
(mm) 

Final 
value 
(mm) 

Output 
(mm) 

Avera
-ge 

(mm) 

Relati
-ve 

error 

Condi 
-tion 

1 9.82 -10.1 19.92 

2 9.88 -10.1 19.98 

3 9.86 -10.2 20.06 

19.99 0 

Natural 
light 
indoor 
during 
the day 

1 9.93 -10.3 20.23 

2 9.94 -10.2 20.14 

3 10 -10.3 20.3 

20.22 1.1 % 

Strong 
light 
indoor 
during 
the day 

1 9.74 -10.2 19.94 

2 9.78 -10.2 19.98 

3 9.73 -10.1 19.83 

19.92 0.4 % 

No light 
indoor 
during 
the night 

1 9.9 -10.4 20.3 

2 9.85 -10.4 20.25 

3 9.83 -10.4 20.23 

20.26 1.3 % 

Strong 
light 
indoor 
during 
the night 

Ave    20.1   

 
 

According to Table 1, when the condition is 
natural light indoor during the day, the relative error 
is 0.05 %; when the condition is strong light indoor 
during the day, the relative error is 1.11 % (the ultra 
high brightness xenon search light used in the 
experiment is greatly brighter than sunlight and 
firelight); when the condition is no light indoor 
during the night, the relative error is 0.4 %; when the 
condition is strong light indoor during the night, the 
relative error is 1.3 %. 

The experimental results shows that after the 
previous methods of eliminating the influence of the 
background light, the displacement-measuring system 
using PSD as sensor could meet requirements 
accurate measurement of displacements with the 
interference of strong light. 
 
 
3.2. The Influence of Dark Current 
 

For the photosensitive elements such as PSD, the 
dark current increases with increasing ambient 
temperature. Experiments indicate that the dark 
current of PSD increases by 1.15 times when the 
temperature increases 1 °C. In order to improve the 
sensitivity and the dynamic response, reverse voltage 
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is commonly used. But the reverse voltage can cause 
the increase of dark current, so the measure precision 
will be influenced. Thus when studying the testing 
system based on PSD, the influence of dark current 
should be considered and eliminated as possible. 

According to experiments, the current which is 
produced by the dark current is DC or slowly 
changing signal. In the case of the dark current 
existing, the current equals to the output signal plus a 
slowly changing voltage. So the dark current can be 
eliminated by designing the circuit as shown       
in Fig. 3. 

 

 
 

Fig. 3. The circuit of eliminating dark current. 
 
 
Where dV  is the interference level of dark current; 

inV is the output signal after adding the interference 
level. 
 

1 2 3 4
R R R R    

(9) 

 

o in d( )V V V    (10) 

 
According to (10), the circuit realizes the function of 
eliminating background interference and dark current. 
Instead of amplified action, the circuit only inverse 
the signal. 

 
 

3.3. The Non-linearity Error 
 

Theory analysis and experimental results 
demonstrate that the non-linearity error of PSD is 
quite greater than the non-linearity error causing by 
the optical system and circuit. To improve the output 
property of PSD and the large-scale measurement 
accuracy, the non-linearity error correction of PSD is 
needed. Since the silicon wafer which is used to make 
PSD always presents a slow change of gradient, the 
position error function E(x, y) on the whole PSD 
surface is a small gradient surface. By the 
discretization of the function, a series of values of 
error function on the lattice gird are gained. For the 
values that are not on the gird, interpolation, neural 
network and other methods can be used to get the 
functional approximation. Thus the approximation 
value of the specific spot is obtained. 

3.3.1. The Discretization of the Error 
Function 

 
The non-linearity error of PSD is relatively 

independent in the directions of X and Y. for every 
spot on the photosurface, two error functions which 
are )y,xx（E in the direction of X and )y,xy（E in the 
direction of Y is existing. Since the derivation process 
of ),x YXE（ and )y,xy（E  is similar, ),x YXE（  is 
taken as example. PSD is put on the high-precision 
displacement platform, and then the laser device is 
fixed to shine on the PSD photosurface. The control 
platform moves forward to the direction of X and Y 
as certain step length S, so the error functions 

)y,x jix（E and )y,x jiy（E on the grid are obtained: 

 
' "( , )E x y x x

x i j i i
   (11) 

 
' "( , )E x y y y

y i j j j
  , (12) 

 
where ( 

ix , 


jy ) is the output measurement of PSD 

on the grid; ( 
ix ,


jy ) is the accurate position 

indication on the grid point. 
 
 
3.3.2. Non-linear Compensation Method 

Based on Interpolation 
 

On the photosurface of PSD, a series of discrete 
points form a rectangle grid. A rectangle area 

1A 2A 3A 4A is chosen, the error function values of 

1A 2A 3A 4A are, in order, )1x AE（ , )2x AE（ , 
)3x AE（ , )4x AE（ . Then the intent is to compute the 

interpolation function )y,xx（E . (x, y) is the point in 

the rectangle area of 1A 2A 3A 4A . Because the 

interpolation function has the message of four points, 
the coefficient function of the interpolation function 
can be described as 5]: 

 
x y a bx cy dxy

i
（ ， ）＝ ＋ ＋ ＋ . (13) 

 
Then error function of any point (x, y) in the 
rectangle area is as follows: 
 

4
x, y) ) x y

x x i i
i 1

E E A （ ＝ （ （ ， ）
＝ .

 (14) 

 
According to the error function and the output 
measurements of PSD, the actual position value can 
be obtained: 
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X X x, y)
R out x

Y Y x, y)
R out y

E

E





＝ － （

＝ － （ ,
 

(15) 

 
where RX , RY  are the actual position values, 

outX , outY  are the output measurements of PSD. 

 
 
3.3.3. Experimental Results 
 

In the static measurement, the input-output related 
curve which is called calibration curve is commonly 
obtained by the experimental methods. Most testing 
systems in practice are non-linear. On the condition 
that the degree of nonlinear term is not high and the 
change range of input is small, a reference line which 
is called fitting straight-line can be used to represent a 
part of the practical curve. Degree of nonlinearity is 
defined as the deviation of the calibration curve from 
the fitting straight-line.  The percentage of the 
maximum of the deviation of the calibration curve 
from the fitting straight-line versus the nominal 
output range of system is as follows [6]: 

 
( )

max 100%
y
L

L y
FS




  , 
(16) 

 

( ) max
max

y y
L iL

   ( 1, 2, , )i n  , (17) 

 
y y y
iL i i

   , (18) 

 
where FSy is the full scale output, and 

)( minmax xxByFS  , B is the slope of the fitting 

straight-line; iLy  is the deviation of the average 
output of the point i from the corresponding point on 
the fitting straight-line; max)( Ly  is the max 
deviation in the n points. 

To obtain the degree of nonlinearity, the key is to 
gain the fitting straight-line. The degree of 
nonlinearity is different if the fitting straight-line is 
obtained by different methods. At present, there is no 
uniform standard for the fitting straight-line, two 
methods are commonly used, which are the base line 
and the least squares line. Here, the base line is used 
to replace input-output curve, the solving process 
relatively simple. If two endpoints ),( 11 yx , 

),( nn yx  are connected, the base line is  
 

1 ( )
1 1

1

y y
ny y x x

x x
n


  


.
 

(19)
 

 
Table 2 shows the testing results of PSD which are 
not measured by the non-linear compensation method. 
Table 3 shows the testing results of PSD which are 
measured by the non-linear compensation method. 

Table 2. The testing results of PSD which are not measured 
by the non-linear compensation method. 

 
Output displacement (mm) Input 

displacement 
(mm) No. 1 No. 2 No. 3 

Average 
value 

20.67 17.09 17.13 17.17 17.13 
17.72 15.78 15.81 15.86 15.82 
14.76 14.25 14.33 14.42 14.34 
11.81 12.36 12.41 12.49 12.42 
8.86 9.33 9.35 9.43 9.37 
5.91 6.33 6.37 6.42 6.37 
2.95 3.03 3.04 3.08 3.05 
0.00 0.00 0.00 0.00 0.00 
-2.95 -2.92 -2.90 -2.85 -2.89 
-5.91 -5.85 -5.81 -5.81 -5.82 
-8.86 -8.70 -8.69 -8.66 -8.68 

-11.816 -11.04 -11.06 -11.05 -11.05 
-14.766 -13.70 -13.70 -13.64 -13.68 
-17.72 -16.45 -16.51 -16.45 -16.47 
-20.67 -19.003 -18.95 -18.77 -18.92 

 
 

Table 3. The testing results of PSD which are measured  
by the non-linear compensation method. 

 
Output displacement (mm) Input 

displacement 
(mm) No. 1 No. 2 No. 3 

Average 
value 

35 34.58 34.99 35.56 35.04 
30 29.76 29.95 30.3 30.00 
25 24.91 25.13 25.09 25.04 
20 19.91 20.14 20.1 20.05 
15 14.97 15.02 15.13 15.04 
10 10.09 9.92 9.97 9.99 
5 4.85 4.85 4.89 4.86 
0 -0.11 -0.12 0.14 -0.03 
-5 -4.97 -5.1 -5.06 -5.04 

-10 -10.15 -10.13 -10.06 -10.11 
-15 -15.22 -15.09 -14.97 -15.09 
-20 -20.62 -20.27 -20.15 -20.35 
-25 -25.28 -25.11 -25.1 -25.16 
-30 -30.69 -30.21 -30.36 -30.42 
-35 -35.53 -36.21 -35.21 -35.65 

 
 
According the results of Table 2 and Table 3, by 

(16), (17), (18), (19), the degree of nonlinearity is 
6.38 % without the non-linear compensation, while it 
is 0.562 % after measured by the non-linear 
compensation. 

The experimental results demonstrate that after 
measured by the non-linear compensation method, 
the test precision is greatly improved after measured 
by the non-linear compensation method and can meet 
the test requirements. 
 
 
4. Conclusions 
 

PSD is a kind of semiconductor photoelectric 
position sensors which is widely used. But many 
disadvantages need to be considered, such as the 
non-linear error of output and the influence of 
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background light, reverse biased voltage and 
temperature. Thus when the testing system is 
designed, these factors need to be corrected and 
compensated by the methods of filtering circuit of 
dark current elimination, non-linearity correction and 
so on. 
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Abstract: A kind of intelligent control system based on fuzzy neural network optimized and trained by the 
adaptive ant colony optimization algorithm was proposed and constructed in this paper. The structure and the 
parameters of this intelligent control system were introduced. This intelligent control system used as joint servo 
controller is applied to the simulation research of robot control. Simulation has been carried out to evaluate the 
performance of proposed method and to compare the performance with optimization by conventional ant colony 
algorithm. The results show that the performance of trajectory tracking and the precision of robot control can be 
improved and have quick convergence based on adaptive ant colony algorithm in the training. This intelligent 
control method also has a good application prospects in other related fields. Copyright © 2013 IFSA. 
 
Keywords: Intelligent control system, Adaptive ant colony algorithm, Robot, Fuzzy neural network. 
 
 
 
1. Introduction 
 

Intelligent control is the advanced stage of the 
development of automatic control, which provided a 
kind of effective theory and method to solve the 
control problem of complex systems that traditional 
control method is difficult to solve [1, 2]. At present, 
as the representative of the artificial intelligence 
theory and method, the rapid development of neural 
network and fuzzy logic provides strong guarantee 
for the control problem of multiple degrees of 
manipulator system [3]. 

In the traditional fuzzy control, fuzzy rules rely 
on expert experience, and lack of association and self 
learning ability [4, 5]. But, the neural network has a 
self-learning [6]. The fuzzy neural network (FNN) 
which combined by fuzzy logic system and artificial 
neural network not only can use fuzzy information 
effectively, but also has parallel processing and well-
organized learning information. So it can overcome 
the single system inadequate [7]. The intelligent 

control system, its parameters for training and 
learning by back propagation or the basic ant colony 
algorithm can get good control performance [8]. But 
the algorithm has long searching time and easy to 
stagnation. This paper proposes an intelligent FNN 
control method optimized and trained by an improved 
adaptive ant colony algorithm for a three joints robot 
system. A comparative study for the accuracy of 
tracking control and performance of convergence 
speed are present. 

 
 

2. The Structure of Fuzzy Neural 
Network 
 
The structure of fuzzy neural network controller 

is shown as in Fig. 1. The network is divided into 
three sub-networks. Each subnet represents a joint 
servo controller. The relationship between input and 
output of each layer of network are as follows. 
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Fig. 1. The structure of fuzzy neural network. 
 
 

1) The first layer is input (error and error change 
rate) into the network. Each of the input domains is  
[-1, 1]. 
 

 
i

k
i

k
i

k xinout == )1()1(    )2,1;3,2,1( == ik , (1) 
 

)(i
j

k in  and )(i
j

k out  express the input and output 

of neuronal j of layer i of subnet k separately. i
k x  

expresses input i of subnet k. 
2) The second layer is the fuzzification layer. 

Each input has three fuzzy language word sets {N Z 
P} = {"negative" "zero" "positive"}.The membership 
function use the Gauss function below. 
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 ( 3,2,1=k ; 2,1=i ; 3,2,1=j ), (2) 
 

where j
i

k A  expresses the language set j of input i of 

subnet k, { }PZNA j
i

k ,,∈ , ij
k a and ij

kb are the 

center values and widths of j
i

k A  
3) The third layer expresses “and” operation. The 

multiplication is used for small operation. 
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where 3,2,1=k ; 3,2,1=i ; 3,2,1=j . 

4) The fourth layer expresses the defuzzification 
process. The weighted average judging method can 
be used here. 
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)3(

ij
k w  are the weights of the network. The initial 

values are each control rule of output variables 
corresponding to the language set center values. 

5) The fifth layer expresses the coupling between 
joints function. 

 
 ( )∑

=

=
2

1

)4(

k
klkl wuy    ( 3,2,1=l ), (6) 

 
)4(

klw  are the weights of the network. The 
physical meaning is the coupling effect between 
joints. The values of training include )4(

klw , )3(
ij

k w and 

Gauss function parameters ij
k a , ij

kb . 

 
 
3. Optimization Based on Ant Colony 

Algorithm 
 

The basic idea of optimizing fuzzy neural 
network by ant colony algorithm comes from the 
literature [9]: the number of the network parameters 
need to be optimized is M, represented 
as Mppp ,,, 21 . For any one parameter 

)1( Mipi ≤≤ , set it to a value within the scope of 

N random non-zero value, and form set
ipI . Then, 

each ant of the ant colony selects one weight in the 
set

ipI , and selects a group of network weights in all 

sets. The ant number is h . Each ant selects one 
element from each set according to each 
element )(

ipj Ip in the set that corresponds to the 
pheromones and state transition probabilities. The 
process of each ant’s choosing element is 
independent. When an ant has selected elements in all 
sets, it is to reach the food source (selected a group of 
fuzzy neural network weights and thresholds), and 
then adjust the information of elements in the sets. 
This process is run repeatly until the evolutionary 
trend is not obvious or reaches a given number of 
iterations. The optimizing and training procedure of 
fuzzy neural network based on ant colony fuzzy are 
as follows. 
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1) Initialization: Set time t=0 and the maximum 
cycle number maxNc ; Set each element’s information 

as the set 0)( ττ =
ipj I . Where, 0τ is a constant. The 

pheromone increment is )(
ipj Iτ∆ = 0. There is no 

clear theoretical method to the number of ant to 
determine. According to experts, it usually should 
meet 5.1=h

M . Where, M  is the number of 

parameters to be optimized and h is the ant number. 
The pheromone volatilization factor is 4.0=ρ in this 
paper. 

2) Start all ants. In the light of set
ipI , ant K 

calculates the state transfer probability according to 
the following equation. 

 
 

∑
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(7) 

 
3) Repeat the steps (2) until all ants reach the 

target source. 
4) Set 1+← tt ; Calculate output value and 

error of neural network by using weights which each 
ant chose; Record the current optimal solution. The 
path information is updated based on the following 
equations. 
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where ke is the neural network output error when use 
a set of weights which ant k select, which is defined 
as q

k OOe −= . In which, O and qO represent this 

fuzzy neural network actual output and the desired 
output. The smaller error ke is, the more pheromone 
increased. )10( <≤ ρρ  expresses pheromone 
volatilization coefficient and Q  is pheromone 
constant.  

5) If all the ant converges to a path or cycle 
number maxNNc ≥ , then the loop is complete and 
output the results, or jumps to the step (2). 

 
 

4. Adaptive Ant Colony Algorithm 
Principle and Method 
 
In the process of constructing the solution, the ant 

colony algorithm is mainly depends on the 
combination of the information feedback principle 

and a heuristic algorithm. The random selection 
strategy makes the evolutionary speed of this 
algorithm slower. The principle of positive feedback 
aims at improving the performance of a better 
solution, but easy to stagnation. This is the 
shortcomings of the basic ant colony algorithm. One 
of the basic ideas for improvement is to apply 
adaptive regulation strategy in the state transition 
probability, pheromone and information of ant colony 
algorithm. To a certain extent, we can overcome 
some shortcomings of the basic ant colony algorithm. 

 
 

4.1. Adaptive Selection Strategy 
 
In order to solve the problem of the basic ant 

colony algorithm that using a random selection 
strategy makes evolution speed slowly, we use a 
selection strategy of deterministic selection and 
random selection combining and dynamically adjust 
the certainty choice probability in the search process. 
When the evolution developed to a certain 
generation, the direction of evolution has been 
basically established. Then, dynamic adjustment is 
done for the path information. We should reduce the 
difference amount of information on the best and 
worst path and increase appropriately the probability 
of random selection. Therefore, the solution space of 
the more complete search is facilitated to get. These 
can overcome the deficiency of the basic ant colony 
algorithm effectively. 

As mentioned above, ant k from city i to choose 
the next city j by the selecting formula below. 
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where )1,0(0 ∈p , which is predetermined by a 
deterministic choice probability value. p  is 
uniformly distributed random number of (0,1). The 
experimental results show that algorithm using the 
adaptive selection and dynamic adjustment strategy 
not only can accelerate the convergence rate and save 
the searching time but also can avoid premature 
stagnation. It is very useful and favorable for the 
large-scale optimization problems to find a better 
solution. 

 
4.2. Adaptive Update Strategy  

for Pheromone 
 
In the basic ant colony algorithm, pheromone 

ρ is directly related to the global search ability and 
convergence speed. When solving the large scale 
problem or the number of ants in many cases, if the 
pheromone volatilization ρ is too large, the global 
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searching ability of the algorithm can be reduced; if 
reduced ρ , the global searching ability of the 
algorithm will increase, but the algorithm 
convergence speed will be slower. Based on these, 
this paper adopts an adaptive adjusting pheromone 
control strategy, which assumes that the initial value 
of ρ is 1)( 0 =tρ . When the obtained solution by 

ant colony algorithm searching in N cycle was not 
significantly improved, ρ  is updated as following 
adaptively. 

 
 

⎩
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⎧ ≥−−

=
else

NtifNt
t

min

min)(95.0)(95.0
)(

ρ
ρρρ

ρ , (12) 

 
where minρ is the minimum value of ρ . It can 
prevent ρ  too small and reduce convergence speed. 
At the same time, in order to improve ant colony 
algorithm global search ability and improve its search 
speed, at each end of the loop to derive the optimal 
solution and save them. 

When update pheromone at each end of the loop, 
if update all the pheromone on the path for all ants 
traversed, it is easy to cause the results of algorithm 
to oscillate and not easy to converge. If just update 
the pheromone of ant colony algorithm on the current 
optimal search path, then it is further strengthened for 
the positive feedback effect and it is easy to cause the 
search process quickly fall into a local optimal 
solution. In order to overcome the above problem of 
ant colony algorithm, this paper select championship 
competition in the pheromone updating strategy. L 
ants that search the best results in the circular are 
selected and the corresponding sections of their 
pheromones in the path traversed are modified. 

 
 

4.3. Dynamic Adaptive Adjust of Pheromone 
Constant 

 
Information interaction of ant colony algorithm is 

mainly through the pheromone to complete. The 
process of convergence to the optimal solution is the 
process of information positive feedback. The 
principle of positive feedback is to enhance the better 
solution, but prone to stagnation. In view of the 
characteristics of ant colony algorithm, this paper 
proposes a dynamic method to modify pheromone 
constant according to the state of searching. This 
algorithm uses time-varying functions )(tQ instead 
of pheromone constant Q . The formula of 
pheromone increment is given by: 
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In which, time varying function is shown as 

follows. 
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where iQ corresponding to different functions of 
different values. 
 
 
5. Simulation of Special Robot 

 
The model of special robot studied in this paper is 

shown in Fig. 2. 
 
 

1m

2m

3m

1l

2l

1θ

2θ

3θ

 
 

Fig. 2. The model of special robot. 
 
 
The model is consists of the rotary chassis which 

height could ignore compared with the length of the 
mechanical arm and two mechanical arms. The 
mechanical arm which connects with rotary chassis 
called major arm, its length is 1l . And the other 

mechanical arm called basic arm, its length is 2l . All 
three joints are rotational joint. Suppose that the mass 
distribution of each mechanical arm is concentrated 
in the end of mechanical arm. The mass of major arm 
is 2m , the mass of basic arm is 3m , and the mass of 

rotary chassis is 1m . Then the dynamic equations of 
special robot by using iterative formula of Newton-
Euler are established. The detailed derivation can be 
seen in literature [10]. 

 
 ( ) ( , ) ( )M V Gτ = Θ Θ + Θ Θ + Θ , (15) 
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where 21 , tt  and 3t represent joint torques of the 

three joints, 21 , ll  represent the length of two 
mechanical arms. According to the hypothesis, the 
mass of major arm and basic arm were concentrated 
in the end of mechanical arm. So the centroid inertia 
tensor of two mechanical arms are 0, the centroid 
inertia tensor of rotating chassis is J . 21 ,θθ  and 3θ  
represent joint angular positions of the three joints. 

)(ΘM  represents inertial matrix. Each element 
reflects the inertia moment between joints. ),( ΘΘV   
represents Centrifugal and Coriolis force. Three 
components reflect the influence by Centrifugal and 
Coriolis force. )(ΘG  represents gravity. Three 
components are the rotary chassis and the two 
mechanical arms for their respective joint shaft 
torque. 

The parameters of the fuzzy neural network for 
training include the center and width values of Gauss 
function which are in the second layer of the network 
for a total of 36, 27 weight parameters of third layer 
and 9 weight parameters of fourth layer, therefore the 
number of parameters 72=m . The value range of 
network parameter ip  is [ ]2.1,2.1− , each parameter 
sets 40 values. The number of ants is h=48. The 
pheromone volatilization factor is 98.0=ρ . 5=N  
means that when the solution obtained by searching 
is no obvious improvement in the 5 cycle, then use 
formula (13) to update pheromone. The minimum 
pheromone value is 5.0min =ρ . 6=L means that 
every cycle only update the best quality of the former 
6 ant path pheromones. The time-varying pheromone 
functions are as follows. 
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Through fuzzy expert control, the sample values 

were gotten. By using the basic ant colony algorithm 
and adaptive ant colony algorithm to learn and train, 
when convergence error is set at 0.05, the basic ant 
colony algorithm takes on average 206 iterations of 
training and the adaptive ant colony algorithm need 
only be trained146 iterations. Then the two trained 
controller separately control to meet the requirement 
of trajectory tracking. 

In this paper, the parameters of the special robot 
are as follows: The moment of inertia of the rotary 
chassis is 25.0 kgmJ = . The main arm and the basic 
arm quality respectively is: kgm 152 = , kgm 203 = . 
The length of arms respectively are ml 6.01 =  and  

ml 8.02 = . Initial conditions for rad0)0(1 =θ , 
rad0)0(2 =θ , rad0)0(3 =θ , == )0()0( 21 θθ  

srad/0)0(3 =θ  The desired trajectory of the rotary 
chassis, the main arm and the basic arm is 

)2sin()( tt πθ = , and sampling period is 0.001 
second. Neglecting the friction and disturbance, 
quantitative factors are set as 501 =ek , 

20032 == ee kk ,and 1321 === ececec kkk . Torque 

proportional factors are set as 20501 =uk , 

33002 =uk , 15003 =uk . 
The control simulation of special robot is in the 

MATLAB environment. The structure of the control 
system is shown in Fig. 3. In Fig. 3, 1dθ , 2dθ  

and 3dθ  are the desired positions of three joints, 

1θ , 2θ and 3θ  are the actual positions of the three 
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joints, 1e , 2e and 3e  are the position errors of the 

three joints, 1ec , 2ec and 3ec  are the error rates of 

change, 1t , 2t and 3t are the torques of three joints. 
Fuzzy neural network is used as the joint servo 
controller. 
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Fig. 3. The structure of the control system. 

 
 

Simulation results show from Fig. 4 to Fig. 9. The 
Fig. 4, Fig. 5 and Fig. 6 are tracking curves for rotary 
chassis, the main arm and the basic arm of special 
robot. The Fig. 7, Fig. 8 and Fig. 9 give three joints 
trajectory tracking error curves of special robot. 
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Fig. 4. The position tracking curve of rotary chassis. 
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Fig. 5. The position tracking curve of major arm. 
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Fig. 6. The position tracking curve of basic arm. 
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Fig. 7. The tracking error curve of rotary chassis. 
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Fig. 8. The tracking error curve of major arm. 
 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

time

er
ro

r

ant colony algorlthm
Adaptive ant colony algorithm

 
 

Fig. 9.  The tracking error curve of basic arm. 
 
 
In Fig. 4, Fig. 5 and Fig. 6, the red solid line 

represents the desired trajectory, the black solid line 
and the dotted line represent respectively the position 
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tracking curves of FNN control optimized and trained 
by basic ant colony algorithm and adaptive ant 
colony algorithm for special robot system. In Fig. 7, 
Fig. 8 and Fig. 9, the solid line and dotted line 
represent respectively the tracking error curves of 
FNN control optimized and trained by basic ant 
colony algorithm and adaptive ant colony algorithm 
for special robot system. The results showed that the 
fuzzy neural network optimized by the adaptive ant 
colony algorithm has faster convergence speed than 
by ant colony algorithm, and has better tracking 
performance and stability. 

 
 

6. Conclusions 
 

In view of the insufficient of the basic ant colony 
algorithm, adaptive adjustment factors are used to 
improve the optimization algorithm. An adaptive ant 
colony algorithm was introduced into the 
optimization and training of fuzzy neural controller. 
The simulation results show that the FNN controller 
based on adaptive ant colony algorithm has better 
performance than the traditional basic ant colony 
algorithm for special robot. The FNN controller 
based on adaptive ant colony optimization algorithm 
for parameter training converges faster, and has 
better tracking accuracy. 
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Abstract: Based on the analysis of the need for serialization of products, a theoretical model of an interactive 
dimension-driven quick design modification has been built to realize Auto CAD-based quick design 
modification. A classified parameter storing mechanism has been made through the analysis of the property of 
designing parameters. A quick drawing module has been built by making use of the parameterized drawing 
principle. Based on the analysis of the properties of the drawing entities, a parameter identification  principle has 
been set up by making use of “Entity Types” and “Entity Handles”, and a dimension-driven based, automatical 
drawing generation with variable dimensions and an interactive quick design platform has been further built, and 
this platform can be used to quickly draw the finalized designs and to modify the design based on the 
dimension-driven variable specifications so that the deficiency of “dimensions cannot drive drawings” in Auto 
CAD system has been solved ,that the designing efficiency in realizing the promotion of the individualization 
and serialization of products in small quantities has been effectively increased, and that a theoretical support has 
been given for the construction of CAD system of this kind of products. Copyright © 2013 IFSA. 
 
Keywords: Auto CAD, Serialization of products, Design modification, Dimension-driven, Parameterization. 
 
 
 
1. Introduction 
 

At present, 2-D drawings are still the main 
carriers of the information of products due to the 
limit of the manufacturing technology and the level 
of equipment. According to statistics, about 80 % 
of the engineering drawings are finished in 2-D 
designs [1]. Small serialization of products shares 
the same structure and technology [2]. The focus of 
the design is to calculate the dimensions of the 
drawings and to make quick drawings according to 
the selected type of the products and its 
specifications, or to make quick modifications on 
the original drawings so that they can be quickly 
put into production [3]. 

Auto CAD system is one of the widely applied 
CAD systems [4], which does not have great 

advantages over other systems in terms of the quick 
design of the serialization of products due to its 
lack of dimension-driven drawing functions [5]. 
The quick generation of the drawings with the 
appointed specifications and the quick modification 
in terms of dimension of the original designs are 
the common problems that designers are faced up 
with, and these problems are also the targets that 
need to be solved in the construction of the CAD 
platform. 

The drawings generated by the Auto CAD 
system are supported by complete drawings and 
their data, and an exact mapping relationship has 
been built [6], and at the same time, this system 
also provides plenty of secondary developing tools, 
which have effective supports for the operation of 
the bottom layer data of drawings and quick design 
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modifications. On the basis of the analysis of the 
need for design of the serialization of products, a 
theoretical model with a feature of an interactive 
dimension-driven quick designing has been put 
forward in this paper. After further study, the 
classified data storing mechanism of the products 
has been given, and a parameterization drawing 
principle and an interactive quick drawing-and-
dimension targeted design modification model have 
been established so that the need for quick 
designing of the serialization of products with 
variable specifications in small quantities has been 
thus met. 

 
 

2. The Analysis of the Need for 
Serialization of Products 
 
The types of the products are the main 

parameters in determining the working principle of 

the products and forms of the structure, and the 
specifications are the main parameters used to 
distinguish the dimensions of the products of the 
same type. For the details of the relationship of 
types and specifications, see Fig. 1. The designing 
of the serialization of products with variable 
specifications mainly refers to the modification of 
the dimension values so as to change the dimension 
of the drawings, but the change of the product 
structure takes up only a tiny proportion [7]. 
Therefore, designers’ key interest is the change of 
the dimensions of the products due to the difference 
in specifications of the products. Besides, shorter 
time of delivery also calls for shorter designing 
cycles than other practices, which is, too, the major 
feature of the designing of the serialization of 
products. In order to fully utilize the technological 
resources of the existing products, the product 
designing process shown in Fig. 2 is often used in 
the actual engineering. 

 
 

 
 

Fig. 1. The schema of the relationship among product types, specifications and the constitution of serialization of products. 
 
 

 
 

Fig. 2. The designing process of the serialization of products. 
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The above analysis shows that the shortening of 
the delivery cycle of the products is the core 
interest of enterprises [8]. The “quick drawing” and 
“quick modification” are the main requirements of 
the designing of the serialization of products for the 
purpose of the shortening of product designing 
cycles at the maximum degree. The focus that 
designers care most is the change of the dimensions 
of the products, so the optimal mode of “quick 
drawing” is to input the parameters of the products 
by means of CAD auto drawing functions, that’s 
the fulfillment of “parameterized drawing”; the 
optimal mode of fulfilling the “quick modification” 
is to drive the change of the dimensions of the 
drawings interactively, that’s the “interactive 
dimension-driven drawing”. 
 
 
3. Dimension-driven Quick Design 

Modification of Theoretical Model 
 

The designing method of the dimension-driven 
2-D parameterized drawings differs from other 
existing ones [9], whose arithmetic is more 
efficient, easier to achieve, relatively smaller in 
amount of programming and more transplantable 

[10]. Learned from the analysis of the need for 
serialization of products, the main functions to be 
realized in the “Dimension-driven quick 
modification of the designing theory” include: 

1) Achievement of the “parameterized 
automatic drawing “of the finalized products: the 
input of the dimensions of the determined products 
can automatically finish the drawing. 

2) Achievement of the “quick modification” of 
the existing drawings: the new drawing, whose data 
is in conformity with the one inputted, can be made 
on the existing drawing by means of choosing the 
dimensions to be modified, inputting new values 
and redrawing the graphs, and that’s the 
achievement of the quick modification of the 
products with variable specifications. 

Therefore, sourced from the designing data, 
with the cores of “parameterize drawing principle” 
and “quick design modification principle”, this 
“dimension-driven quick design modification 
theory” can help designers to finish the designing 
of the products with original specifications or the 
designing of the products with variable dimensions. 
For such purpose, a theoretical model of the 
dimension-driven quick design modification has 
been built as shown in Fig. 3. 

 
 

 
 

Fig. 3. The theoretical model of the dimension-driven quick design modification. 
 

 
4. Research of the Dimension-driven 

Quick Design Modification Theory 
 

4.1. Parameter Storing Principle 
 
In order to strengthen the flexibility and 

transplantability, “file for the parameters of the 
drawing”, “file for the variable parameters of the 
drawing” and “file for the original parameters of 
the drawing” have been built in “the theoretical 
model of the dimension-driven quick design 

modification”, and these files are used to store 
driving parameters and process parameters 
according to their classifications. 

 
 

4.1.1. Storing Methods and Storing Formats 
of the Driving Parameters 

 
“Driving parameters” are the source data that is 

used to drive the geometric models to automatically 
calculate the drawing parameters, which are stored 
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in “file for parameters of the drawing” and in “file 
for the original parameters of the drawing”. See 
details of the sources and destinations of the data 
from Table 1. 

When Auto LISP is used as the developing tool 
(hereinafter called “the tool”), it is suggested that 
the driving parameters should be stored in the 
format of “list”, and each parameter exclusively 
stands a line. See the storing format: 

 
(X Y “X”)               

 
among which, X-Parameter identifier, such as d1; 
Y-Parameter value, such as 20; “X”-Parameter 
name, such as “d1”. 

 
 

4.1.2. Storing Methods and Storing Formats 
of the Process Parameters 

 
From the product designing principle, we learn 

that the driving parameters are divided into “fixed 
driving parameters” and “variable driving 
parameters”, whose properties can be seen from 
Table 2.  

During the process of dimension-driven design 
modification, the background marking method for 
“Variable driving parameters” is set up to ensure 
that designers can only modify the values of the 
“Variable driving parameters”. When the 
parameterized drawing is in operation,  the entity 
data ,which has the property of “only” and “fixed” 
and is available for modification, will be  
drawn ,and marked as the “Variable driving 
parameters”, and then entered into the “file for the 
variable parameters of the drawing”. When the 
interactive quick design modification is in 
operation, the system reads for the modifiability 

used to compare dimensions. Therefore, the process 
data is the dimension marking data, both of which 
change only once during the designing cycle. 

Auto CAD drawings are mainly composed of 
the structured container of the data bank object [11]. 
We learn from the analysis of the DXF file in the 
ASCII format that the data of the drawing entity is 
stored in the form of “group codes” and “group 
values”. Listed in Table 3 are the data of “group 
codes” and “group values” in the important part of 
the dimension entities. 

The entity handle is the only identifier 
distributed to each of the drawing entities, whose 
value is unique, and fixed during the life cycle of 
the drawing, and it is the only effective access to 
drawing entities in the drawing data bank. So, the 
“handle” of the dimension entity can be selected to 
be the marking data of the “variable driving 
parameters”. In the drawing data, the "handle" of 
the dimension entity is stored in the format of 
"dotted pair" [12], whose format can be seen in 
statement (1), and the data marking format stored in 
"the file for the variable parameters of the drawing" 
can be seen in statement (2).  

 
(5 . "3E7") (1) 

 
among which the element “5” on the left is the 
group code, indicating that the element on the right 
is the “handle”; the element “3E7” on the right is 
the value of the “handle”. 

 
(Y “X”)                                   (2) 

 
among which Y-the value of the handle, such as 
"3E7"; "X"-name of the parameter, represented 
with the character string, such as "d1". 

 
 

Table 1. Storing information of the “file for parameters of the drawing”  
and in the “file for the original parameters of the drawing”. 

 

 
 
 

Table 2. Properties of "fixed driving parameters" and "variable driving parameters". 
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Table 3. "Group codes" and "group values" in the important part of the dimension entities. 
 

 
 
 

4.2. Principle of the Parameterized 
Drawing 

 
4.2.1. Model of the Parameterized Drawing 

Principle 
 
The “parameterized designing”, according to 

the performance parameters of the parts, is a kind 
of designing methods of determining its geometric 
shapes [13]. The parameterization provides ways 
for the variability and reusability of the model of 
the products so that users can make modifications 
on the original model drawings conveniently so as 
to generate series of products, and consequently, 
the production efficiency has been greatly 
improved [14]. In the theoretical model of the 
dimension-driven quick design modification, the 
functions of the parameterized drawing principle 
include: 

1) Automatically finish the "drawings with the 
original specifications": stored in the file for the 

variable parameters of the drawing at the moment 
is the data of the original specifications of the 
product. The drawings with the original 
specifications which have been drawn are the 
objects which the interactive quick design system is 
set to modify. 

2) Automatically finish the “drawings with 
variable specifications”: presently stored in the 
“file for parameters of the drawing” are the 
modified data of the new products by means of “the 
interactive quick design system”. 

3) Generate dimension identifying data: either 
the “drawings with the original specifications” or 
the “drawings with variable specifications” is 
drawn, when dimensions are marked, the 
dimension entity handle, which is to be modified, is 
allowed to be entered into the “file for the variable 
parameters of the drawing”  for identifying the type 
of dimensions when the modification is going on. 
See the model of the parameterized drawing 
principle in Fig. 4. 

 
 

 
 

Fig. 4. The model of the parameterized drawing principle. 
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4.2.2. Construction of the Geometric Model 
of the Drawing 

 
The geometric model of the drawing is 

composed of geometric information and topological 
information. The geometric information shows the 
coordinates of the drawing entities, while the 
topological information represents the quantity of 
the entities and their geometric relationships [15]. 
The purpose of the construction of the geometric 
models is to determine the composition of the 
entities of the drawings, the properties of the 
entities, the parameters and their geometric and 
mathematical relationships and so on. Refer to  
Fig. 5 for the basic process of the construction of 
the geometric models of the drawings. 

 
 

4.2.3. Extraction of the Identifying Data of 
the Variable Parameters 

 
When an applied programme is under 

development with Auto LISP, the function of the 
“Command” can be used to call the command of 

Auto CAD [16]. See the sentence format if the 
dimension marking command is called statement 
(3), closely followed by the sentence with the data 
of the handle of the dimensional entity. See the 
format in statement (4). 

 
(Command “DIM” “Subcommand” < 

Command running parameters> /r) (3) 

 
among which: Command-function called by the 
command of Auto LISP; DIM-dimension marking 
command; “Subcommand”-name of the dimension 
marking subcommand, followed by <Command 
running parameter>,  the data needed to run the 
subcommand. 

 
(assoc 5 (entget (entlast)))                    (4) 

 
among which entlast-the name of the graphic 

entity finally drawn; entget-the data of the graphic 
entity obtained; assoc 5-search for the point to list 
containing group code "5" from the data of the 
drawing of the entity, and the element on the right 
on the table is the handle of the entity. 

 
 

 
 

Fig. 5. Basic process of constructing the geometric model of the graph. 
 
 

4.3. Interactive Dimension-driven Quick 
Design Modification Principle 

 
4.3.1. Model of the Interactive Dimension-

driven Quick Design Modification 
Principle 

 
Interactive dimension-driven quick design 

modification is the core of the dimension-driven 
quick design modification principle, and its 
functions include: 

1) Modify the variable parameters of the 
drawing interactively: support the way of choosing 
the dimension entity with the cross cursor to enter 
new values of the dimension. At the same time, it 
has functions of identifying types of entities and 
variable parameters. 

2) Generate new "file for the parameters of the 
drawing": a new set of the parameters of the 

products with new specifications will be generated 
after the entry of the dimensions into the "file for 
the parameters of the drawing". 

3) Fulfill the drawings of the products with new 
specifications according to the new parameters 
automatically. 

See model of the interactive dimension-driven 
quick design modification principle in Fig. 6. 

 
 

4.3.2. Identification of the Dimensions  
and the Marking of Modifications 

 
To ensure that the entity that has been selected 

is the dimension entity: in order to increase the 
fault tolerance of the system, the function of 
“identifying types of entities” is particularly set up: 
judge the types of the entity selected by obtaining 
the group value in correspondence with the group 
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code “0” of the data of the entity drawing. See 
statement (5) for the sentence format. 

 
(= "DIMENSION" (cdr (assoc 0 (entget 

(entlast))))) (5) 

 
This sentence format is a condition for 

judgment, among which "DIMENSION" is the code 
of the type of the dimension entity, and (cdr (assoc 
0 (entget (entlast)))) is the group value in 
correspondence with the one from the group code 
“0” drawn, that’s the code for the type of the 
dimension entity. 

It is guaranteed that the dimension selected is 
one that is modifiable: the dimension can be 
modified if the handle of the dimension entity 

selected is the same as the one stored in the file for 
the drawing with the variable parameters after 
comparison. The method of extracting the handle of 
the dimension entity is the same as statement (4). 

Marked modified dimensions: the colour of the 
dimension will change after the modification. See 
sentence format in statement (6). 

 
(command "change" point coordinates  "" "p" 

"c" "number of the colour" "" /r) (6) 

 
The modification of the colour of the 

dimensions called from the sentence format is done 
with the CHANGE command of the Auto CAD 
system. For example, when "the number of  
colour =1", the colour will be modified into red. 

 
 

 
 

Fig. 6. Model of the interactive dimension-driven quick design modification principle. 
 

 
5. Conclusion 

 
The interactive dimension-driven quick design 

modification theory has been put forward in 
connection with the individualized features of the 
serialization of products in small quantities. Based 
on this theory, the designing efficiency has been 
greatly increased by the change of the dimensions 
which automatically drive the change of the 
drawings when the dimensions of the drawings are 
the objects of the modification. This theory has also 

met the requirement for the change of the 
specifications of the serialization of products and 
obtained the following achievements: 

1) The theoretical model of the interactive 
dimension-driven quick design modification, which 
is in conformity with the requirement of the 
serialization of products in small quantities has 
been put forward, and based on this model, the 
designing parameter storing mechanism, 
parameterized drawing principle and the interactive 
quick design modification principle have been 
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constructed. An effective means of quickly 
modifying serialization of products has been found 
so as to offer a theoretical support for the 
construction of the CAD platform for the 
enterprises’ serialization of products in small 
quantities. 

2) The designing parameter classification 
storing mechanism has been constructed, and the 
platform model on which the core modules are 
independent from each other, and 
intercommunications can be done through data files. 
Besides, the degree of difficulties in developing the 
system platform has been reduced, and the 
flexibility and transplantability of the theoretical 
model have been strengthened. 

3) The marking mechanism of the entity 
identifying and the product’s variable driving 
parameters has been originally created. In this 
theory, the method of marking the product’s 
variable driving parameters by making use of the 
handle and identifying entities with the data of the 
entity types has also been proposed. This method 
has provided the designers with the interactive user 
interface, which is in line with the designing habit 
so as to both increase the fault tolerance and meet 
the dimension-focused requirement in the designing 
of the serialization of products. 

4) The designing parameter storing format, 
means of accessing to dimension entity data, means 
of calling command from Auto CAD and the 
method of comparing the process data have been 
given  with the developing tool of  Auto LISP. 
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1. Foreword 
 

Donoho D. L. points out the theory of compressed 
sensing (CS) [1~6] in 2004, the signal can be 
compressed by far lower than the Nyquist sampling 
theorem standard way to collect data, and it can still 
be accurately reconstructed back to the original 
signal. The theory is based on that signal is 
compressible characteristics, and it can complete the 
signal acquisition and compression simultaneously; 
the sampling rate depends entirely on the information 
structure and content in the signal, and is determined 
by the bandwidth of the signal, it makes a prominent 
advantages and broad application prospect in the field 
of signal processing. 

CS has been extensively concerned, it is not only 
for many applied sciences such as statistics, 
information theory, coding theory, computer science 
and bring new inspiration, and has the corresponding 

application in many fields such as wireless 
communication [7], medical imaging [8], pattern 
recognition [9], image processing [10], optical 
imaging [11]. However, these studies are mainly 
based on the simulation and theoretical research, few 
studies are based on hardware implementation. With 
the continuous development of the VLSI (Very Large 
Scale Integrated Circuit) technology, FPGA (Field 
Programmable Gate Array) is the first choice of the 
hardware platform. FPGA is a hardware structure and 
style, has its irreplaceable advantages in the aspects 
of parallel computing and multi - channel data 
processing, so in many application fields of array 
signal processing, image processing and 
communication signal processing, FPGA is being 
used more and more. FPGA uses Harvard 
architecture; with a 32 instruction set based on the 
second generation programmable Nios embedded 
soft-core processor to provide more flexibility for 
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complex algorithm on the FPGA platform by the 
hardware structure of the modular. This paper 
realizes the compressed sensing algorithm based on 
NiosII processor on the platform of the FPGA. 

 
 

2. The Compressed Sensing Theory  
of Foundations 

 
For a finite discrete time signal X, it can be seen 

as a column vector of a RN space N × 1 dimension, 
the elements are X[n], n =1, 2,... N. Any signal in RN 
space can be expressed by linear combination of the 
N × 1 dimension with the basis vectors {Ψ i}Ni=1. 
Assuming these basis vectors are orthonormal, the 
vector {Ψ i}Ni=1 as a column vector formed N × N 
matrix, Ψ=[ Ψ1, Ψ2, ……, ΨN], so any signal X can 
be expressed as: 

 
X=Ψ*Θ                                    (1) 

 
Among them, Θ is N × 1 column vector with the 

projection coefficient Θ=[Θi] =[ <X, Ψi >]. If the 
non-zero number of is smaller than N, then the signal 
is compressible; 

CS theory points out the setting the length of N 
signal in a group of orthogonal matrix or the 
transform coefficients in the tight frame Ψ is sparse, 
If we use a observation matrix Φ =M × N (M<<N), 
which is not related to transform matrix Ψ, to do the 
linear transformation for the coefficient vector, and 
get the observed set Y =M *1. Then you can use the 
optimal solution method to reconstruct the original 
signal collection from the observation precision.  

Compressed sensing is a new theoretical 
framework which can do the sample and compression 
at the same time. The compression and sampling 
process is shown as Fig. 1. The three main parts in 
the process of compressed sensing are signal sparse 
representation, design of measurement matrix and 
reconstruction of signals. 

 
 

Compressible 
signal sparse 

transform 
measurement 
matrix 

reconstruction 
of signals. 

 
 

Fig. 1. Theoretical framework of CS. 
 
 

2.1. Signal Sparse Representation 
 

Assuming the signal F with a length of N, it can 
be expressed as a linear combination of the standard 
orthogonal matrix: 

 

1

N

i i
i

f   


  或 f =
                         (2) 

 

A priori condition of CS algorithm is the sparse 
representation. If α in (2) is only non-zero number K 
(N>>K); or α approaches to zero after sorting 

according to the exponential decay,  it can be 
considered that the signal is sparse. The common 
sparse methods are discrete cosine transform (DCT), 
fast Fourier transform (FFT), discrete wavelet 
transform (DWT). In recent years, the sparse signal 
decomposition in a redundant dictionary is another 
research focus. Substituted function with redundant 
functions over complete, called redundant dictionary. 
The dictionary should be selected as far as possible 
consistent with the approximated signal structure, 
which can be no restrictions. It is known as the 
redundant dictionary which is substituted base 
function with redundant functions completely; the 
dictionary should be selected as far as possible 
consistent with the approximated signal structure, 
which can be no restrictions. 

 
 

2.2. The Measurement Matrix Construction 
 

Using a measurement matrix M * N (M<<N) 
which is not related to transformation matrix to do 
the linear projection of the signal, then it can get the 
linear measurement matrix y: 

 
y f                                    (3) 

 
Because the measurement value of Y is M  1 

matrix, the measurement object is reduced from the N 
dimension to M dimension. The observation process 
is non-adaptive, it means that the selection for the 
measurement matrix Φ does not depend on the signal 
F. In the process of measurement, the measurement 
of K should not destroy the original signal 
information, ensures that the signal can be 
reconstructed exactly. Because the signal is sparse 
representation, formula 3 can be expressed as the 
following type: 

 
y f               (4) 

 
Among them, Θ is an M  N matrix, which is 

called the sensing matrix. The conversion process is 
shown in Fig. 2. 

 
 

 
 

Fig. 2. Measurement of CS. 
 
 
The random matrix is widely used in the 

measurement matrix, such as the Gauss random 
matrices, random Bernoulli matrix and so on; Gauss 
matrix is almost no related with any sparse signals, 
the required number of observations is minimum. 
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Many scholars have proposed a variety of 
deterministic measurement matrix, such as Chirp 
measurement matrix, the measurement matrix with 
Alltop sequence, half Fourier matrix and so on. 

 
 

2.3. Signal Reconstruction 
 

In the theory of compressed sensing, the number 
of M is much smaller than the observed signal length 
N, so the equation has no definite solution and cannot 
be reconstructed signal. However, because the signal 
is sparse K (K<<M), if matrix Θ in formula 4 
satisfies the RIP (Restricted Isometry Property), for 

arbitrary K sparse signal f and constant (0,1)k  , 
matrix Θ satisfies: 

 
2

2
2

2

1 1k k

f

f
 


   

                          (5) 
 
The K coefficient can be accurately reconstructed 

from M measurements. The equivalent condition of 

RIP is that the measurement matrix  and sparse 

matrix  are not related. 
Now Compressed sensing reconstruction 

algorithms are mainly divided into two categories, 
one is the greedy algorithm, It is achieved signal 
vector approximated by selecting the appropriate 
atomic and using a series of progressive method, this 
algorithm consists of matching pursuit algorithm, 
orthogonal matching pursuit algorithm, regularized 
orthogonal matching pursuit algorithm. The other is a 
convex optimization algorithm; it is the 0 norm 
relaxed to 1 norm by linear programming, this 
algorithm mainly includes the gradient projection 
method, basis pursuit method, least angle regression 
method. The convex optimization algorithm is more 
accurate than the greedy algorithm for the solution, 
but it requires higher computational complexity. 

 
 

3. Simulation of Compressed Sensing 
System  

 
According to the above theory, construction of 

compressed sensing system needs picking the 
hardware implementation and better performance 
algorithm easily from many algorithms. The design is 
based on Matlab, sparse transform of the signal is by 
using DCT transform, FFT transform and wavelet 

transform, measure the sparse image is by using 
random matrix and Hadamard matrix. 

The reconstruction algorithms which are 
commonly used are based pursuit algorithm (BP), 
matching pursuit algorithm (MP) and orthogonal 
matching pursuit algorithm (OMP). BP uses a linear 
optimization model to obtain the accurate result, but 
it is to seek the optimization solution in different 
combinations of the entire measurement vector, so 
the computational complexity is very high. MP is low 
complexity and the asymptotic convergence, but it 
makes the projection which is selected on the set of 
the courtyard non orthogonal and the iteration results 
are suboptimal; so as to obtain convergence needs 
many times of iteration. In the condition of a 
sufficient linear measurement, OMP ensures the 
optimality of the iteration set by recursively on 
selected atoms orthogonal, thereby reducing the 
number of iterations to reach convergence. The 
accuracy and the speed of reconstruction of OMP 
algorithm are better than MP algorithm and BP 
algorithm [12]. This system reconstructs the image 
by using OMP algorithm. Using diagram A in the 
Fig. 3 as the original image to do the simulation, the 
images are shown as B and C diagram in Fig. 3 after 
wavelet transform and system reconstruction. In 
order to evaluate the effect of transformation, using 
PSNR (peak signal to noise) to measure the 
reconstruction effect, the value of PSNR is greater, 
the distortion is less, and the processed image quality 
is higher. 

 
 

      
 
(a)                              (b)                         (c) 

 
Fig. 3. Simulation of Compressed sensing. 

 
 
The simulation results are shown in Table 1. In 

this image, wavelet transform of signal sparse effect 
is the best among the DCT transform, FFT transform 
and wavelet transform, and at the same time, the 
effect of using Hadamar matrix measurement is better 
than random matrix. Therefore, this system chooses 
the wavelet transform and the Hadamar matrix. 

 
 

Table 1. Value of PSNR. 
 

Sparse algorithm DCT FFT WAVELET DCT FFT WAVELET 
Stochastic matrix  Random Random  Random  Hadamar  Hadamar Hadamar 
Value of PSNR 26.5158 26.3285 30.7734 26.6121 26.4498 30.9298 
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4. Compressed Sensing System Hardware 
Implementation 

 
Based on the system simulation results, this 

system sparse the signal by using the discrete wavelet 
transform, measures matrix by using the Hadamar 
matrix, and reconstructs the signal by using OMP 
algorithm. 

 
 

4.1. The Lifting Wavelet Transforms 
 

The sparse representation of signals uses discrete 
wavelet transform. Because the lifting wavelet 
transform only uses the simple addition operation, it 
can effectively improve the traditional wavelet high 
computation faults, save a large space for the 
processor, and is good for the FPGA platform 
realization. 

Positive (negative) lifting wavelet transform 
structure generally includes three steps: Split, Predict, 
and update. According to the literature [13, 14], this 
system uses the three level lifting wavelet transform 
structure which has been  optimized and can be 
hardware implemented; the system occupies the 
minimum resources, the optimizing three level lifting 
wavelet structure is shown in Fig. 4. 

 
 

 
 

Fig. 4. Optimizing structure of three levels lifting wavelet. 
 
 
4.2. Random Matrix Measurement 
 

Random matrix measurement is the important 
step of compression perception, mainly is the matrix 
multiplication. For the matrix multiplication of C=A 
× B, which A, B and C are M × L, L × N and M × N 
matrix, It is calculated as 

 

, , ,
1

* ;1 ,1
L

i j i k k j
k

C A B i M j N


    
              (6) 

 

The computational complexity of the above 
algorithm is 2  M  L  N, namely O (N3), it needs 
the M  L  N multiplications and M  (L-1) × N 
addition operations. Matrix multiplication hardware 
implementation architecture is shown in Fig. 5, 
including A, B matrix storage module, register, 
buffer, and high performance computing point 
multiplication and adder calculation unit. 

Matrix 
storage 
module 

of  
B 

 

 
 

Register

 

Register 

High performance 
multiplication 

Buffer 

High performance adder

 Matrix storage module of A

Matrix product C
 

 
Fig. 5. Hardware implementation architecture  

of matrix multiplication. 
 
 

So matrix multiplication hardware 
implementation requires a large number of 
multipliers and adders, and occupies a lot of the 
hardware resources. Therefore it needs to be 
optimized to reduce resource in the hardware 
structure. In order to reduce the number of the use of 
multipliers and adders, multipliers and adders can be 
shared. The multipliers and adders sharing will cause 
the speed slowly in the same clock; PLL can be used 
for frequency doubling. [15, 16] Reducing the use of 
resources does not make the speed slow down. The 
optimized structure is shown as Fig. 6, it use PLL to 
generate eight times the frequency of the clock 
signal, matrix B can be divided into eight parts 
sharing multiplier. This structure can maintain the 
same speed multiplier based on the number of the 
original use for number 1/8, greatly reduces the use 
of resources. 

The random matrix is widely used in the 
measurement matrix, although the observed number 
of Gauss matrix is minimum, it belongs to the non 
adaptability measurement, it is high complexity in the 
actual implementation and difficult to apply in large 
scale problems; And from the above simulation 
result, using Hadamar matrix measurement result is 
more effective than normal random matrix. At the 
same time, matrix multiplication is equivalent to 
adding or subtracting the input vector of each 
element when it does the product of elements by 
using the Hadamar matrix measurement, and the 
complex multiplication unifies for calculation of 
addition and subtraction. Therefore, it can be further 
simplified hardware structure. The specific 
implementation framework is shown in Fig. 7. It 
stores image data sparse in ROM, and then produces 
the Hadamar matrix by a 32 bit parallel linear 
feedback shift register (LFSR). Using this structure 
greatly reduces the difficulty of hardware realization, 
and it saves the hardware resources. 
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Fig. 6. Optimized structure of matrix multiplication. 
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Fig. 7. Optimized hardware implementation using Hadamar matrix. 
 
 
4.3. The Hardware Construction of CS 
System 
 

This system used OMP algorithm as the signal 
reconstruction algorithm, because the reconstruction 
accuracy and speed of OMP is better than MP and BP 
algorithm. This system is based on the DE2 platform 
of Altera, it uses NIOSII processor to realize the 
hardware construction. It uses VHDL language to 
construct wavelet transform process and Hadamar 
matrix and matrix multiplication, uses C language in 
NIOSII to complete OMP algorithm, and finally 
completes the system hardware implementation; 
System resources’ information is shown in Table 2. 

 
 

 
Table 2. System resources’ information. 

 
Name of resources Amount 

Total Logic Elements 20947 

Total combinational functions 16,550 

Dedicated logic registers 14,358 

Total registers 14410 

Total memory bits 308,864 

Added Multiplier 9-bit elements 44 
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5. Conclusions 
 

The design is based on FPGA platform to realize 
the compressed sensing system. Three level lifting 
wavelet transform is used to optimize the sparse 
signal, it uses Hadamar matrix measurement, and it is 
easy for the hardware implementation and matrix 
multiplication into addition and subtraction, reduces 
the hardware resource utilization greatly, finally uses 
the OMP algorithm for image reconstruction. The 
system has better reconstruction effect, the distortion 
is smaller, and uses less hardware resources. 
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Abstract: In this paper, it firstly analyzes the theory of supporting lateral soil pressure calculation in deep 
foundation pit supporting structure in detail, of which the detailed optimization design uses the new optimization 
theory - the genetic algorithm. Then, it describes the basic principle and implementation techniques of the 
genetic algorithm in detail. In addition, it combines with an engineering instance to establish a mathematical 
model of deep mixing pile with anchor supporting structure, and uses the toolbox of genetic algorithm in the 
Matlab program to optimize it. The practice has proved that the genetic algorithm can be used for the 
optimization design of deep foundation pit supporting structure, and can achieve better economic and social 
benefits. Copyright © 2013 IFSA. 
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1. Introduction 
 

After determining the deep foundation pit 
supporting program, it needs to conduct the detailed 
optimization design for the specific supporting 
program, and strives to achieve the most economical 
and reasonable cost under the premise of meeting 
safety and reliability [1-4]. In the deep foundation pit 
design, designers often need several adjustments and 
repeated checking calculations of design parameters 
to make the calculation results meet design 
requirements [5]. Although this design method can 
meet the design requirements, the obtained design 
parameters by this method are often just feasible 
solutions, instead of the optimal solutions in all 
feasible solutions. There are many design parameters 
and complex constraint conditions for particular 
supporting programs, which will affect the accuracy 

of computed results and are directly related to the 
economic and security issues of the deep foundation 
pit supporting structure. Therefore, how to find a set 
of optimal design parameters that meet security 
issues and achieve economic requirements is a 
complex optimization design problem. As there are 
many parameters and factors involved in deep 
foundation pit engineering designs, when use 
traditional optimization methods like the gradient 
method to deal with, there are great difficulties, such 
as problems of discontinuity, non-conductivity, and 
multiple extreme values of the objective function; 
based on the above problems, a new algorithm 
entirely different from previous algorithms - the 
genetic algorithm has opened up a new idea for the 
deep foundation pit optimization methods, which has 
strong vitality proven by practice.  
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2. Basic Knowledge of Genetic Algorithm 
 
2.1. Implementation Process of Genetic 

Algorithm 
 

Genetic Algorithm simulates replication, 
crossover and mutation, etc. phenomena occurring in 
natural selections and genetics, starting from any 
initial population by random operations of selection, 
crossover and mutation, resulting in a group of 
individuals better adapting to the environment, to 
make the population evolve into better and better 
areas in the search space; in this way, it carries out 
continuous reproductions and evolutions from one 
generation to another, and finally receives a group of 
individuals best adapting to the environment, 
obtaining the optimal solution for the problem. Its 
general steps are shown in Fig. 1, the main 
operational processes of genetic algorithm using the 
above genetic operators (selection operator, crossover 
operator and mutation operator) are as follows: 

Encoding: The data x in the solution space is 
regarded as a manifestation form of the genetic 
algorithm. From phenotype to genotype mapping is 
called encoding. Before the genetic algorithm 
searches, it first expresses the data in the solution 
space as the genotype string structure data, and 
different combinations of those string structure data 
form different points. 

Generation of the initial population: N initial 
string structure data are randomly generated; each 
string structure datum is called as an individual, and 
N individuals form a group. Genetic algorithm takes 
the N string structure data as its initial point to begin 
iterations. Set the evolution generation counter as t – 
0 and set the maximum evolution generation as T to 
randomly generate M individuals as the initial 
population P (0). 

Evaluation and detection of the fitness value: the 
fitness function indicates advantages and 
disadvantages of individuals or solutions. For 
different problems, the fitness function is defined in 
different ways. According to the specific problem, 
calculate the fitness of each individual in the 
population of P (t). 

Selection: to make the selection operator act on 
the population. 

Crossover: to make the crossover operator act on 
the population. 

Mutation: to make the mutation operator act on 
the population. After the population of P (t) carries 
out selection, crossover and mutation operations, the 
next generation of P (t +1) is obtained.  

Termination of conditional judgment: If t≤T, then 
t← t +1, and go to step 2; if t> T, take the individual 
with the largest fitness obtained in the evolution 
process as the optimal solution to output, and 
terminate operations. 

 
 

3. Mathematical Model Instance of 
Foundation Pit Optimization Design 

 
An excellent foundation pit supporting structural 

design not only needs to ensure the security of the 
entire supporting structure in the construction 
process, but also needs to control deformations of the 
structure and the surrounding soil, to ensure the 
safety of the surrounding environment. Under the 
premise of safety, it should be reasonable, but also 
can save the construction cost, facilitate the 
construction, and shorten the construction period. In 
this section, it takes the foundation pit of the staff 
apartment building of railway in a city for instance to 
establish a mathematical model of foundation pit 
supporting structure optimization design, and uses the 
own toolbox of genetic algorithm in the Matlab 
program to optimize it in detail, making its design 
result become optimal. The process mainly includes 
three aspects: the selection of design variables, the 
establishment of the objective function, and the 
determination of constraint conditions. The designed 
computation model is shown in Fig. 1. 

 
 

 
 

Fig. 1. The Designed Computation Model of Cement-soil 
Pile with Anchor Supporting Structure. 

 
 
3.1. The Selection of Design Variables 
 

The selection principle of design variables should 
select those design parameters that have great 
impacts on the objective function value, and that are 
not easy to grasp for general designers, as design 
variables in the optimization design process, and take 
other parameters that can be solved by designers’ 
experience or can be determined in accordance with 
specifications, geological conditions and other 
requirements as arguments to pre-fix; its basic idea is 
to highlight the main contradiction of things, and to 
simplify the optimization process. In terms of the 
foundation pit engineering, the supporting structure 
uses the composite supporting structure of the soil 
cement mixing pile with a layer of anchor, and the 
main variables that have greater impacts on its design 
are: 
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1) Embedded Depth of Supporting Pile. 
In the process of supporting structural design, the 

embedded depth on the one hand affects the cost of 
the entire project, and on the other hand, it affects the 
security and stability of the entire project. However, 
the increase in the embedded depth can enhance the 
structural stability only in a limited range, and the 
blind increase in the embedded depth is unwise.  The 
difference of embedded depths has impacts on the 
deformation and bending moment of pile shaft, and 
on the pressure distribution in the lateral soil of the 
pile. 

 
 

 
 

Fig. 2. Impacts of Embedded Depths on the Pressure 
Distribution in the Lateral Soil of the Pile and on the 

Bending Moment of Pile Shaft. 
 
 

When the embedded depth is shallower, as shown 
in Fig. 2, the entire supporting structure is tilted to 
the foundation pit, and the bottom may have a slight 
displacement towards the pit, so that the passive soil 
pressure of the embedded segment can be brought 
into full play, when the lower part of the pile can be 
regarded to be simply supported; this type is used by 
most of the construction units to minimize the 
embedded depth to facilitate to operate. However, as 
the embedded depth is small, while the bending 
moment and the deformation are relatively large, the 
cross-section of the supporting structure is also large. 

With the increase of embedded depth, as shown in 
Fig. 2, not all of the soil pressures beneath the 
foundation pit have reached the passive soil pressure, 
but it has been able to maintain the stability of the 
lower pile. At this point, the pile at the bottom has 
only rotation but no displacement, thus it can still be 
seen to be simply supported, of which the bending 
moment is larger, and the cross section is also over 
large. 

As the embedded depth continues to increase, as 
shown in Fig. 2, passive soil pressures emerge both 
before and after the embedded depth, and the 
supporting structure is retained in an embedded solid 
state in the soil. in this way, the supporting structure 
is equivalent to be a statically indeterminate beam 
with its upper part simply supported and its bottom 
part embedded solid, and there are two bending 

moments, positive and negative, in which the positive 
bending moment and the deformation have been 
greatly reduced. In this case the working condition is 
ideal. 

As the embedded dept further increases, as shown 
in Fig. 2, the passive soil pressures before and after 
the supporting structure cannot be brought into full 
play, and do not play significant roles in the reduction 
of cross bending moment, which shows that the over 
large embedded depth is not reasonable, and it 
generally needs to avoid this situation from 
happening in the design.  
 
2) Anchor Supporting Point Position. 

Different anchor point positions directly affect the 
embedded depth of supporting pile, the bending 
moment of pile shaft and the anchor tension, and for 
a simple pile-anchor supporting structure, when using 
the simply supported beam method to design, if 
different point anchor positions are selected, there 
will be different results, as shown in Table 1. 
 
 

Table 1. Impact of Different Anchor Point Positions  
on Results. 

 

 
 
 
Table 1 shows that the position of anchor 

supporting point has greater impacts on the cross-
section size of supporting pile, on the embedded 
depth and on the anchor tension. As the distance from 
the anchor supporting point to the top of pile 
increases, the anchor tension and the distance from 
the maximum bending moment point of pile shaft to 
the top of pile are getting larger and larger, while the 
pile embedded depth of D and the maximum bending 
moment of Mmax are getting smaller and smaller. 
 
3) Anchor Length and Anchorage Section Diameter. 

The anchor free-section length of lf can be 
calculated according to the following formula: 

 

45 45
2 2

sin sinf tl l θκ κ⎛ ⎞ ⎛ ⎞ϕ ϕ
− + +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
= /。 。

 
 
In the formula, lt is the distance from the midpoint 

of anchor head on the anchor bolt to the place below 
the foundation pit ground where the standard value of 
load at the outer foundation pit and the standard value 
of resisting force in the inner foundation pit are 
equal; for the multi-layer anchor bolt, the length 
calculation of the free end of its each layer refers to 
the zero pressure point of subsoil in the foundation 
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pit after the completion of excavation; kϕ represents 
the standard value of weighted internal friction angle 
of each-layer soil thickness, and θ represents the 
inclination angle of the anchor bolt. It can be seen 
from the above equation that the free-section length 
of the anchor bolt is related to the inclination angle of 
the anchor bolt, internal friction angle of the soil 
layer and the depth of the foundation pit. 

The computing formula of the anchorage-section 

length is as follows: m
Tl K
Dtπ

= . 

 
4) The Width of the Cement-Soil Wall. 

For the cement-soil wall as a foundation pit 
supporting specific weight retaining wall has a 
certain embedded depth, its difference from the 
traditional specific weight retaining wall is that the 
foundation pit supporting specific weight retaining 
wall has been proved to be controlled by the anti-
overturning conditions by the theory and practice. To 
sum up, select the embedded depth, the position of 
anchor point, the length of anchor bolt and the width 
of cement-soil wall as variables of optimization 
design.  
 
 
3.2. The Establishment of the Objective 

Function  
 

Set the population space of supporting program as 
{chrom} to solve the program individual of chrom5 
∈{chrom}, so that the total cost of the program 
corresponding to chrom 5 can be minimum, namely: 

 

( ) ( )
2

3
1

min minTotalCost f m
t

F X feasible Cost c L c x
−

⎧ ⎫⎛ ⎞= = +⎨ ⎬⎜ ⎟
⎝ ⎠⎩ ⎭
∑  , 

 
where Cost represents the cost of the ith sub-project in 
a program individual of the program space. As the 
overall supporting program is composed of soil 
cement mixing pile and anchor bolt, 1 and 2 are taken 
as values of i; feasible {} represents the feasible 
individuals meeting constraint conditions obtained in 
the population space of the program; L represents the 
total length of cement-soil pile, ( )2 1 4L x L h x n= + , 

in which 1L  is the perimeter of foundation pit; n is 

the number of cement-soil piles per square meter; 1x  
is the distance from the anchor point of anchor bolt to 
the top of foundation pit; 2x  is the width of the 

cement-soil wall; 3x  is the length of anchor bolt; and 

4x  is the embedded depth of cement-soil pile. 
The goal of program optimization is to make the 

total cost of the program obtain the minimum value 
under the circumstances of meeting the constraint 
conditions. 

 
 

3.3. Determination of Constraint Conditions 
 

1) Design Constraint Conditions of Variables. 
a) Anchor Point Position x1: the distance from the 

anchor point of anchor bolt to the top of foundation 
pit ( )1 0,x h∈ ; 

b) Width of the Cement-soil Wall x2: the width of 
the cement-soil wall ( )2 0.3 ,0.5x h h∈ ; 

c) Length of Anchor Bolt 3x : the length of 
anchor bolt is composed of free section and 
anchorage section, ( )3 10 ,20x m m∈ ;  

d) Embedded Depth of Cement-soil Pile x4: the 
embedded depth of cement-soil pile ( )4 0.4 ,1.1x h h∈ ;  
in which h is the depth of foundation pit.  

 
2) Constraint Conditions of Design Criteria. 
Based on JGJ 120-99 in "Technical Specifications 

for Building Foundation Pit Support", determine the 
constraint condition of pile strength, the embedded 
depth, the constraint condition of the width of the 
cement-soil wall, the constraint condition of anchor 
point position, and the constraint condition of anchor-
bolt length.  

The constraint condition of pile strength 
 

{ }01.25

0.06
,cs cs

cs cs

Mr r z fW
M r z fW

+ ≤

− ≤  

 

where 0r  is the importance factor of foundation pit, 
which is generally taken 1.10~0.90; 

csr is the mean specific weight of the cement-soil 
wall (kN/m3);  

z is the depth from the top of pile to the 
calculated cross section (m); 

csf  is the design value of compressive strength 
at the cement-soil excavation age (kPa); 

M is the design value of cross-section bending 
moment of the cement-soil pile, 01.25 cM r M= , Mc is 
the design value of cross-section bending moment 
(kNm); 

W is the cross-section compression modulus of 
the cement-soil pile (MPa). 

a) The embedded depth  
 

( )tan0

tan

11 1
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1

ph h

d
p
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π ϕ
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b) Constraint Conditions of the Width of the 

Cement-soil Wall. 
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( )
( )

2
,a a p p
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−
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+
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where aE∑  is the total force of active soil pressure 
at the outer foundation pit (Kn/m); 

pE∑ is the total force of passive soil pressure 
at the inner foundation pit (kN/m); 

ha is the distance from the action point of the total 
force of active soil pressure to the bottom of the pile 
(m); 

hp is the distance from the action point of the total 
force of passive soil pressure to the bottom of the pile 
(m); 

xpr  is the mean specific weight of the cement-soil 
pile (kN/m3); 

c) Constraint Conditions of Horizontal 
Displacement of the Cement-soil Wall 

The displacement at the top of the cement-soil 
retaining wall can be calculated by using the 
experience formula: 

 
20.18 aK Lh

DB
ζδ =

 
 

d) Constraint Conditions of Anchor Bolt 
Tolerance 

Td as the design value of anchor bolt horizontal 
tension should meet the following formula:  

 
cosd uT N θ≤  

 
In the formula: dT  is the design value of anchor 

bolt horizontal tension (kN); uN  is the design value 
of anchor bolt axial tensile capacity; 

 

( )2 22u sik i l sjk j k l
s

N d q l d q l c d d
r
π ⎡ ⎤= + + −⎣ ⎦∑ ∑

 
 
In the formula: d1 is the diameter of reaming 

anchorage body (m); d  is the diameter of anchorage 
body in the straight hole section of non-reaming 
anchor bolt or reaming anchor bolt (m); il  is the 
length of anchorage section in the straight hole part 
of the ith layer soil (m); jl  is the length of anchorage 
section in the reaming part of the jth layer soil 
(m); sikq , sjkq  is the standard value of limited 
frictional resistance between the soil body and the 
anchorage body, should be taken in accordance with 
the local experience (kPa); kc  is the standard value of 

soil body cohesion in the reaming part(kPa); sr  is the 
partial factor of anchor bolt axial tensile resistance, 
can be taken 1.3. 

e) Anti-overturning Condition. 
 

[ ]W T P
P

a

M M M
K

M
+ +

≥∑
∑

 

 
In the formula: [ ]PK is the allowable value of 

anti-overturning safety factor, can be taken 1.3; 

aM∑ is the overturning moment generated by the 

active soil pressure (kNm); WM  is the 
antioverturning moment generated by the own weight 
of the wall body (kNm); TM  is the anti-overturning 
moment generated by the anchor bolt tension 
(kNm); pM∑  is the overturning moment generated 
by the passive soil pressure (kNm);  

f) Constraint Conditions of the Anchorage-Point 
Position of Anchor Bolt 

g) Constraint Conditions of the Anchor Bolt 
Length 

 
( )

( )
sin 45 2

sin 45 2
t k n

f a
sk

l KNl l l
dq

ϕ

πϕ θ

−
≥ + = +

+ +

。

。
 

 
In the formula: l, lf, la are the total length of 

anchor bolt, the free-section length (not less than 5 
m), and the anchorage-section length (m) 
respectively; K is the security factor, generally taken 
5; d is the diameter of anchorage body (mm); qs is the 
value of bond strength between the soil layer and the 
anchorage body. 
 
 
4. Experiment and Conclusion 
 

It uses the toolbox of genetic algorithm in the 
Matlab program to optimize the mathematical model 
of the above engineering instance, and compiles the 
file about the optimization of the genetic algorithm 
on the mathematical model of m, as shown in Fig 3. 

 

 
 

Fig. 3. The average results and optimal value 
 
 

The final optimization results are x1=2.26208, 
x2=2.55162, x3=12.34816, and x4=2.64687. Based 
on the optimization results, the values of design 
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variables are finally taken x1=2.3 m, x2=2.6 m, 
x3=12 m, and x4=2.7 m. 

It can be found from the comparison in the above 
table that through the optimal adjustments for the 
position of the anchor point, for the width of the 
cement-soil wall, for the length of the anchor bolt and 
for the embedded depth of the cement-soil pile, it not 
only can achieve savings in the total cost, but also 
can optimize the internal force of the pile shaft. 
Relative to the original design, the genetic algorithm 
selects a more reasonable position of the anchor 
point, so that the maximum bending moment of the 
pile shaft has been greatly improved. Although the 
horizontal displacement at the top of the pile has been 
slightly increased, it is within the allowable range 
(i.e. the horizontal displacement at the top of the pile 
is less than 65 mm). The total cost of the supporting 
structure after the optimization design has been saved 
about 12.20 % compared with that of the 
conventional design program. Moreover, each design 
variable after the optimization of the genetic 
algorithm has saved the construction cost under the 
circumstances of meeting the force and displacement 
of the supporting structure, achieving considerable 

economic and social benefits, which indicates that the 
use of the genetic algorithm to carry out the 
optimization design on the foundation pit supporting 
structure is successful. 
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Abstract: This paper develops the machine vision based detection method to detect glass products defects. The 
novel segmentation method based on unsupervised learning is proposed to segment the defect regions and 
background. The fuzzy support vector machine was adopted as classifiers for the extracted features. The 
experimental results indicated the accuracy rate can reach up to 96.7 % by using the methods developed to 
detect glass bottles defects. Copyright © 2013 IFSA. 
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1. Introduction 
 

Large numbers of glass products are used in life 
and production. For example in China over  
35 millions tons of beers were produced in 2012 with 
the majority of beer products packed in glass bottles. 
To ensure the quality of the final products, it is 
necessary to detect the glass products for defects. In 
many cases, this kind of work is performed manually. 
However, manual detection is not only expensive 
time-consuming, but also very difficult to guarantee 
the quality.  

The machine vision detection system has been 
successfully applied in the field of the integrated 
circuit, intelligent vehicle, image analysis, fruit and 
food quality detection etc. [1-6]. It also offers certain 
solutions for glass products detection. The method 
described in the article [5] gives much attention to 
cracks in the upper portion of glass bottles. But the 
crack problem is one of the defects. The detection 
precision of other defects is not desirable using this 
method.  

In this paper, a new machine vision method has 
been developed, which can be used to detect the glass 

products. The system took image photos of glass 
products by a digital camera, and then extracted and 
analyzed the features of the images to determine the 
defects of the glass products 

 
 

2. Illumination System 
 

A plate LED light was used when the camera 
took a picture of the glass products. The glass 
products were placed between the light and the 
camera, constituting the transmission-illumination 
relationship, shown in Fig. 1. In this case, breakages 
and stains on the glass products can be clearly 
displayed, which is beneficial to the next step of glass 
product detection.  

 
 

3. Detection Methods  
 
3.1. Possible Defective Region Segmentation 

 
The glass products defects in captured image 

were dark in region. To segment these regions, the 
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image segmentation need be used. The gray level of 
motion regions is different from the background in 
differenced image. So in this method the region 
segmentation is key thing for detect regions. Many 
algorithms for converting a gray image into a binary 
image are presents. However the image of glass has 
different characters. The gray of background in 
image is varied, so the segmentation result using 
tradition algorithms is not ideal. To segment these 
image, a novel algorithm based unsupervised learning 
is presented. Clustering can be used to divide 
a digital image into distinct regions for border 
detection or object recognition [6, 7]. This paper puts 
forward to a novel methods based on unsupervised 
pattern classification. This method firstly uses Fuzzy 
C-means methods to classify the image, and then 
chooses the samples which is high-confidence by 
fuzzy voting. These samples are used to train the 
fuzzy support vector machines. Finally the image is 
classified by trained fuzzy SVM. 

 
 

 
 

Fig. 1. The illumination of the glass product. 
 
 

The fuzzy c-means objective function 1{ }N
K kx = for 

partitioning into clusters is given by:  
 

1 1

c N
p

ik k i
i k

J u x v
= =

= −∑∑
, 

(1) 

 

where 1{ }c
i iv =  are the prototypes of the clusters and 

the array [ ]ikv U= represents a partition matrix, 
U u∈ , namely 
 

1 1
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c N

ik ik ik
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u u u k u N i
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(2) 

 
The parameter is a weighting exponent on each 

fuzzy membership and determines the amount of 
fuzziness of the resulting classification. The FCM 
objective function is minimized when high 
membership values are assigned to voxels whose 
intensities are close to the centroid of its particular 
class, and low membership values are assigned when 
the voxel data is far from the centroid.  

Because the pixels in image are not isolated 
points, the features which can represent the 
characters of region are chose. The three features are 
used for FCM, which are as follow. 

The feature 1( , )fs x y  of point (x, y) is: 
 

1( , ) ( , )fs x y gray x y= , (3) 
 

where gray(x, y) is the gray level of point (x, y). 
The feature 2 ( , )fs x y  is: 
 

1 1

1 1
2
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where gray(x, y) is gray level of point (x, y). 

2 ( , )fs x y  is average gray level of the 9 point in 
neighborhood of point (x, y). 

The feature 3( , )fs x y  is: 
 

1 1
2

1 1
3
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(5) 

 
where gray(x, y) is gray level of point (x, y),  
 

1 1

1 1
( , )

9
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After classifying the image by FCM according to 

the features, the high-confidence samples are chose 
by following condition. First the membership value 
of the sample is larger than a threshold: 

 
( , ) mfm x y T> , (6) 

 
where ( , )fm x y  is a membership value of point  

(x, y) which is assigned by FCM, and the mT  is a 
threshold which is 0.8 in this paper. 

Second condition is that there are 2 points in 
neighborhood of the sample which also meets the 
first condition. 

After choosing the samples, these samples are 
used to train the fuzzy support vectors. The support 
vector machines (SVMs) are proposed initially in the 
field of machine learning, to classify problems on 
(typically large) sets of data having an unknown 
dependency on (possibly many) variables. The SVMs 
are based on structural risk minimization methods, 
and produce a decision surface as the optimal 
hyperplane that separates the two classes with 
maximal margin [8, 9]. 

The fuzzy theory uses fuzzy sets instead of 
normal sets. It can process the fuzzy information. The 
fuzzy theory simulates the way of human thinking. Its 
fault tolerance is good. A fuzzy support vector 
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machine neural network was used in this study as the 
classifier. It combined the fuzzy theory with the 
support vector machines. We used an optimization 
method adopted from a genetic crossbred algorithm 
to select the optimized parameters.  

The fuzzy support vector machine consists of the 
fuzzy layer and the SVMs. The structure is shown  
in Fig. 2. 

 
 

 
 

Fig. 2. The structure of the FSVM. 
 
 
Fuzzification is the function of the fuzzy layer. 

The features are inputted into the fuzzy layer, and 
translated into fuzzy outputs. This layer uses 
Gaussian function as the membership function. The 
function is as follows: 

 

( )
2

e
i i

i

x a
b

i iµ x
⎛ ⎞−

−⎜ ⎟⎜ ⎟
⎝ ⎠=

 
(7) 

 
Then, SVMs are used as the classifier for fuzzy 

outputs. 
Research shows that the use of the hybrid kernel 

yields a better performance than those with a single 
common kernel [10]. Hence, the hybrid kernel is 
applied in this study. The kernel function adopted in 
this paper is as follows: 

 

( ) ( )
2*

* *
1 2, e i

i

d r x x
iK x x k x x k − −
= ⋅ +

 
(8) 

 
Genetic algorithms (GA) constitute the global 

optimization techniques known to be successful in 
many domains. Thus, a GA based selection of 
components for fuzzy support vector machine was 
proposed in this study. This method was employed to 
firstly optimize fuzzy support vector machines. The 
accuracy of classification and the risk of classifier are 
often used to evaluate the performance of 
classification. But the traditional GA only performs 
optimization process according to one goal. This 
paper adopted a crossbred genetic algorithm，which 
simulates crossbreeding in biology. There are two 
different fitness functions, with which the individuals 
are selected for breeding. So this algorithm suits the 
optimization of fuzzy support vector machines. 

The flow chart of this algorithm is shown  
in Fig. 3.  

 

 
 

Fig. 3. The flow chart. 
 
 
By this method, chromosomes are encoded as 

the real number. The structure of chromosomes is as 
follows:  

 
1 1 1 2( , , , ,  , ,  ,  , )a b am bm nGF GF GF GF KP KP KP  (9) 
 

where kKP  is a parameter of the kernel function. 

The akGF  and bkGF  are the parameters of Gaussian 
functions in fuzzy layer. 

The initial population is randomly crafted in 
different regions. There are two fitness functions, 
with which the individuals are selected for breeding. 
The two fitness functions are produced according to 
the accuracy of classification and the risk of the 
classifier. One is given by: 

 

1
1

1k
k

Fit
C

=
−

 (10) 

 
where the kC  is the accuracy of classification, 

nk ,1= . This accuracy is obtained by u-fold 
cross-validation. In u-fold cross-validation, the 
training sets are firstly divided into u subsets of equal 
size. Sequentially，one subset is tested using the 
classifier trained on the remaining u-1 subsets. 

The risk can be estimated by VC 
dimension，which is hard to calculate directly. So 
the RT is employed [12]P. RT is:  
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svNRT
l

= , (11) 

 
where l is the number of train data set, and svN  
denotes the number of support vectors.  

And another fitness function is given by: 
 

2
5

k
k

Fit RT=  (12) 

 
In reproduction，one half is selected according to 

fitness function 1kFit , and the other half is selected 

according to fitness function 2kFit . The elitist 
selection (10 %) and roulette wheel selection 
operators are employed for reproduction.  

The crossover operator is as follows: 
For two Chromosomes ),,,( 21 ni aaaA =  and 

),,( 21 ni bbbB = , the Chromosomes are 

),,,( ''
2

'
1

'
ni aaaA = and ),,( ''

2
'
1

'
ni bbbB =  after 

crossover，where  
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where iβ  is the random number in [0, 1]. 
The mutation operator is given by:  
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where rad is the random number, and  
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T
t
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−
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t is the number of generation now, T the maximum 
generation, r a random number in [0,1]. 

The probabilities of crossover and mutation are 
decided adaptively; that is to say, these probabilities 
relate to the situation of evolution. 

The probability of crossover is calculated by:  
 

max max( ) ( ),
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b b
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b
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where f is the hybrid fitness, which is given by: 
 

1 20.6 0.4k kf Fit Fit= +  (18) 
 

And bf is the bigger f of the two chromosomes, 

maxf is the maximal f in population, f  is the mean f 
of population. 

The probability of mutation is: 
 

max max0.5 ( ) ( ),
0.5,                                     m

f f f f f f
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where f is the hybrid fitness of the chromosomes to 
be mutated, and is calculated by formula 25. maxf  

and f are the same as formula 17. 
The procedure would not be terminated until both 

the changes of average fitness 1 and average fitness 2 
between two neighboring populations are less than 
the thresholds. 

The results of segmentation are shown in  
the Fig. 4. 

 
 

 
 

Fig. 4. The segmentation result. 
 
 

3.2. Classification  
 
The defective region is in dark. So the average 

gray level of the whole glass products and the 
segmented regions are calculated. If the mean gray 
level in some regions is below the whole glass 
product’s， these regions may be defective. Some 
features are extracted in these regions. 

 
(1)b dF Num= , (20) 

 

where dNum  is the number of possible defective 
regions.  

If there are more possible defective regions with 
low mean gray level, the glass products can be not 
good.  

 

1
(2)

dN

b n
n

F Area
=

=∑ , (21) 

 

where nA  is the area of the possible defective region. 
This feature indicates the area of all possible 

defective regions. If this feature is big, the glass 
products may be defective. 
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(3)b mF Area= , (22) 
 

where mA  is the maximum area in all possible 
defective regions. 

The feature 4 and the 2 following features show 
the characters of possible defective regions, of which 
the area is the largest. This region is one of the most 
possible defective regions. The size of the defective 
region is not too small; so if this feature is large, this 
region may be a defective one. 

 
(4)b mF G= , (23) 

 

where mG  is the mean gray level in the region, of 
which the area is the maximum in all possible 
defective regions. 

The gray level of the defective region is low. If 
the mean gray level is low, this region may be a 
defective one. 
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b j
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where ( )jP j  is the probability density function of 

the gray level j in the region，of which the area is the 
maximum.  

The gray level of pixel in defective region is not 
different. So if this feature is bigger, this region may 
be the defective one. 

 
(6)b gF Area= , (25) 

 
where gA  is the area of the region, in which the 
mean gray level is the maximum in all possible 
defective regions. 

When the mean gray level of the region is the 
maximum, it is another most possible defective 
region. This feature and the 2 following features 
show the characters of this region. And they have the 
same meaning as features 3-5. 

 
(7)b gF G= , (26) 

 

where gG  is the mean gray level in the region, in 
which the mean gray level is the maximum.  
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where ( )jP j  is the probability density function of 
gray level j in the region ,where the mean gray level 
is the maximum. 

Then a classifier need be used to classify whether 
the region is the defect. The defects are diversified, 
so the glass products detection is a small- size sample 

problem. And the defects in image are hardly 
described. The fuzzy support vector machine 
proposed in this paper is used to classify these 
regions. 

 
 

4. Experiments 
 

Experiments were conducted to examine this 
method. A prototype equipped with an annular 
conveyor was developed according to section 2. The 
glass bottles were used as detection objects. The  
500 images of glass bottle have been captured 
separately using this prototype. 

First, the images of glass bottle were compared to 
the real bottles so as to identify the glass bottles. 
Then the features from the 300 images were extracted 
according to the rules described in section 3, which 
would be used as a base for learning the fuzzy 
support vector machine After the fuzzy support 
vector machine were trained, they started to judge the 
features extracted from the other images. In crossbred 
genetic algorithm, the initial population is randomly 
crafted in 10 regions. The number of population is 
20. The terminated threshold is 0.5. In comparison 
with the fuzzy support vector machine, the SVM and 
neural networks were also applied. The RBF kernel 
function was selected for the SVM. The function is as 
follows: 

 
2*( ) exp( )

iRBFK x r x x= − −  (37) 
 
According to experience, the r is set as 0.5. The 

number of neurons in hidden layer of neural networks 
is the number of neurons in input layer adding one. 
The BP method is applied to train neural networks, 
and the learning rate is 0.4. The means were 
calculated based on the experiments repeated  
10 times and shown in Table 1. 

 
 

Table 1. Comparison of accuracy of detecting glass bottle 
body by using three methods. 

 

 
Support 
vector 

machine 

Neural 
network 

Fuzzy 
support 
vector 

machine 
Good(90) 95.6 95.6 96.7 
Bad(110) 95.5 93.6 96.4 

 
 
The experiment results indicated that the fuzzy 
support vector machine neural networks were 
superior to the support vector machine and the neural 
network respectively.  
 
 
5. Conclusion  

 
This study offers an intelligent detection method 

to examine the glass products defects. The possible 
defective regions of glass products were segmented 
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by the novel segmentation methods based on 
unsupervised learning，and the features were 
summarized after comparing to the real glass product 
defects. Then these features were classified by fuzzy 
support vector machine. As a result, the classifier 
possesses not only good generalization ability but 
also strong anti-noise ability. Experiments have been 
performed on the prototype to prove whether the 
methods can work effectively. The results showed the 
method developed in this study was able to detect 
defective glass bottles with an accuracy rate up  
to 96.7 %.  
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Abstract: On the voice development platform of Microsoft Speech SDK, speech recognition and speech 
synthesis modules based on command control mode is built in this paper. Ethernet-based remote voice control 
system of intelligent flexible manufacturing cell is developed for machine tools and industrial robots. This paper 
designs an intelligent voice control system based on LabVIEW development environment, which realizes the 
human-machine voice interaction of flexible manufacturing cell and remote voice control. Audio signal 
processing is also designed in this paper based on MATLAB platform which largely reduces the effects caused 
by environmental noises. The mixing programming of LABVIEW and MATLAB can realize audio signal 
acquisition and processing easily and finally achieve reliable speech recognition system. Experimental studies 
have shown that intelligent voice control system has high speech recognition rate and system reliability both in 
quiet and adverse environments. Copyright © 2013 IFSA. 
 
Keywords: Speech recognition, Speech SDK, Flexible manufacturing cell, Voice control, Speech signal 
preprocessing. 
 
 
 
1. Introduction 
 

Speech recognition is a high technology to make 
machines convert voice signals into appropriate texts 
or commands through recognition and understanding 
of the process. At present, Microsoft provides mature 
voice technology worldwide and has speech engine 
and corresponding development kit. Microsoft 
Speech API is a component object model (COM) and 
offers object programming interface, so it can be 
applied to any language that supports COM 
technology. SAPI (speech application programming 
interface) provides researchers with a large number 
of interfaces for speech recognition and speech 
synthesis secondary development, which can save 
system development time. As a result, Microsoft 

Speech SDK (software development kit) has broad 
applications [1]. In addition, Microsoft has also 
developed system speech recognition based on .net 
class library, which has the main achievement of 
Windows desktop operating speech recognition. It 
can also be able to realize simple voice secondary 
development based on the Windows API of WIN7 
system. For the unsatisfactory results of speech 
recognition system based on Microsoft Speech SDK 
in noisy environments, many researchers have 
developed a robust customized system, including 
audio signal preprocessing, feature extraction and 
building speech recognition algorithm models, etc. 
The system can effectively improve the recognition 
rate in noisy environments, but it is not easy to 
achieve expected results considering the complexity 
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of development process and higher requirements on 
the developers. Meanwhile, in the real environment, 
it is impossible to capture pure speech signals which 
makes audio signal preprocessing essential. And the 
endpoint detection is relatively important which 
directly influences speech recognition results. So the 
algorithm of endpoint detection should be selected 
prudently. 

Flexible manufacturing cell (FMC) is extensive 
development of flexible manufacturing equipment in 
recent years [2]. For its flexibility of adapting to 
process multi-species products and facility of voice 
recognition study, voice control of FMC can be 
achieved, then a further intelligent and humane 
flexible manufacturing cell can be realized. 

The secondary development based on Microsoft 
Speech SDK is studied in this paper. Then a voice 
interaction module is built to apply speech 
recognition and speech synthesis to flexible 
manufacturing unit. Then Audio signal preprocessing 
is discussed in this paper and applied to Microsoft 
Speech SDK which can finally improve the 
recognition rate and system robustness in the adverse 
environment. And a voice remote control system for 
intelligent flexible manufacturing cell is designed and 
implemented. 

 
 

2. Design of FMC Voice Control System 
 

2.1. Hardware Structure of FMC 
 
The flexible manufacturing cell in this paper 

consists of an EMCO lathe, an HTC50100 CNC 
machining center and a FANUC industrial robot. 

CNC machine tools and the robot are connected by 
input and output to realize connection of CNC and 
robot [3]. Meanwhile, these devices are able to 
communicate with the host computer via an industrial 
router. Then real-time status monitoring and 
information transmission can be achieved, so that 
appropriate voice commands can be sent by the host 
computer. The hardware structure of FMC is shown 
in Fig. 1. 

 
 

 
 

Fig. 1. The hardware Structure of FMC. 
 
 

2.2. Design of Voice Control System 
 
The intelligent flexible manufacturing cell is 

remotely monitored via voice commands to make the 
robot and CNC machines run the setup operations. 
For the requirements of remote control commands 
and signals transmission, the design of FMC system 
based on voice control is established. The system 
architecture is shown in Fig. 2. 
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Fig. 2. The system architecture of intelligent FMC based on voice control. 
 
 

The first part of the voice control system is PC 
remote monitoring. The most important work is to 
build a voice interaction module, including speech 
recognition module and speech synthesis module [4]. 
The current signal states of the robot and CNC 
machine tools are received at first, then PC gets input 
voice commands according to machines feedback 
signal states, and sends control commands. At the 
same time, the host computer obtains voice feedback 
signals and gives an expression of human-computer 
interaction [5]. The second part of the system is 
information exchange processing, which realizes the 
information transmission and remote control between 
host computer and FMC via Ethernet. The last part is 
appropriate operation of FMC according to the 
received commands. By calling FANUC FOCAS1/2 

interface packet and robot interface packet, I/O signal 
status not only can be read and written ,but also can 
be sent to the host computer. Then the appropriate 
actions are performed according to the received voice 
commands. 

 
 

3. Implementation of Audio Signal 
Processing of Speech Recognition 
System 
 

3.1. Overview of Audio Signal Processing 
 

The reason why speech recognition technology is 
difficult to apply from the laboratory to the real 
application environment is highly subject to noise. 
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The noise in the real environment can be divided into 
several kinds. One is periodic noise, such as the roar 
of the machine; other one is broadband noise, such as 
Gaussian noise or white noise; it also includes speech 
interference signal obtained from other unrelated 
speaker and so on. Thus, the voice signal processing 
is essential to speech recognition system which can 
largely influences the speech recognition rate and 
affects the stability and applicability of speech 
recognition system. 

The audio signal preprocessing usually includes 
the following aspects: voice sampling, pre-emphasis, 
adding window and dividing frame and the endpoint 
detection and so on. 

 
 

3.2. Implementation of Audio Signal 
Processing Software of Speech 
Recognition System 

 
In this paper, speech signal preprocessing is 

carried out based on MATLAB development 
platform, project-oriented and scientific computing 
software. MATLAB itself provides certain audio 
processing capabilities of enabling the voice signal 
acquisition and playback. And it is very powerful and 
practical software with data analysis and processing 
functions [6]. Its signal processing and analysis 
toolbox provides a very rich set of features for speech 
signal analysis functions which can complete the 
speech signal processing and analysis quickly and 
realize the visualization of signals and convenient 
human-machine interactions. 

Voice signal is one-dimensional analog signal 
with continuous changing time and amplitude. So 
voice signals should be converted into digital signals 
for computer analysis, and the analog voice signal is 
divided into two steps: sampling and quantization. 
Sampling frequency is selected as 8 kHz in this 
paper. For the convenient processing, amplitude 
normalized processing of signals is carried out by the 
command / max( ( ))x x abs x=  which may finally 
realize the sampling and quantization [7]. 

Generally, pre-emphasis is used before speech 
signal analysis and the aim is to enhance the high 
frequency section and make the signal spectrum flat 
which can realize the right spectrum analysis. The 
transfer function of digital pre-emphasis filter is 
presented in equation (1). 

 
( ) ( ) ( 1)r n s n es n= − − , (1) 

 
where (n) is the original voice signal sequences, r(n) 
is the sequence after pre-emphasis, e is a pre-
emphasis coefficient which is a constant close to 1 
and the number from 0.9 to 1.0 is always proper. 
Then select the command "open the door" as an input 
and the original wave and the wave with pre-
emphasis are shown in Fig. 3. 

Speech signal changes with time which is a non-
stationary stochastic process. Meanwhile, the 

characteristics of speech signal is considered as the 
same in the interval from 10 ms to 30 ms. In order to 
reduce the voice frame truncation effects and avoid 
dramatic changes at both ends of voice frame, voice 
frame is needed to multiply a window function. 
 
 

 
 

Fig. 3. Pre-emphasis of original speech signal. 
 
 

The Hamming window is a common window 
function which is presented in equation (2). 

 
0.54 0.46cos[2 / ( 1)] 0

( )
0 0

n N n N
w n

n orn N
π− − ≤ ≤⎧

= ⎨ < >⎩
 (2) 

 
Endpoint detection is to identify the start point 

and the end point of various passages (such as 
phonemes, syllables, morphemes, words, etc.) by 
digital voice signal processing techniques, which is a 
very important step for speech signals processing. 
The accuracy of endpoint detection directly affects 
the speed and result of speech signals processing 
which makes the research of endpoint detection 
algorithm a hotspot of speech signals processing, 
especially in adverse environments. In general, there 
are no completely pure speech signals in real 
environments and the speech signals are always with 
noises or other interferences. So the start point and 
the end point are needed to be identified from the 
input signal since the objective of the speech 
recognition system is the effective voice signal 
excluded the pure noise passages. 

Many studies have been carried out based on the 
endpoint detection algorithm. One research is focused 
on cepstral distance measurement method which is to 
identify the noise frame and the speech frame by 
cepstral distance measurement [8]. This method has 
good robustness in adverse environments while 
selection of the threshold has great influences on 
system performance and it is hard to distinguish the 
processing speech from non-stationary noise when 
the door suddenly makes a loud sound or the phone 
rings, or the cepstral distance is too small. One other 
novel endpoint detection method based on time 
domain characteristic parameters has been studied by 
focusing on the changing rate of short-term energy. 
This method also has certain robustness, but failures 
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during the low SNR (Signal to Noise Ratio) still 
exist. Another study of the endpoint detection is 
carried out by comparing the results of 
autocorrelation method, HMM model and artificial 
endpoint detection which emphasizes on the 
relevance of voices. The feasibility of this new 
method has been proved although the processing 
algorithm is complex and needs large computation. 

In conclusion, there are two general trends of 
most researches by using time-domain characteristic 
parameters for endpoint detection. One is the 
combination of multiple time domain characteristic 
parameters of voice signal. The other is the 
improvement of the existing endpoint detection 
method. Therefore, the double threshold endpoint 
detection algorithm is discussed in this paper which 
combines short-term energy with short-time zero-
crossing rate. Speech signal is including silent voice 
signal, unvoiced segment and voiced segment. And 
the short-term energy is used to detect voiced sound 
while the short-time zero-crossing rate is used to 
detect the unvoiced sound. The combination can 
realize reliable endpoint detection. 

The gap between high and low signal is 
artificially increased since the short-term energy does 
square operation to the signal. So use the short-term 
average to indicate the change of energy. The 
calculation formulation of short-term energy is 
shown in equation (4). 

 

1
( ) ( )

N

i
n

E i x n
=

= ∑  (4) 

 
The calculation formulation of short-time zero-

crossing rate is presented in equation (5). 
 

1
( ) ( ) ( 1)

N

i i
n

ZCR i x n x n
=

= − +∑ , (5) 

 
The waveforms of short-term energy and short-

time zero-crossing rate are presented in Fig. 4. 
 
 

 
 

Fig. 4. Short-term energy and short-time zero-crossing rate 
of speech signal. 

 
 

The waveform of endpoint detection of speech 
signal is shown in Fig. 5. 

 
 

Fig. 5. Endpoint detection of speech signal. 
 
 
4. Implementation of Speech Recognition 

System Based on Speech SDK 
 
4.1. Overview of Microsoft Speech SDK 

 
Microsoft Speech SDK is a COM-based 

development tools package on Windows operating 
system, which contains SAPI and Microsoft speech 
synthesis engine (TTS) and so on [9]. The underlying 
protocol is completely independent of the application 
layer as a COM component, which certainly shields 
the user from complex voice technology. As a result, 
users only need focusing on their applications, 
instead of spending much time in the complex work 
of building their own acoustic models. The 
development kit provides Chinese speech packets so 
that speech recognition and speech synthesis 
applications in Chinese can be easily developed. Fig. 
6 shows the structure of  
Speech SDK. 

 
 

Applicat ion Applicat ion

SAPI Runt ime

Recognit ion 
Engine TTS Engine

API

DDI

 
 

Fig. 6. The structure of Speech SDK. 
 
 
According to the structure of speech SDK, the 

application communicates with SAPI by API, and 
recognition engine interacts with SAPI by the device 
driver interface (DDI). A series of work related to 
voice is done by COM component. Speech 
recognition is controlled by recognition engine and 
speech synthesis is managed by TTS engine. The 
main-used COM interfaces are shown in Table 1. 

The recognition engine application can create two 
types of engine by using IspRecognizer interface: 
inproc (InProc Recognizer) engine and shared 
(shared Recognizer) engine. The object of inproc 
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engine can only be used by created applications, 
while that of shared engine can be used by multiple 
applications. The activated grammar rules loaded by 
applications also have two types: dictation (Dictation 
Grammar) syntax and command and control 
(Command and Control Grammar) syntax. Dictation 
grammar is used for continuous speech recognition, 
which can identify large vocabulary of engine 
dictionary. Command syntax is used to identify some 
specific command words and sentences that the user 
customized in a syntax file. These grammar rules are 
written in XML (Extensive Markup Language) file 
format, then activated and loaded by using 
IspRecoGrammar interface. 
 
 
Table 1. The main COM interfaces for speech recognition 

and speech synthesis. 
 

Main COM 
interfaces Main functions 

IspRecognizer 
Interface 

To create an instance of speech 
recognition engine 

IspRecoContext 
Interface 

1. To receive and send an event 
message associated with voice 

recognition message 
2. To load and unload recognition 

grammar resources 
IspRecoGrammar 

Interface To load activated grammar rules 

IspPhrase 
Interface 

To obtain recognition results, 
including texts, grammar rules and 

so on 

IspVoice 
Interface 

To get access to the TTS engine to 
realize text-to-speech conversion, 

then get voice feedback 
 
 

4.2. Architecture and Implementation  
of Speech Recognition Software 

 
Voice interaction module and FMC operation 

module in this paper are built and implemented based 
on LabVIEW development platform. And the speech 
signal processing developed on MATLAB platform 
can also be implemented on LabVIEW which makes 
the mixing programming possible and the speech 
recognition system be realized. LabVIEW has 
graphic programming environment and use data 
streams instead of the traditional text programming 
methods. This programming approach emphasizes 
the actual process of signal processing, which is 
conducive to simplify programming and reduce 
development time. Compared to other development 
languages, LabVIEW has facility of development, 
interactive graphic front panel, and full compatibility 
with the Microsoft Speech SDK. So this paper 
combines LabVIEW and MATLAB development 
platform with Microsoft Speech SDK to establish a 
voice remote control system of intelligent flexible 
manufacturing cell. 

In this paper, voice command control mode is 
used to build speech recognition system of small 

vocabulary, isolated words and speaker-independence 
[10]. The recognition rate can reach 92 % or more, 
but grammar rules need to be created to match voice 
input. Therefore, the implementation of speech 
recognition program based on SAPI includes two 
major steps: the creation of grammar rules and the 
establishment of recognition engine. 

XML files should be written and saved at first 
according to the mode specified by SAPI, which 
define necessary words, including control commands 
of the industrial robot, CNC machines and system 
control commands, such as "robot, load the 
workpiece", "lathe, clamp the chuck", "Exit" and so 
on. 

The function CoInitialize must be called to 
initialize the COM library before using COM 
interfaces of SAPI5.4, and be unloaded by using 
function CoUninitialize. Then create a voice 
recognition engine (Recognizer) object and a speech 
recognition context object (RecoContext).After that, 
set user mechanism and message events in the 
application, connect RecoContext object with the 
message processing by function 
SetNotifyWindowMessage, and use function 
SetInterest to determine the messages that 
applications concern. Finally, create recognition 
grammar object (RecoGrammar), then call function 
LoadCmdFromResouce to load syntax rules from the 
XML file. Speech synthesis is achieved by ISpvoice 
interface and its member function Speak which 
realizes the text-to-speech conversion [11]. 

The robot or CNC machines will perform the 
appropriate action in real time if FMC operation 
commands are successfully recognized [12]. Some 
basic operations and interaction of machine tools and 
the robot can be voice controlled on LabVIEW 
platform. The user's operation commands and 
feedback commands are responded by TTS. The 
process of speech recognition and speech synthesis 
has the implementation of human-computer 
interaction. Design of the program is shown in Fig. 7. 

 
 

5. Experimental Results and Analysis 
 
According to the real-time status information got 

by the host computer in this experiment, the user 
gives out the corresponding voice commands. After 
recognition, the voice commands are transmitted to 
the robot and CNC machines via Ethernet to 
complete its real-time control effectively. The voice 
commands are given out by five people, including 
three boys and two girls. Two experiments are 
conducted in this paper. One is designed in both 
noisy and quiet laboratory environment to study the 
noises influences on speech recognition rate. The 
other experiment is designed to identify the effects of 
audio signal preprocessing by comparing the speech 
recognition system with audio signal processing and 
the system without any preprocessing under the 
adverse environment. The effects of using audio 
signal processing can be seen from these two cases. 
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Five people respectively provide five commands in 
each experiment, including door, chuck, tailstock, 
spindle and program, which have each of  
10 repetitive trials. As a result, each set is tested  
50 times, that is each 250 times in noisy environment 
and relatively quiet environment. The result is shown 
in Table 2. The other experiment has each 250 times 
for the speech recognition system with audio signal 

processing and the system without any preprocessing. 
Thus, the second experiment is carried out by 
comparing two cases. Case 1 is using the speech 
recognition engine to receive the input audio directly 
without any signal processing. Case 2 is combining 
speech signal processing algorithm with speech 
recognition engine. The results of two cases are 
presented in Table 3. 

 
 

 
 

Fig. 7. The voice control platform of intelligent FMC. 
 
 

Table 2. Experimental results of speech recognition  
in different environment (%). 

 
 door chuck tailstock spindle program 

quiet  98 94 96 98 96 
noisy  80 72 82 76 76 

 
 
Table 3. Experimental results of speech recognition  

in two cases (%). 
 
 

 door chuck tailstock spindle program 
Case1 80 72 82 76 76 
Case2 92 86 90 86 88 

 
 
From the experimental results, it can been seen 

that recognition rate of command control words 
based on Microsoft Speech SDK can reach up to  
94 % in the quiet laboratory environment. 
Meanwhile, in the noisy environment, recognition 
rate decreased due to noise interference which makes 
speech engine have low sensitivity of command 
control words during audio signal acquisition. 

Meanwhile, after the speech signal processing, the 
speech recognition rate has increased greatly. 
Recognition rate in adverse environment can also 
reach 86 % or more. So it can be concluded that 
Microsoft recognition engine can get a higher 
recognition rate in a quiet environment while in the 
case of noise, the application of speech signal 
processing obtains a desirable recognition rate which 
is not easy to realize without audio signal processing.  
 
 
6. Conclusions 

 
This paper studies speech signal processing on 

MATLAB and secondary development based on 
Microsoft Speech SDK by calling SAPI interface 
functions to achieve speech recognition on Labview 
development platform. Voice interactive system of 
intelligent FMC is developed, which has rich 
interfaces, convenient of implementation and high 
speech recognition rate. From the experimental 
results, recognition rate of command control words in 
the relatively quiet environment is up to 94 % or 
more and the rate in adverse environment can also 
reach 86 % or more after speech signal processing 
which can largely avoid unrecognized commands or 
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error recognized commands caused by environmental 
noise. The mixed programming with MATLAB and 
LabVIEW can completely meet the requirements of 
practical application of FMC voice interaction and 
realize the high recognition rate and reliability of the 
speech recognition system.  
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Abstract: This paper presents a Virtual Prototyping System (VPS), which can be used in virtual environments 
generated with the help of computer to simulate the process of real product model that the modelers sculpt 
product profile. With this system, designers can use the combination of haptic technologies and virtual 
prototyping method to increase real sense of Human Computer Interaction (HCI) during different steps of design 
process. The operation of cutting, pasting, and compensating is accomplished by a haptic sensor device, 
PHANToM Desktop. The virtual mechanics simulation model of the feedback force is proposed to solve the 
real-time force feedback simulation problem of haptic-based virtual prototyping method. Furthermore, a novel 
haptic rendering technology that enables users to perceive tactile feedback from virtual 3-dimensional models is 
studied. Finally, VPS with real-time force feedback interactive technology is completed by using sensing 
technologies of haptic sensor devices. The study reported in the article adopted an actual case to examine these 
sensory responses to virtual model that may deeply influence user judgment and decision.  
Copyright © 2013 IFSA. 
 
Keywords: Virtual prototyping system, Human computer interaction, Haptic interactive sensors. 
 
 
 
1. Introduction 
 

Today’s virtual prototyping environments are 
capable of simulating visual realism to a very high 
level. The next big challenge for the virtual 
prototyping community is simulating realistic 
interaction. Virtual prototyping, sometimes referred 
to as digital prototyping, is widely adopted by 
industry to simulate visual appearance and 
functionalities of production. Unfortunately, 
conventional virtual prototyping techniques lack the 
simulation of the physical properties of a real 
interaction between user and product. Force 
feedback, also called sensible feeling, is best 
envisaged as an evolution of virtual prototyping. 
Prototyping methods based on strict physical 

disciplines need much time to deform objects, which 
are not suitable for interactive applications.  

 
 

2. Related Works 
 

The sense of touch is often called the proximal 
sense in contrast to vision, smell and hearing, which 
can operate at a distance and through the air. Touch 
can be subdivided into two senses, cutaneous and 
kinesthetic [1]. The cutaneous system refers to 
stimulation of the skin. The kinesthetic system refers 
to signaling from muscles, tendons and joints. In 
general, the sense of touch can only perceive one 
input at a time, whereas some other senses such as 
vision can simultaneously perceive a wide array of 
information [2]. 
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Haptics is an evolving technology that offers a 
revolutionary approach to realistic interaction. 
Haptics means both force feedback and tactile 
feedback. Research has shown that the addition of 
haptics to virtual environments can result in 
improved task efficiency times [3]. Force cues 
provided by haptics technology can help designers 
feel and better understand the virtual objects by 
supplementing visual and auditory cues and creating 
an improved sense of presence in the virtual 
environment [4-6]. 

Various approaches for providing haptic feedback 
for modeling have been presented in the past which 
focused on developing new methods for providing 
tactile [7], visual perception [8], collision [9, 10] and 
gravitational force feedback [11]. The high update 
rate (*1 kHz) requirement for effective haptics has 
always been a challenge in integrating this 
technology [12]. As stated earlier, most physics-
based algorithms used highly coarse model 
representations to maintain the update rate 
requirements. The resulting lack of part shape 
accuracy of such approaches presents problems when 
detailed contact information is necessary. 
Maintaining update rates for haptic interaction  
(*1 kHz) while performing highly accurate 
collision/physics computations in complex interactive 
simulations such modeling remains a challenge for 
the community. In addition, there are several 
limitations of the haptics technology currently 
available.  

The application field for the sensor will also 
expand in future [13-15]. Computational technology 
gives us a very rich material to express interaction 
design form. Consequently, the need to design and 
deploy new HCI for the computer aided industrial 
design (CAID) system is evident, especially in 
support of conceptual design. In addition, the use of 
CAID in conceptual design should allow designers to 
concentrate on the creative design aspects rather than 
applying themselves to the interaction constraints 
[16-19]. Modeling methods based on strict physical 
disciplines need much time to deform objects, which 
are not suitable for interactive applications [20]. 

 
 

3. Approach Overview 
 
3.1 Haptic Process 
 

Highly efficient physics-based methods that are 
capable of maintaining high update rates are 
generally used for implementing haptic feedback in 
virtual prototyping simulations. 

In this paper, we introduced force feedback with 
SensAble Phantom Desktop and Open Haptics API to 
improve HCI operations, cutting, pasting and 
compensating. In VPS, a user can virtually cut or 
paste a raw stock to get an intuitive design by using a 
haptic interface. And we also described the Dexel-
based haptic rendering (force feedback) 

programming, illustrating the integrated software and 
hardware developed in the haptic interface system 
based on material removal rate. The main operation 
process and key technology are listed in Fig. 1.  

 
 

 
 

Fig. 1. The main operation and technology in VPS. 
 
 

3.2. Haptic Operation 
 

Kabbash et al. [21] pointed out that the felicitous 
allocation tasks could effectively improve the 
efficiency, otherwise it might lead to greater burdens, 
and the deficiency was lower than one-hand’s 
situations. Delporte Baptiste et al., [22] proposed two 
methods based on quaternions to compute the angles 
of inclination and the angular velocity with 6 degrees 
of freedom using the measurements of a 3-axis 
accelerometer and a 3-axis magnetometer. YAN et al., 
[23] pointed out that there were three universal 
interactive tasks in virtual environment: 
selection/operation (also known as 
translation/rotation), roaming, and control system. 
Generally, the three tasks are alternative and 
cooperatively work together. In VPS, prototyping 
operations such as cutting, pasting and compensating 
are continuous actions. In order to assign two-handed 
tasks rationally, effectively and avoid tired for using 
keyboard and mouse continually, we must take into 
account the following situations: 
• Suitable HCI sensors and devices; 
• Appropriate difficulty for achieving interactive 

task simultaneously; 
• Rational task distribution for left and right hands’ 

interactive tasks; 
• Cutting, pasting and compensating are mainly 

interactive tasks with virtual prototyping method.  
Table 1 shows their basal functions during 

prototyping process. In real life, the operations of two 
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hands are divided into 3 types when users complete 
all kinds of tasks: one hand task, symmetric and non-
symmetric behavior task for two hands. In human-
computer interactive science, two non-symmetric 
hands occupy the mostly cases, it is mostly used and 
feel most harmonious. Similarly, designers drag 
virtual tools (translation/rotation) with mouse and 
change modeling states with keyboard (modeling or 
not) to achieve prototyping operations in VPS. 
Therefore, they can be treated as a non-symmetric 
two-handed interactive actions, it will be more 
effectively in enhancing efficiency when we use 
different devices to achieve different tasks.  

 
 

Table 1. Three Basic Operations in VPS. 
 

Operation Description Flag
Cutting Scrape away virtual  materials T 
Pasting Add virtual  materials P 
Compensating Scrape and add virtual  materials M 
 
 
3.3. Haptic Devices 

 

 
 

(a) PHANToM Desktop 
 

(b) Coordinate system 
 
Fig. 2. 6-DOF PHANToM Desktop and Coordinate. 
 
 
Haptic feedback device from SensAble 

Technologies Incorporation, PHANToM Desktop, 
has a lot of merits, such as light-weight design and 
compact structure, as shown in Fig. 2(a). The device 
can produce three translational and two rotational 
degree-of-freedom components, and can produce 
equipment coordinate system and graphics space 
coordinate system sketch map. These directions can 
be figured by a 4×4 homogeneous coordinate 
transformation matrix M . 

In Fig. 2 (b), PQ  is a stylus in the device, n is 
normal vector of stylus; l is the length of the stylus. 

, ,H H HX Y Z  is device coordinate system of 
PHANToM Desktop, , ,V V VX Y Z  is user’s coordinate 
system, if axis of , ,H H HX Y Z  and , ,V V VX Y Z  is 
consistent, d is the distance between two axis. 
Coordinates of stylus’ head P  and tail are 
( , , )

X Y ZH H HP P P  and ( , , )
X Y ZH H HQ Q Q  in device 

coordinate system, are ( , , )
X Y Z

P P P  and ( , , )
X Y Z

Q Q Q  
in word coordinate system, and view transformation 
matrix is 

viewM  , their relation is as following. 
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By the same token, to stylus PQ ’s normal 

vector N , if its coordinate is ( , , )
X Y ZH H HN N N  and 

( , , )
X Y Z

N N N  in device coordinate system, so it is 
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,
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view
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⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥= = =
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

i i   (3) 

 
SpaceBall 5000 [24] transformate or rotate a point 

( , , )p p pX Y ZP  in space, if *
( , , )p p pX Y ZP have been switched, 

*P ’s coordinate switch can be expressed as: 
 

* * *, , ,1 , , ,1p p p p p px y z x y z M⎡ ⎤ ⎡ ⎤= ⎣ ⎦⎣ ⎦ i  (4) 
 
We make the formula (1), (2) into the equation 

(4), then the stylus can be moved front and rear, left 
and right, upper and lower translation in scene graph; 
we make equation (3) into (4), then the rotation of 
object will be came true. 

 
 

3.4. Mapping Model of Virtual Haptic System 
 
Virtual haptic occurs in a digital environment 

with the processing being similar to how manual 
modelling takes places with physical model. The 
process of virtual prototyping is highly procedural 
and systematic. And as a number of computational 
processes are involved, current systems are still 
limited in terms of integrating these actions that take 
place at hardware and software level. In an attempt to 
resolve the issue of force feedback control in a virtual 
prototyping system, a mapping relationship between 
virtual sculpting (cutting and pasting operations) 
must first be established.  

In order to define the cutting and pasting activity 
through a mathematical approach, the authors first 
denote that the operations in a conventional sculpting 
is Set W . According to different modeling methods in 
virtual systems, Set W  can be divided into multiple 
non-disjoined sub-sets T . If the computer state 
sequence is expressed by Set C , the device of HCI is 
expressed by Set E . For device e E∈ , ( )S e is the 
status sequence of Set e . The mapping relationship 
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of any selection operation see  between W and T can 
thus be expressed as: 

 
:see W T→  (5) 

 
The method of conventional manual kneading is 

expressed by function sim , which can map the 
traditional method sequence Set T to the computer 
state sequence of Set ( )P C : 

 
: ( )sim T P C→  (6) 

 
In formula (6), ( )P C is the power set of Set C . 
The characterization of virtual objects is 

expressed by emulation function show , which can 
map computer state sequence Set ( )P C  to HCI 
sensor device state sequence of Set ( )D E :  

 
: ( ) ( )show P C D E→  (7) 

 
Assume do  is the control function with which 

the user is able to control the computer simulation 
within the interactive operation between human and 
sensor device, then the computer state sequence 
collection is Set С. 

 
: ( )do C D E C× →  (8) 

 
According to the formula (5), the traditional 

method collection status can be mapped to computer 
state sequence, that is to say, each step that operated 
by the traditional modeling method can be achieved 
in the computerized system. So, an eight-tuple can be 
defined by the mapping between conventional 
manual kneading methods is set W  and the computer 
state sequence collection Set C . 

 
, , , , , , ,W T C E see sim show do< >  (9) 

 
In formula (9), functions , ,sim show do  are the 

three categories in a virtual environment. 
Function sim  reflects the modeling simulation in 

computerized system, it can be an algorithm or 
axiomatic system, and also represents a structured 
input process of computation. 

Function show  is used to describe the simulated 
objects in computerized system. It can be an 
algorithm, a data conversion or a structured data 
output flow. 

Function do  is a structured flow of input 
whereby users can control the virtual model in the 
digital environment, and is closely related to the 
interactive sensor device. 

During the process of conventional sculpting, the 
operation of cutting and pasting is the main method 
of modeling. These two modes of operation can be 
further extended into the third operative mode – 
compensating. 

The cutting operation on the model surface can be 
represented by cutsim , as shown in Fig. 3 (a). 

The add operation using styling tools can be 
represented by pstsim , as shown in Fig. 3 (b). 

The operation of scraping the convex surface and 
filling hollow at the same time can be represented by 

cmpsim , as shown in Fig. 3(c). 
 
 

 
 

Fig. 3. Mapping operation in Virtual Clay  
Prototyping System. 

 
 

Assume function E  represents the modeling tools, 
function W represents the operation of cutting, 
pasting and compensating, as shown in Fig. 3. Three 
kinds of operating mode can be mapped by functions 

, ,cut pst cmpsee see see  and simulated by functions 

, ,cut pst cmpsim sim sim . Furthermore, in the virtual 
computerized environment, the execution state 
sequence for these three kinds of operating mode can 
be represented by functions: , ,cut pst cmpC C C , the 
characterization results can be represented by 
functions: , ,cut pst cmpshow show show  

According to the formula (9), the eight-tuple can 
be defined by the mapping between the operation of 
cutting, pasting and compensating using conventional 
sculpting methods and the three kinds of operating 
modes in virtual environment. The simulated 
mapping of cutting operation is shown in formula 
(10), the simulated mapping of pasting operation is 
shown in formula (11), the simulated mapping of 
compensating operation is shown in formula (12). 
Through the above mapping method, the operation of 
cutting, pasting and compensating with conventional 
manual kneading methods can be mapped to the 
computerized virtual space. 

 
, , , , , , ,cut cut cut cut cut cutW T C E see sim show do< >  (10) 

 
, , , , , , ,pst pst pst pst pst pstW T C E see sim show do< >  (11) 

 
, , , , , , ,cmp cmp cmp cmp cmp cmpW T C E see sim show do< >  (12) 

 
 

3.5. Implementation of Virtual  
Haptic System 

 
The sensor object provides access to the 3D 

motion data of the 3D connexion device [25]. In a 
C++ COM application the sensor object can be 
obtained from the device object. 

(a) Cutting (b) Pasting (c) Compensating
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The integrated development environment of VPS 
is MS VC 2005, graphical kernel library is Open 
Inventor, the user interface using Qt application 
programme framework, and calculate of haptic 
feedback force is used function library of Open 
Haptics. The VPS has been developed with Open 
Inventor and Qt framework to demonstrate the 
feasibility of the proposed new method. 
Fig. 4 gives the scene structure sketch map which 
was managed by Open Inventor scene manager in the 
VPS, and which is conducive system maintenance 
and expand in the latter; At the same time, because 
the Open Inventor is based on the development of 
OpenGL, making the VPS also have a good 
compatibility and the ability to run cross-platform.  
 
 

 
 

Fig. 4. Open Inventor Scene Structure of VPS. 
 
 

The default value of Open Inventor Transform 
modes as follows: 

 
Transform {translation 0 0 0 
Rotation     0 0 1 0  
ScaleFactor     1 1 1  
ScaleOrientation   0 0 1 0 
Center     0 0 0} 
 
In addition, there are many simple function in 

these nodes can be user-friendly settings operation. 
The PHANToM Desktop can also be form rotate 
control of modeling tools by the formula (3), the 
other operation realized by using Spaceball 5000. 

While manipulating the virtual model, users 
watch what is emerging on the monitor and feel the 
feedback force from the haptic sensors 
synchronously. 

 
 

4. Experiments 
 

In previous studies, we demonstrated that the 
virtual methods could increase students’ effective 
haptics and found that 85 % of the respondents had 
utilized force-feedback to gain a better tactile 
understanding of surfaces [26]. The actual stimulus 
could play an important role in data collection 

because its visual and tactual properties would be 
presented more effectively.  

A total of 4 final year undergraduate students 
from Northwestern Polytechnical University were 
recruited for the experiment involving a product 
design activity. As the students were finalists, they 
were familiar with the NPD process and were 
competent in the use of computer aided industrial 
design software. All of them were aware of haptic 
devices and had experience in the use of such 
systems for design projects.  

Each student was given two tasks. The four 
participants were asked to recognize two different 
cubes and under two different conditions, haptic 
sensors (Spaceball 5000 and PHANToM) and 
traditional devices (keyboard and 3D mouse). In 
order to aid clarity, all students were given a 
handbook that explained the user interface and its 
functionality of the virtual prototyping tools. Fig. 5 
gave their average time of operation with different 
conditions. 

 
 

 
 

Fig. 5. Operation time between two different conditions. 
 
 

From this study, the results from the data analysis 
were classified into two categories, namely (1) the 
operation by traditional devices; (2) the operation by 
haptic sensor devices. 

The results showed that the traditional devices 
casted two to three times than the haptic sensors. 
When the participants operated with traditional 
devices, they operated and interacted by watching the 
interface of graphics simulate, for example, dragger 
and manipulator of Open Inventor. Completing a 
simple operation, such as move and rotate, need lots 
of complex actions, furthermore too much actions 
would be likely to increase the inaccuracy of 
operation. However, Haptic sensors could help the 
operators complete these basic operations easily with 
the sense of visual and tactile. Through the 
observation and interaction, participants were able to 
visualize and experience how haptic sensors might 
contribute to prototype object and interact with the 
virtual model. 

 
 

5. Conclusions 
 

This paper introduced 6 degree of freedom haptic 
sensors, Spaceball 5000 and PHANToM Desktop, 
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established the combination of equipments and 
interactive assignment with both left and right hands, 
calculated the feedback force of 6 degree freedom 
controlling sensors. Detailed techniques of multi-
sensory virtual prototyping, material removal rate 
force rendering and haptic design were proposed in 
Virtual Prototyping System, which supported the 6 
degrees of freedom haptic feedback will further push 
practicality of haptic-based sensing technology. With 
the proposed methodology, users can virtually sculpt 
a stock volume to get an intuitive design by using the 
developed force feedback haptic interface. 

The further development of the system is focused 
on increasing the usability and improving the realism 
of sensations. To increase the usability is to combine 
haptic rendering and haptic algorithm model 
modification to speed up the modeling process. As to 
the increasing of the realism of the implemented 
haptic rendering system, a combination of real and 
virtual worlds could be used. This would embed new 
and interacting technologies to the latent needs of 
diverse users. 
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Abstract: This paper deals with the overall performance testing system for infrared sensors. To test the overall 
performance and some integral indicators of the infrared sensor, the design and realization of the testing system 
are discussed. First, the systematic design and functions of the testing system as well as the subsystems are 
proposed. Then the detailed realization of the system’s software and hardware are discussed. In the design and 
realization of the hardware, the choices on the subsystem are discussed, and the connection and interface 
relationship between subsystems are proposed. The software is developed using Visual C++6.0 and 
Measurement Studio 6.0, which realized the function of system control, system self-checking, system 
calibration, data collection, data processing, network interface and printing. And the relationships between 
subsystems are also given. The validity of the testing system is effectively verified by the practical testing 
applications. Copyright © 2013 IFSA. 
 
Keywords: Infrared sensor, Overall performance, Testing system, Design and realization. 
 
 
 
1. Introduction  
 

Infrared sensor is an optical instrument for 
spacecraft attitude information through the 
measurements of the difference between earth and 
sky infrared radiation. Usually it is used for 
measuring the spacecraft attitude angle and roll 
attitude angle. As infrared sensors provide attitude 
guarantee for the stable operation of spacecrafts, it is 
necessary to design the testing system for the overall 
performance of infrared sensors. 

At present, the research on the infrared sensor has 
different realization and application, and it mainly 
includes the following topics: 1) System design based 
on various technologies [1-2]. 2) Control system 
design [3]. 3) Data processing and precision analysis 

[4-5]. 4) Applications of different infrared sensor 
systems [6-7]. In terms of 1), reference [2] focused 
on the mechanical and control design of a micrometer 
range positioning and tracking platform using 
mathematical models. In terms of 2), reference [3] 
designed a temperature control system using 
incremental PID algorithm for a special homemade 
shortwave infrared spatial remote sensor based on 
FPGA. In terms of 3), reference [5] proposed a real-
time signal processing method for infrared sensor 
arrays. In terms of 4), reference [7] studied a thermo 
graphic diagnosis system and proposed an imaging 
algorithm by distributed thermal data using single 
infrared sensor. These system designs about the 
infrared sensor have been successfully applied to 
many fields, which is meaningful to the infrared 
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sensor performance testing system. However, they 
are specific applications. Though the addition of 
hardware (for example, sensors) realizes the test and 
control function, the structure is changed, which 
increases the system error. In addition, the system is 
lack of the calibration system, as well as automation 
test. Therefore, according to the test requirement, the 
hardware and software system of the infrared sensor 
performance testing system is designed and realized 
which is verified by the practical application to be 
effective. 

 
 

2. Composition and Functions of Infrared 
Sensor Performance Testing System  
 
The testing system for infrared sensor overall 

performance completes the test on overall 
performance and other comprehensive index, as well 
as the machine adjustment and calibration of infrared 
sensors. The basic structure of the system is shown  
in Fig. 1. 

 
 

  
Fig. 1. Composition of the testing system. 

 
 

Performance testing system consists of four major 
subsystems: infrared radiation source system, 6 
freedom optical platform, parameter testing system, 
control and data processing system. The whole 
system is controlled by control and data processing 
system to complete the modulation mode and 
radiation amount control of the infrared radiation 
source. The attitude adjustment, automatically 
aligning function of the infrared sensor is achieved 
by adjusting the optical platform attitude. The 
sensitive axis angle deviation and the frequency 
response parameter test of the infrared sensor are 
completed by parameter testing system.  

The composition and functions of each subsystem 
are as follows: 

Infrared radiation source subsystem consists of 
dual band infrared radiation source (blackbody 
radiation source, radiation modulator, infrared 

radiation synthesizer), radiation source controller 
unit, radiation calibration unit, independent power 
supply unit etc., as shown in Fig. 2. It produces 
infrared radiation with high stability, control the 
temperature of blackbody radiation source, modulate 
in three ways (constant, sinusoidal, Gauss), regulate 
infrared radiation, eliminate the stray light and 
complete the synthesis of two infrared radiation etc. 

6 freedom optical platform system is composed of 
the base, the XYZ straight line displacement 
adjusting device, the XYZ 3 axis angle adjusting 
device, infrared sensor, infrared sensor platform 
fixture, linear and angular displacement sensor, drive 
unit (including servo motor and driver), interface 
circuit of computer motion control card, and power 
supply unit. It can realize left and right translation, 
height translation, horizontal rotating, pitch and roll, 
and keep the infrared sensor attitude stable in the 
testing process. 

Parameter testing system is composed of voltage 
and current testing unit, input and output impedance 
testing unit, the noise testing unit, the frequency 
response testing unit, the sensitive axis angle 
accuracy testing unit, sensor sensitivity testing unit 
and target recognition testing unit. Voltage and 
current testing unit mainly completes the function: 
the current and voltage in the main node, the normal 
power supply in the electric system, and the 
satisfaction of the power system. The input and 
output impedance testing unit mainly completes the 
function: impedance measurement of infrared sensor 
and electrical interface (input and output impedance 
in analog and digital channel, impedance parameters 
of the control circuit). The noise testing unit mainly 
completes the function: the noise characteristics and 
noise level test of the analog electronic circuits in 
infrared sensor channel, the power spectrum, 
autocorrelation and cross-correlation analysis, 
statistic analysis (peak to peak, mean, root mean 
square value, variance analysis). Frequency response 
testing unit mainly completes the function: the 
frequency sensitive test of infrared radiation under 
different frequencies. The sensitive axis angle 
accuracy testing unit mainly completes the test on the 
infrared sensor sensitive axis angle deviation. Sensor 
sensitivity testing unit mainly completes the function: 
the infrared radiation light source illumination 
(radiation energy) control through the computer and 
the radiation source controller, and then quantitative 
measurement of light intensity by the light intensity 
meter, the output measurement of infrared sensor, 
target detection ability of infrared sensor, automatic 
completion of all measurement process. Target 
recognition testing unit mainly completes the 
function: the testing target recognition for various 
control signals, judgment on timing through the input 
specific signal and the base object recognition signal. 
Digital signal sequence logic testing unit mainly 
completes the function: after receiving a start signal, 
8 road digital channel test, logic relationship and the 
amplitude of each channel. 
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Fig. 2. Composition of infrared radiation source system. 
 
 

3. Design and Realization of Hardware 
System 

 
3.1. Design and Realization of the Infrared 

Radiation Source System  
 

Infrared radiation source is the core of the 
infrared radiation system, and its selection must 
consider the user’s requirement. The radiation source 
is composed of low temperature blackbody source 
producing long wave, high temperature blackbody 
source producing short wave, and the corresponding 
blackbody temperature controller. The selection of 
blackbody radiation source is mainly based on 
whether the signal output distribution of blackbody 
radiation source can meet Max Planck radiation. By 
controlling the combination of output energy, the 
output spectral characteristics of the signal source can 
maximally simulate radiation characteristics of real 
targets, thus to satisfy user’s technological 
requirement. Considering the controllability of the 
blackbody source, it must have interface of RS232 or 
RS422. So the blackbody radiation source can be 
controlled by the computer through the RS232 or 
RS422 communication interface, and the blackbody 
radiation source can also upload the blackbody 
current status data through the communication 
interface, which not only can ensure the requirements 
in the band of output infrared beam, but also can 
ensure the infrared radiation intensity index 
requirements.  

Collimating optical system is composed of visible 
light collimation system and blackbody radiation 
collimating system. Variable aperture adjustment 
mechanism is controlled by a radiation source 
controller, which is realized by specific control 
actions according to control and data processing 
system, so as to adjust the variable aperture 
diaphragm. The infrared interference filter is adopted, 
whose band is Gauss distribution, and the 
transmission rate is greater than 45 %. Radiation 
modulator modulates the infrared beam according to 
preset frequency in constant, sinusoidal, or Gauss 

pulse waveform way. There are usually three ways to 
realize modulation of the infrared beam, namely 
infrared liquid crystal light valve, circular progressive 
filter and optical modulation disk. With 
comprehensive comparison and consideration of 
modulation frequency, the chopper composed by a 
high speed motor and modulation wheel is adopted to 
modulate radiation, which produces a sine and 
similar Gauss distribution modulation. 

The modulation formula of the frequency 
modulation disk is as follows, 

 
 

εωω ×= n  (1) 
 

where ω is the modulation frequency, εω  is the 
circling angular velocity, n is the number of teeth of 
the modulation disk. If the modulating frequency is 
set, and the appropriate speed of the motor is 
selected, then the number of the modulation disk 
teeth can be determined. In this project, the 
maximum modulation frequency is 2 kHz, rated 
speed servo motor is 6000 rpm, then the number of 
the modulation disk teeth is 20. And the speed closed 
loop control of motor is adopted, the speed stability 
of which is better than 0.2 %, thus, it meets the 
technical requirements of the modulation frequency 
in the 1 Hz – 2 kHz frequency range, and the 
frequency drift less than 2 %. 
 
 
3.2. System Design of 6 Freedom Optical 

Platform 
 

XYZ straight line displacement adjustment 
devices adopt screw self-locking mechanism. In order 
to ensure the accuracy of the reciprocating 
mechanism, screw is driven by a clearance 
elimination mechanism to eliminate errors, and to 
improve the accuracy. Meanwhile, various axis screw 
mechanism is driven by a unified servo motor to form 
a complete closed-loop motion control system. 
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3.3. Hardware Design of Parameter Testing 
System 

 
As to the parameter testing system, there are 

many bus structures, such as PCI, CompactPCI, PXI, 
VXI etc. Considering the advantages and 
disadvantages of various bus structures, as the PXI 
bus structure has good characteristics and is 
supported by a large number of manufacturers, as 
well as the rich modules and expansion of the system 
functions, the hardware system structure of the 
testing system is based on the PXI bus structure. 
Considering the realization of self checking function, 
test automation, and switching capacity between 
different testing functions, system unification and 
extension, as well as the switching current capacity, 
the PXI relay module and SCXI relay module are 
adopted. The test on multiple product voltage, 
current, resistance adopt multi-meter module PXI-
4060 to complete and can work in a dual mode of 5 * 
1 matrix switch. Product noise test module adopts 
PXI-6115. The output signal characteristics test is 
realized by PXI-5122, matched with a block  
PXI-2593 matrix switch, so as to expand channels. In 
the frequency response test, through the control of 
dual band infrared light, infrared light source output 
under different modulation frequency, and when 
infrared sensor receives the modulated signal, 
different signal characteristics can be obtained. These 
signal characteristics is amplified by the lock-in 
amplifier PRC5302, and different carrier frequency 
response characteristics can be obtained through the 
PXI-8212GPIB interface. In the sensitive axis angle 
test, the turntable with independent control system is 
adopted. The control of the turntable is realized by 
the Single Chip Micyoco system, and the main 
control computer only through the RS422 interface. 
Instructions is loaded to the Single Chip Micyoco 
system, the turntable angle is measured and 
controlled by Single Chip Micyoco system, and the 
angle value is returned to the master control 
computer through the RS422 interface, meanwhile, 
two output signals of the turntable is collected by the 
data acquisition system. In the light intensity test, 
light intensity control instructions are given to the 
light intensity control device through the RS422 
interface, the intensity of illumination is controlled 
by the light intensity control device, and light 
intensity of 4 channel meter is tested through the data 
acquisition card and light intensity meter. As to the 
digital signal test, 8 digital channel sequential logic 
test is realized by two cascaded PXI-6602. 

 
 

3.4. Hardware Design of Control and Data 
Processing System  

 
Various function units must be unified with the 

control and data processing system to work. Control 
and data processing system includes industrial 
computer, display, laser printer, the backup UPS,  

CP-132IS double RS422 serial card, MXI-4 zero slot 
controller interface card. 

Control and data processing computer is 
connected through the MXI-4 zero slot controller 
interface card and PXI integrated system in the 
PXI8331 zero slot controller, to realize the exchange 
of data and instructions in PXI integrated system, 
complete the functions of parameter test system, and 
control the motion of 6 freedom optical platform. 

Control and data processing computer is 
connected through CP-132IS serial port card for dual 
RS422, to realize the serial connection and data and 
instructions exchange with infrared radiation source 
controller. 

The overall hardware system is shown in Fig. 3.  
 
 

4. Software Design of the Testing System 
 
According to the system requirements and 

characteristics, to facilitate the system integration, as 
well as the plug and play features of mainstream  
32 bit high performance operating system, 32 bit 
operating system is utilized as a software framework, 
and Visual C++6.0 as the main development 
platform, as well as the software development tool 
Measurement Studio6.0 measurement. Thus, the 
powerful function, the convenience of software 
development, high reliability, high efficiency, code 
upgrade convenient of Visual C++6.0 is utilized, as 
well as the friendly and lively interface, powerful 
data processing advantage of Measurement and 
Studio6.0. 

 
 

4.1. Description of Software System 
Structure  

 
The subsystem and the relationships between 

modules are shown in Fig. 4. 
 
 

4.2. Design and Realization of Software 
System 

 
According to the function requirement of each 

subsystem, the functions of each subsystem are 
designed, and the main modules are as follows: 

1) Main control system. 
The main control system mainly plays the role of 

scheduling and delivery of information, thus it builds 
the news cycle mechanism, is the contact channel 
with the operator. The resource file of the main 
control subsystem is composed of main control 
interface, realizes a response mechanism to user 
information and returns parameters. At the same 
time, considering the expansibility of the system, the 
main control subsystem reserves functional extension 
interface. 

2) Self-check system. 
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Self-check system is mainly the usability 
inspection of hardware boards. There are there main 
functions: usability inspection on hardware board, 
availability check of signal channel, and 
communication availability check. In order to 
improve the reliability of software, the system is 
divided into four modules: the board self-test module, 
signal channel availability check module, check 
module communication availability, fault 
characteristic database and query module. In the self-

check process of the system, the software system can 
provide the reason and position of fault for the 
operator, and the troubleshooting solutions to 

common faults can be put forward for operators, 
therefore, self-check system itself is also a fault 
diagnosis system. 

3) Calibration system. 
The calibration of the system is divided into two 

aspects: the precision calibration of modules and the 
precision calibration of testing system. As to the 
module calibration, there are generally standard 
procedures for module calibration, and must be 
carried out by the measurement department, or 

module provider in the module after a long time use. 
For the calibration of the testing system, the standard 
signals are compared to realize the calibration. The 

 
 

 
Fig. 3. Composition of infrared radiation source system 
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calibration system calls channel switching module 
and data acquisition module, and stores the 
calibration parameters into the calibration file. 

4) Data acquisition system. 
Data acquisition subsystem is mainly to determine 

the data acquisition parameters of each channel, such 
as the sampling rate, trigger mode, buffer mode, 
initialization, parameter configuration, data 
acquisition, and storage. The success work of this 
system directly relates to the accuracy of follow-up 
subsystem data processes, and needs the data 
acquisition module and channel switching module 
complete the signal testing and data collection. The 
data acquisition module mainly completes the 
initialization, parameter configuration, and is 
responsible for effective data acquisition and storage. 

5) Data processing system. 
In this subsystem, the calculation of mean, 

variance and error analysis and prediction module are 
provided for the system. 

6) Test results management system. 
In this subsystem, it achieves the classification, 

database query, statistics report and printing function 
of test results. 

7) Report generation and print system. 
This subsystem is the final output channel of the 

whole testing system, and the module has five 
modules: data selection module, text layout module, 
table generating module, print preview and print 
module, as well as the external interface with word 
processing software MS-WORD. The final report 
document format is the standard WORD document. 

 
 

4.3 Open Design of Software System  
 

In order to satisfy the scalability requirements of 
software, software system reserves the function 
expansion menu in the main control subsystem, to 
achieve the expansion of integrity with the original 
system design unchanged. The function expanding 
menu is the dynamic loading menu, and can be 
generated by the user themselves, and associated with 
new functional modules, so as to realize the function 
expedition of the software system. 

 
 

 
 

Fig. 4. Subsystems and the relationships between modules 
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5. Conclusions 
 

According to the overall system design and 
realization above, hardware and software system are 
developed. And the overall performance testing 
system for infrared sensors can effectively meet the 
precision requirement of the infrared sensors and 
other comprehensive index, as well as the adjustment 
and calibration of infrared sensors. 

The overall performance testing system for 
infrared sensors adopts master-slave PXI architecture 
which provides a good platform for the system 
upgrades and hardware expansion. At the same time, 
in the design of software system, the dynamic menu 
function expansion program with low coupling 
degree is adopted to improve the system scalability. 
In addition, the concept of automation test is 
conducted throughout the system design, as well as 
the system usability and maintainability. Meanwhile, 
in the design of self-check subsystem, not only the 
fault can be detected, but also solutions can be given, 
which effectively reduces the cost. 
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Abstract: It is generally recognized that sensors play important roles in modern control systems and failure 
modes of sensors are key points for safety and reliability analysis of such systems. Failure modes rely only on 
specific components rather than the system architecture, and therefore could be reused in different analysis. In 
this paper, we present a novel ontology-based method to represent and classify failure modes of sensors, so that 
they could be reused effectively and sufficiently. The principle and essence of the method are described in 
details appending a demonstration illustrating how to construct a concrete ontology with the method. 
Furthermore, the retrieve method based on semantic similarity is introduced. Additionally, a free software tool is 
developed for the method. The method and the tool could both be used in other fields with similar scenarios. 
Copyright © 2013 IFSA. 
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1. Introduction 
 
1.1. Failure Mode of Sensors for FMEA 
 

As early as in 1949, procedures for conducting 
FMEA (Failure Mode and Effects Analysis) were 
described in US armed forces military procedures 
document MIL-P-1629 [1]. In 1979, Reifer firstly 
introduced FMEA into software analysis [2]. 
Nowadays, FMEA is generally appreciated in 
reliability engineering in industry fields.  

There is a steady trend toward the use of digital 
systems of increasing complexity in safety-critical 
applications. As we all known, sensors play 
important roles [3] and are basic components in 
digital systems, especially control systems [4].  

Snooke states that there are three causes of failure 
in digital systems [5]: 

1. Abnormal value input to the software from its 
environment; 

2. Failure in the hardware upon which the 
software is executed; 

3. Logical/algorithmic/semantic error in the 
implementation code (a bug). 

For the third one, software testing is the answer 
and the second one is easy to figure out, however, the 
first one, generally recognized, is a big challenge. It 
is mainly related to failure of sensors, because the 
systems depend on sensors to perceive the changes of 
the environment.  

Consequently, failure modes of sensors are key 
point for FMEA of modern digital systems.  

 

Article number P_SI_449

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 25, Special Issue, December 2013, pp. 112-117 

 113

1.2. The Possibility and Necessity of Reuse 
 
Procedures in doing FMEA, either hardware or 

software, are the same: [6]: 
1. Identification of systems and functions; 
2. Identification of failure modes; 
3. Determination of effects of failure modes; 
4. Identification of possible causes; 
5. Documentation and risk reduction. 
The second step of the procedure is very 

important. Failure modes, however, rely only on 
specific components rather than the system 
architecture, and therefore could be reused in 
different FMEAs. Other steps are specific with 
various of system designs and rarely reused. 

In this paper, we present a novel ontology-based 
method to represent and classify failure mode of 
sensors, so that they could be reused effectively and 
sufficiently. In the following section, the principle 
and essence of the method are described. To 
demonstrate how to construct a concrete ontology 
with the method, a case study is given in the last 
subsection of section 2. Section 3 introduces the 
retrieve method based on semantic similarity and 
section 4 gives a software tool to aid the method. 
Finally, we draw conclusions and address our future 
works. 

 
 

2. Ontology for Failure Mode of Sensors 
 

2.1. Principle 
 
Ontology describes a shared and common 

understanding of a domain that can be communicated 
between people and heterogeneous software tools. 
From the point of view of information modeling, 
ontologies make a commitment to an unambiguous 
representation of the concepts of a specific domain of 
discourse rather than to the structure of a data 
container. The objectives of developing ontology are 
in the following [7]: 

1. To facilitate sharing/exchange of information 
and knowledge; 

2. To support integration of tools; 
3. To provide the same perspectives with 

collaborating teams and tools; 
4. To create a common vocabulary; 
5. To describe unambiguous definitions that both 

computers and teams can understand. 
For safety analysis of critical systems, ontology-

based methods are hot topics of recent years. In 2009, 
V. Ebrahimipour and etc. provided an ontology 
approach to support FMEA studies [7]. Main idea of 
the paper is applying ontology to formal the 
vocabularies used in the result tables of FMEA. In 
2010, Martin Molhanec and etc. reported the 
Ontology based FMEA of lead free soldering process 
[8]. In the paper, a proposal of a user’s guide for the 
FMEA procedure based on an ontology paradigm is 
presented. 

Ptolemy II [9], which is an open-source software 
framework supporting experimentation with actor-
oriented design, also resorted to ontology-based 
method. The Ptolemy II Ontologies package extends 
the Ptolemy II type inference engine to provide an 
efficient and scalable framework for general static 
analysis of arbitrary properties on a Ptolemy  
model [10].  

What’s we are most concerned now is, for failure 
mode databases, how to use ontology-based methods 
to reuse of failure mode? Failure modes are generally 
stored in databases and nearly every big company 
majored in safety critical systems have their own 
failure mode databases [11]. To redefine the failure 
modes in the existing databases is costly and 
impractical. Given the above facts, we provide a 
novel ontology-based method to annotate, rather than 
to formalize directly, the failure modes in existing 
databases, so that the knowledge of them could be 
reused. 

 
 

2.2. Essence 
 
In fact, we select the strategies applied in Gene 

Ontology [12], which are popular used in the research 
filed of bioinformatics. 

Fig. 1 shows Gene Ontology and databases 
annotated by Gene Ontology. The terms in Gene 
Ontology were organized as a directed acyclic graph. 
Every node represents a concept. The solid line with 
arrow points to more concrete concept than its origin. 
Every term in Gene Ontology has an identification 
number, called GO ID (Gene Ontology 
IDentification), of the form GO:XXXXXXX, where 
X is a digit. When add a Gene Ontology term to an 
item in a table of a database, the item is assigned an 
ontological knowledge according to Gene Ontology. 
The technique of ontology makes databases 
annotated by Gene Ontology to an open, specified 
and computer-understandable knowledge base, which 
minimizes the gap between computational and 
biological researchers. 

 
 

  
 

Fig. 1. Gene Ontology and databases annotated by Gene 
Ontology. The relationship between Gene Ontology  
and databases annotated databases are represented by 
dashed line with arrow. 
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The essence of the idea is to annotate, rather than 
to formalize, records in the database, so that it is easy 
to add semantic information, namely ontological 
knowledge, to existing databases. The scenario is 
similar with our requirements mentioned above, 
accordingly, we introduce the idea to management of 
failure modes [13]. 
 
 
2.3. Case Study 
 

We define yoyo-ontology [14] as a directed 
acyclic graph. Each node represents a category and 
has three data fields: ID, Category and Properties. 
Nodes are connected with directed lines. Different 
heads of the lines, such as arrow, circle or others, 
mean different relationships between the nodes. The 
lines point to more concrete concepts than its origins. 
In fact, yoyo-ontology is created by imitating the 
mechanism of Gene Ontology [12]. Tbox is the 
directed acyclic graph and Abox is the annotated 
databases. Although yoyo-ontology is a light weight 
and informal method for building user defined 
ontology, it is effective and easy to be integrated with 
existing databases. 

Fig. 2 shows the ontology built for description 
and classification of failure mode of sensors. The 
ontology is constructed with 3 layers. Layer I is 
aspect concept layer. The top node, whose “ID” is 
1000 and “category” is “failure mode of sensor”, has 
two aspect concepts: one is sensor and the other is 
failure mode, represented by the two child nodes 
respectively. Layer II is abstract concept layer, in 
which each top-level category is decomposed or 
refined as many abstract categories. For instance, in 
terms of input value, sensors could be divided into 
displacement sensors, pressure sensors, speed sensors, 
temperature sensors, gas sensors etc.; while in terms 
of mechanism, sensors could be divided into resistive, 
inductive, capacitive and potential type [14]. 
Similarly, failure modes could be decomposed as 
complete failure, partial failure, intermittent failure, 
failure over time and over-performance of function. 
Layer III is concrete concept layer, in which many 
abstract categories are combined or refined as 
categories of things exist in reality. In this layer, we 
define many sensors popularly used in contemporary 
automobile, e.g., variable gap inductive pressure 
sensor is a concrete concept and is defined by four 
nodes in abstract concept layer. 

 
 

 
 

Fig. 2. An ontology for description and classification of failure mode of sensor. The graph is divided into 3 layers. In the 
figure, each node represents a category. Nodes are connected with directed lines. Different heads of the lines refer to 
different relationships between the nodes. Arrow ended line means relationship of “is-a” and circle ended line means “part-
of”. The lines point to more concrete concepts than its origins. 
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Here, we present a demonstration for construct a 
yoyo-ontology. For practical engineering, yoyo-
ontology for failure mode of sensor is much more 
complicated and should be constructed by domain 
experts. The complete description of the ontology in 
Fig. 2 with detailed information of the nodes and 
their relationships is available by email. 

After the ontology is constructed, the next step is 
to annotate the failure mode database. Select failure 
modes and corresponding identifications from the 
table of the target database and export the result-set 
as a flat file. The exported flat file, which is raw data 
set, has two columns of data separated with tabs. 
With yoyo-ontology, a free tool introduced in next 
section, the flat file could be loaded for annotation. 
For each line of the raw data set, if the failure mode 
belonging to a category, represented by a node, then 
annotate the ID of the node to the line. One line may 
be annotated with more than one node. The annotated 
nodes must comply with the two policies: 

1. If a node is annotated to a line, then its ancestor 
nodes annotated to the line, if exit, should be deleted. 
The policy could be satisfied because we defined the 
ontology as a directed acyclic graph; 

2. Annotated nodes for a line should cover all the 
aspects of the ontology and should come from the 
concrete concept layer, despite the fact that coming 
from the abstract concept layer is also allowed. 

 
 

3. Retrieve Based on Semantic Similarity 
 
For a set of annotated nodes A and B, we define 

the semantic similarity as: 
 

( ) ( ) ( )
( ) ( )

, 1 ,
Card X Y Card Y X

Similarity A B
Card X Card Y

− + −
= −

+
 

 
where X is the union of A and all the ancestor nodes 
of every member of A. The relationship of Y and B is 

similar with X and A. Card(X) means cardinality of 
the set X, namely, the number of members of the set. 

For the two sets, X and Y, X – Y means a new set, 
each of whose member belongs to X but not belongs 
to Y, namely: 

 
{ },X Y x x X x Y− = ∈ ∉  

 
Of course, other kinds of definition of the 

semantic similarity are possible. We just give an 
illumination and it has been implemented. 

In order to facilitate the implementation of the 
proposed method and to prove the availability in 
practical engineering, a software tool, yoyo-ontology 
[13], is developed, which will be introduced in the 
following section. 

 
 

4. A Tool 
 
The no limited edition of yoyo-ontology 0.5 and 

further editions could be got from website: 
http://yoyo-ontology.buaa.edu.cn. We intended to 
open the source of the project, however haven’t 
found suitable license. Anyway, we promise the 
software is free forever. In the following, the function 
and operation of the software will be described 
respectively. 

Fig. 3 is the main interface of yoyo-ontology 0.5. 
The five buttons on the toolbar, labeled with “1”, are 
operations on the files stored ontology; labeled with 
“2” are operations on the files of embedded database, 
labeled with “3” are used to edit the graphical model 
of the ontology and labeled with “4” is entry to the 
module of calculating semantic similarity of a 
specified item with others. There are two tab widgets 
in the main interface. The tab widget on the left side 
is graphic and XML editors of ontology and the right 
side are for embedded databases and output. 

 
 

 
 

Fig. 3. The main interface of yoyo-ontology 0.5. The tab widget on the left side is graphic and XML editors of ontology  
and the right side are for embedded databases and output. 
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Three steps are needed to finish the annotation: 
1. Load or create a database file using the buttons 

labeled with “2”. In the group box of “The raw data 
set”, upper right of the Fig. 3, click the ”Edit” button 
and in the pop-up dialog box, the raw data set can be 
added or appended to the list in the “The raw data 
set”. Click a record in the list and its annotation will 
be listed in the list of “Annotation” group box, 
located below. 

2. Load or create an ontology file using the 
buttons labeled with “1”. Edit the ontology with 
graphic tools labeled with “3”. Click a node of the 
graphic model of the ontology, in the group box of 
“Data fields of selected node”, lower left of the Fig. 3, 
the three data fields of the selected node will be 
shown and could be edited and submitted. 

3. Select a record listed in the “The raw data set” 
and double click a node on the ontology, the node ID 
will be added to the list in the “Annotation” group 
box, lower right of the Fig. 3. 

After finished all the annotation, the result could 
be output to flat files. Select the “Output” tab of the 
right tab widget in the main interface and set the 
check box of “Hide/Show the Ontology tabWidget”, 
you will see Fig. 4. Click one of the three buttons in 
the bottom of the figure and you will get one of the 
three outputs: 

 
 

 
 

Fig. 4. Screenshot of the “Output” panel  
of the yoyo-ontology 0.5. 

 
 

1. Annotated data set. The first two columns are 
similar with the raw data set and the third column is 
IDs of nodes of the ontology. 

2. Ontology nodes. List all the data fields of all 
the nodes on the ontology. There are also three 
columns in the output flat file: first is node IDs of the 
ontology; second is the category; third are the 
properties. 

3. Ontology facts. List all the relationships 
between the nodes of the ontology and they could be 
used as input to infer engines for semantically search 
or knowledge discovery. 

To calculate the semantic similarity between a 
specific annotation and others defined in the former 
section, click the button labeled “4” in Fig. 2 and you 
will get the windows in Fig. 5. Select the specific 
annotation in the left side list and click the button 
“Search for Similarity”, then the result will be shown 
in the right side. 
 
 

 
 

Fig. 5. Screenshot of the “Search for Similarity” dialog  
of the yoyo-ontology 0.5. 

 
 

5. Conclusions and Future Works 
 

In this paper, we present a novel ontology-based 
method to represent and classify failure modes of 
sensors, so that they could be reused effectively and 
sufficiently. The principle and essence of the method 
are described in detail with a demonstration to 
construct a concrete ontology with the method. 
Furthermore, the retrieve method based on semantic 
similarity is introduced. Additionally, a free software 
tool is developed for the method. 

In the future we plan to develop and provide 
better designed ontologies of failure modes of sensors. 
In addition, we will continually improve yoyo-
ontology on the precondition of unholding its 
lightweight features. 
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Abstract: For the selecting and shifting gear actuator fault generation mechanism of automated manual 
transmission (AMT), application logic redundancy law diagnostic strategies was developed. Based on 
MATLAB/Simulink and LabVIEW software platform to build a simulation model for co-simulation signal 
model, normal/abnormal analog signal was input to simulate. Finally, by artificially set shift fault and the 
acquisition of AMT bench test failure output and shifting actuator motion information, the design diagnosis was 
verified. The simulation and test results show that the proposed fault diagnosis control strategy is correct. 
Simulink and LabVIEW joint simulation could shorten the product development cycle, which provides a new 
way of thinking for the development of the control system of the AMT fault diagnosis method.  
Copyright © 2013 IFSA. 
 
Keywords: Automated manual transmission, Fault diagnosis, Fault disposal, Build model, Test. 
 
 
 
1. Introduction 
 

Because of the use of advanced electronic 
technology, AMT transform the traditional manual 
transmission. With the unique characteristics such as 
economic, convenient, safe and comfortable, all 
motorists much welcomed, AMT has become a 
hotspot in the research and development of 
automotive engineers. Since 1980, China began on 
the ATM automatic transmission technology research 
[1-3]. As the national "863 program" is one of the 
key projects, "the development of advanced 
automotive technology," clearly put forward for 
AMT technologies. AMT is a complex system to 
improve the transmission efficiency, simplify 
operations and improve the driving ability of 
automatic control, at the same time, the probability of 
failure also increasing, which is an urgent need to 

develop a fault diagnosis and treatment technology, 
safety and reliability for the system to provide 
protection. Therefore, fault diagnosis and treatment is 
the key AMT system development technologies. 

At present, the domestic independent research and 
development of the automatic transmission research 
institutions diagnosis there are many, but the market 
has not yet appeared the automatic transmission 
diagnosis instrument of mass production products, 
the main reason is the key technologies of AMT did 
not get very good settlement. For example, the 
adaptive control problem, the reliability of AMT, 
adaptive system and fault diagnosis technology etc. 
Beijing Institute of Technology, Chongqing 
University, Jilin University, Shandong University and 
a number of units issued a related paper, and tested 
on the bench or on the vehicle. 
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The fault diagnosis of AMT form is mainly used 
in the vehicle fault self diagnosis method, namely 
control TCU automatic mechanical transmission in 
the completion of the automatic transmission control 
on vehicle, monitoring and diagnosis of the relevant 
information and data. When there is failure to failure 
are stored code form, and can alarm to the driver. At 
the same time take fault-tolerant control, so that the 
vehicle can continue to repair center to repair. Ge 
Anlin [4] , from Jilin University, has done a lot of 
work on the study of AMT fault diagnosis, a fault 
diagnosis, fuzzy AMT control system of AMT 
system fault diagnosis of automotive electronic 
control system and fault self diagnosis technique 
based on. Gu Yongming [5] analyzed the failure 
mode in AMT system engine, clutch, transmission 
parts, and establish a diagnosis model. Jiang Wei [6-8] 
analysis of the car in the beginning and the running 
fault state of AMT, and gives the corresponding 
handling. In this paper, the transmission of a heavy 
commercial vehicle as the research object, analysis of 
sensor and actuator fault diagnosis and control 
strategy, simulation and bench test. Correctness of 
fault diagnosis strategy is validated in the test rig. 
 
 
2. Subject Investigated 
 

The research object of this paper engine is a 
commercial heavy duty engine. Transmission of 
AMT transmission of a gear factory production, it has 
6 forward gears and one reverse gear, gear shift lever 
after the modification, specially used in AMT 
production. Shift actuator using pure electric; 
complete the shift action with DC motor. The clutch 
is a gas operated, implementing agencies for the use 
of BOSCH Rexroth company production of 
pneumatic actuator, which is controlled by the 
electromagnetic valve to complete separation of the 
clutch and joint action. Electronic control unit TCU 
as the main control chip MCU using MC9S12DP512 
chip produced by the company named Freescale, run 
cycle accurate to the millisecond. CAN bus 
communication for engine ECU and TCU, real time 
TCU read ECU information, and controls the engine 
in the process of shifting, the engine speed [9, 10]. 

In the AMT control system, failures follow a 
similar system function structure can be divided into 
three categories: TCU fault, sensor fault, actuator 
fault. In this paper, the shifting actuator fault 
diagnoses were studied. 
 
 
3. Shifting Actuator Diagnosis Analysis 
 

The shifting actuating mechanism comprises a 
gear motor, gear motor, angle position sensor, linear 
position sensor and gear. In AMT control, when the 
clutch separation, executing mechanism finishes the 
up-shift or downshift work. Position sensor failure, 
will cause the TCU not recognize the current motor 

position, not for the closed-loop control. Motor and 
reducer fault, will cause the shift function failure. 
 
 
3.1. Analysis of the Shift Motor Diagnosis 
 

Shifting operation respectively by using two DC 
motor controls, the one responsible for the gear 
selection work, one is responsible for the shift work. 
According to the output characteristics of a sensor, 
fault diagnosis can be motor angular position sensor. 
The logic analysis of the sensor signal will be 
continuously collected and normal signal, determine 
whether the sensor fault, the diagnosis process is 
shown in Fig. 1. 
 
 

 
 

Fig. 1.  Shift motor position sensor diagnostic process. 
 
 

In the Fig. 1, EMPSSV as the supply voltage of 
the position sensor, when EMPSSV and normal 
working voltage of 5 V is larger than the limit value 
of theta, think that the sensor output signal will be 
unreliable, the working voltage of TCU output 
position sensor fault. According to the mechanical 
characteristics of shift, the motor rotation angle in a 
certain range, output of the sensor is also have a 
certain range, if the output sensor is greater than or 
less than the maximum minimum value that the 
output of the sensor fault. 
 
 
3.2. Shifting Actuator Fault Diagnosis 
 

Initialization after the success, TCU received the 
normal signal motor position, can operate on the 
block, in the process of shifting the same diagnosis of 
motor rotation. The shifting process of refinement to 
pluck gear, gear selection and gear in three steps, any 
step fails to report TCU. As the power output of the 
engine can not shift in the process of the vehicle, 
considering the dynamic property and economy of 
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the vehicle, so the rule shift time must be in a certain 
range, if beyond the time reporting fault to the TCU, 
the diagnostic process is shown in Fig. 2., the 
gearshift process as an example to illustrate the 
shifting process diagnosis. The shift motor from the 
receiver to the rotation of the motor to rotate the 
command to the target location design time is 300 ms, 
after 300 ms delay; the motor is not to the target 
location, and then pick a fault to mark a position 1. 
Continue to follow the motor position, after 600 ms 
delay, the motor does not reach the target position, 
TCU will pick block fault mark position 2. For 
different flags, TCU take the fault treatment in 
different ways. Gear fault diagnosis method and 
principle of gear fault hanging with the same gear off 
fault, so do not describe here. 
 
 

 
 

Fig. 2. Shifting process diagnosis flowchart  
 

3.3. Shift Actuator Fault Handling 
 

According to the shifting characteristics, for 
different fault locations have different processing 
modes. If the position sensor is faulty, TCU first 
determine the fault position and fault type, and TCU 
should be stored for sensor fault code, the fault codes 
for repair when parking. When the motor position 
sensor fault system, not in the shift process, TCU 
shielding shift signal, even when the vehicle meet the 
shifting conditions, also no longer shift operation 
until the fault is cleared, then restore the shift 
operation. When the sensor fails, the vehicle is the 
shift in the process first determines the fault location, 
three cases treatment: place or repair station. If 
gearing fails, the system will require manual 
intervention. 
 
 
4. AMT Modeling and Simulation of 

Shifting Process Fault System 
 

According to the shift motor work, a motor 
control model, using MATLAB/Simulink to establish 
the diagnosis, LabVIEW signal model [11, 12], and 
then combined with simulation. AMT shift process 
needs the engine, clutch, transmission three 
coordinated work, any of a component failure may 
lead to failure of the shifting process. The fault 
according to the fault position of the shift in the 
process of divided into clutch system fault and 
transmission system. For different fault named, 
variable output value is greater than 0, on behalf of 
the position of fault, the output value is 0, meaning 
no fault. As shown in Fig. 3 for the diagnosis model, 
diagnostic procedures in different parts of the sub 
module is encapsulated inside. Enable module is 
arranged in the main program, when the program 
needs can be directly invoked the module. 

 

 
 

Fig. 3. Simulink diagnosis model of shifting process. 
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In shift process the AMT control system will 
trigger the Stateflow timing module. Timing module 
triggers diagnostic module timing, real-time 
monitoring shifting process.  

The LabVIEW program and Simulink joint 
simulation, Fig. 4 for LabVIEW signal acquisition 

interface. Manual control input in LabVIEW, can be 
directly transferred to the Simulink model, the input 
of Simulink also changes, so you can set the normal 
signal and abnormal signal, through which to verify 
the validity of the diagnostic strategy. 

 
 

 
 

Fig. 4. The LabVIEW signal acquisition interface 
 
 
5. AMT Shift Process Diagnostic Test 
 

The test bench is shown in Fig. 5, including a gear 
factory S6-90 transmission. Engine speed signal 
generated by signal generator, the solar term door and 
speed calculation of the size, so that TCU will vary 
according to the vehicle speed and throttle is 
calculated and the appropriate gear, and to the 
actuator send action information. 

 
 

 
 

Fig. 5. AMT test bench. 
 
 

The test for static shift transmission process, 
when the actual motor position measured by TCU 
sensor with a target gear is not consistent, and 
exceeds the maximum allowable shift time, TCU will 
send the fault signal, to take measures to deal with 
the fault. 

5.1. Normal Shift Test 
 

After the code was automatically generated, the 
code is written master chip, and the shift process can 
be test. The up-shift process from gear position 1 to 
gear position 2 and the downshift process from gear 
position 2 to gear position 1 will be used as examples 
to test. We measured changes in motor position when 
the normal gear motor. As shown in Fig. 6, when the 
throttle and speed change, gear change; as shown in 
Fig. 7 and Fig. 8, for gear corresponding to different 
motor position. 
 
 

 
 

Fig. 6. The relationships of speed throttle and gear. 
 
 

5.2. Shifting Process Fault Test 
 

In the process of shifting to artificially set the 
fault test, before gear position 1 to gear position 2, 
the shift motor wiring was disconnect.  

As shown in Fig. 9 , the up-shift process from 
gear position 1 to gear position 2 picking parameters 
change gear fault, Fig. 10 shows gear position 2 or 
gear position 3 fault parameters, Fig. 11 shows the 
up-shift process from gear position 2 to gear  
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position 3 stop hanging the variation of each 
parameter block fault.  

 
 

5.3. Shifting Motor Position Sensor Fault Test 
 
Elected shift motor position sensor of any fault 

occurs, the TCU will not be able to control the motor, 
the gear shifting signal TCU shielding, keep the gear.  

Fig. 12 and Fig. 13 are respectively selected 
processing gear motor position sensor and position 
sensor shift motor faults TCU take. When the sensor 
values exceed the motor position limit, indicating that 
the sensor failure, the TCU measures are taken to 
keep the gear, the figure shows even increase the 
speed and throttle, TCU is no longer a shift command. 

 
 

 
 

 

 
 

 
 

Fig. 7. Motor position change of up-shift process  
from gear position 1 to gear position 2. 

 
Fig. 8. Motor position change of downshift process  

from gear position 2 to gear position 1. 
 

 

 
 

 
 

Fig. 9. Parameter changes while picking fault occurs of downshift process from gear position 2 to gear position 1. 
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Fig. 10. Parameter changes while shifting fault occurs  
of up-shift process from gear position 2 to gear position 3. 

 
 

 
Fig. 11. Parameter changes while gear meshing fault occurs 
of up-shift process from gear position 2 to gear position 3. 

 
 

(a). Gear selection sensor output. 
 

 
 

(b). Gear selection sensor fault handling. 

 
 

(a). Shift sensor output. 
 

 
 

(b). Shift sensor fault handling. 

 
Fig. 12. Gear selection sensor output and fault handling. 

 
Fig. 13. Shift sensor output and fault handling. 

 
 
6. Conclusions 
 

According to the logic of redundant input shaft, 
output shaft speed sensor and the motor position 

sensor fault diagnosis strategy, in the 
Matlab/Simulink software environment, the fault 
diagnosis model of AMT system. Using the classical 
PID control and feedback control, LabVIEW and 
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Simulink joint debugging, experimental verification 
of the model control effect. The model is converted 
into code, written in TCU, through the transmission 
bench test, man-made shift process fault, respectively 
verified during a shift gear off, gear, gear fault. Real 
time data acquisition speed, throttle, a comparative 
analysis of diagnosis information, sensor information, 
fault information and design, show that the method is 
feasible. At the same time caused by sensor failure, 
sensor failure when the vehicle is no longer shift, 
indicate that the sensor fault handling strategy. 
Simulation and test results show that: the strategy of 
AMT mechanism fault diagnosis of graphical 
programming language LabVIEW and Simulink co 
simulation fault processing system for AMT based 
development approach method is correct and feasible, 
has certain engineering application value. 
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Abstract: In the end-of-life GEO satellite communication system, satellite remaining fuel is not enough to make 
north-south station-keeping control. As a result, its orbit inclination becomes larger and larger, and its sub-
satellite point range becomes bigger and bigger than GEO satellite as time goes on. This kind of GEO satellites 
is called “slightly inclined geostationary-satellite orbit, SIGSO” satellite. However, as for the larger aperture 
antenna in the communication center station, even very small point deviation will cause signal level change 
which can be ignored, due to the beam is very narrow. Nevertheless, if we select appropriate antenna mount 
form and tracking mode, signal level change caused by the satellite movement will be minimized, thus ensuring 
the normal operation of the entire communication system. In this paper, various antenna mount forms and 
tracking modes are studied and compared, and a field test was conducted for 16 m truss mount by step tracking 
SIGSO satellite Apstar-1. Finally, the conclusion that turntable antenna mount and monopulse tracking mode is 
optimal for SIGSO satellites is given. Copyright © 2013 IFSA. 
 
Keywords: SIGSO satellite, Step tracking, Monopulse tracking, Large aperture antenna, Turntable mount,  
Truss mount. 
 
 
 
1. Introduction 
 

A satellite is ideally geostationary if its orbital 
elements satisfy some conditions [1]. The orbit 
gradually departs from the geostationary state, 
however, due to the perturbation forces acting on the 
satellite. The distortion of the Earth’s gravitational 
field due to the non-sphericity of the Earth causes 
either a steady increase or decrease in the semi-major 
axis, according to the stationary longitude of the 
satellite. No change however occurs at four special 
longitudes called the equilibrium points. When the 
semi-major axis deviates from the synchronous 
radius by ∆a (km) the satellite longitude drifts at the 
rate of -0.013 ∆a degrees per day. The solar radiation 

pressure, acting in proportion to the ratio of satellite 
cross section to mass, changes the eccentricity with 
time. There is also a minor effect due to the Moon’s 
gravity. A non-zero eccentricity e yields a diurnal 
libration motion in the satellite longitude of as much 
as ±2e×180/π degrees. The gravity of the Moon and 
the Sun acting as a tidal force on the satellite changes 
the inclination at a rate that varies from year to year 
between 0.75° and 0.95° per year. A non-zero 
inclination i (degrees) yields a half-diurnal 
longitudinal libration motion of as much as 
±(i2/4)(π/180) degrees. This becomes significant for 
longitudinal station keeping when the inclination is 
greater than a few degrees. Therefore, North-South 
station-keeping and West-East station-keeping must 
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be carried out to keep the GEO satellite still. 
However, geostationary satellites using frequency 
bands allocated to the fixed-satellite service should 
maintain their positions within ±0.1° of longitude of 
their nominal positions irrespective of the cause of 
variation. 

The station-keeping fuel on geostationary space 
stations constitutes an appreciable portion of in-orbit 
mass and tends to be the limiting factor of a 
geostationary space station’s life. And the North-
South station-keeping consumes up to 90 % of the 
total fuel [2]. After working for several years, when 
the fuel is consumed to a certain degree because of 
the station-keeping, the satellites are called end of the 
life satellites. Generally, these satellites will be 
pushed away from their original orbits and become 
space rubbish which is serious pollution of space 
environment. However, the satellite payload is still 
effective, and can serve for a longer time. If we only 
maintain the positions of longitude without the 
station-keeping of the latitude, the satellites can work 
for more years. In the absence of North-South 
station-keeping, the orbit of a geostationary satellite 
is subject to no more than about 0.9° of orbit change 
per year, and the inclination will never exceed the 
natural limit of 15°. 

This kind of satellites is called “slightly inclined 
geostationary-satellite orbits” (SIGSO). If they are 
used in satellite communication system, there will 
come up several new problems such as angular 
tracking, polarization tracking and for digital 
transmissions also, larger size elastic buffers and 
more complex synchronization methods. This paper 
concentrates on the critical problem of angular 
tracking. Because if antenna angular tracking error 
turns bigger, the transmission link will get worse at 
once, and system performance will deteriorate rapidly. 
In this paper, SIGSO satellite Apstar-1 and 16m-
diameter truss-parabolic antenna in Beijing are taken 
as an example to study the tracking strategy. 

 
 

2. SIGSO Satellite Movement 
Characteristics 
 
In order to track the satellite precisely, it is very 

necessary to figure out satellite movement 
characteristics. Under North-South station-keeping 
and West-East station-keeping adjustments, a typical 
geostationary sub-satellite trajectory (Anik-C3 
satellite of Canada) [3] is shown in Fig. 1.  

As we can see from Fig. 1, under station-keeping 
adjustments, deviations from its nominal orbital 
position are very small, within ±0.05° both for North-
South and West-East directions. For 16 m diameter 
parabolic antenna, its beam width is about 0.2°. 
Generally, step tracking mode is adopted for 
geostationary satellite communication earth station 
antenna [4]. However, when it comes to a SIGSO 
satellite, we must choose an appropriate tacking 
mode according to SIGSO satellites movement 
characteristics. 

 
 
Fig. 1. Typical geostationary sub-satellite trajectory.  

 
 

Take Apstar-1 satellite as an example. Apstar-1 
satellite was launched in July 1994 and located at 
138°E originally [5]. In August 2004, Apstar-1 
satellite was drifted to a new location of 142°E. From 
then on, only West-East station-keeping adjustments 
were kept on Apstar-1 satellite. As a result, its 
inclination increases every year with the increasing 
rate of about 0.9° per year. Until August 2012, 
Apstar-1 satellite inclination has been increased to 7°. 
Its sub-satellite trajectory variation from October 
2005 to November 2008 is shown in Fig. 2. Its daily 
variation is shown in Fig. 3. 

 
 

 
 

Fig. 2. Apstar-1 sub-satellite annual trajectory. 
 
 
Fig. 2 and Fig. 3 show that APSTAR-1 satellite's 

24-hour trajectory is basically showing "8" on the 
north and south sides of the equator, but within 1° 
sub-satellite trajectory is still similar to that of 
geostationary orbit satellites in Fig. 1. With 
inclination increase, SIGSO Apstar-1 sub-satellite 
trajectory longitude and latitude change every day. 
As shown in Fig. 3, in the short term, it turns out to 
be moving in parallel on the east-west direction. In 
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longer period of time, it shows not only drifts in 
west-east direction but also increase in north-south 
direction around 142°E. SIGSO Apstar-1 sub-satellite 
trajectory longitude and latitude variations in 24 
hours from December 15, 2006 to November 17, 
2008 are shown in Table 1 and Table 2.  

 
 

 
 

Fig. 3. Apstar-1 sub-satellite daily trajectory. 
 
 

Table 1. Apstar-1 sub-satellite longitude variations. 
 

Date Max. 
longitude(°) 

Min. 
longitude(°) 

Longitude 
variation(°) 

2006.12.15 142.06 141.97 0.08 
2007.01.09 142.01 141.91 0.09 
2007.04.20 142.08 142.01 0.07 
2008.07.31 142.17 142.04 0.13 
2008.11.17 142.10 141.95 0.16 

 
 
Table 2. Apstar-1 sub-satellite latitude variations. 

 

Date Max. 
latitude(°) 

Min. 
latitude(°) 

Latitude 
variation(°) 

2006.12.15 2.15 -2.15 4.30 
2007.01.09 2.23 -2.23 4.47 
2007.04.20 2.45 -2.45 4.90 
2008.07.31 3.65 -3.65 7.31 
2008.11.17 3.88 -3.88 7.77 

 
 
We can see from Table 1 and Table 2 that SIGSO 

satellite latitude variation is much bigger than 
longitude variation. As a result, earth station antenna 
azimuth and elevation vary along with SIGSO drifts, 
as shown in Table 3 and Table 4. 

 
 

Table 3. Apstar-1 Beijing earth station azimuth variations. 
 

Date Max. Az 
(°) Min. Az (°) 

Az 
variation 

(°) 
2006.12.15 144.37 141.71 2.66 
2007.04.20 144.54 141.45 3.09 
2007.12.17 144.89 141.03 3.86 
2008.03.03 145.17 141.02 4.15 

Table 4. Apstar-1 Beijing earth station azimuth variations. 
 

Date Max. El (°) Min. El (°) El 
variation(°) 

2006.12.15 38.71 34.50 4.22 
2007.04.20 38.96 34.16 4.79 
2007.12.17 39.61 33.59 6.02 
2008.03.03 39.86 33.46 6.40 

 
 
We can get a conclusion from Table 3 and  

Table 4 that El variation is about 50 % bigger than 
Az variation. Then for the satellite communication 
terminal, we can utilize broad beam-width antenna or 
shaped beam antenna to realize low data rate satellite 
communication by SIGSO satellite, such as micro-
strip patch antenna and so on [6-7]. However, for the 
large aperture antenna in the communication center 
station, because its beam-width is very narrow, the 
selection of tracking mode becomes critical. 

 
 

3. Tracking Mode and Characteristics 
 

Antenna tracking system's task is to ensure the 
antenna can stably and reliably align the satellite, 
thereby making the satellite communication system 
maintain normal working. According to the way of 
antenna tracking target, tracking mode can be 
classified into three types: manual tracking, program 
tracking, and automatic tracking. It is basically made 
up of antenna, feed, receiving equipment, servo 
control unit, and so on [ 8]. 

 
 

3.1. Manual Tracking 
 
Manual tracking is to adjust the antenna 

directivity manually on schedule according to 
experience or predict target position data (satellite 
orbital position) variation with time, or to make the 
received signal strongest by manually control the 
tracking system based on the received signal strength.  
Manually tracking can be carried out once every 
certain interval by the antenna, spectrum analyzer 
(receiver), the servo controller, etc. 

 
 

3.2. Program Tracking 
 
Program tracking is to input data of satellite 

ephemeris, the geographical coordinates and the 
posture of antenna platform into the computer for 
processing, calculation and comparison, and get the 
difference between the satellite orbit and antenna 
actual angle within the standard time. Then this value 
will be put into the servo controller and drive the 
antenna to eliminate the error angle. Continuous 
comparison and drive ensures that antenna points at 
the satellite.  

The advantage of the program is that there is no 
requirement of tracking receiver to provide tracking 
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signal, but realization of program tracking needs 
effective tracking parameters which need to be 
updated regularly. The drawback of program tracking 
is that ephemeris data change a little with time due to 
the Earth's uneven density and other disturbances. As 
a result, it is difficult to calculate the precise orbit 
data in a long term in general so there will be 
accumulated error for a long time tracking. In 
addition, there is higher precision requirement in axis 
angle indication and pointing accuracy. 

 
 

3.3. Automatic Tracking 
 
Automatic tracking is to automatically align the 

antenna by driving the antenna mount with servo 
controller according to azimuth and elevation error 
signal levels and directions, which are obtained by 
earth station antenna receiving satellite beacon signal 
and frequency conversion, amplification and tracking 
receiver processing. Its characteristic is no error 
accumulation in long-time continuous tracking. 

In accordance with the tracking principles and 
equipment components, automatic tracking can be 
divided into three types: stepping tracking, conical 
scan tracking and monopulse tracking. 

 
 

3.3.1 Step Tracking 
 
Step tracking is also known as extreme value 

tracking. It is to control the antenna to turn in the 
azimuth plane and the elevation plane alternately to 
progressively align the antenna and the satellite. The 
tracking system will go into a state of rest until the 
signal received by the antenna reaches the maximum 
value. When the received signal exceeds a preset 
threshold decreased or tracking cycle, the system 
begins to enter the tracking state and repeat it again 
and again. 

The advantage of step tracking is its simple to 
achieve. While its shortcoming is that in the tracking 
process, the antenna turns to swing around the 
alignment direction of the satellite continuously. In 
addition, when the tracking signal fluctuates, because 
of inability to find a stable maximum value, the 
antenna will rotate around the maximum value for a 
long time and can’t stop, but also exacerbated the 
antenna mechanical wear. If you take an extended 
time for filtering the signal sampling, it will result in 
a longer track time. So at harsher electromagnetic 
environment place, step tracking is not so effective. 
Furthermore, step tracking is not competent for 
tracking inclined orbit satellites. 

 
 

3.3.2. Conical Scan Tracking 
 
Conical scan tracking is to rotate the feed around 

the antenna symmetry axis in circular motion, or 
rotate the sub-surface aslant. In such a way, antenna 
beam rotates in a cone. When the antenna axis aligns 

with satellite, the beacon level received in the earth 
station is a constant value. If antenna axis deviates 
from the satellite, the reception level will have a low-
frequency amplitude modulation. Antenna beam 
pointing error can be detected according to the 
modulation signal amplitude and phase. 

Meanwhile, continuous circumferential 
mechanical movement of the feed results in poor 
reliability. During tracking, a series of echo pulses 
must be get at first to obtain angle error signal with 
poor real-time capability. 

 
 

3.3.3. Monopulse Tracking 
 
In monopulse tracking mode, antenna feed 

outputs added signal and difference signal, which are 
conversed and processed by the radio frequency 
front-end and then sent to the tracking receiver. The 
tracking receiver outputs two-way signals, including 
the azimuth error signal and elevation error signal, 
which are proportional to the angle of antenna axis 
deviation from the orientation satellite. The two-way 
signals are sent into the servo control unit to control 
the antenna movement. In this way, real-time 
tracking of the satellite is completed. 

According to the number of channels, there are 
three different implementations, including single-
channel, dual-channel, and three-channel. 

Monopulse tracking is able to determine satellite 
antenna beam deviation direction and the deviation 
value in a pulse interval, according to which the 
servo system adjusts antenna in real time to align 
with the satellite. The tracking speed and accuracy of 
monopulse tracking is much higher than step tracking. 
But it requires a complex feed system and tracking 
receiver system, which results in high cost. 

 
 

3.4. Characteristics Analysis 
 

There are both advantages and disadvantages for 
each kind of tracking method. 

Manual tracking needs the most simple equipment 
and is suitable for small aperture earth station 
antenna pointing GEO satellite at a lower accuracy 
and real-time requirements. 

Program tracking can be applied in satellite 
tracking for ground and on-board small aperture 
antenna systems. 

Automatic tracking’s characteristic is no error 
accumulation, and is able to realize continuous 
tracking in a long term. 

Step tracking is applicable in systems with slower 
tracking speed, such as tracking a slow drift velocity 
synchronous orbit satellite. 

For conical scan tracking, the advantage is that 
tracking equipment is relatively simple; the 
disadvantage is that the feed always deviates off the 
focus of the paraboloid, which makes the antenna 
gain decrease. 
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Monopulse tracking can obtain complete angular 
error from every received pulse. This tracking mode 
is a closed-loop system, with good real-time tracking 
and high accuracy. 

As there are too many factors affecting the 
satellite location, and we can’t predict the long-term 
satellite orbit, large or medium earth station mainly 
uses automatic tracking method, with supplement of 
manual tracking and program tracking currently.  
And especially for GEO satellite communication 
system, because the inclination angle is very small 
(its value is 0 in theory), GEO satellite inclination 
can be controlled within a small range by North-
South station-keeping periodically in actual 
applications. In addition, this kind of adjustment is 
not very frequent, so truss mount antenna can track 
GEO satellite normally.  

Step tracking is usually adopted in the truss 
mount antenna system to track GEO satellites. It is 
based on AGC (Automatic Gain Control) level of 
GEO satellite telemetry signal to assess whether the 
antenna align with the satellite or not. If AGC level 
of the telemetry signal is lower than a certain preset 
value, the antenna system will adjust its pointing in 
four directions, including up, down, left and right, in 
stepping mode. And antenna servo control system 
will monitor whether AGC level reaches its 
maximum or not. If it has reached the extreme value, 
the antenna must have been aligned with the satellite.  

However, for the SIGSO satellites, because its 
inclination angle becomes larger and larger with time, 
whether the most common antenna working style of 
truss mount working in step tracking is suitable needs 
to be verified. 

In the following section, we carry out a series of 
tests taking use of a truss mount parabolic antenna 
with the diameter of 16 m working in step tracking. 
By analyzing the AGC level of the telemetry signal 
and the Eb/N0 value from the communication 
receiver, we can get a suitable conclusion for SIGSO 
tracking method.  

 
 

4. SIGSO Earth Station Tracking Test 
 
As shown in Table 1, Table 2, Table 3 and  

Table 4, with SIGSO satellite inclination increases, 
its sub-satellite longitude, latitude, azimuth and 
elevation variation scopes increases, too. In October 
2011, we carried out an experiment in Beijing. Earth 
station antenna diameter is 16 m, with truss mount 
and step tracking. This system worked at C band.  
16 m diameter antenna transmitting beam width is 
0.22° and receiving beam width is 0.33°. Apstar-1 
satellite inclination angle was 6.4°. In the experiment, 
the 16 m antenna tracking cycle was 30 minutes, 
tracking start threshold was 0.2V, the azimuth 
tracking step was 0.1, and elevation tracking step was 
0.1. And the system worked at self-transmitting and 
self-receiving mode. The experimental diagram is 
shown in Fig. 4. 

 

SSPA LNA

PC
IP Address 192.168.1.11

Mask: 255.255.255.0

Apstar-1

16m

UC DC 

 
 

Fig. 4. Experiment diagram. 
 
 

The experiment system parameters are shown in 
Table 5. 

 
 

Table 5. Experiment system parameters. 
 

Item Value Item Value 

Modulation QPSK Downlink 
frequency 

3920 
MHz 

Data rate 2.048Mbps Transmit 
antenna gain 58.0 dBi 

FEC 3/4 Viterbi Receive 
antenna gain 54.1 dBi 

Video 
coding H.264 Transmit 

power 
-14.3 
dBm 

Audio 
coding 

MPEG 4 
Audio EIRPe 

43.7 
dBw 

Uplink 
frequency 6145 MHz 

Demodulation 
threshold 
Eb/N0th 

2 dB 

 
 
Comprehensive analysis of 16 m truss-mount 

antenna step tracking impacts on SIGSO Apstar-1 
satellite communications are carried out according to 
16-meter antenna beacon tracking receiver AGC 
level changes and received signal Eb/N0, as shown in 
Fig. 5 and Fig. 6.  

The data of first four hours of the first sub-graph 
in Fig. 5 is shown in Fig. 7. And the data of first four 
hours of Fig. 6 is shown in Fig. 8. 

We can conclude from Fig. 5 and Fig. 6 that both 
AGC and Eb/N0 values changes grammatically daily. 
AGC changed from 7.5 V to 8.4 V on Nov. 29th, 
2011, which equals to variation of 4.5 dB. Eb/N0 
changed from 9.9 dB to 1 dB, with the variation of 
8.9 dB. And we can see from Fig. 7 and Fig. 8 that 
the values of AGC and Eb/N0 change very frequently 
and greatly, and both of AGC value and Eb/N0 value 
have a certain relation with the step tracking cycle.  

We changed the tracking cycle to 10 minutes, 
tracking start threshold was 0.3 V, the azimuth 
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tracking step was 0.05, and elevation tracking step 
was 0.05. However, this kind of operation didn’t 
influence the AGC level changes and Eb/N0 changes 
obviously.  

 
 

 
 

Fig. 5. AGC level changes. 
 
 

 
 

Fig. 6. Eb/N0 changes. 
 
 

 
 

Fig. 7. AGC changes during the first four hours. 
 
 
These variations are too big for C band satellite 

communication.  That is to say, in the SIGSO satellite 
communication system, if we choose step tracking 
and truss mount for 16m-diamter antenna system, the 
system performance deteriorates greatly. Besides, for 

the truss-mount antenna system, because the tracking 
frequency is very high, the screws wear very 
seriously. In long terms, the antenna system life 
expectancy will be shortened greatly. 

 
 

 
 

Fig. 8. Eb/N0 changes during the first four hours. 
 
 

5. Conclusions 
 
We can get a conclusion that although step 

tracking with truss mount is adopted commonly for 
GEO satellite communication antenna, it is not 
suitable for SIGSO satellite communication system. 
This kind of tracking method and antenna mount can 
bring about the grammatical signal decrease and 
antenna component mechanical wear. 

By the actual field test and theoretical analysis in 
section 3, the most suitable tracking mode for the 
SIGSO satellite communication system is monopulse 
tracking, and the most appropriate antenna mount is 
turntable mount.  

The recommendation of monopulse tracking and 
turntable antenna mount has been adopted in our 
actual project for SIGSO satellite communication 
system. 
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1. Introduction 
 

Research on complex dynamics behavior can not 
without further reduction of the dynamic system and 
normal forms are basis and powerful tool in 
bifurcation theory of vector fields for reduction. 
Through the development of the normal form theory, 
the international renowned scholars as Arnold [1], 
Baider, Sanders [2-3] and so on had made important 
contributions in the aspect of theory and calculation 
of normal form. 

In recently years, people had done a lot of 
research on the normal forms problem for nonlinear 
dynamic system. Jana et al [4] used the normal form 
method and center manifold theorem to investigate 
the direction of the Hopf bifurcation and stability of 

the bifurcating limit cycle for a three dimensional 
parameter delay model. Guo et al [5] considered a 
hierarchically organized network and used normal 
form theory in order to investigate the codimension 
two bifurcations. After this reduction they found a 
great variety of equilibria, periodic and quasi-
periodic oscillation patterns of maximal and 
submaximal symmetry which can be classified in a 
two-level pattern hierarchy. Yu et al [6] investigated 
the multi-pulse homoclinic orbits and chaotic 
dynamics for an axially moving viscoelastic beam are 
investigated in the case of 1:2 internal resonance. On 
the basis of the modulation equations derived by the 
method of multiple scales, the theory of normal form 
is utilized to find the explicit formulas of normal 
form associated with a double zero and a pair of pure 
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imaginary eigenvalues. Kundu et al [7] dialed with 
dynamic behaviors on Hopfield type of ring neural 
network of four neurons having a pair of short-cut 
connections with multiple time delays. They used the 
normal form method and center manifold theory had 
determined the direction of the Hopf bifurcation, 
stability and the properties of Hopf-bifurcating 
periodic solutions. Ding et al [8] studied dynamics in 
a container crane model with delayed position 
feedback, with particular attention focused on non-
resonant double Hopf bifurcation. By using multiple 
time scales and center manifold reduction methods, 
they obtained the equivalent normal forms near a 
double Hopf critical point in this neutral delayed 
differential system. Moreover, bifurcations are 
classified in a two-dimensional parameter space near 
the critical point. Zhang et al [9] investigated stability 
and local bifurcation behaviors for a simply 
supported functionally graded material (FGM) 
rectangular plate subjected to the transversal and in-
plane excitations in the uniform thermal environment. 
With the aid of Maple and normal form theory, the 
explicit expressions of transition curves are obtained, 
which may lead to static bifurcation, Hopf bifurcation 
and 2-D torus bifurcation.  

The classical normal form theory may not give 
the simplest form since only linear parts are used for 
simplifying the nonlinear terms, and hence one can 
not apply Poincare normal form theory to vector 
fields whose linear parts are identically zero. On the 
other hand, classical normal form is not unique in 
general. In order to get unique normal forms, further 
reduction of the classical normal form is necessary. 
Therefore, the hypernormal form (the simplest 
normal form and the unique normal form) is 
proposed to enrich and develop of the normal form 
theory. Study on hypernormal form problem is 
forward subject in high dimensional vector field of 
nonlinear dynamics. 

In this paper, we applied the method combined 
new grading function with multiple Lie brackets to 
investigated the hypernormal form problem for a 
class of four-dimensional vector fields with linear 
part has two pairs of pure imaginary eigenvalues. 
With the aid of Maple and new expressions of block 
matrices, we obtained the hypernormal form at 
quintic truncated and proved that was a unique one 
under certain condition. As an application, we studied 
the simply supported honeycomb sandwich plate 
dynamics model and obtained the hypernormal form 
at quintic truncated. 

 
 

2. Fundamental Theory 
 
According to [10-13], this section gives the 

fundamental theory of new grading function and N th 
order normal form, as well as the sufficient condition 
that N th order normal form is unique. 

This document is prepared according to our 
journal's manuscript instructions. You can use it as a 
template. 
 
 
2.1. New Grading Function 
 

Let 
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2.2. N th Order Normal Form and Unique 

Normal Form 
 

Let kH  be the linear space spanned by all 
monomials of degree k . Consider a formal vector 
field V  defined by the following formal series 

 
∑
∈

+=
Nk

kXX µ , (2-1) 

where kk HX ∈ ， µ≥k  and 0≠µX , we call (2-1) 
a zero order normal form and denote it as 

∑
∈

+=
Nk

kVV )0()0(
µ . 

We may assume that µX  is already in some 

simple form. Let kk HY ∈ , and define an operator for 
any Nk ∈  

)1(
kL : kk HH +→ µ , ],[ )0(

µVYY kk . (2-2) 

where uDvvDuvu )()(],[ −= , for any kHvu ∈, . It 

is obviously that )1(
kL  is linear. Note that )1(

kL  

depends on )0(
µV  and can be denoted by 

][ )0()1()1(
µVLL kk = .We count the kernel space and the 

range space of linear operator )1(
mL  as )1(

mLKer  and 
)1(Im mL  respectively. 

Definition 2.1 ∑
∈

+=
Nk

kVV µ  is called a first 

order normal form, if  
)1(
kk NV ++ ∈ µµ , ,...2,1=k , 
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where )1(
kN +µ  is a complement subspace to )1(Im kL  in 

kH +µ  and ][)1()1(
µVLL kk = . 

There is a sequence of formal transformations 
such that (2-1) is transformed into a first order 
normal form and can be denoted by 

∑
∈

+=
Nk

kVV )1()1(
µ , 

where )0()1(
µµ VV = . 

In order to make further reduction of a first order 
normal form, we define a sequence of linear 
operators )(m

kL , +∈ Nkm , . Let 
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Lemma 2.3 For any Ν∈N , every formal vector 

field can be changed by a sequence of near identity 
formal transformations to a N th order normal form. 
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3. Hypernormal Form at Quintic  
of a Class of Four-Dimensional  
Vector Field 

 
Considering the four dimensional vector field 
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Where ),,,( 4321 xxxxfi , 4,3,2,1=i  are higher 
order terms defined by function δ as follows. 
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The linear operators are defined as follows 

1: +→ kkk HHL , ],[ )0(
1VYY kk , 4,3,2,1=k , 

and the basic vectors for spaces kH , 4,3,2,1=k  
can be expressed as Table 1  shows. 

Let kL )( )1(  is the coefficient matrix of transform 

for linear operator ][ )0(
1VLL kk = , 4,3,2,1=k . 
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, Mnm
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In order to further describe kL )( )1( , we introduce 

the new marks of block matrices: 
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2,1, pp q

n
q

ln
L ηη ∂= , 

))(()( 2,1
1,1, pp q

n
q

ln
R ηη ∂= , 

))(()( 1,2
1,1, pp q

l
q

ln
D ηη ∂= , 

(3) )(),,,( 1,21
,,
,

121 pppp q
ln

D
j

qqq
ln

D j ηη =
…  

∑
=

+−∂+
j

i
i

q
lin

D pi

2
,1

1,2
1,2 ))(( η . 

 
 
Table 1. The basic vectors for spaces kH , 4,3,2,1=k . 

 

k  The basic vectors for spaces kH  

1 

,{
4

131331
4321 x

ll xxxxSpan ∂−− ρρρρ  

,
3

121422
4321 x

ll xxxx ∂−− ρρρρ  

,
2

131331
4321 x

ll xxxx ∂−− ρρρρ  

;
1

121422
4321 x

ll xxxx ∂−− ρρρρ  

}22,32 4231 =+=+ llll  

2 

,{
4

242341
4321 x

ll xxxxSpan ∂−− ρρρρ  

,
3

131432
4321 x

ll xxxx ∂−− ρρρρ  

,
2

242341
4321 x

ll xxxx ∂−− ρρρρ  

;
1

131432
4321 x

ll xxxx ∂−− ρρρρ  

}32,42 4231 =+=+ llll  

3 

,{
4

252351
4321 x

ll xxxxSpan ∂−− ρρρρ  

,
3

242442
4321 x

ll xxxx ∂−− ρρρρ  

,
2

252351
4321 x

ll xxxx ∂−− ρρρρ  

;
1

242442
4321 x

ll xxxx ∂−− ρρρρ  

}42,52 4231 =+=+ llll  

4 

,{
4

363361
4321 x

ll xxxxSpan ∂−− ρρρρ  

,
3

252452
4321 x

ll xxxx ∂−− ρρρρ  

,
2

363361
4321 x

ll xxxx ∂−− ρρρρ  

;
1

353452
4321 x

ll xxxx ∂−− ρρρρ  

}52,62 4231 =+=+ llll  

where ii ,,1,0=ρ , 7,,2,1=i ,  
+∈ Nl j , 4,3,2,1=j . 

 
 

kL )( )1(  can be expressed by these new marks as 

follows. 
The situation for 1=k . 
 

∑∑
=

+
=

∂∂∂=
2

1

2,3
,1

2,3
1,1

3,1

4,4
,1

)1( {[{)(
i

ii
l

llL  

))]1)3(2(( 1
)3(2,1)3(2 −−−−− iii

Rη  

))]1(([))},,,(( 1
2,1

1,2
1,2

2,3
2,24321

0,0,0,0
2,5

2,3
2,1 ηααααη RD ∂∂+∂+

 

∑ ∑
=

−

=

−
−−−−−

−−
+ ∂∂+

2

1

3

1

1
)4(2,1)4(2

3,3
,

2,3
,1 ))]1(([

j

j

i
ijij

Ljj
iijj η

 
))]},,,(([ 4321

0,0,0,0
2,5

1,3
1,1

2,3
2,1 ββββηD∂∂+

∑ ∑
=

−

=

−−∂∂∂+
2

1

3

1

3,4
,

2,3
,

4,4
2,1 [{

j

j

i

jj
iijj  

))]}3,2,(( 432
0,0,0

1)4(2,1)4(2 βββη −−−−−−+−− ijij
D  

∑ ∑
=

−

=

−−∂∂∂+
2

1

3

1

3,4
,

2,3
,

4,4
4,1 [{

j

j

i

jj
iijj  

))]},2,3(( 321
0,0,0

1)4(2,1)4(2 βββη −−−−−−+−− ijij
D  

))]2(({[{))1(( 1
3,2

2,2
1,2

2,2
1,1

4,2

4,4
,8

4,4
1,2 ηη R

l
ll ∂∂∂+−∂+ ∑

=

  

))]},,,(([ 4321
0,0,0,0

1,4
2,2
2,1 ααααηD∂+

))]1(([ 1
3,2

2,1
1,1

2,2
1,2

−∂∂+ ηL

))]},,,(([ 4321
0,0,0,0

1,4
1,2
1,1

2,2
2,1 ββββηD∂∂+  

∑ ∑
=

−

=

−−∂∂∂+
2

1

3

1

3,4
,

2,3
,

4,4
2,3 [{

j

j

i

jj
iijj  

))]}3,2,(( 432
0,0,0

1)4(2,1)4(2 αααη −−−−−−+−− ijij
D  

∑ ∑
=

−

=

−−∂∂∂+
2

1

3

1

3,4
,

2,3
,

4,4
4,3 [{

j

j

i

jj
iijj  

))]},2,3(( 321
0,0,0

1)4(2,1)4(2 βββη −−−−−−+−− ijij
D  

))1(( 8
4,4
3,4 −∂+ η . 

 
The situation for 2=k . 
 

∑ ∑∑
=

−

=

−−
+

=

∂∂∂=
2

1

3

1

4,4
,1

3,3
,

3,1

4,4
,2

)1( {[{)(
j

j

i

jj
iijj

l
llL  

)))]4(2(( 1
1)4(2),4(2 ijijij

R −−+−−−−η  

∑
−

=
−−−−−

−−
+∂+

j

i
ijij

Djj
ii

3

1

0,0,0,0
3)5(2),5(2

4,4
1, ([ η  

))]},,,( 4321 αααα iiii  
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∑ ∑
=

−

=

−
+−−−−

−−
+ ∂∂+

2

1

3

1

1
1)4(2),4(2

4,3
,

3,3
,1 ))]1(([

j

j

i
ijij

Ljj
iijj η

∑ ∑
=

−

=
−−−−−

−−
+ ∂∂+

2

1

3

1

0,0,0,0
3)5(2),5(2

3,4
,

3,3
1, ([

j

j

i
ijij

Djj
iijj η  

))]},,,( 4321 ββββ jjjj  

∑ ∑
=

−

=
−−−−−

−−∂∂∂+
2

1

3

1

0,0,0
2)5(2),5(2

3,4
,

2,3
,

4,4
2,1 ([{

j

j

i
ijij

Djj
iijj η

 ))]}3,2,( 432 βββ −−−  

∑ ∑
=

−

=
−−−−−

−−∂∂∂+
2

1

3

1

0,0,0
2)5(2),5(2

3,4
,

2,3
,

4,4
4,1 ([{

j

j

i
ijij

Djj
iijj η

 ))]},2,3( 321 βββ −−−  
))1(( 14

4,4
1,2 −∂+ η ))]1(([ 1

2,1
1,2
1,2

2,3
2,2 ηR∂∂+  

∑∑
=

−−−+
=

∂∂∂+
2

1

1
)3(2,1)3(2

2,3
,1

2,3
1,1

4,2

4,4
, ({[{

i
ii

R
ii

l
ll η   

))]1)3(2( −− i  
))},,,(( 4321

0,0,0,0
2,5

2,3
2,1 ααααηD∂+  

∑ ∑
=

−

=

−
−−−−−

−−
+ ∂∂+

2

1

3

1

1
)4(2,1)4(2

3,3
,

2,3
,1 ))]1(([

j

j

i
ijij

Ljj
iijj η

))]},,,(([ 4321
0,0,0,0

2,5
1,3
1,1

2,3
2,1 ββββηD∂∂+

∑ ∑
=

−

=
−−−−−

−−∂∂∂+
2

1

3

1

0,0,0
2)5(2),5(2

3,4
,

2,3
,

4,4
2,3 ([{

j

j

i
ijij

Djj
iijj η

 ))]}3,2,( 432 ααα −−−  

∑ ∑
=

−

=
−−−−−

−−∂∂∂+
2

1

3

1

0,0,0
2)5(2),5(2

3,4
,

2,3
,

4,4
4,3 ([{

j

j

i
ijij

Djj
iijj η

 ))]},2,3( 321 ααα −−− . 
 

The situation for 3=k . 
 

∑ ∑∑
=

−

=

−−
+

=

∂∂∂=
2

1

4

1

4,5
,1

3,4
,

3,1

4,4
,3

)1( {[{)(
j

j

i

jj
iijj

l
llL  

))]1)5(2(( 1
)5(2,1)5(2 −−−−−−−− ijijij

Rη  

∑
−

=
−−−+−−

−−
+∂+

j

i
ijij

Djj
ii

3

1

0,0,0,0
2)5(2,1)5(2

4,5
1, ([ η  

))]},,,( 4321 αααα iiii  

))]1(([ 1
)5(2,1)5(2

4

1

4,4
,

3

1

3,4
,1

−
−−−−−

−

=

−−

=
+ ∑∑ ∂∂+ ijij

L
j

i

jj
ii

j
jj η

))]1(([ 1
2,1

1,2
1,2

3,4
3,3 ηR∂∂+

∑ ∑
=

−

=
−−−+−−

−−
+ ∂∂+

2

1

3

1

0,0,0,0
2)5(2,1)5(2

3,5
,

3,4
1, ([

j

j

i
ijij

Djj
iijj η  

))]},,,( 4321 ββββ jjjj  

∑ ∑
=

−

=
−−−+−−

−−∂∂∂+
3

1

4

1

0,0,0
1)5(2,1)5(2

4,5
,

3,4
,

4,4
2,1 ([{

j

j

i
ijij

Djj
iijj η

 ))]}3,2,( 432 βββ −−−  

∑ ∑
=

−

=

−−∂∂∂+
3

1

4

1

4,5
,

3,4
,

4,4
4,1 [{

j

j

i

jj
iijj ))1(( 20

4,4
1,2 −∂+ η  

))]},2,3(( 321
0,0,0

1)5(2,1)5(2 βββη −−−−−−+−− ijij
D  

∑ ∑∑
=

−

=

−−
+

=

∂∂∂+
2

1

3

1

4,4
,1

3,3
,

4,2

4,4
, {[{

j

j

i

jj
iijj

l
ll  

)))]4(2(( 1
1)4(2),4(2 ijijij

R −−+−−−−η  

∑
−

=
−−−−−

−−
+∂+

j

i
ijij

Djj
ii

3

1

0,0,0,0
3)5(2),5(2

4,4
1, ([ η  

))]},,,( 4321 αααα iiii  

∑ ∑
=

−

=

−
+−−−−

−−
+ ∂∂+

2

1

3

1

1
1)4(2),4(2

4,3
,

3,3
,1 ))]1(([

j

j

i
ijij

Ljj
iijj η

∑ ∑
=

−

=
−−−−−

−−
+ ∂∂+

2

1

3

1

0,0,0,0
3)5(2),5(2

3,4
,

3,3
1, ([

j

j

i
ijij

Djj
iijj η  

))]},,,( 4321 ββββ jjjj  

∑ ∑
=

−

=

−−∂∂∂+
3

1

4

1

4,5
,

3,4
,

4,4
2,3 [{

j

j

i

jj
iijj  

))]}3,2,(( 432
0,0,0

1)5(2,1)5(2 αααη −−−−−−+−− ijij
D  

∑ ∑
=

−

=

−−∂∂∂+
3

1

4

1

4,5
,

3,4
,

4,4
4,3 [{

j

j

i

jj
iijj ))1(( 20

4,4
3,4 −∂+ η  

))]},2,3(( 321
0,0,0

1)5(2,1)5(2 αααη −−−−−−+−− ijij
D . 

 
The situation for 4=k . 
 

∑ ∑∑
=

−

=

−−
+

=

∂∂∂=
3

1

4

1

5,5
,1

4,4
,

3,1

4,4
,4

)1( {[{)(
j

j

i

jj
iijj

l
llL  

)))]5(2(( 1
1)5(2),5(2 ijijij

R −−+−−−−η  

∑
−

=
−−−−−

−−
+∂+

j

i
ijij

Djj
ii

4

1

0,0,0,0
3)6(2),6(2

5,5
1, ([ η  

))]},,,( 4321 αααα iiii  
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∑ ∑
=

−

=

−
+−−−−

−−
+ ∂∂+

3

1

4

1

1
1)5(2),5(2

5,4
,

4,4
,1 ))]1(([

j

j

i
ijij

Ljj
iijj η

∑ ∑
=

−

=
−−−−−

−−
+ ∂∂+

3

1

4

1

0,0,0,0
3)6(2),6(2

4,5
,

4,4
1, ([

j

j

i
ijij

Djj
iijj η  

))]},,,( 4321 ββββ jjjj  

∑ ∑
=

−

=
−−−−−

−−∂∂∂+
3

1

4

1

0,0,0
2)6(2),6(2

4,5
,

3,4
,

4,4
2,1 ([{

j

j

i
ijij

Djj
iijj η

 ))]}3,2,( 432 βββ −−−  

∑ ∑
=

−

=
−−−−−

−−∂∂∂+
3

1

4

1

0,0,0
2)6(2),6(2

4,5
,

3,4
,

4,4
4,1 ([{

j

j

i
ijij

Djj
iijj η

 ))]},2,3( 321 βββ −−−  
))1(( 30

4,4
1,2 −∂+ η  

∑ ∑∑
=

−

=

−−
+

=

∂∂∂+
2

1

4

1

4,5
,1

3,4
,

4,2

4,4
, {[{

j

j

i

jj
iijj

l
ll  

))]1)5(2(( 1
)5(2,1)5(2 −−−−−−−− ijijij

Rη  

∑
−

=
−−−+−−

−−
+∂+

j

i
ijij

Djj
ii

3

1

0,0,0,0
2)5(2,1)5(2

4,5
1, ([ η  

))]},,,( 4321 αααα iiii  

))]1(([ 1
)5(2,1)5(2

4

1

4,4
,

3

1

3,4
,1

−
−−−−−

−

=

−−

=
+ ∑∑ ∂∂+ ijij

L
j

i

jj
ii

j
jj η

))]1(([ 1
2,1

1,2
1,2

3,4
3,3 ηR∂∂+

∑ ∑
=

−

=
−−−+−−

−−
+ ∂∂+

2

1

3

1

0,0,0,0
2)5(2,1)5(2

3,5
,

3,4
1, ([

j

j

i
ijij

Djj
iijj η  

))]},,,( 4321 ββββ jjjj  

∑ ∑
=

−

=
−−−−−

−−∂∂∂+
3

1

4

1

0,0,0
2)6(2),6(2

4,5
,

3,4
,

4,4
2,3 ([{

j

j

i
ijij

Djj
iijj η

 ))]}3,2,( 432 ααα −−−  

∑ ∑
=

−

=
−−−−−

−−∂∂∂+
3

1

4

1

0,0,0
2)6(2),6(2

4,5
,

3,4
,

4,4
4,3 ([{

j

j

i
ijij

Djj
iijj η

 ))]},2,3( 321 ααα −−−  
))1(( 30

4,4
3,4 −∂+ η . 

 
We change kL )( )1(  by elementary row 

transformations and make kL )( )1(
6  and kL )( )1(

16 into 
null matrices. Under transformations, the matrix can 
be showed that 

))(()](

)~()([)~(

)1(0
2,2

2,2
2,1

2,2
1,2

)1(2,2
2,1

)1(2,2
1,1

2,2
1,1

)1(

4

21

k
L

kkk

LI

LLL

η∂+−∂+

∂+∂∂=
 

)()~()([ 2,2
1,2

)1(2,2
2,1

)1(2,2
1,1

2,2
2,2 1211

ILL kk −∂+∂+∂∂+

))(( )1(0
2,2

2,2
1,2 10 k

L Lη∂+ , (3-3) 

make further efforts，we show (3-3) as 
),,,()~( 4321

0,0,0,0
1,4

)1( MMMML D
k η∆  (3-4) 

where kALM )~( )1(
1 = , kBLM )~( )1(

2 = , 

kCLM )~( )1(
3 = , kDLM )~( )1(

4 = , 4,3,2,1=k . 
We have to delete some rows on kAL )~( )1(  and 

kCL )~( )1( , such that (3-4) is square matrix with full 
rank as follow 

))(()](

)~()([)~(

*)1(
4

0
2,2

2,2
2,1

2,2
1,2

*)1(
2

2,2
2,1

*)1(
1

2,2
1,1

2,2
1,1

*)1(

k
L

kkk

LI

LLL

η∂+−∂+

∂+∂∂=
 

kk LL )~()([ *)1(
12

2,2
2,1

*)1(
11

2,2
1,1

2,2
2,2 ∂+∂∂+  

))(()]( *)1(
10

0
2,2

2,2
1,2

2,2
1,2 k

L LI η∂+−∂+ , (3-5) 

in accordance with the expansion of negative unit 
matrices for (3-5)，we obtain the result as follows 

kkk LLL )()~([)~( *)1(
4

2,2
2,1

*)1(
2

2,2
1,1

2,2
1,1

**)1( ∂+∂∂=  

])~()( *)1(
12

2,2
2,2

*)1(
10

2,2
1,2 kk LL ∂+∂+ , (3-6) 

Remark 3.1 With the aid of Maple, when 
04 ≠α ，we calculate that 

}{432 0=== KerLKerLKerL , 
and 1KerL is 

21
)({ 3

34
2
3133

2
12

3
112 xx xbxxbxxbxbxspan ∂++++∂

})(
43

3
34

2
3133

2
12

3
114 xx xdxxdxxdxdx ∂++++∂+ . 

Theorem 3.2 When 04 ≠α ，the first order  
normal form at Quintic truncated for system (3-1) is 

21 xx =  
3
34

2
3133

2
12

3
112 xxxxxxx αααα +++=  

∑∑
==

==
=+++

≥=+=
=+++

++

2,1,0,1,0
1,0,3,2,1
522

4321,,,

,3,0
422

4321,,,

ts
qp

tsqp

tsqp
tsqp

spsptq
tsqp

tsqp
tsqp xxxxdxxxxd  

∑∑
==
==

=+++

==
==

=+++

++

1,0,7,5
1,0,5,3

722
4321,,,

4,3,2,1,2,0
1,0,1,0

622
4321,,,

ts
qp

tsqp

tsqp
tsqp

pt
sq

tsqp

tsqp
tsqp xxxxdxxxxd  

43 xx =     
3
34

2
3133

2
12

3
114 xxxxxxx ββββ +++=  

∑∑
≠=
≠==

=+++=+++

++

1,3
2,1

522
4321,,,

422
4321,,,

ts
stp

tsqp

tsqp
tsqp

tsqp

tsqp
tsqp xxxxdxxxxd  
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∑∑

≠≥=
≠==
≠==

=+++

≠=
≠==

=+++

++

1,0,2,2
1,0,22

1,0,1
722

4321,,,

2,2
2,1

622
4321,,,

pst
ptq

ptq
tsqp

tsqp
tsqp

ts
tsp

tsqp

tsqp
tsqp xxxxdxxxxd , 

all the coefficients here are determined uniquely by 
system (3-1). 

Theorem 3.3 By Lemma 2.4, equation (3-2) and 
Remark 3.2, the result in Theorem 3.3 is unique 
normal form. 
 
 
4. Hypernormal Form at Quintic 

Truncated for Honeycomb Sandwich 
Plate Dynamics Model 

 
Honeycomb sandwich plate as Fig. 1 showed has 

the advantages of light weight, high stiffness, good 
fatigue resistance and small thermal conductivity. It 
has good performance on the composite insulation 
and bearing force. It is widely used in spacecraft 
structures, the basic structure of large attachments as 
well as the design of thermal protection structure. 

This section research the hypernormal form of 
honeycomb sandwich plate dynamics model by 
methods showed at section 2 and section 3. 
 
 

 
 

Fig 1. Structure of honeycomb sandwich plate. 
 
 
4.1. Averaged Equations In Cartesian Form 
 

The four-dimensional average equations in 
Cartesian coordinate form for honeycomb sandwich 
plate dynamics model as follows 
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coefficient matrix of linear part for system (3-3) is  
)]()([ 1
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)]()([ 2
2,2
1,22

2,2
2,1

2,2
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it has two pairs of pure imaginary eigenvalues 
obviously, and system (4-1) accord with the form of 
(3-1). 

 
 

4.2. Hypernormal Form at Quintic Truncated 
 
Through the functionδ , )0(

1V  of system (4-1) can 
be showed as 

12
)0(

1 xxV ∂=  

2
)3333( 3

317
2
31153

2
116

3
114 xxexxexxexe ∂+++−  

34 xx ∂+  

4
)3333( 3

314
2
31163

2
115

3
117 xxgxxgxxgxg ∂+++− , 

We define linear operator 

1
)1( : +→ mmm HHL , ],[ )0(

1VYY mm , 
+∈ Nm .According to Theorem 3.3 and Theorem 

3.4, we have the result as below 
Theorem 4 The first order normal form for 

honeycomb sandwich plate dynamics model is 
unique and the Hypernormal form at Quintic 
truncated is 
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all the coefficients here are determined uniquely by 
system (4-1). 
 
 
5. Conclusion 
 

This paper used the method combined new 
grading function with multiple Lie brackets, the 
hypernormal form at quintic truncation of a class of 
four-dimensional vector field was obtained by the 
new mark of block matrices. This paper also from the 
practical point of view, studied the reduction problem 
of honeycomb sandwich plate dynamics model, and 
gets the hypernormal form at quintic truncated for that 
model. 

In recent years, the investigation of the normal 
form theory has obtained great progress, especially in 
the development of natural science and engineering 
application [14-16]. Therefore, the research of 
hypernormal form for high dimension nonlinear 
vector field will focus on new way to obtain relevant 
form, and development from the general theory of the 
system to the practical engineering application. 
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Abstract: Design and analysis of a driver chip for the three-phase DC brushless-motor by using a 0.6 µm 
CMOS process is investigated in this paper. In the CMOS process, a lot of components, i.e., control and power 
circuits are integrated in the same chip. Here, we will focus on the design of high-current driver part and present 
the results obtained from the motor operating at different situations. Eventually, an analysis of this circuitry 
system, it is found that the driving current can be up to 500 mA as in the three-phase DC motor operation. 
Moreover, in order to improve the operation accuracy of this DC brushless-motor over the entire speed control 
range, this paper develops a capacitor filter by using a Xilinx IC and Hall sensors feedback. By a capacitor filter 
adding, experimental data show a 280 % reduction of noise peak voltage in Hall sensors output and 60 % 
reduction of noise peak voltage (at low level) in the OP output have been achieved at rotation speed of  
2500 RPM. Copyright © 2013 IFSA.   
 
Keywords: Capacitor filter, Hall sensor, Signal-to-noise ratio, Three-phase DC brushless-motor, Xilinx IC. 
 
 
 
1. Introduction 
 

Microminiaturized DC brushless motors are 
widely used in PC, NB, workstation and information 
appliances for DVD ROM rotation driving or air 
cooling due to the characteristics of simple 
mechanical construction, low cost, high efficiency, 
and maintenance free. Meanwhile, with rapidly 
development of semiconductor process, the 
integration of control and drive system of DC 
brushless motors has been widely implemented in a 
same IC. As compared with the BJT technology, the 
CMOS process can be achieved a high complexity at 
same area by using pMOS and nMOS devices to 
accomplish a driver chip [1-9]. The TSMC 0.6 µm 
CMOS process has been used to develop a high-
current driving chip in this work, and the supply 
voltage is a 5 V bias, meanwhile, this circuit will 
have an 8 ohm loading. Consequently, it's driving 

performance and high-current heat performance is 
necessary to be evaluated. Finally, this chip will be 
worked with an inductance loading, however, when 
the chip rotated in a very high speed the noise 
problem should be careful considered. The other 
circuit may be influenced by the noise coupling when 
a mix-mode IC designed. Therefore, how to avoid the 
power driver cross-talk with digital and analog 
circuits is an urgent need. 

 
 

2. Experimental Details 
 
A block diagram of three-phase DC brushless-

motor driving IC is shown in Fig. 1. And, it has three 
coil terminals, we define it as W, V, and U. In order 
to let the motor ran a suitable rotation, the electric 
current must execute the following phase-change-
order, i.e., for each time only changing & conducting 
one phase shown in Tables 1 and 2.  
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Fig. 1. Block diagram of a three-phase DC brushless-motor 
driving IC. 

 
 

Table 1. Phase-change-order table for a three-phase DC 
brushless-motor. 

 
Source Sink 

W V 
W U 
V U 
V W 
U W 
U V 

 
 

Table 2. Digital topology of Hall sensors and MOSTs 
conducting order. 

 
Forward 

or   
Reverse 

Hall-
1 

Hall
-2 

Hall
-3 Wp Wn Vp Vn Up Un 

Source 
→Sink

Fwd 1 1 0 0 1 1 0 1 1 W→V
Fwd 1 0 0 0 1 1 1 1 0 W→U
Fwd 1 0 1 1 1 0 1 1 0 V→U 
Fwd 0 0 1 1 0 0 1 1 1 V→W
Fwd 0 1 1 1 0 1 1 0 1 U→W
Fwd 0 1 0 1 1 1 0 0 1 U→V 
Rev. 1 1 0 1 0 0 1 1 1 V→W
Rev. 1 0 0 1 0 1 1 0 1 U→W
Rev. 1 0 1 1 1 1 0 0 1 U→V 
Rev. 0 0 1 0 1 1 0 1 1 W→V
Rev. 0 1 1 0 1 1 1 1 0 W→U
Rev. 0 1 0 1 1 0 1 1 0 V→U 

 
 

Moreover, this three-phase DC brushless-motor 
driver will have six MOSFETs, in which it is 
consisted of three pMOSTs (Wp, Vp, Up) and three 

nMOSTs (Wn, Vn, Un), and each MOSFET device 
has being with L= 0.75 µm and W=10,000 µm 
geometric dimension. During the motor driver 
working, the pMOS is to provide the driving current, 
in the following step this current fed into a coil and 
returned to the nMOS, the nMOS is to provide the 
current-sink port. When the DC brushless-motor 
works, two MOSFETs will be turned on at the same 
time. The realized IC and system framework and are 
shown in Figs. 2 and 3. 

 
 

 
 

Fig. 2. Realized IC of the driver part. 
 
 

 
 

Fig. 3. Realized IC of the driver part. 
 
 
As this chip driving, the heat-sink performance 

should be cared evaluated as a chip operated. The 
digital part of Fig. 1 will be emulated and used a 
Xilinx IC and the Hall device feeds back [10-20] by 
using an OP, where the Hall OP circuit and the 
simulation results are shown in Figs 4 and 5, 
respectively. A three-phase motor driver will have six 
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MOSFETs and the driver package is a 28 pins 
porcelain type. In order to measure the temperature 
behaviour of the driver devices, a temperature sensor 

is set under the driver chip. The I-V characteristics of 
the nMOS and pMOS are shown in Figs. 6 and 7. 

 

 
 

Fig. 4. Schematic circuit of a Hall OP. 
 
 

 
 

Fig. 5.  Output simulation results of a three-phase Hall OP. 
 
 

In the following step, we will analysis heat sink 
performances of the driver chip. As the device 
loading current being 500 mA and the temperature 
versus time recorded every three second, the 
measurement diagram was shown in Fig. 8. 
Eventually, the final stability temperature of this chip 
was reached 67.7 °C. 

 
 

Fig. 6. The I-V characteristics of an nMOSFET  
in this driver. 

 
 

 
 

Fig. 7. The I-V characteristics of a pMOSFET  
in this driver. 
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Fig. 8. Diagram of temperature vs. operation time. 

 
 
In the theoretical driving-ability calculation, the 

driver current can be up to 450 mA as a loading is  
8 ohm by using the HSpice simulator. However, in 
fact the motor involves an inductance loading, every 
phase loading is about 2.7 ohm, so we add a 3 ohm 
cement resistance in every phase connected point. As 
the waveform of chip to cement resistance and 
cement resistance to motor is compared, it is found 
that, in real measurement, the motor forward current 

will be with 0.18 A, meanwhile, the reverse current 
be with 0.41 A. Figs. 9-12 show the waveform of this 
driver chip driven a DC brushless-motor. 

When a motor being operated, it can result in a lot 
of noise signals, these noises will influence the other 
circuits operation, so we add a capacitor filter to 
ground for every motor phase node. Fig. 13 shows 
the comparison of waveforms as removing the 
capacitor filter and motor operated for driver-out-
node to cement resistance and cement resistance to 
motor node. Similarly, Fig. 14 shows that the 
comparison of waveforms as the capacitor filter 
removing and motor braked for driver-out-node to 
cement resistance and cement resistance to motor 
node. Figs. 15 and 16 show that the waveforms of 
Hall sensor to OP node as adding a capacitor filter 
and removing this filter, respectively. In the same 
manner, Figs. 17 and 18 show the waveforms 
comparison of OP output port as adding a capacitor 
filter and removing this filter, respectively. From  
Figs. 15-18, a 280 % reduction of noise peak current 
in Hall sensors output and 60 % reduction of RMS 
current (at low level) in the OP output have been 
achieved at rotation speed of 2500 RPM. 

 
 

  
 

Fig. 9. The waveform of driver to resistance  
in any two ports. 

 
 

 
Fig. 10. The waveform of resistance to motor node  

in any two ports. 
 

  
 

Fig. 11. The waveform comparison of driver to resistance 
and resistance to motor node. 

 
Fig. 12. The waveform comparison of driver to resistance 

and resistance to motor node as motor braked. 
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Fig. 13. Waveforms comparison of chip output-node  

to cement resistance and cement resistance to motor node as 
a capacitor filter removed and motor operated. 

 
 

 
Fig. 14. Waveforms comparison of chip output-node  

to cement resistance and cement resistance to motor node as 
a capacitor filter removed and motor braked. 

 

  
 

Fig. 15. Waveforms of Hall-sensor to OP as a capacitor  
filter added. 

 
 

 
Fig. 16. Waveform of Hall-sensor to OP as a capacitor  

filter removed. 
 

  
 

Fig. 17. Waveform of an OP output node as a capacitor  
filter added. 

 
Fig. 18. Waveform of an OP output node as a capacitor  

filter removed. 
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3. Results and Discussions 
 

Because this driver chip provides a high current 
driving ability, therefore, the chip temperature will be 
risen suddenly see Fig. 8. If the chip heat-sink ability 
is not so good, the chip reliability will be influenced. 
The package type of this driver is ceramics, the heat 
sink is to be competent enough if we pay attention to 
the temperature rising time. 

Driving performance of this driver chip is very 
good when a long-time (1 hr) and a high-current  
(500 mA) conditions operated. Eventually, even 
current up to (900 mA), only the bonding wire was 
fused in this test-chip. A double guard-ring was also 
used in this driver chip for a high current situation, 
the latch-up phenomena can be avoided in these 
power pMOS and nMOS transistors. 

As a DC brushless-motor operated in a very high 
rotation speed, it will create lots of noise coupling as 
shown in Figs. 13, 14, 16, and 18. However, if the 
signal-to-noise ratio is too low such that an OP can’t 
compare the correct waveform, therefore, motor will 
be not correctly operated. And, the delivery current 
can be from 0.18 A up to 0.5 A. Why this current 
rose up so high, which is due to the Xilinx IC can’t 
receive a correct signal such that its output will be 
not correct. In the same time was added some noise 
levels, therefore, this chip switched to an unknown 
state (the current maybe up to so high). Nevertheless, 
it can be conclusion that the designer must be paid 
much attention to the noise problems as in a three-
phase DC brushless-motor driver chip design. 

 
 

4. Conclusions 
 
This work has been implemented by a 0.6 µm 

CMOS process for the three-phase DC brushless-
motor applications. After above measurement tests, it 
is known that this CMOS process can be used for a 
high-current driver design. But, it is necessary to pay 
attention to some questions, such as the heat-sink 
influence by a chip package (the chip temperature is 
not suitable too high), and the power device must be 
obeyed the latch-up design rules especially in the 
high temperature situation. Nevertheless, as the 
power driver devices used in the switching purpose, 
the noise coupling and EMI issues should be avoided. 
How to avoid the noise problem, a capacitor filter 
adding in the IC application end is very important. 
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Abstract: The pipe-routing layout directly impacts the performance, the reliability, the cost as well as the 
lifecycle of the aero-engine. With the rapid development of aerospace industries, how to realize the intelligent 
pipe-routing layout for the aero-engine has become a hot issue to be urgently to be solved. Facing the 
complexity of the pipe-routing layout and the characteristic of its layout space for the aero-engine, a novel 
intelligent pipe-routing layout method based on the improved artificial fish swarm algorithm (IAFSA) is put 
forward in this paper. The method consists of two parts: the build of the local searching space and the searching 
of the optimized pipe-routing. The build of the local layout space is used to reduce the complexity of the 
problem solving. The searching of the optimized pipe-routing is used to find out an optimal trajectory in the 
solution space by the IAFSA which is involved in chaos mutation and gradient setting. At the end, the feasibility 
and effectiveness of the proposed method is verified by a case study. Copyright © 2013 IFSA. 
 
Keywords: Aeroengine, Pipe-routing layout, Artificial fish swarm algorithm, Chaos optimization algorithm, 
Engineering rules.  
 
 
 
1. Introduction 
 

Simply speaking, the pipe-routing layout is to 
design the appropriate pipe path connecting the 
starting and goal points in an environment with 
scattered obstacles, meeting certain engineering rules. 
It is commonly involved in numerous fields such as 
aircraft, ship building and robotics. Moreover, it 
plays an important role in product design (especially 
for complex products such as aero-engines and ships) 
because of affecting the reliability, the performance, 
the maintainability and the life cycle of products. 

Because a large number of pipes, diverse design 
constraints and many complex-shaped accessories 
considered as obstacles are involved with the pipe-
routing layout for the aero-engine, the pipe-routing 

layout becomes one of the most difficult works in the 
aero-engine design. At present, it is mainly done by 
hand with the aid of the computer in practice. This 
design mode depends on the experience of the 
designer to a great extent, which results in many 
problems such as complex operation, long design 
cycle and high cost. To solve above issues, the 
research about the pipe-routing layout for the aero-
engine was done. As an earlier research, Chen et al. 
[1] put forward a human-machine interaction method 
to realize the pipe-routing layout in aero-engine. The 
method requires that designers have a strong 
professional background and knowledge. 
Subsequently, Li [2] proposed a knowledge-based 
intelligent pipe-routing layout approach. Based on the 
approach, the aircraft engine routing system which 
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mainly consists of knowledge base, intelligent 
reference machine, data base and computing function 
set was developed using Visual C++ programming 
language. However, the knowledge is difficult to be 
acquired. In 2001, Huang and Chen [3] presented 
twenty-seven path patterns to support the two-
dimensional pipe-routing layout. Because these path 
patterns are limited, it is hard to comprehensively 
reflect the actual pipe-routing. Later, Fan et al. [4] 
adopted the improved Lee algorithm and the least 
generative method of Stanner tree to implement the 
three-dimensional pipe-routing layout and developed 
the aero-engine grid based routing system (AEGRS). 
However, the computation of this method is 
exponentially added with the number of grids 
increasing. At the same year, genetic algorithm was 
applied to the pipe-routing planning by Fan [5]. In 
2009, Liu et al. [6] proposed a new method based on 
particle swarm optimization algorithm. In the 
method, a fixed-length encoding mechanism was 
designed instead of the variable-length one to 
overcome bad generality. All the above-mentioned 
research concerns the pipe-routing layout of the 
single pipe. For the pipe-routing layout of the branch 
pipe, Bai et al. [7] came up with an automatic pipe-
routing layout method based on maze algorithm. 
When the number of pipeline terminals is over three, 
the method can’t be used. In addition, some scholars 
[8-14] engaged in the corresponding work for ship 
and electromechanical products, etc. Because there 
are numerous unique constraints and highly complex 
layout space involved in the design of the aero-
engine pipe-routing, these methods for other products 
are hard to be applied to solve the pipe-routing layout 
for the aero-engine. Based on the above discussion, it 
is concluded that there is still no a set of mature 
theories and methods for the aero-engine pipe-routing 
layout. Therefore, a novel intelligent pipe-routing 
method for the aero-engine layout based on the 
improved artificial fish swarm algorithm is proposed 
in this paper. 

The remainder of this paper is organized as 
follows. The mathematical model of the pipe-routing 
layout for the aero-engine is established in Section 2. 
In Section 3, a novel intelligent pipe-routing method 
for the aero-engine layout based on the improved 
artificial fish swarm algorithm is proposed and 
discussed. A case is studied in Section 4. In  
Section 5, conclusions and future works are given. 

 
 

2. Description of the Pipe-routing Layout 
Problem for the Aero-engine 
 

2.1. The Mathematical Description  
of the Pipe-routing Layout Space 

 
Fig. 1 shows the simplified pipe-routing layout 

space in the aero-engine. It is a rotary space with 
obstacles between the casing and the nacelle of the 
aero-engine. 
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Fig. 1. The simplified pipe-routing layout space  
in the aero-engine. 

 
 
Both the surface of the casing and the surface of 

the nacelle can be considered as the approximate 
rotatory surface which is generated by rotating a 
curve around a straight line. Therefore, the pipe-
routing layout space in the aero-engine can be easily 
expressed in the cylindrical coordinate system. Its 
mathematical expression is described as follows. 
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where Cl  means the generatrix of the surface of the 
casting, Nl means the generatrix of the surface of the 
nacelle, 0h is the axial length of the casting. 

For more convenient description, Cl and Nl is 
replaced by ( )zfCC =ρ  and ( )zfNN =ρ , respectively. 
Thus, the layout space in the aero-engine can be 
expressed as follows. 
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In addition, according to the principle of the 

minimum containing box, the obstacle in the layout 
space can be represented as follows. 
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where [ ] [ ] [ ]maxminmaxminmaxmin ,,, ZZ×× θθρρ  mean the 
range of the minimum containing box corresponding 
to the obstacle.  
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2.2. The Description of the Engineering Rules 
      

The engineering rules are various and complex. 
Some important rules are listed in the following, 
which are taken into consideration in this paper. 

Rule 1: The obstacles should be avoided. 
Rule 2: The gap between pipes or between pipes 

and other accessories should be no less than 3 mm in 
order to avoid the vibration of the piping system. 

Rule 3: To meet the requirement of the assembly 
process, the tie-in of the pipe can not be bended and 
the pipe needs to be extended for a distance which is 
no less than 2.5 times the bending radius of the pipe. 

Rule 4: The beeline length of the pipe should be 
no less than 2.5 times the bending radius of the pipe.  

Rule 5: Considering the pipe’s manufacturability, 
the number of elbows should be as few as possible. 

Rule 6: The pipe should be across the top of 
accessories as little as possible in order to maintain 
the accessories conveniently. 

Rule 7: The pipe should be laid as close as 
possible to the surface of the casing so as to obtain 
better vibration performance and smaller profile. 

Rule 8: For the convenience of the clamping of 
pipes as well as beautiful appearance, the pipe should 
be laid along the axial and circumferential direction 
as possible  

Rule 9: Pipes should be laid in the half of aero-
engine as possible so as to facilitate the maintenance. 
 
 
2.3. The Mathematical Model of the Pipe-

routing Layout for the Aero-engine 
 

The mathematic model of the pipe-routing layout 
for the aero-engine is involved in two aspects: the 
objective function and constraint conditions. 

 
 

2.3.1. The objective Function 
 
In the layout space, the pipe-routing can be 

regarded as be comprised of multiple polygonal lines. 
Therefore, by means of the variable-length encoding 
mechanism, the pipe-routing can be expressed in the 
following. 

 
( ) ( ) ( ){ }, , , , , , , , , ,S S S D D Dj j j

path x y z x y z x y z= ⋅⋅⋅⋅⋅⋅ ⋅⋅⋅⋅⋅⋅ , (5) 

 
where ( )SSS zyx ,,  means the coordinate of the starting 
point, ( )jjj zyx ,,  means the coordinate of the j point, 
( )DDD zyx ,,  means the coordinate of the destination. 

Considering the shortest pipe-routing as the 
optimal object, the objective function can be 
formulated as follows: 
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where il  means the length of the ith pipe, 
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1

2
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2
1 −−− −+−+−= iiiiiii zzyyxxl , 0< i < n + 1, n 

means the number of  pipes. 
 
 

2.3.2. Constraint Conditions 
 
In this section, constraint conditions 

corresponding to the engineering rules summarized in 
Section 2.2 will be taken into account. Corresponding 
to the engineering rules, constraint conditions can be 
formulated as follows: 

 
 Pelbown ≤_ , (7) 

 
 Relbowr ≥_  (8) 

 
 2/_ π≥anglei  (9) 

 
 elbowrlengthe _5.2_ ≥  (10) 

 
 elbowrlengths _5.2_ ≥  (11) 

 
 332211_ LLLlengthg λλλ ++≥  (12) 

 
 π<spanc _  (13) 

 
where elbown _  means the number of elbows, P  is 
the constant, which is assigned by the engineer; 

elbowr _  means the radius of the elbow, R is the 
constant. When mmD 22≥ , DR 3= ; when 

mmD 20≤ , DR 2= , D  means the outer diameter of 
the pipe; anglei _  means the included angle between 
two adjacent pipes; lengthe _  means the extended 
length; lengths _  means the length of the straight 
pipe; lengthg _  means the gap between pipes or 
between the pipe and other accessories, 1L means the 
smallest gap between pipes or between pipes and 
general accessories, 2L means the smallest gap 
between pipes and special accessories, 3L means the 
smallest gap between pipes and rigid fixtures,  1L , 2L  
and 3L  are constants which are assigned by the 
engineer, 1λ , 2λ  and 3λ  mean the weight. When the 
pipe is next to other pipes or general accessories, 

11 =λ , 02 =λ , 03 =λ ; When the pipe is next to 
special accessories, 01 =λ , 12 =λ , 03 =λ ; When the 
pipe is next to rigid fixtures, 01 =λ , 02 =λ , 13 =λ ; 

spanc _  means the circumferential span of laid 
pipes. 

Based on the above discussion, regarding the 
coordinate of the endpoint as the variable and the 
shortest pipe-routing as the optimized object, the 
mathematic model of the pipe-routing layout is 
shown as follows. 
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3. The Method for the Intelligent  
Pipe-routing Layout 
 
Facing the complexity of the pipe-routing layout 

problem and the characteristic of the layout space for 
the aero-engine, a novel intelligent pipe-routing 
layout method based on improved artificial fish 
swarm algorithm is put forward in this section. The 
method consists of two parts: the build of the local 
searching space and the searching of the optimized 
pipe-routing. 

 
 

3.1. The Local Searching Space 
 
To improve the efficiency of the pipe-routing 

layout, the local searching space including the 
starting point, the destination and the minimum 
containing boxes of corresponding obstacles is built, 
as shown in Fig. 2. 

 
 

ρ

 
                    

Fig. 2. The local searching space. 
 
 
The local searching space can be formulated in 

the following. 
 

 { } { } { } { } { }NBBBDSK ∪∪∪∪∪ ⋅⋅⋅⋅⋅⋅= 21 , (15) 
 

where S means the starting point, D means the 
destination, NB  means the Nth minimum containing 
box corresponding to the Nth obstacle. 

Further, the local searching space can be 
expressed as follows. 
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where ),,( 111 zθρ  and ),,( 222 zθρ  respectively means 

the coordinates of 1P  and 2P  points which are two 
endpoints in the diagonal of the local searching space. 
The 1ρ , 2ρ , 1θ , 2θ , 1z  and 2z  can be calculated by the 
following equation. 
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3.2. The Searching of the Optimized  
Pipe-routing 

 
The searching of the optimized pipe-routing is to 

find an optimal trajectory in the solution space by an 
improved artificial fish swarm algorithm. 

 
 

3.2.1. Artificial Fish Swarm Algorithm 
(AFSA) 

 
AFSA is a novel swarm intelligence optimization 

method inspired by fish swarm behaviors, which was 
proposed in 2002 by Li [15]. The basic idea of the 
AFSA is to imitate fish swarm behaviors such as 
praying behavior, swarming behavior, and following 
behavior with local search of fish individual for 
reaching the global optimum. Because the algorithm 
has many advantages such as good robustness and 
global search ability, it has been applied to many 
fields [16-17]. 

In the algorithm, the state of the artificial fish can 
be denoted as the vector ( )nxxxX ,,, 21= , where 
( )nixi ,,1=  means the ith variable that needs to be 

optimized; the food consistence of the artificial fish 
can be denoted as ( )XfY = , where Y  means the food 
consistence (objective function value); the distance 
between two artificial fishes can be denoted as 

jiij XXd −= ; Visual  means the vision distance of 
the artificial fish; δ stands for the crowded factor; 
Step  is the maximum step length to move on for the 
artificial fish; numberTry _ shows the largest trying 
number of each movement of the artificial fish. In 
addition, the basic behaviors of the artificial fish can 
be defined as follows. 

1) Preying behavior. 
It is a basic biological behavior that tends to the 

food. Suppose that the ith artificial fish’s current state 
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is iX  and its corresponding food consistence is iY . 
By Eq. 18, a new state 

vX  is randomly chosen in the 
vision distance and its corresponding food 
consistence is vY . If 

iv YY <  in the minimum problem, 
it goes forward a step in this direction. Further, a new 
state nextiX |  can be obtained by Eq. 19; otherwise, 
select a state 

vX  randomly again by Eq. 18 and judge 
whether it satisfies the forward condition. If it can't 
satisfy after numberTry _  times, it will randomly 
move a step according to Eq. 20. 

 
 VisualRandXX iv ×+= () , (18) 
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iv
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StepRandXX

−
−

××+= ()|
, (19) 

 
 StepRandXX inexti ×+= ()| , (20) 

 
where ()Rand  produces random numbers between 0 
and 1. 

2) Swarming behavior. 
The fish will assemble in groups naturally in the 

moving process, which is a kind of living habit to 
guarantee the existence of the colony and avoid 
dangers. Suppose that the ith artificial fish’s current 
state is iX  and its corresponding food consistence is 

iY . Taking the iX  as the center, the number of 

artificial fishes in the vision distance is fN  and these 
artificial fishes can be denoted as the set 

{ }niijVisualXXXS ijii ,,1,1,,2,1,| +−=≤−= .  

a) If 1≥fN ( ≠iS Ø) which means other 
companions exist in the area, explore the center 
position. The center position can be denoted as 
follows. 
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If icenter YY <  and YYN centerf ⋅<⋅ δ ( centerY  is the 

food consistence corresponding to centerX ) which 
means there is more food (higher fitness function 
value) in the center position and it is not very 
crowded around the center position, the artificial fish 

iX  goes forward a step to the center position 
according to Eq. 22. Otherwise, the artificial fish 
executes the preying behavior. 
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b) If 0=fN ( =iS Ø) which means no companions 

exist in the area, the artificial fish executes the 
preying behavior. 

3) Following behavior. 
In the moving process of the fish swarm, when a 

fish or several ones find food, the neighboring 
partners will trail and reach the food quickly. 
Suppose that the ith artificial fish’s current state is iX  
and its corresponding food consistence is iY ; in the 
current area, the artificial fish’s state with minimum 
food consistence is minX  and its corresponding food 
consistence is minY . Taking the iX  as the center, the 
number of artificial fishes in the vision distance is fN . 

a) When 1≥fN : if iYY ≥min , the artificial fish 
executes the preying behavior; if YY <min  and 

if YYN ⋅<⋅ δmin
 which means the artificial fish 

minX has more food (higher fitness function value) 
and it is not very crowded near the minX , the artificial 
fish iX  goes forward a step to the minX  according to 
Eq. 23. Otherwise, the artificial fish iX  executes the 
preying behavior. 
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b) When 0=fN  which means no companions 

exist in the area, the artificial fish executes the 
preying behavior. 

 
 

3.2.2. Improved Artificial Fish Swarm 
Algorithm (IAFSA) 

 
The original AFSA has many advantages such as 

the intelligence, robustness and global search ability. 
However, it has also some weaknesses such as low 
precision and slow convergence speed in the later 
period of the optimization. Moreover, it is insensitive 
to initial values. To overcome the above-mentioned 
deficiencies, some improvements to the algorithm are 
done. 

1) Chaos mutation. 
Chaos optimization algorithm (COA) [18] is a 

novel method of global optimization. Because it has 
the characteristics of ergodicity, stochasticity and 
sensitive dependence on initial conditions, COA can 
carry out easy and rapid searching as well as robust 
escape from the local optimum. Therefore, it can be 
used to mutate the state of the artificial fish so as to 
make up for the deficiencies of the original AFSA. 
The process of chaos mutation of the artificial fish is 
described as follows. 

Step 1: Suppose that the state of the kth generation 
artificial fish can be denoted as ( )k

n
kkk xxxX ,,, 21=  

and corresponding chaos variable is 
( )k

n
kkk zzzZ ,,, 21=  . The mapping relationship between 

them can be denoted as follows. 
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where ia  and ib  are the minimum and maximum of 
the ith variable of kX , respectively. 

Step 2: Calculate the new chaos variable 1+kZ  by 
the Logistic Map Equation (25), and the new 
variables by the linear mapping equation (26). 

 
 )1(41 k

i
k
i

k
i zzz −=+ , (25) 

 
 )(11

ii
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ii

k
i abzax −+= ++ , (26) 

 
Step 3: If MK ≤ , then 
If ∗+ ≤ fXf k )( 1 , then 1+∗ = kXX , )( 1+∗ = kXff  
Set 1+= KK , 1+= kk ZZ , and go to Step 2. 
Else if MK >  is satisfied, then stop.   
Where K  means the current iterative number, 

M means the number of chaos search, f means the 
objective function, ∗X and ∗f are the current optimal 
variable and function value, respectively. 

2) Gradient Visual  and Step . 
In the original AFSA, there are two important 

parameters: Visual and Step which are constants and 
largely impact on the final result. For the Visual  
parameter, when the value of the Visual  is larger, the 
algorithm has better global search ability and faster 
convergence speed. On the contrary, when the value 
of the Visual  is smaller, the algorithm has better 
local search ability. For the Step  parameter, when 
the value of the Step  is larger, the convergence speed 
of the algorithm is faster. In contrast, when the value 
of the Step  is smaller, the convergence speed of the 
algorithm is slower, whereas the solving accuracy is 
higher. Therefore, in order to overcome the above-
mentioned drawbacks in the original AFSA, larger 
values of Visual  and Step  are taken in the prior 
period of the optimization; smaller values of Visual  
and Step  are taken in the later period of the 
optimization. Corresponding equations are given as 
follows. 

 
 wVisualVisual tt =+1 , (27) 

 
 wStepStep tt =+1 , (28) 

 
where 

tVisual  and 
tStep respectively stand for the 

current vision distance and step length, 1+tVisual and 

1+tStep  respectively mean the next vision distance 
and step length, nw ,,2,1= . 

Based on the above discussion, the procedure of 
the improved AFSA is described as follows: 

Step 1: Initialize the number of artificial fishes N , 
the maximum of the vision distance maxVisual , the 
maximum of the step length maxStep , the crowed 
factor δ , the largest trying number of each 
movement of the artificial fish numberTry _ , the 
iterations Q  and the number of chaos search M . 

Step 2: Generate initial artificial fishes randomly 
in the search space and perform chaos mutation to 
them. 

Step 3: Create the fitness function using 
sequential unconstrained minimization technique 
which is described in the Eq. 29. Based on it, 
calculate the fitness value of each artificial fish in the 
initial artificial fish swarm. By comparing these 
fitness values, record the current best artificial fish in 
the bulletin board. 
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where )(xF  means the original objective function, 

)(xhi  means the ith equality constraint, )(xg j  means 
the jth non-equality constraint, M means the penalty 
factor and ∞→<< 210 MMM , nji ,,2,1, = . 

Step 4: Each artificial fish implements the preying 
behavior, swarming behavior and following behavior, 
respectively. Select the best behavior to execute by 
comparing the function values and perform chaos 
mutation to the artificial fish after executing the best 
behavior. 

Step 5: Compare the current optimal state of the 
artificial fish with the one of the artificial fish in the 
bulletin board. Further, update the bulletin board by 
the better result. 

Step 6: Judge whether the preset iterations have 
been reached or a satisfactory optimum solution has 
been obtained. If not satisfied, go to Step 4. 
Otherwise go to Step 7; 

Step 7: Output the optimum solution. 
3) Experiment and analysis. 
In order to test the effectiveness of the IAFSA, a 

typical function (see Eq. 30) is utilized and 50 times 
simulation experiments are done using it for the 
original AFSA and IAFSA under the same testing 
software and hardware. 

 
( ) 32,min 2

2
2
121 ++= xxxxf , 5,5 21 ≤≤− xx ,   (30) 

 
In experiments, the parameters are set as follows: 

the number of artificial fishes 100=N , the maximum 
of the vision distance 4=Visual , the maximum of the 
step length 1=Step , the crowed factor 618.0=δ , 
the largest trying number of each movement of the 
artificial fish 10_ =numberTry  and  the number of 
chaotic search 100=M . The experiments are 
performed on the Matlab 7.0 platform under the two 
different terminal conditions: the convergence 
precision is 0.00001 and the iterations are 50. The 
results are listed in the Table 1 and Table 2. 

It can be seen from Table 1 that when the terminal 
condition is the fixed convergence precision, the 
IAFSA is superior to the AFSA whatever it is from 
the point of the least, the most and average iterations 
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of the convergence or from the point of the rate of the 
convergence. On the average, the iterations are 
reduced about 2-6 times. In addition, it can be seen 
from Table 2 that when the terminal condition is the 
fixed iterations, the worst, the best and the average 
optimal value from the IAFSA are better than those 

from the AFSA. On the average, the optimal values 
are reduced about 82 10~10 times. Therefore, it can be 
concluded that the IAFSA has better performances 
such as faster convergence and higher precision than 
the AFSA. 

 
 

Table 1. The comparison of the simulation results under the first terminal condition 
 

Function Algorithm The least 
iterations 

The most 
iterations 

The average 
iterations 

The rate of the 
convergence 

AFSA 30 115 70.5000 50/50 ( )21, xxf  
IAFSA 8 25 12.2542 50/50 

 
 

Table 2. The comparison of the simulation results under the second terminal condition 
 

Function Algorithm The best optimal value  The worst optimal value The average optimal value 

AFSA 6.376794649359625E-008 0.63348152864264 0.03619186278757 ( )21, xxf  
IAFSA 3.031760774717635E-010 3.024027765502062E-008 0.677657111177661E-008 

 
 

4. Case Study 
 

By using UG and Matlab software, the prototype 
system of the intelligent pipe-routing layout for the 
aero-engine is developed. Fig. 3 shows the workflow. 
Firstly, a test model is created by UG software. 
Secondly, the pipe-routing layout information is 
extracted by using the secondary development tool of 
UG: UG/Open GRIP. Then, the pipe-routing is 
searched by the Matlab programming corresponding 
to the proposed algorithm. Finally, the computation 
results are imported into UG to realize the visualized 
pipe-routing layout. 

 
 

Create the test model

Extract the pipe-routing 
layout information

Search the pipe-routing

Visualize the pipe-
routing layout

UG

Initial information
The  Matlab programming 

correspoingding to the 
proposed algorithm

UG

UG/Open Grip 

 
                    

Fig. 3. The workflow of the prototype system. 
 
 
A simplified aero-engine model which includes 

15 accessories is created.  The range of its pipe-

routing layout space is ]2,0[ πθ ∈ , ]1560,1000[∈r  
and ]2310,0[∈z . In the pipe-routing layout space, 
there are 46 pipes to be laid. Moreover, the outer 
diameter of the pipe is 12 mm; the minimum 
clearance between pipes and obstacles is 3 mm; the 
bending radius is 24 mm and the length of the 
straight line is no less than 60 mm. In addition, the 
parameters in the proposed algorithm are set as 
follows: the number of artificial fishes 60=N , the 
maximum of the vision distance 8=Visual , the 
maximum of the step length 7=Step , the crowed 
factor 36.0=δ , the largest trying number of each 
movement of the artificial fish 3_ =numberTry ,  the 
number of chaotic search 200=M ,  and the iterations 

300=Q . Fig. 4 shows the pipe-routing layout 
applying the proposed algorithm. The entire 
computation time for the pipe-routing layout costs  
62 seconds on the personal computer (Intel CPU  
2.93 GHz, 1 GB memory). 

 
 

 
 

Fig. 4. The aero-engine model with the pipe-routing layout. 
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5. Conclusions and Future Works 
 

Because the intelligent pipe-routing layout can 
realize the automatic and optimal pipe-routing layout, 
it is an important approach to improve the quality and 
efficiency of the pipe-routing layout. This paper gave 
the mathematical model of the pipe-routing layout for 
the aero-engine and presented a novel intelligent 
pipe-routing layout method. In the method, the 3D 
rotational space of aero-engine is divided into local 
layout spaces so that the complexity of the problem 
solving is reduced. Moreover, an improved AFSA is 
constructed by adding chaos mutation and gradient 
setting so that precocious phenomenon is suppressed, 
the convergence rate and the accuracy are improved. 
Further, it is applied to the searching of the optimal 
pipe-routing. It is concluded that the presented 
approach can quickly find the optimal pipe-routing in 
3D rotational space with obstacles, meeting certain 
engineering constraints. In the future, the intelligent 
pipe-routing layout of the branch pipe will be studied. 
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Abstract: As the control system of the ship's crane is nonlinear , time-varying and large inertia, the traditional 
way to control is difficult to achieve control requirements. The text have the deck crane’ electro-hydraulic 
proportional valve as the research object, use the way of optimizing input’s fuzzy domain which called variable 
domain fuzzy PID, to solve the weakness of traditional control and bring out the Marine crane hoisting speed 
lord’s optimization control. The experimental results show that, compared with the conventional PID and fuzzy 
PID, variable domain fuzzy PID has advantages of good real-time performance, fast response, strong anti-
interference characteristics and good dynamic characteristics. The new way also has good control effect, can 
better able to meet the system control requirements. Copyright © 2013 IFSA. 
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1. Introduction 
 

In recent years, with electro-hydraulic 
proportional control technology development, the 
electro-hydraulic proportional party valve with its 
low cost, strong ability to fight pollution etc, and also 
can realize flow and direction control, and can be 
realized the computer control, the electro-hydraulic 
proportional valve in many occasions have more and 
more applications [1-4]. Electro-hydraulic 
proportional valve is an important part of Marine 
crane, and is the key parts of the speed control 
system. As the main components of speed control 
system, electro-hydraulic proportional valve control 
performance improvement has become the further 
improvement of the main deck cranes performance 
link. The traditional control mode is used mostly PID 

control technology, it has a simple, reliable, 
parameter setting convenience etc. But because the 
hydraulic system by temperature, the influence of the 
parameters such as the load change bigger, so the 
control performance requirements of high often 
cannot meet the requirements of occasions. In recent 
years, the fuzzy control in complex industrial control 
is also get used extensively, and simple fuzzy control 
in variable classification are not enough, there will be 
little near in balance the oscillation phenomena [5-7]. 
According to this phenomenon, this paper put 
become domain by introducing the fuzzy control 
strategy PID control, to form a variable fuzzy PID 
control domain compound, and used it in electro-
hydraulic proportional control system, finally using 
Simulink complete electro-hydraulic proportional 
valve control system dynamic simulation [8-20]. The 
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experimental results show that good results have been 
achieved. 

 
 

2. Mathematical Model of the System  
 

2.1. Transfer Function for Proportion 
Amplifier 

 
Electro-hydraulic proportional valve is current 

control type element, its proportional electromagnetic 
valve and coil has large inductance. Proportional 
valves’ driving circuit is a lot wider than hydraulic 
inherent frequency band, so in the course of the 
study, it can be regarded as amplification link, 
namely 
 

 ( )
( )sU
sIK

r
a = , (1) 

 
where Ur(s) is the input voltage of proportion 
amplifier, I(s) is output current of proportion 
amplifier and Ka  is coefficient of proportion 
amplifier. 

 
 

2.2. Transfer Function for Electro-hydraulic 
Proportional Value 

 
High performance electro-hydraulic proportional 

valve is generally higher than the dynamic response 
of the power of components of the dynamic response, 
and its natural frequency is far outweigh the power of 
components of the inherent frequency, so in here the 
proportional valve of the transfer function will be 
look as proportion links: 
 

 ( )
( )sI

sXK v
b = , (2) 

 
where Xv(s) is the valve core displacement of 
proportion amplifier.  

 
 

2.3. Transfer Function for Hydraulic Motor 
 
As a hydraulic component, in the process of 

analysis, we need establish the flow equation in the 
rotary piston, hydraulic motor flow continuity 
equation, hydraulic motor and load of force balance 
equation the three basic equations according to 
automatic control theory. By Laplace transform to the 
above three basic equations, the obtained three 
Laplace transform type can be completely describe 
the dynamic characteristics of hydraulic pressure 
motor. 

1) Linear flow equation of electro-hydraulic 
proportional value. 
 

 
LcVqL PKXKq −= , (3) 

where qL is the load flow of electro-hydraulic 
proportional value, Kc is the flow-the pressure 
coefficient of electro-hydraulic proportional value,   
PL is the load pressure and  Kq is the stable working 
point flow gain of electro-hydraulic proportional 
value. 

2) Dynamic flow continuity equation of hydraulic 
motor. 

Hydraulic motor load flow is composed of three 
parts: motor rotation flow the called Q1, motor for 
internal and external leak loss called Q2 and 
percentile additional flow because compression 
called Q3. 
 

 
dt

dPVPC
dt

dDq L

e

t
Ltm

m
mL β

θ
4

++=
, (4) 

 
where Dm is the radian displacement of hydraulic 
motor, θm is angular displacement of hydraulic motor, 
Ctm is Total leak coefficient of hydraulic motor, Vt is 
the total volume of hydraulic motor, proportional 
valve chamber and connecting pipe, and βe is the 
elastic modulus of the effective volume of working 
oil. 

3) The motor shaft moment balance equation. 
The dynamic characteristics of hydraulic power 

components are influenced by load characteristics. 
Load bearing generally includes the inertial force, 
viscous damping force, the elastic force and as 
accident load bearing. According to Newton's second 
law, we can get motor and load torque balance 
equation for: 
 

 
Lm

m
m

m
tLm TG

dt
dB

dt
dJPD +++= θθθ

2

2

, (5) 

 
where Jt is the total rotation inertia that hydraulic 
motor core and load convert to turn on the motor 
shaft, Bm is viscous damper coefficient  of load and 
hydraulic pressure motor, G is torsion spring stiffness 
of load and TL is external load torque that role in the 
motor shaft. This system is mainly made up by 
inertial load , and since the motor and load is rigid 
connection, elastic load effect can be neglected. So in 
this system G=0, BmKce/Dm

2<<1 and, θm(s)S=Wm(s), 
Laplace transform to (3), (4), (5),we can get transfer 
function for available motor shaft tachometer output 
to the displacement and the load torque: 
 

 
( )
( ) 12

2

2

++
=

h

h

h

m

q

v

m

W
s

W
s

D
K

sX
sW

ξ
, 

(6) 

  
 

( )
( ) 12

4
1

2

2

2

++

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

−

=

h

h

h

cee

vt

m

ce

L

m

W
s

W
s

K
S

D
K

sT
sW

ξ
β , (7) 



Sensors & Transducers, Vol. 25, Special Issue, December 2013, pp. 155-160 

 157

Based on (1), (2), (6), and (7) we can get the transfer 
function for the whole system: 
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3. Design for Variable Domain Fuzzy 

Controller 
 

3.1. Introduction of Variable Domain System 
 

Fuzzy control has good robustness and dynamic 
performance and it doesn't need accurate 
mathematical model. How to choice domain 
appropriately, so that achieve the best control effect 
is an issue that is worth studying. Variable domain 
thought have a good way on solving the problem. 
Variable domain fuzzy control is introduced 
appropriate adjustable factor in the control process to 
make fuzzy domain change according to the input or 
output domain specific changes, namely in fuzzy 
control relation is changeless, when the input error is 
bigger, make fuzzy domain expanding; when the 
controller error is smaller, make fuzzy domain 
narrowing. Compared with the traditional fuzzy 
control, variable domain fuzzy control improve the 
control accuracy to some degree, makes the control 
effect is better. Fig. 1 is Domain change principle 
diagram. 

 
 

 
 

Fig. 1. Domain change principle diagram. 
 
 
Suppose input is ( )4,3,2,1=iXi and output y, 

their domains are [ ]EEXi ,−= , [ ]UUY ,−= , where 

input stretch factor is ( )ixα  and output stretch factor 
is ( )iyβ , so the input domain is 

( ) ( ) ( )[ ]( )4,3,2,1, =−= iExExxX ii αα ,and output 
domain is ( ) ( ) ( )[ ]( )4,3,2,1, =−= iExExxX ii αα .  

Now the adjustable factors of variable domain 
fuzzy control algorithm have no unified form, based 
on the characteristics, this paper use variable domain 
fuzzy control according to fuzzy reasoning, based on 
the error and error rate, we describe the domain 
adjustable change by the form of table with fuzzy 
rules, through the fuzzy reasoning, it can automatic 
realize to the adjustment of the domain system so as 
to avoid the function model and its expansion factor 
to the selection of parameters. Fig. 2 is the structure 
of variable domain fuzzy control. 

 
 

 
 

Fig. 2. The structure of variable domain fuzzy control. 
 
 

3.2. Design for Variable Domain Fuzzy 
Controller  

 
When e and ec are big, the system mainly is to 

reduce the error, this time the e and ec should take 
the control of large quantity, so the input domain 
should take larger domain, namely the input domain 
should be proper reduces; When e and ec is small, the 
system is stable and therefore, we should narrow 
input system domain. Through the above rules, we 
can build system of variable domain fuzzy control 
rule table. The input variables of the fuzzy controller 
for error is e, the rate of change is ec, output is u. 
Variable domain fuzzy controller’s fuzzy variable is 
B, M, S, ZO. Each part of the fuzzy rules listed in 
Table 1 and Table 2 below. 

When e is big, in order to make the system has 
good fast tracking performance, the system should 
take larger Kp and smaller Kd; When e is small, to 
make the system has better stability and Kp, Ki, Kd 
should take the value of moderate; When e is medium, 
in order to make the system with low overshoot, we 
should take appropriate Ki  [21]. According to the 
above rules and practical experience, write the fuzzy 
rules listed in Table 3 Table 4 and Table 5 below. 

e

Fuzzy 
Controller 

controlled 
process 

d/dt α1 

Wm
* e 

ec 

Ku 

variable 
domain 
system 

α2 
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Table 1. The fuzzy rule table for stretch factor α1. 
 

E 
α1 

NB NM NS 0 PS PM PB 

NB B B M S M B B 

NM B M S S S M B 

NS M M S ZO ZO M M 

0 M S ZO ZO ZO S M 

PS M M S ZO S M M 

PM B M S S S M B 

E
C
 

PB NB NM NS ZO PS PM NB  

Table 2. The fuzzy rule table for stretch factor α2. 
 

E 
α2 

NB NM NS 0 PS PM PB 

NB B B M M M B B 

NM B B S S S B B 

NS M M S ZO ZO M M 

0 M S ZO ZO ZO S M 

PS M M S ZO S M M 

PM B B S S S B B 

E
C
 

PB B B M M M B B  
 
 

Table 3. The fuzzy rule table of ∆Kp. 
 

E 
∆Kp 

NB NM NS 0 PS PM PB 

NB PS NS ZO ZO ZO PB PS 

NM NS NS NS NS ZO NS NS 

NS NB NB NM NS ZO PS NB 

0 NB NM NM NS ZO PS NB 

PS NB NM NS NS ZO PS NB 

PM NM NS NS NS ZO PS NM 

E
C
 

PB PS ZO ZO ZO ZO PB PS  

 
 

Table 4. The fuzzy rule table of ∆Ki. 
 

E 
∆Ki 

NB NM NS 0 PS PM PB 

NB PB PB PM PM PS PS PB 

NM PB PB PM PM PS ZO PB 

NS PM PM PM PS ZO NS PM 

0 PM PS PS ZO NS NM PM 

PS PS PS ZO NS NS NM PS 

PM ZO ZO NS NM NM NM ZO 

E
C
 

PB ZO NS NS NM NM NB ZO  
 
 

Table 5. The fuzzy rule table of ∆Kd. 
 

E ∆Kd 

NB NM NS 0 PS PM PB 

NB NB NB NB NM NM ZO NB 

NM NB NB NM NM NS ZO NB 

NS N NM NS NS ZO PS NM 

0 N NS NS ZO PS PS NM 

PS NS NS ZO PS PS PM NS 

PM ZO ZO PS PM PM PB ZO 

E
C
 

PB ZO ZO PS PM PB PB ZO 

 
 

4. The System Simulation and the Result 
Analysis 
 
The system studies the performance of the system 

in the unit step response, the system transfer function 

is 53s
20s 2 ++

=
s

G ）（ , the system’s simulation time 

is 20 s, ∆Kp, Ki, Kd respectively get by fuzzy rules of 
Fuzzy2 table. By testing system, it is determined that 
the Kp '= 0.12, Ki' = 2.8, Kd '= 0.008. 

Variable domain fuzzy PID simulation figure in 
the picture below. 

According to the simulation, we can get the 
conventional PID, fuzzy PID and variable domain 
fuzzy PID simulation results are shown Fig. 3 below 
for the PID simulation model, Fig. 4 for the fuzzy 

PID simulation model and Fig. 5 for PSO to optimize 
the fuzzy PID simulation model below: 

According to the simulation curve above, we can 
get the following conclusion: 

1) In unit step, the traditional PID control 
response speed of the system is slow, and the fuzzy 
control, fuzzy PID control, variable domain control’s 
response speed is faster, also variable domain fuzzy 
PID control is faster than fuzzy PID control, and 
fuzzy PID control is faster than fuzzy control. 

2) According to the simulation curve, it can be 
found that fuzzy control and fuzzy PID has certain 
overshoot, but overshoot are smaller, at 5 %, and it 
does not affect the basic operation of the system. 
Variable domain control doesn't find domain in 
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overshoot, and have no the concussion, it has better 
control effect, and the stability of system is better. 

By above contrast we can see, in the same input 
cases, the fuzzy control is better than the 
conventional PID control, fuzzy PID control effect is 
better than that of the fuzzy control, Variable domain 
fuzzy PID control is better than that of fuzzy PID 
control effect, variable domain fuzzy control has the 
best effect. 

 
 

 
 

Fig. 3. The PID simulation model. 
 
 

 
 

Fig. 4. The fuzzy PID simulation model. 
 

 

 
 

Fig. 5. PSO to optimize the fuzzy PID  
simulation model. 

 

4. Conclusion 
 

This paper sets up the transfer function model for 
the electro-hydraulic proportional valve. For 
proportional valve design variable domain adaptive 
fuzzy PID control algorithm, and application of valve 
software MATLAB simulation. 

The simulation results show that: compared to the 
conventional PID control and fuzzy PID control, 
variable domain fuzzy PID have no overshoot, and 
fast response, stability good characteristic, variable 
domain fuzzy PID control system can improve the 
dynamic characteristics and certainty, choose 
variable domain adaptive fuzzy PID control 
algorithm to control the electro-hydraulic 
proportional valve has the advantage. 
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Abstract: To aim at the reliability and security issues of ZPW-2000A Jointless Audio Frequency-shift 
Modulated Track Circuit System, Failure Modes Effects and Diagnositcs Analysis (FMEDA) and Fault Tree 
Analysis (FTA) were proposed for reliability and security analysis of system. The system was analyzed and 
defined, the FMEDA table was completed, and the fault tree was built, then the qualitative and quantitative 
analyses of the fault tree were conducted. The minimal cut sets of the fault tree were got by qualitative analysis, 
and the weak links of the system were located. The fail probability of roof events, important degree of each 
minimal cut sets and the indicators of reliability and security were gained through the quantitative analysis. The 
paper provides a practical method and theoretical basis for the reliability and security analysis of ZPW-2000A 
track circuit system. Copyright © 2013 IFSA. 
 
Keywords: Track circuit, FMEDA, FTA, Reliability, Security. 
 
 
 
1. Introduction 
 

The track circuit is one of the key equipments of 
railway signaling systems, ZPW-2000A Jointless 
Audio Frequency-shift Modulated Track Circuit was 
based on introduction and localization of France 
UM71 jointless track circuit technology, researchers 
made it meet China's conditions requires by 
improving its security, the transmission performance 
and reliability [1]. At present, the track circuit is 
widely used in China's railway. In recent years, with 
the development of railway’s high-speed, heavy-duty 
and high-density, the track circuit equipments 
become more and more important for ensuring train's 
high-speed and security, whose reliability and 
security have a direct impact on the safety and 
efficiency of rail transport. Therefore, in order to 
guarantee the level of reliability and security of the 
railway signaling systems, we need to analyze the 

reliability and security of ZPW-2000A Jointless 
Audio Frequency-shift Modulated Track Circuit 
System. 

Signal equipments as a key component of the 
railway transportation, its reliability and security 
have become an important index to measure the 
performance of the railway equipments. In recent 
years, Fault Tree Analysis (FTA), Failure Mode and 
Effects Analysis (FMEA), Reliability Block Diagram 
(RBD) and Markov Model had been widely used in 
the analysis on the reliability and security of railway 
rolling stock. However, it is just getting started for 
research on the reliability and security of the railway 
signaling system [2]. Existing research had focused 
on the reliability index of Transmitter and Receiver 
of ZPW-2000A track circuit system, but it lacked for 
analyzing on the reliability and security of the whole 
ZPW-2000A track circuit system [3]. 
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In this paper, Failure Modes and Effects and 
Diagnostic Analysis (FMEDA) and Fault Tree 
Analysis (FTA) were used to analyze the reliability 
and security of ZPW-2000A track circuit system. 
Firstly, in order to facilitate the analysis, the 
reliability model was established according to the 
structure characteristics of ZPW-2000A track circuit 
system, then FMEDA was used to analyze  
ZPW-2000A track circuit system. Finally, the 
qualitative and quantitative analyses of the fault trees 
of ZPW-2000A track circuit system were conducted 
on the basis of the FMEDA table. 

 
 

2. ZPW-2000A Track Circuit Model 
 
ZPW-2000A Jointless Audio Frequency-shift 

Modulated Track Circuit is composed of the 
equipment of indoor and outdoor. The indoor 
equipment includes Transmitter, Receiver, 
Attenuator and Cable Analog Network. The outdoor 
equipment includes Tuner Unit, Hollow Coil, 
Mechanical Insulation Joint Hollow Coil, Matching 
Transformer, Compensation Capacitor and SPT 
Cable. There are two kinds of structure of  
ZPW-2000A Jointless Audio Frequency-shift 
Modulated Track Circuit, one is the electrical-
mechanical insulated joint, the other is electric-
electric insulated joint, and the performance of two 
structures is the same. The former structure as a 

sample to be analyzed in this paper, as shown  
in Fig. 1. 

ZPW-2000A Jointless Audio Frequency-shift 
Modulated Track Circuit is divided into two parts, 
one is the main track circuit, the other is a short track 
circuit of the tuning region. The transmitter of main 
track circuit is controlled by the encoding condition 
that generated different frequency-shift signals of 
low frequency modulation which indicate different 
information. The frequency-shift signal is sent to 
matching transformer and tuner unit through the 
cable channel. The frequency-shift signal is sent to 
the main track circuit, also to the tuning region's 
small track circuit. The main track’s signal is sent to 
the receiving end of track circuit through rail, then 
through the tuner unit, matching transformer and 
cable channel, the signal is transmitted to the receiver 
in this section. Tuning region’s signal is received and 
processed by receiver of the front of the adjacent 
track circuit, and the processing results is converted 
into the small track circuit relay’s execution 
command that is sent to receiver of the section. 
Receiver of the section receives the main track 
frequency-shift signal and the small track circuit 
relay’s execution command at the same time, this 
information will be judged, if it is correct, then 
driving the track circuit’s relay and making it 
energize, to determine the section is cleared or 
occupied. 
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Fig. 1. ZPW-2000A track circuit model. 
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3. FMEDA Method 
 

The FMEDA method was based on the report of a 
seminar which held in 1984 and then developed  
[4-5]. FMEDA is on the basis of the FMEA, then the 
online diagnosis technology is introduced into the 
standard FMEA. FMEDA is a technology used to 
identify equipment failure. At the same time, it is 
also the basis of FTA method [6]. 

 
 

3.1. System Description 
 
As can be seen from Fig. 1, ZPW-2000A 

Jointless Audio Frequency-shift Modulated Track 
Circuit System is a complex series system, and it is 
an organic combination of the whole, whose 
important subsystem includes Transmitter, Cable 
Analog Network, SPT Cable, Matching Transformer, 
Tuner Unit, Compensation Capacitor, Hollow Coil, 
Attenuator, Receiver, Mechanical Insulation Joint 
Hollow Coil, and so on. Because the working states 
of these subsystems are independent each other, and 
the whole system is composed of these subsystems 
which were connected in series, therefore any one 
subsystem fails, it will result in system failure. 

Prior to the FMEDA of ZPW-2000A track circuit 
system, the structure of the various subsystems of the 
system need to be divided, and as the basis of the 
established FMEDA table. Considering the structured 
hierarchical relationships of ZPW-2000A track 
circuit system, then the system is modeled. In order 
to simplify the system and make the system can  be 
approximately expressed, in the process of modeling, 

ignoring the secondary factors, such as the rail, and 
so on, as shown in Fig. 2. Transmitter for N+1 
redundancy, Receiver for the dual parallel hot 
standby, Mechanical Insulation Joint is composed by 
Mechanical Insulation Joint Hollow Coil and  
Tuner Unit. 

 
 

 
Fig. 2. RBD of ZPW-2000A track circuit. 

 
 
3.2. FMEDA of System 

 
Through the analysis of the breakdown 

maintenance data of railway operation unit and the 
data of the equipment manufacturers, the FMEDA 
table of ZPW-2000A track circuit system was 
established, as shown in Table 1. 

 
 

Table 1. The FMEDA of ZPW-2000A track circuit system. 
 

Name Failure mode Failure effects λ Detectability Diagnostic 
capability λSD λSU λDD λDU 

Frequency-
shift signal 
cannot be 
generated 

Go to the 
backup 

machine 
2.003 1 

Transmitter’s 
indicator lamp is 
red, centralized 

monitoring 
alarm 

2.003 0 0 0 

Frequency-
shift signal is 
downgraded 

Degraded 
running, fail-

safe 
0.501 1 

Centralized 
monitoring 

alarm 
0.501 0 0 0 

Frequency-
shift signal is 

upgraded 

It may cause 
train working 

failure 
0.501 1 

Centralized 
monitoring 

alarm 
0 0 0.501 0 

Power of 
frequency-

shift signal is 
too low 

Frequency-
shift signal can 

not be sent, 
console 

display for the 
red band 

1.502 1 
Centralized 
monitoring 

alarm 
1.502 0 0 0 

Transmitter 

Power of 
frequency-

shift signal is 
slightly lower 

No effect 2.003 1 
Centralized 
monitoring 

alarm 
2.003 0 0 0 

Matching 
Transformer 

Matching and 
connection 
can not be 
achieved 

Information 
can not be 
transmitted 

1.801 1 
Console 

display for the 
red band 

1.801 0 0 0 
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Table 1. The FMEDA of ZPW-2000A track circuit system (Cont). 
 

Name Failure mode Failure effects λ Detectability Diagnostic 
capability λSD λSU λDD λDU 

Main track’s 
frequency-
shift signal 
cannot be 
normally 
received 

Go to the backup 
machine 1.354 1 

Receiver’s 
indicator 

lamp is  red,
centralized 
monitoring 

alarm 

1.354 0 0 0 

Main rail’s 
upgraded 

frequency-
shift signal is 
incorrectly 

demodulated 

Affect train's safety 0.338 1 

Receiver’s 
indicator 

lamp is red,
centralized 
monitoring 

alarm 

0 0 0.338 0 

Main rail’s 
downgraded 
frequency-

shift signal is 
incorrectly 

demodulated 

No effect 1.354 1 

Receiver’s 
indicator 

lamp is red,
centralized 
monitoring 

alarm 

1.354 0 0 0 

Small track’s 
frequency-
shift signal 
cannot be 
normally 
received 

No effect 1.354 1 

Receiver’s 
indicator 

lamp is red,
centralized 
monitoring 

alarm 

1.354 0 0 0 

Small track’s 
frequency-

shift signal is 
incorrectly 

demodulated 

No effect 1.354 1 

Receiver’s 
indicator 

lamp is red,
centralized 
monitoring 

alarm 

1.354 0 0 0 

Failed to 
move the 

track relay 

Relay is in the 
down state, The 

fault section shown 
in red band 

0.338 1 

Receiver’s 
indicator 

lamp is red,
centralized 
monitoring 

alarm 

0.338 0 0 0 

Receiver 

Error action 
of track relay 

Relay’s error 
action, it may 

affect train's safety 
0.338 1 

Receiver’s 
indicator 

lamp is red,
centralized 
monitoring 

alarm 

0 0 0.338 0 

Compensation 
Capacitor 

Compensation 
effect 

disappeared, 
rail is 

inductive 

The transmission 
performance of 

signal 
becomes poor 

1.800 1 

Track 
vacancy, 
console 

display for 
the red band

1.800 0 0 0 

SPT 
Cable 

Connection 
and signal 

transmission 
are failure 

Equipment’s work 
is interrupted 0.247 1 

Console 
display for 

the red band
centralized 
monitoring 

alarm 

0.247 0 0 0 
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Table 1. The FMEDA of ZPW-2000A track circuit system (Cont). 
 

Name Failure mode Failure 
effects λ Detectability Diagnostic 

capability λSD λSU λDD λDU 

Cable 
Analog 

Network 

Cannot 
compensate for 

cable 

Equipment’s 
work is 

interrupted 
0.484 1 

Console 
display for 

the red band 
0.484 0 0 0 

Mechanical 
Insulation 

Joint 
Hollow 

Coil 

Transmission 
parameters and 

transmission 
length are 
different 

The working 
state of 

equipment is 
not stable 

0.031 0 —— 0 0 0 0.031 

Tuner Unit 
Electrical 

insulation is 
failure 

Voltage of 
transmitting 

end track 
surface and 

indoor 
reception 
decrease 

1.801 1 Voltage 
measurement 1.801 0 0 0 

Balance traction 
return current is 

failure 

Failed to 
balance 
traction 
return 
current 

0.010 0 —— 0 0.010 0 0 

Failure to 
maintain  tuning 

region 
impedance 
function 

Impedance 
of tuning 
region is  
unstable 

0.010 0 —— 0 0.010 0 0 
Hollow 

Coil 

Choke is failure 

Current is 
too large, 
burning 

equipment 

0.010 0 —— 0 0 0 0.010 

The level 
adjustment of 

receiving end is 
invalid 

Equipment’s 
work is 

interrupted 
0.175 1 

Track 
vacancy, 
console 

display for 
the red band 

0.175 0 0 0 

Failed to give 
each testing 
condition 

Affect the 
detection 

work 
0.262 0 —— 0 0.262 0 0 

Track 
occupancy 

status is failure 

Unable to 
determine 
the state of 

track 

0.262 0 —— 0 0 0 0.262 

Attenuator 

Host failure, 
unable to turn 

the backup 
machine timely 

Equipment’s 
work is 

interrupted 
0.175 1 

Track 
vacancy, 
console 

display for 
the red band 

0.175 0 0 0 

 
 

The detectability column: number “1” represents 
the failure mode can be detected, “0” represents the 
failure mode can not be detected; λ represents failure 
rate; λSD represents that the security failure rate can 
be detected; λSU represents that the security failure 
rate can not be detected; λDD represents that the 
dangerous failure rate can be detected; λDU represents 
that the dangerous failure rate can not be detected; 
The diagnostic capability column: “——”  represents 

no diagnostic capabilities; λ, λSD, λSU, λDD and λDU 
have the same unit:10−6/h. 

 
 

4. FTA Method 
 
The FTA method was first proposed in 1961 by 

H. A. Watson and D. F. Hansl who were working at 
U.S. Bell Labs. At present, the FTA method is 
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recognized as an equally important method for the 
analysis on reliability and security of complex 
system, and it had been widely used in many 
important fields[8]. 

 
 

4.1. System Fault Tree 
 
Fault Tree makes result events, basic events and 

intermediate events linked mainly through two logic 

gates “OR door” and “AND door”. “OR door” for the 
series system, indicating that output event occurs 
when there is at least one input event occurs. “AND 
door” for the parallel system, indicating that output 
events must occur when all input events occur. 

On the basis of FMEDA table, FTA was used to 
analyze the ZPW-2000A track circuit system, the 
fault tree of ZPW-2000A track circuit system which 
can be shown in Fig. 3 to Fig. 5. 

 
 

 
 

Fig. 3. ZPW-2000A  track circuit system fault tree. 
 
 

 
 

Fig. 4. Transmitter fault tree. 
 
 

 
 

Fig. 5. Compensation Capacitor fault tree. 

The fault tree of ZPW-2000A Jointless Audio 
Frequency-shift Modulated Track Circuit System 
includes two parts such as the indoor equipments and 
the outdoor equipments failure. The indoor 
equipments failure is constituted by Receiver failure 
R(R1,R2), Transmitter failure T(T1~TN), Cable 
Analog Network failure N(N1,N2) and Attenuator 
failure A. The outdoor equipments failure is 
constituted by SPT cable failure S(S1,S2), 
Compensation Capacitor failure C(C1~CM), Matching 
Transformer failure M(M1,M2), Tuning region failure 
Q(U1,H), Mechanical Insulated Joint failure I(U2,J), 
U1 and U2 represent the Tuner Unit, J represents the 
Mechanical Insulation Joint Hollow Coil, H 
represents the Hollow Coil. 

 
 

4.2. FTA of System 
 

The FTA method is used to study the system 
failure reasons, and establish a logical relationship 
between these reasons which expressed by fault tree. 
After the Fault Tree of ZPW-2000A Jointless Audio 
Frequency-shift Modulated Track Circuit System is 
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established, the qualitative and quantitative analyses 
of system will be conducted. 

1) Qualitative Analysis. 
We used the minimal cut set method for 

qualitative analysis of fault tree, the weak links of the 
system can be judged according to the minimal cut 
sets obtained[11]. Descending method is used to 
solve the minimal cut sets of the fault tree of  
ZPW-2000A Jointless Audio Frequency-shift 
Modulated Track Circuit System. 

According to the fault tree, the minimal cut sets 
of ZPW-2000A Jointless Audio Frequency-shift 
Modulated Track Circuit System includes: {R1,R2}, 
{T1,…,TN}, {N1}, {N2}, {A}, {S1}, {S2}, {M1}, 
{M2}, {U1}, {U2}, {H}, {J}, {C1}, {C2}, …, {CM}. 

From the results of minimal cut sets can be seen, 
Matching Transformer, Compensation Capacitor and 
Tuner Unit of the outdoor equipment have a 
relatively large impact on the failure of system. So it 
is necessary to apply higher reliability and higher 
security outdoor equipment for ZPW-2000A 
Jointless Audio Frequency-shift Modulated Track 
Circuit System, and as far as possible to reduce the 
number of basic events in the system design process 
that can reduce the number of minimal cut sets. 

2) Quantitative Analysis. 
The minimal cut sets are obtained through 

qualitative analysis, the failure rate of the minimal 
cut sets can be got according to Table 1. In order to 
simplify the calculation, we assume that the 
transmitter N+1 redundancy N=1, the length of 
segment is 600 meters, the number of required 
compensation capacitor M is 7[13]. The failure 
probability of the top event Ptop can be obtained 
through (1). 

 
 

1 2 n( )topP P x x x= ∩ ∩…∩ , (1) 
 

where xi is the minimum cut set, n is the number of 
minimal cut sets. According to the failure rate of the 
minimal cut sets, Ptop=22.2002×10-6. 

The FV
iE  (Fussell-Vesely importance, FV) of 

each minimal cut sets can be obtained through (2). 
 

 ( )FV i
i

top

P xE
P

= , (2) 

 
The FV of the minimal cut sets as shown in  

Table 2. 
ZPW-2000A track circuit system reliability 

degree RS: 1 99.9978 %S topR P= − = . 
The mean time between failure (MTBF) of 

system: 4

0
( ) 4.5 10 hSMTBF R t dt

∞

= = ×∫ . 
According to the assumed conditions and Table 1, 

the risk ratio δ of ZPW-2000A track circuit system: 
0.0552667Dδ λ λ= =∑ ∑ .  

Table 2. The FV of each cut sets. 
 

Name FV Name FV 
R1,R2 1.862E-06 U2 0.0811252 
T1,T2 1.909E-06 H 0.0013784 

N1 0.0218016 J 0.0013784 
N2 0.0218016 C1 0.0810802 
A 0.0393239 C2 0.0810802 
S1 0.011126 C3 0.0810802 
S2 0.011126 C4 0.0810802 
M1 0.0811254 C5 0.0810802 
M2 0.0811254 C6 0.0810802 
U1 1.862E-06 C7 0.0811252 

 
 

Similarly, ZPW-2000A track circuit system 
security degree SS: 1 [1 ] 99.9999 %S SS Rδ= − − = . 

The dynamic reliability degree and security 
degree of ZPW-2000A track circuit system as shown 
in Fig. 6. 
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Fig. 6. The dynamic reliability degree and security degree 
of ZPW-2000A track circuit system. 

 
 

Calculation results of MTBF, reliability 
indicators and security indicators of the system 
conformed to the technical conditions of  
ZPW-2000A track circuit[14]. 
 
 
5. Conclusions 

 
The proposed method in this paper is based on 

FMEDA and FTA, to analyze the reliability and 
security of ZPW-2000A track circuit system. The 
system was analyzed and defined, reliability block 
diagram of system was established, each subsystem 
is analyzed one by one, and the FMEDA table was 
completed. On this basis, the system fault tree was 
built, the minimal cut sets of the fault tree were got, 
and the qualitative and quantitative analyses of the 
fault tree were conducted. The weak links of the 
system were located by qualitative analysis, the fail 
probability of roof events, important degree of each 
minimal cut sets and the indicators of reliability and 
security were gained through the quantitative 
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analysis, the validity of the proposed method was 
verified by comparison with the relevant technical 
requirements. 
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hardware in the loop platform to verify these design, the results show it can meet with the network nodes of 
electric vehicle motor drive system control’s requirements. Copyright © 2013 IFSA. 
 
Keyword: Network management, FlexRay, Four-wheel drive control system. 
 
 
 
1. Introduction 
  

Recently, with the development of electronic 
technology, the electronic control unit (ECU) has 
been applied to vehicle distributed control system 
widely, and it becomes more and more complex, the 
information that exchanged between the ECUs has 
become huge. The vehicle networks (such as CAN, 
LIN, MOST) have been applied to vehicle electronic 
control system widely. Nowadays, the networks that 
mentioned above cannot satisfy the demand of the 
complex vehicle electronic control system.  

Therefore, many universities and research 
institutions have studied new vehicle network and 
control strategies, such as the TTCAN  enhances the 
periodic signal processing capability [1], the Time-
Triggered Protocol (TTP) [2], the wireless sensor 
networks instead of  the other network [3, 4], which 

cannot resolve all the automotive network 
management  problems. 

Finally, the FlexRay network  protocol that 
formulated by FlexRay Union established by many 
automobile companies is recognized by the 
automotive industry, and then become the next 
generation main control network of vehicles, to meet 
the requirements of vehicle control. 

FlexRay standard [5] defines the basic protocol, 
such as frame structure, the frame synchronization 
and other requirements, including the FlexRay static 
state feature [6] and dynamic feature [7] in the 
transmit processing. But there are few papers about 
the nodes’ network management (NM) in the 
FlexRay network. Only few suggestions we can get 
from several papers about the OSEK/VDX NM 
protocol [8], implemented on dynamic segment of the 
FlexRay communication cycle. 
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FlexRay communication protocol is triggered 
based on time, a communication cycle period 
includes static section, dynamic section, symbol 
window, network idle time. Its static segment uses 
TDMA (Time Division Multiple Access) access 
method, every node in the network occupies specified 
static slot to transmit the message, to guarantee each 
node send message in static segment which has a 
certain time. The dynamic segment takes the 
FTDMA (Flexible Time Division Multiple Access) 
method to visit, non-periodicity signal is sent in 
dynamic segment. While the node inquires to send 
message, it occupies one or more mini slot to send 
dynamic message. 

The OSEK/VDX NM standard is a widely vehicle 
network management protocol[9], it suits for event 
trigger network, the NM statement transform is based 
on the timer in the node, the NM messages are sent 
with uncertainty, it mainly applies to the CAN 
(Controller Area Network) , doesn’t suit for the 
FlexRay network which is based on the time trigger. 
In the FlexRay communication network, the network 
communication cycle, static frame, dynamic frame 
are associated with NM messages and NM states, 
these are not well achieved on the OSEK/VDX NM. 

AUTOSAR (Automobile Open System 
Architecture) alliance published AUTOSAR FlexRay 
NM in 2008. AUTOSAR FlexRay NM [10] fully is 
considered the characteristics of the FlexRay 
network, and it can reach the demand of high speed 
and deterministic communication needs.  

This paper’s research focuses on the FlexRay 
communication NM, which is mainly based on the 
AUTOSAR NM protocol. 
 
 
2. FlexRay Network Management 

Principle 
 

AUTOSAR FlexRay NM is implemented by the 
periodicity NM message, network state transform is 
based on the node’s inquire network state and 
periodicity NMPDU (Network Management Protocol 
Data Unit), NM cycle synchronies the FlexRay 
communication cycle periodicity. 

According to the AUTOSAR FlexRay network 
manage state transfer, the FlexRay communication 
network and FlexRay NM state transfer, show  
in Fig. 1. 
 
 
2.1 NM Algorithm 
 

AUTOSAR NM takes the distributed directly NM 
mechanism [11], each node can receive and send 
message by independent NM, the network state 
transfer is based on the node require network state 
and periodicity NMPDU is received. A node that 
receives a broadcast NMPDU indicates that the node 
which sends massage is intention to keep network 
wakeup state. If one node prepares to enter the bus 

sleep state, then it stop to send NMPDU, but if it 
receives NMPDU from others, it can postpone 
network sleep state transfer. If the node can not 
receive the NMPDU, the preset time (FlexRay 
communication period counter) would be 
overflowed, therefore the node can enter the bus 
sleep state. If the node needs to communicate with 
others, it should send NMPDU to wake up network 
from the sleep state to normal state. 
 
 

PowerOn

Bus-Sleep Mode

Synchronize

Network Mode

Repaet Message State

Repeat Message

Normal Operation State Ready Sleep State

PowerOff

[Passive Mode]

/FrNm_RepeatMessageRequest()
RepeatMessage=True

[FrNm_ReadySleepCnt<1]
[Active Mode]
/FrNm_RepeatMessage=True

/FrNm_NetworkStartInd()
FrNm_PduRxInd()

[Network Released][Network Request]

/FrNm_RepeatMessageRequest()
RepeatMessage=True

/FrNm_PassiveStartUp()
FrNm_NetworkRequest()

/FrNm_NetworkRequest()

/FrNm_NetworkRelease()

 
 

Fig. 1. State transfer and condition. 
 
 
2.2. NM State and Transition 
 

AUTOSAR NM protocol has defined three 
modes: Bus-Sleep, Synchronize and Network mode, 
the NM is implemented by transferring among the 
three modes. The network mode has three sub-state: 
Repeat Message, Normal Operation, Ready Sleep. 

FlexRayNM algorithm does not depend on the 
timer which in the controller, it depends on the 
network cycle period. For the FlexRay network use 
the period communication, the FlexRay node’s NM 
must be implemented in the interval 
FrNMMainfunction which in the communication 
cycle period. The start time of FrNMMainfuntion is 
that when all nodes’ MN-Vote message becomes 
valid, in other words, all the nodes in the network 
have sent a MN-Vote message. The end time of 
FrNMMainfuntion is that the moment of the next 
FlexRay Cycle when the node needs to send the NM 
message. 
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2.3. The Node Online Monitor 
 

When some node needs to monitor other node 
which is online or not (generally the node can 
generate a RepeatMessage requirement), this node’s 
network state will transfer to Ready-Sleep mode, and 
then send the RptMsgRequest. If the receive node 
NM state is Normal Operation or Ready-Sleep, when 
it received RptMsgRequest this node NM state will 
transfer to RepeatMessage mode and send NM 
message periodically. Sending the “periodical NM 
message (RptMsgRequest)“ by read the NM-Data 
from other node in the network to judge which node 
is online. 

Some nodes monitor other node which is online 
in the network, the algorithm show in Fig. 2. 
 
 

 
 

Fig. 2.The algorithm that the node online monitor 
 
 

2.4 Node Synergy Sleep 
 

The node transfers the state from the Ready-Sleep 
to Sleep mode, it can initialize Sleep counter 
FrNmReadySleepCnt, meanwhile the counter will 
decrease progressively with the FlexRay 
communication cycles. When it detected other node 
send the NM-Vote message in order to keep network 
waking up, the value of FrNmReadySleepCnt will be 
re-initialized. When the NM period is end, if 
FrNmReadySleepCnt<1, then NM mode will transfer 
to Bus-Sleep mode. If FrNmReadySleepCnt is not 
overflowed all along, the node is continuing to send 
NM message, NM state will transfer to Normal 
Operation state. 

The time that the node is entering the Sleep state 
can be calculated by the formula 1: 

 
T=FrNmReadySleepCnt *Repetition Cycle *
*Vote Cycle*FlexRay Cycle

 (1) 

For instance: 
FrNmReadySleepCnt = 3 
Repetition Cycle=4vote Cycle 
Vote Cycle=1FlexRayCycle 
FlexRayCycle=5 msec 
Then it can be calculated that the time is  
3*4*1*5 msec=60 msec 
 
 
3 .FlexRay Communications Network 
Management Design 
 

Four-wheel independently drive as a high 
transmission efficiency way has begun to apply in the 
electric vehicle, There is five nodes in this FlexRay 
network, which includes the vehicle control unit, 
Front Left motor control unit, Front right motor 
controller unit, Rear Left motor controller unit, Rear 
right motor control unit. The VCU (vehicle control 
unit) is the network hub. The network topology 
shows by Fig. 3. 

 
 

 
 

Fig. 3. Network topology. 
 
 

According to the FlexRay communication 
network requirements, the network system mainly 
design includes: network topology, clustering 
protocol parameters and communications matrix 
design. 

 
 

3.1. Network Management Data Format 
Definition of FlexRay 

 
The node  can transmit the NM-Vote message and 

NM-Data message individually in the NM mode , it 
can also transmit the NMPDU message which 
combined complete with NM-Vote and NM-Data, 
which  provides a great convenience for the network 
management data schedule, the NMPDU format 
shows by Table 1. 
 
 
3.2. Network Management Message  

and Network Schedule Design 
 
The network data unit is generally sent in the 

message through static frame or dynamic frame. The 
form of NMPDU mapped into the message shows by 
Table 2. 
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Table 1. NMPDU format. 
 

 
 
 

Table 2. Message mapping. 
 

 
 
 
The FlexRay network management achieves by 

the periodic network management messages , so it is 
necessary to design a schedule list for periodical 
communication. 

According to the FlexRay communication 
protocol, each first slot of dynamic segment can also 
ensure that messages should be sent periodically in 
the FlexRay communication cycle. If it is multiple 
nodes that need to send messages periodically in the 
first slot of the dynamic segment, we need to set the 
same dynamic frame ID, but the communication 
cycle count must be different. Base on this way, the 
FlexRay network management messages will be sent 
in the dynamic segment, the other application 
messages in four independent driver control system 
are sent in the static segment to ensure that these 
transmit deterministically. The other large amount of 
application messages is not described in this paper. 
Communication schedule shows in Table 3. 
Application messages are sent in static slots 1-50, the 
network management messages sent on the first slot 
(51) of dynamic segment. The communication cycle 
of the five network management message is 0-4. 
 
 

Table 3. Communication schedule. 
 

Message type Message 
name 

Message 
ID cycle 

Application 
Message  1-50 0-63 

VCU_NMdyn 51 0 
FL_NMdyn 51 1 
FR_NMdyn 51 2 
RL_NMdyn 51 3 

Network 
ManagementMes

sage 
RR_NMdyn 51 4 

4. Design of Simulation System 
 

According to the design of the previous section 
FlexRay communication network and network 
management, Network database is established by the 
FlexRay Network design tool designed by Vector 
company. The database is imported into the 
CANoe.FlexRay, network parameters of the network, 
node, message, signal, etc is identified by the tool, 
then the network can work in the simulation state. 

 
 

4.1. Design of Test Panel 
 

The test panel is human-computer interaction 
interface, it can simulate external IO of a node, 
display the node status information. The test Panel is 
shown in Fig. 5. The left three lights indicate the 
current state of network management of a node, the 
switch is used to simulate the network request of a 
node. If a lost node of network was found by other 
nodes, the flashing red light will indicate that one 
node is lost. 

 
 

 
 

Fig. 5. Test panel. 
 
 

4.2. Design of Network Management 
Function 

 
The network management messages are sent and 

received by running function program. The functions 
are shown in Table 4. 

 
 

Table 4. Design of API function. 
 

Categories Functions 

Network 
management 
and control 

long FrNm_NetworkRequest()； 
long FrNm_ NetworkRelease(); 
long FrNm_PassiveStartUp(); 

long FrNm_RepeatMessageRequest(); 

Network 
management 

state 

long FrNm_GetState(); 
LongFrNm_GetPduData(BYTEpduOut

[], DWORD bufferLen); 
FrNm_GetNodeIdentifier(); 

Network 
packet 

receive and 
transmit 

void FrNm_PduRxInd(DWORD slotId, 
DWORD identifier, long 

bRepeatMessageBit, BYTE data[]) 
Void FrNm_PreSendInd(WORD 

dlcInOut[], BYTE data[]) 
 



Sensors & Transducers, Vol. 25, Special Issue, December 2013, pp. 169-174 

 173

4.3. Sending of Network Management 
Message 

 
All nodes in the network should send network 

management messages to keep the network awake in 
network mode. It can be traced the network 
management messages each node sends in the Trace 
window of CANoe. FlexRay as shown in Fig. 6. The 
ID of network Management massages are 51, but the 
cycle of them are different. 
 
 

Time

 
 

Fig. 6. Network management message. 
 
 
4.4. Bus Sleep 

 
When all the nodes in the network don't need the 

communication, all nodes are in sleep state. 
According to the protocol, the follow tests are done: 

1) Some nodes need the network communication, 
and some nodes don’t need the network 
communication. As shown in Fig. 7, network Request 
button of Node RR, FR, FL is pressed to indicate that 
the node need network communication, network 
Request button of Node FL is not pressed to indicated 
that the node doesn’t need network communication. 
Network management state of every node is in 
network mode, none of them is in Bus-Sleep Mode. 
 
 

 
 

Fig. 7. A node request bus sleep. 
 
 

2) All nodes in the network don’t need network 
the communication. As shown in Fig. 8, all nodes in 
the network don’t need the communication, the 
network management of all nodes are in Bus-Sleep 
Mode (Fig. 9) . 

The network management messages of all nodes 
as shown in CANoe.FlexRay Trace window indicate 

that all nodes have stopped sending network 
management messages. 
 
 

 
 

Fig. 8. All nodes turn off network communication. 
 
 

 
 

Fig. 9. Network management message in sleep progress. 
 
 
4.5. Wake Up the Network 

 
If any node in the NM-cluster requires network 

communication, then it can wake-up the node from 
the Bus-Sleep Mode by transmitting Network 
Management-Vote messages (Fig.10). Other node 
which received the wake-up message, the node was 
awaked. VCU node sent network management 
message in 106.883278 s to indicate network 
communication, other node was waked up after 
receiving the network management vote. And it 
started to send network management message, the 
state of network management changed into network 
mode. 

 
 

 
 

Fig. 10 .Trace window of wake up. 
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5. Simulation Results 
 
Nodes' online monitoring is an important function 

of network management, requiring the other nodes to 
discover the dropping node on the network. 

Showing in Fig. 11, to shield of the FR node and 
then running  network on simulation condition. Now 
pressing the RR node's RepeatMessage button, to 
monitor whether there are nodes on the network have 
dropped. You can see that there are nodes dropped 
and the indicator turns red and starts flashing, 
indicating that the node found one node have 
dropped. 

 
 

 
Fig. 11. Node Online detected. 

 
 

We can see from the trace window, there are only 
four NM messages, the FR node which is shielded 
doesn’t send the NM Message (Fig. 12). 
 
 

 
 

Fig. 12. Trace window of online monitor. 
 
 
6. Conclusions 

 
This paper has analyzed FlexRay communication 

protocol and the AUTOSAR FlexRay Network 
Management Principle, designed the network 
management database parameters for the four wheels 
independent driver control system, simulated the 
system by the CANoe. FlexRay software tools, the 
simulation results show that can be achieved  
network management functions. This network 

management has applied in the electric vehicle motor 
drive system by hardware in the loop system, which 
has also achieved good results. 
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Abstract: Due to the removal of the mechanical connection between steering wheel and vehicle wheel, it has 
become a key issue that how to generate road feel and ensure the safety of wire steering in Steering-By-Wire 
System. In view of the lack of the road feel and hard to guarantee the security in the process of steer by wire, a 
new Steering-By-Wire System based on hydraulic is developed to achieve road feel and return-to-center by 
analyzing the status quo in the use of the technical conflict of TRIZ. This system solves the problem of how to 
achieve road feel and steering when ECU fails in the process of steer by wire. Copyright © 2013 IFSA. 
 
Keywords: TRIZ theory, steer-by-wire system, return-to-center based on hydraulic, Road feel, Steering safety. 
 
 
 
1. Introduction 
 

The basic properties of the automobile steering 
system is to ensure the ideal maneuvering stability 
when turn the steering wheel under any conditions. 
With the continuous development of automobile 
electronic technology, automobile steering system 
has experienced the following stages: mechanical 
steering system, hydraulic power steering system, 
electronically controlled hydraulic power steering 
system, electric power steering system, Steering-By-
Wire System. Steering-By-Wire System (Referred to 
as the SBW) has first cancelled the mechanical 
connections between steering wheel to the vehicle 
wheel. As a result, the vehicle steering characteristics 
can free design, takes up less space, reduce the 
complexity of the components effectively, reduced 
fuel consumption and manufacturing cost [1]. SBW 

system has been recognized as the future 
development trend of the automobile steering system. 

Although steering by wire system has great 
development prospects, it is only used for some 
concept car without large scale of production and 
installation [2]. The major factors that hinder the 
development of it are the lack of road feel and 
insurance of security. It is difficult for drivers to feel 
the real driving condition and road feel without 
mechanical connections between steering wheel and 
vehicle wheel. However the mechanical system has a 
natural advantage in the road feel [3]. In the aspect of 
safety, once the Electronic Control Unit (Referred to 
as ECU) has some problem, the steering by wire 
system will be completely failed. It is not like electric 
power steering system, electric hydraulic power 
steering system and hydraulic power steering system, 
which can be controlled by human when the motor or 
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hydraulic system goes wrong [4]. In order to 
expanding the application of Steering-By-Wire 
System, we must solve the two difficult problems — 
road feel and Steering safety. 
 
2. Overview of TRIZ Theory 

 
TRIZ, an acronym for the Theory of Inventive 

Problem Solving, began in 1946 when Altshuller, a 
mechanical engineer, began to study 2.5 million high-
level patents in the Russian Navy [5]. The core of the 
invention problem solving theory is the technology 
evolution theory. According to this theory, 
technology system has been in evolution and the 
driving force of evolution is the solution of the 
contradictions. When the general contradictions in 
the technology systems are solved, the speed of 
evolution slows down. The exclusive means to 
produce mutant is solving the deeper contradictions. 

TRIZ has a large amount of systematic, scientific 
and creative thinking method and the analysis method 
of the invention problem. After more than half a 
century of development, TRIZ has become a theory 
to solve the actual problem of new product 
development, which consists of nine classic theory 
system[6]: The Eight Technology System Evolution 
Laws; The ideal Final Result(IFR); The 40 Inventive 
Principle; The 39 Engineering Parameters and The 
Contradiction Matrix; Physical Contradiction And 
Four Separation Principle; The Substance-Field 
Analysis Models; The Standard Solution Of The 
Invention Problem; Algorithm for Inventive-Problem; 
The Solving Scientific Effect And Phenomenon 
Knowledge Base. 

TRIZ focus on contradictions or trade-offs, 
without which a design cannot be called an 
innovation. Detecting contradictions and solving it is 
the impetus to develop a product in the idealized 
direction [7]. After having identified abundant 
contradictions, Altshuller went on to classify them 
into 39 parameters (now increased to 48), with which 
the vast majority of contradictions can be described. 

Over a period of time Altshuller identified a 
further level of abstraction from the technical 
contradictions. He found that, in many cases, the 
technical contradiction could be presented as two 
extremes of one feature, which he called a physical 
contradiction. And when an engineering parameter 
need to be improved, the other engineering 
parameters may be worsen, which he called a 
technical contradiction. In order to guide the solution 
of contradiction and the innovation design of product, 
Altshuller proposed 40 common principles on the 
level of abstraction, and establish corresponding 
relationship between the 39 engineering parameters 
and the 40 common inventive principles, which is 
called the Technical Contradiction Matrix [8]. (As 
shown in Table 1). The solver can look for the 
inventive principles to solve the problem in the 
Technical Contradiction Matrix on the basis of the 
two contradiction parameters in the system, and solve 
the problem with the elect inventive principles. 

Table 1. The conflict matrix (part). 
 

Worsening feature General 
engineering 
parameters 1 ... 38 39 

1 … … 26,35 
18,19 … 

2 ... … … … 

... ... … … … 

38 28,26 
18,35 … … … im

pr
ov

in
g 

fe
at

ur
e 

39 … … … … 

 
 
3. The Theory of TRIZ Conflict Problem 

Solving Processes and Methods 
 

In TRIZ, the resolution process to solve the 
contradiction problem is: First, analyze the problem, 
and transform the engineering problem into standard 
problem of TRIZ. Then, confirm the technical 
contradiction or physical contradiction according to 
the engineering parameters. The physical 
contradiction can be solved by the separation 
principle and the technical contradiction can be 
solved by the Technical Contradiction Matrix and the 
40 common inventive principles (as shown in Fig. 1). 

 
 

analyze 
problem

Define 
problem

Separation 
principle

Contradicti
on matrix

The invention 
principle

The ideal 
solution

Technical
conflict

Physical
conflict

Conflict 
types

 
 

Fig. 1. The theory of TRIZ conflict problem  
solving processes. 

 
 

The solving process is mainly the following 
several steps. 

 
 

3.1. Analyze the Existing System 
 

Problem analysis is one of the tools of TRIZ 
theory, which is an important step to solve the 
problems [9]. In the process of product design, when 
change some parts or subsystems in a design in order 
to improve the product performance, the properties of 
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some other components or subsystems are often 
affected, which leads to the whole system cannot 
achieve the desired results. In this case an in-depth 
analysis of a problem is necessary to find out what is 
the advantage and what is the disadvantage compared 
with the previous design. 

 
 

3.2. Identify the Innovation Problem  
with the 39 Engineering Parameters 

 
Identify the innovation problem is the process to 

transform the practical problem into standard TRIZ 
problem. In this process, general problem should be 
described with the 39 engineering parameters. In 
other words, identify the advantage as the improving 
parameter and the disadvantage as the worsening 
engineering parameter. And confirm that the problem 
is the technical contradiction or physical 
contradiction according to the specific engineering 
parameters. 

 
 

3.3. Solve the Problem 
 

According to the type of problem, if the problem 
is a physical contradiction, the separation principle 
can be used. If the problem is a technical 
contradiction, look up the worsening engineering 
parameter and the improving parameter in the 
Technical Contradiction Matrix to find out the 
corresponding inventive principle, which can inspire 
the designer to solve the contradiction problem and 
accomplish the innovation design. 

 
 

4. Innovative Design of Automotive 
Steer-by-wire System Based on TRIZ 
Theory 
 

4.1. Analyze the Problem 
 

The current automotive steer by wire system's 
basic structure as shown in Fig. 2, It’s working 
process is: When the steering wheel rotates, the 
torque sensor and the steering angle sensor are 
measuring the torque and the driver's steering wheel 
angle, then convert the data into electrical signals and 
input them to the ECU, according to the speed sensor 
and displacement sensor which is installed on the 
steering actuator the ECU can realize the control of 
the steering electromotor and the Steering motor 
output the required torque to drive the vehicle wheel 
steering, to realize the driver's intention to  
steering [10].  

At the same time, The ECU through receiving the 
signal from wheel angle and wheel rotation sensor to 
Control the return-to-center motor which is under the 
steering wheel and let the motor produced the torque 
which is opposite the driver's steering operation, so 
as to realize the steering wheel return-to-center and 
simulate the corresponding road feel. 

 
 

Fig. 2. The basic structure of automobile steering  
by wire system. 

 
 

From the steering by wire system’s structure and 
working process we can see that, Compared with the 
traditional mechanical steering system, the steering 
by wire system has reduced the number of the 
complex mechanical structure and the working 
process is more simple, it can provide more free 
space for the car's body design, and is advantageous 
for the interior structure of the layout. 

Although the introduction of steer by wire system 
has brought many advantages, it has caused two 
problems: 

Firstly, the driver’s road feel reduced: due to the 
steering by wire system abandoned the mechanical 
connections between steering wheel and vehicle 
wheel, the driver's road feel be fully generated by 
simulating. Although there have developed many 
complex algorithm about how to simulation the road 
feel, the road feel of the steer by wire system is still 
not as good as the mechanical steering system. 

Secondly, the automobile safety reduced: due to 
the steering by wire system abandoned the 
mechanical connections between steering wheel and 
vehicle wheel, the whole process should be to rely on 
the electronic components, Once in the steering 
process of electronic component failure, the car 
cannot complete steering action,, it will be in a state 
of completely out of control [11]. 

Through the analysis of the automobile steering 
process we can found, there is no problem for the 
driver to achieve the process of steering through the 
steering wheel, but for the feedback from the wheel 
to steering wheel there are some problems. So we 
focused on the innovative design of the feedback 
loop. 

 
 
4.2. Define the Problem 
 

According to the analysis of the above problem, 
transform the engineering problem into TRIZ 
standard questions, and find out the corresponding 
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engineering parameters. Due to the introduction of 
steer-by-wire system, the steering system can provide 
more freedom for the body, and the essence reason is 
that it reduced some complex mechanical structures, 
so the engineering parameter “The complexity of the 
device” has been improved. While the problems 
caused by the steer-by-wire system are the reduction 
of road feel and security. For the road feel, it can be 
described as an adaptive ability that a driver can 
perceive different road conditions and various 
situations of the car through the steering wheel. Here 
we use the engineering parameter “adaptability” to 
describe it is more fit. For Safety, It is clear that we 
can use the engineering parameter “safety” to 
describe it. To sum up, in the process of using steer-
by-wire system to replace the traditional mechanical 
steering system, the improved engineering parameter 
is the “complexity of the device”, and the worsening 
engineering parameter is “adaptive” and “safety”. 
This is a rare situation of TRIZ technology conflict 
about one improvement of engineering parameter 
leading to the two different worsening engineering 
parameters. 

 
 

4.3. Solve the Problem 
 

By looking Conflict matrix up we can find the 
inventive principles recommended by TRIZ as shown 
in Table 2. 
 
 

Table 2. Conflict matrix (part). 
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Due to the improvement of the same engineering 
parameter of the problem has lead to the deterioration 
of two engineering parameters, in order to solve these 
two problems simultaneously, the ideal solution 
should see the problem as two pairs of conflicts, and 
use the inventive principles which is jointly 
recommended by the two pairs of conflicts to solve 
the problem, only in this way can we solve the two 
deteriorated parameters simultaneously. From the 
tab.2 we can see, the conflict matrix table 
recommended inventive principles are 29, 28, 1, 24, 
15, 25, 37 and 28, 5, 24, 10, 19, 13. The Both 
recommended inventive principles are 28 and 24. 

The 28th article invention principle: Alternative 
mechanical systems. 

The 24th article invention principle: With the help 
of intermediary. 

Through the above two principles we can easily 
think out that to resolve this problem we may use 
some kind of intermediary instead of mechanical 
system (The motor for return-to-center). Then 
combining the conflict matrix recommended another 
preferred inventive principle: The 29th article 
invention principle “Pneumatic and hydraulic 
structure”. Naturally we think of the medium to solve 
the problem required should be pneumatic or 
hydraulic structure. 

Through the analysis of vehicle active steering 
and steering wheel return-to-center, determine the 
final solution: by using the hydraulic structure of the 
intermediate to instead mechanical system. The 
hydraulic transmission can feedback road information 
and aligning torque to the steering wheel, so we can 
achieve the functions of road feel and return-to-center 
via using hydraulic transmission. Meanwhile it also 
improve the security of the system, the hydraulic 
transmission device can play a role in assisted 
steering when the ECU fails. So, both of the two 
problems have been solved. 

 
 

5. Principle of Automotive By-wire 
Steering System Which Achieve Road 
Feel and Return-to-center Based  
on Hydraulic Equations 
 
According to the solutions resulted by the 

previous theoretical analysis of the TRIZ, we can get 
the following schematic diagram (as shown in  
Fig. 3), it’s the schematic diagram of automotive by-
wire steering system which achieve road feel and 
return-to-center based on hydraulic. 

The main work processes and functions of the 
system are as follows: 
1) Process of steering: When the steering wheel is 
rotating, the torque sensor and the steering angle 
sensor are measuring the torque and the driver's 
steering wheel angle, then convert the data into 
electrical signals and input them to the ECU, the 
ECU keep on controlling the steering motor 
companioned with the signals from vehicle speed 
sensor and displacement sensor mounted on the 
steering linkage, then steering motor will output 
torque required for steering and drive wheel turning, 
thus achieving a driver's steering intent. In addition, 
this system designs the hardware and software of the 
controller fault-tolerant system in a redundant fault-
tolerant ideology (as is shown in Fig. 4). While one 
set of the software (or steering motor) malfunctions, 
another set of software immediately enter the 
working state to ensure the security of the steering 
system. 

2) Achieve road feel and return-to-center: In this 
wire steering system, the functions called road feel 
and return-to-center are formed as follows. Road 
force go through the front wheels steering force 
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sensing cylinder, via the servo valve, passed to road 
feel cylinder and return-to-center cylinder, at last it is 
transmitted to the hands of the driver. 

3) Regulation: There is a servo valve installed in 
the hydraulic pipeline and it has two roles. The first is 
to adjust the servo valve and the intensity of road feel 
and return-to-center according to the motion state of 
the vehicle, so that it can provide the road feel full of 
comfortable and can truly reflect the characteristics 
of the tire and road adhesion. This allows the real-
time adjustment of the intensity of road feel and 
return-to-center through the state of motion of the 
vehicle. The second is providing the flow rate keep 
pace with changes of wire steering system gear ratio. 

4) Assisted steering while out of control: The 
hydraulic transmission device can play a role in 
assisted steering under the case of controller and 
sensor link failures because of the steering wheel and 
the steering rod are directly connected, this improve 
the security of the system. 
 
 

 
 

Fig. 4. Model of automotive by-wire steering system  
which achieves road feel and return-to-center  

based on hydraulic equations. 
 
 

6. Conclusions 
 

As the current SBW system exist’s two big 
problems that have low road feel and security, this 
article uses the theory of TRIZ, for the situation of 
several engineering parameters simultaneously  
worsening, find the contradiction matrix 
corresponding inventive principles, Select the 
worsening parameters jointly recommended by the 
invention principle. Creatively put forward an 

automotive by-wire steering system which can 
achieve road feel and return-to-center based on 
hydraulic pressure. The system have not only solved 
the problem of how to achieve road feel and the 
return-to-center of the steering wheel, but also can 
Play an auxiliary steering role when the electric 
control system out of control, improve the security of 
the automobile wire control steering system. 
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Abstract: Timely detection and high positioning accurate of leakage signals are the guarantee to the safe 
transport of heating pipeline, which can reduce economic losses and improve heating quality. In order to detect 
leaks timely and accurately, this paper presents a method that multi-scale correlation algorithm of wavelet to 
analyze the singular values by monitoring infrasonic signal. Combining the improved high-frequency coefficient 
domain algorithm of wavelet with multi-scale cross-correlation algorithm, the method deals with signals by 
cross-correlation analysis layer by layer based on the multi-scale of wavelet. By weighting in the frequency 
domain and whitening the signals, the signal to noise ratio can be improved and singular values may be detected 
accurately. Experimental results show that the algorithm has a better effect of positioning and improve the 
positioning accuracy of leak detection of pipeline. Copyright © 2013 IFSA. 
 
Keywords: Wavelet decomposition, Multi-scale cross-correlation, Infrasound signal, Pipeline leak, Positioning 
accuracy.  
 
 
 
1. Introduction 
 

Due to the development of the network 
distribution of heating pipe and the increasing of 
environmental corrosion factors inside and outside of 
the pipe, leakage accident occurred frequently and 
result from which we may suffer economic losses and 
environmental damage and also a low quality of life. 
So accurate positioning and dealing with fault in time 
are the guarantee to heating safely. The methods of 
leak detection can be divided into detection inside of 
pipe [1] and detection outside of the pipe [2]. Using 
ultrasonic, magnetic flux, video and other 
technologies by placing the detection equipment into 
the pipe, the detection inside of pipe can only detect 
intermittently, because of which it is easy to happen 
that congestion and outage and the cost is high. With 

the rapid development of information and modern 
control theory, outside of the pipe detection has 
become a hot research. Usually, the method includes 
balance method [3], real-time model method [4] and 
transient flow detection method [5], etc. Generally, 
most of indirect detection methods often detect when 
the leak has happened, so we can not find leaks 
promptly and accurately, that is to say, only when a 
large leak occurs, can we found it. Among most 
methods of detecting leaks in pipeline, infrasound 
sensors and optical sensors may be the trend in the 
future. Because the signals received from them have 
a high accuracy and a strong anti-interference ability. 
Combined with intelligent detection algorithm, they 
can achieve detection and location of pipeline leak. 

Called as Mathematical microscope, wavelet 
analysis becomes a good tool of time-frequency 
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analysis [6], which can filter noise, detect singular 
value and extract feature. By identifying mutations of 
leakage signal and filtering signal, detection accuracy 
of pipeline can be improved. Multi-scale transform of 
wavelet [7] can highlight local maximum of wavelet 
coefficients and help to extract singularity 
characteristic of the leak signal in pipe. The principle 
of cross-correlation analysis [8] is analyzing the 
infrasound signals that received from sensors on the 
both ends of pipe. When the values of cross-
correlation function have significantly changed, there 
is a leak occurs. According to the position formula, 
we can know the leak point. The method does not 
need to establish pipeline mathematical model and 
easy to calculate. In this paper, we detect leakage 
signal of heating pipeline by multi-scale correlation 
algorithm of wavelet. 

 
 

2. Wavelet Reconstruction Algorithm 
Based on Improved High Frequency 
Coefficients of Wavelet 
 

2.1. Wavelet Decomposition Algorithm 
 
Wavelet decomposition [9] of infrasonic signal is 

carried out based on some certain conditions, and the 
condition need to contain the information of signal 
[10]. Generally, assuming that decomposition can be 
achieved when the signal meet the condition that f is 
similar to jf  and jf is contained in jV , where jV  is 
determined by the sampling frequency and multi-
scale characteristics. And integral can be done to the 
function space used in this method ( ( )RL1 ) in the 
range of real numbers. Therefore, when the function 
meets the condition that f(t) is contained in ( )RL2 , 
we can get that: 
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So, any function jf in jV can be shown with 

multi-scale resolution as follows: 
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where 
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k

l
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 ( ) ( ) 1,,,, −=∈=∑ jMlWtdtd lkl

k

l
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and ( )tfM  is the low-frequency portion which 

comes from decomposition of jf , )(d tl  is the high-
frequency components in the multi-scale resolution 
and l is the data from M to 1−j . Low-frequency 
signal can be seen as the whole signal and high-
frequency signal represents the specific details of 
signal. 

 
 

2.2. The Wavelet Reconstruction Algorithm 
that Improves Wavelet Coefficients 

 
Using wavelet transform, a set of high-frequency 

coefficients (that is{ }MMjj dddd ,,,, 121 +−− ) can 
be obtained [11]. Because the difference between 
neighboring wavelet coefficients is small, it has been 
verified that the detection effect of singular value is 
not ideal. So we present an improved method in this 
paper. In the method, exponentiation that based on e  
can be operated to wavelet coefficients one by one 
[12]. And then a new set of frequency coefficients 
can be obtained, which is shown as the formula (6): 

 
 

},,...,,{

}d,d,...,d,d{
121

~
'
M

~
'

1M

~
'

2-j

~
'

1-j

MMjj dddd eeee +−−=

+ , (6) 

 
Then, original signal can be restored by wavelet 

reconstruction algorithm, shown as formula (7): 
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After analyzing, db6 wavelet is chosen to be the 

optimal wavelet to analyze the signal in multi-scale. 
Shown as Fig. 1 that a6 stand for low frequency 
coefficients and d1 to d6 are high-frequency 
coefficients and all of which are obtained by wavelet 
decomposition. According to high-frequency 
coefficients of wavelet decomposition, simulation 
result of multi-scale analysis to the signal is shown  
in Fig. 2. 

Db6 wavelet is chosen to make multi-scale 
analysis of signals. In general, the more 
decomposition level, the more conducive to separate 
signal from noise. But for reconstruction, more 
decomposition level can bring bigger reconstruction 
error and greater distortion. In this paper, db6 
wavelet is chosen to make six layers wavelet 



Sensors & Transducers, Vol. 25, Special Issue, December 2013, pp. 180-188 

 182

decomposition to original signal. The signal that from 
the first layer to the sixth layer is detail signal and 
also high-frequency sequence, and the sixth layer 
approximation signal is low-frequency sequence. 
Seen from Fig. 1, when the signal is not analyzed by 
wavelet coefficient domain transform, the singular 
value of infrasound signal at different scales is not 
obvious. Thus, we can not determine the time domain 
position that corresponding to mutations. Shown as 
Fig. 2, dealing with signal by wavelet coefficient 
domain transform, high-frequency coefficients in the 
d1 layer have an obvious peak, and sampling points 
that corresponded is the 112th point. And then we 
can not determine whether the leaks occur. By using 
the improved method, the range of peak is more 
focused and the positioning of the point of mutations 
is more precisely. According to sampling frequency, 
time domain position can be calculated. 

 
 

 
 

Fig. 1. Result of wavelet analysis. 
 

 
 

Fig. 2. The analysis in high-frequency coefficient domain 
with wavelet decomposition. 

3. Wavelet Multi-scale Cross-correlation 
Analysis Algorithm 

 
Usually, it is difficult to detect the true position 

and the type of singular values in single scale [13]. 
Only when there are extreme points in all multi-scale, 
the location of mutations can be determined 
accurately. So the method that cross-correlation 
analysis based on multi-scale is proposed to detect 
singular value, and by which we can reduce errors 
and improve accuracy of leakage detection. 

 
 

3.1. Multi-Scale Decomposition System 
 

Assuming that the state equations and 
measurement equations in i  scale are obtained, and 
system model [14] of pipeline is shown as follow: 
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Formula (8) is decomposed by wavelet transform 

with the scale from i  to 1-i , and the results are 
shown as follow: 
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where the results are obtained by decomposition in 
the scale i: 
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Formula (10) is decomposed by wavelet 

transform from scale i to 1-i , and the results are 
shown as follow: 
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where 
 

 ( ) ( )iCiC v
i
v =−1 , (18) 

 
 ( ) ( ) ( )lkiRlhkiR v
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3.2. Multi-scale Cross-correlation Analysis 
 

The step of Multi-scale cross-correlation analysis 
algorithm is as follows: 

A. In this paper, ( )tx1 and ( )tx2  are two group 
of data that collected in a certain time in the field. In 
order to describe the dynamic system of multi-scale 
decomposition algorithm, assuming that state 
equation and measurement equation analysis can be 
done in the i scale. Due to the influence of sampling 
frequency, the collected data is seen as leakage signal 
in the finest scale, here the finest scale take 5  N = ; 

B. Doing wavelet decomposition in 5  i = , 
different dynamic equations can be obtained and we 
can get smoothed signal.  

C. The detail signal in the 5th scale is the 
difference between the signal to be detected and the 
smoothed signal. If the detail signal does not include 
leakage information, it is seen as Gaussian noise 
which can be filtered. If it does not meet distribution 
of Gaussian, then the leakage signal is contained and 
we should detect and locate on the scale, otherwise it 
will cause positioning errors. 

D. If the details of the signal can be filtered out, 
then the observed data should be continue to do 
wavelet decomposition until the result meet with the 
stop condition in the third step or 1i = . 

E. The detail signals that come from wavelet 
decomposition are used to do cross-correlation 
analysis to determine and locate the leak. 

F. The measured data is transferred to the host 
computer and the data will be filtered and correlation 
calculation will be done in single-scale and multi-
scale, MATLAB simulation results are shown  
in Fig. 3, Fig. 4 and Fig. 5. 

The infrasound signal shown in Fig. 3 is collected 
by sensors which are set on both ends of pipe at the 
scene. Simulation result of single-scale correlation 
analysis to the signals that have been filtered is 
shown in Fig. 4. The detail of the curves in the figure 
is not obvious and main peak of related is submerged 
in the background noise, because of which we can 
not see related main peak. So the effect of infrasound 
detection is not good. Simulation results of multi-
scale cross-correlation analysis is shown in Fig. 5, in 
which detail of this method is more prominent and 
there is a clear related peak and signal to noise ratio 
is improved. 

The results of compare of single-scale cross-
correlation analysis and multi-scale cross-correlation 
analysis are shown in Table 1 and the compare of 
wavelet decomposition algorithm and multi-scale 

cross-correlation analysis algorithm are shown in 
Table 2. The results show that the positioning error of 
multi-scale cross-correlation analysis is significantly 
lower than the single-scale cross-correlation analysis, 
and the detection precision of multi-scale cross-
correlation analysis is higher than single-scale cross-
correlation analysis, and the signal noise ratio (SNR) 
of multi-scale cross-correlation analysis is superior to 
the wavelet decomposition algorithm, and the mean 
square error is higher than wavelet decomposition 
algorithm. 

 
 

 
 

Fig. 3. Infrasound signal. 
 
 

 
 

Fig. 4. Single scale cross-correlation analysis. 
 
 

 
 

Fig. 5. Multi-scale cross-correlation analyses. 
 
 

Table 1. Results of compare of single scale with multi-
scale cross-correlation analysis. 

 
Positioning 

error of leak 
point (%) 

1 2 3 4 5 

Delay(s) 0.0223 0.119 0.0187 -0.0525 -0.1603 
Single-scale 

cross-
correlation 

analysis 

2.14 1.33 2.90 -3.63 -1.84 

Multi-scale 
cross-

correlation 
analysis 

0.56 0.29 0.19 -0.31 -0.92 
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Table 2. Comparing result of multi-scale wavelet 
decomposition algorithm and Multi-scale cross-correlation 

analysis algorithms. 
 

Performance 
index SNR MSE 

Multi-scale 
wavelet 

decomposition 
algorithm 

24.937 1.200 

Multi-scale 
cross-

correlation 
analysis 

25.553 1.251 

 
 
4. The Cross-correlation Time Delay 

Estimation 
 
4.1. Simulation and Analysis Method  

of Cross-correlation Time  
Delay Estimation 

 
When dealing with infrasonic signal with the 

method of time delay, assuming that the received 
signals from both ends are seen as  x(n),  and the 
number i  and number k  of signals are shown as 
follows: 

 
 ( ) ( ) ( )nwnsanx iiii +−= τ , (20) 

 
 ( ) ( ) ( )nwnsanx kkkk +−= τ , (21) 

 
where ( )ns  is the infrasound signal, ( )nwi and 

( )nwk are Gaussian white noise but no related with 

each other, ( )ns and ( )nw  are uncorrelated random 

signals, iτ and kτ are the propagation time of )(x ni  

and )(x nk , ia and ka are attenuation factor. 

The cross-correlation functions of ( )nxi and 

( )nxk  is ( )τikR : 
 

 ( ) ( ) ( )( )ττ −= nxnxER kiik , (22) 
 
Analyzing the correlation of signal, we can  

get that: 
 

 ( ) ( ) ( )( )
( )( )kiski

kikiik

Raa
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τττ
ττττ

−−=
−−−= , (23) 

 
The value of ( )τikR is maximum, when τ is 

equal to ki ττ − and τ  represents the time delay that 

is ikτ . 
 
 

4.2. Spectrum Density of Cross-correlation 
 

When spectral density of cross-correlation with 
different weighting window do multiply in the 
frequency domain, error estimation of cross-
correlation function can be obtained by IFFT, and by 
which we can reduce the effect of noise. 

Dealing with two signals by FFT, function of 
cross-correlation spectral density is shown as follow: 

 
 ( ) ( ) ( )fSefRfS mn

fDj
sxx += − π2

21 , (24) 
 

where ( )ts are the useful signal, ( )tn and ( )tm are 
the noise signal, and D is the time difference between 
leakage signals from sensor on both end of pipe. 

 
 ( ) ( ) ( ) 0=== fRfRfS mnnn , (25) 

 
Time difference of arrival is calculated by cross-

correlation function and the cross-spectral density 
function in frequency domain, we can further reduce 
the impact of noise to useful signal. Cross-spectral 
density is weighted and the value is that: 

 
 

yS
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= , (26) 

 
IFFT is done to weighted cross-spectral density. 

The cross-correlation spectral density is shown as 
follow: 
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Time difference between signal spread to the both 

end of sensors can be calculated by finding the 
maximum of leakage infrasonic signal.  

 
 

4.3. Frequency-domain Weighting Analysis 
 

According to cross-correlation algorithm of cross-
power spectrum, weighting in the frequency domain 
can be realized. By whitening the signal and noise, 
SNR of the signal can be improved. The direct cross-
correlation function of two signals can be got 
according to the inverse transformation of time 
domain by FFT. 
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where A is weighted function of cross-correlation, 
and depending on the specific information of signal 
and noise, the peak obtained by generalized 
correlation function of cross-power spectrum can be 
sharpened according to the different weights of 
different noises. 

 
 

4.4. Application of Multi-scale Analysis  
of Wavelet in Pipeline Leak Detection 

 
1) Process of implementation. 
The signal is decomposed into multiple scales, 

and dealing with two parallel signals by cross-
correlation analysis on the single scale, then we can 
receive the time difference that is t∆  and the 
difference become a set of vectors that are 

⎣ ⎦jttt ∆∆∆= ,...,,T 21 , where j is the level of the 
scale of the wavelet decomposition. The accuracy of 
leak point can be improved by weighting average to 
the delay estimation on multi-scale. 

A. Firstly, we should select the appropriate 
wavelet, db6 is chosen to analyze and the level of 
wavelet decomposition is determined. 

B. In this part jd  is wavelet coefficient of layers 
of signal that get from wavelet decomposition. 
Where  j is the data from 1 to N  , namely vectors 
of two wavelet coefficients are shown as follow: 
 

 ( ) ( ) ( ) ( ) ],,,[ 121111 jj tdxtdxtdxtdx =
, (29) 

 
 ( )

( ) ( ) ( ) ],,,[ 22212

2

j

j

tdxtdxtdx

tdx

=
, (30) 

 
C. N-layer wavelet coefficients are selected from 

the two signals to make cross-correlation, the result is 
shown as follow: 
 

 ( ) ( ) ( ) ][ 2121 NNixx tdxtdxER ττ += , (31) 
 

A set of vectors of iτ can be obtained which is 
named ],,,[ 21 Ni ττττ = . 

D. In all scales, maximum of ( )ixxR τ
21

is 
selected and the time delay that corresponding to the 
maximum is seen as iτ , namely maxiτ  is equal to 

maxkτ , where k is data from 1 to i  。 

E. maxkτ is the sampling time that corresponding 
to the time when K-layer wavelet coefficients change 
suddenly, and the time named as kT . 

F. Weighting to kT  and the result is shown as 
follow: 
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where 'T is the average of the time of mutation, and 
we know that 
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G. In this part, 'T is changed to time delay, 

namely,  
 

 
 ftD kk )( max1max1maxk ττ −=∆=

∧

, (35) 

 
and where f is the sampling frequency. 
 
2) Analysis of the experimental results. 
Simulation is done to multi-scale cross-

correlation of wavelet and it is operated to high 
frequency information of layers by adding weight. 

A. In the 6th layer, the high frequency 
information of signals on the both end are shown in 
Fig. 6 and Fig. 7. The result of cross-correlation 
analysis for the signals in this scale is shown in Fig. 8. 
We can see the time delay from the results 
and 0.167s=∆t . 
 
 

 
 
Fig. 6. High frequency information of Db6 on the start side 
 
 

 
 
Fig. 7. High frequency information of Db6 on the end side 
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Fig. 8. Cross-correlation function of Db6 
 
 

B. In the 5th layer, the high frequency 
information of signals on the both end are shown in 
Fig. 9 and Fig. 10. The result of cross-correlation 
analysis for the signals in this scale is shown in  
Fig. 11. We can see the time delay from the results 
and 0.113s=∆t . 
 
 

 
 

Fig. 9. High frequency information of Db5 on the start side. 
 
 

 
 

Fig. 10. High frequency information of Db5  
on the end side. 

 
 

 
 

Fig. 11. Cross-correlation function of Db5. 
 
 

C. In the 4th layer, the high frequency 
information of signals on the both end are shown in 
Fig. 12 and Fig. 13. The result of cross-correlation 
analysis for the signals in this scale is shown in  
Fig. 14. We can see time delay from the results and 

0.132s=∆t . 
 
 

 
 

Fig. 12. High frequency information of Db4  
on the start side. 

 
 

Fig. 13. High frequency information of Db4  
on the end side. 

 
 

 
 

Fig. 14. Cross-correlation function of Db4. 
 
 

D. In the 3rd layer, the high frequency 
information of signals on the both end are shown in 
Fig. 15 and Fig. 16. The result of cross-correlation 
analysis for the signals in this scale is shown in  
Fig. 17. We can see time delay from the results and 

0.118s=∆t . 
 
 

 
 

Fig. 15. High frequency information of Db3  
on the start side. 

 
 

 
 

Fig. 16. High frequency information of Db3  
on the end side. 

 
 

 
 

Fig. 17. Cross-correlation function of Db3. 
 
 

E. In the 2nd layer, the high frequency 
information of signals on the both end are shown in 
Fig. 18 and Fig. 19. The result of cross-correlation 
analysis for the signals in this scale is shown in  
Fig. 20. We can see the time delay from the results 
and 0.022s=∆t . 
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Fig. 18. High frequency information of Db2  
on the start side. 

 
 

 
 

Fig. 19. High frequency information of Db2  
on the end side. 

 
 

 
 

Fig. 20. Cross-correlation function of Db2. 
 
 

F.  In the 1st layer, the high frequency 
information of signals on the both end are shown in 
Fig. 21 and Fig. 22. The result of cross-correlation 
analysis for the signals in this scale is shown in  
Fig. 23. We can see the time delay from the results 
and 0.1474s=∆t . 
 
 

 
 

Fig. 21. High frequency information of Db1  
on the start side. 

 
 

 
 

Fig. 22. High frequency information of Db1  
on the end side. 

 
 

 
 

Fig. 23. Cross-correlation function of Db1. 
 

Cross-correlation analysis is done to the high-
frequency coefficients which come from wavelet 
decomposition in d1 to d6 scale, and weighting 
analysis of the results should be done, and the fusion 
result is shown in Table 3. 
 
 

Table 3. Results of fusion algorithm. 
  

Scale 
Number 

Sampling 
Number 

Time Difference 
t∆ (s) 

d 1 147 0.147 
d 2 22 0.022 
d 3 118 0.118 
d 4 132 0.132 
d 5 113 0.113 
d 6 167 0.167 

Weight 
Computation 117 0.117 

 
 

According to the improved multi-scale cross-
correlation analysis of wavelet decomposition, 
distance between leakage point and the start side 
sensor is x: 
 

 
 

m5.33
2

117.0*100050
2

*

=
−

=

∆+
=

tvLx
, (36) 

 
And positioning error is: 

 
 
 %61.0%100

50
35.33

=×
−

, 
(37) 

 
The positioning error of multi-scale correlation 

analysis of wavelet is greatly reduced. It says that 
improved multi-scale correlation analysis algorithm 
has certain improvement in the detection and location 
of leakage signal and the positioning is more precise. 
More information about the leak can be got according 
to multi-scale correlation analysis of wavelet. 

As seen from the data in Table 4, compared with 
wavelet decomposition algorithm and multi-scale 
cross-correlation analysis, multi-scale cross-
correlation analysis that based on wavelet 
decomposition improves the SNR of reconstructed 
signal and a smaller mean square error can be gotten. 
 
 

Table 4. Results of comparing SNR and MSE  
of three algorithms. 

 
Performance index SNR MSE 

Wavelet 
decomposition 
algorithm 

24.937 1.200 

Multi-scale cross-
correlation analysis 25.553 1.251 

related fusion of 
Wavelet multi-scale 28.302 0.096 
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5. Conclusions 
 

According to the improvement for wavelet 
decomposition algorithm and the analysis for multi-
scale correlation algorithm, we can do cross-
correlation analysis to the signal of pipeline leakage 
on multi-scale. The corresponding sample point of 
leak mutation can be got according to calculation of 
weight for singular value point. The experimental 
results show that Multi-scale correlation analysis 
algorithm of wavelet decomposition has several 
advantages as follows: the accuracy of positioning is 
high; the SNR of signal is high; the MSE of signal is 
low. So the aim to improve the accuracy of infrasonic 
signal for leak detection has been finished. 
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Abstract: The IEEE Maze Micromouse is a kind of mini wheeled robot which has the features of automatic 
moving and path tracking in a standard maze. The Micromouse would record the track and calculate the best 
path according to intelligent algorithm and sprint to the end point. The structure and algorithm of a high speed 
DC motor are presented in this paper. A gesture calibration and fast search algorithm is advanced according to 
the high speed DC motor, acceleration sensors, gyroscopes and other parts. The experiments and simulation 
verified the advantages and promotions to the performance of Micromouse, which is helpful to achieve better 
score in maze competitions. Copyright © 2013 IFSA. 
 
Keywords: Mini robot, Maze, Posture calibration, Hardware and software co-design. 
 
 
 
1. Introduction 
 

The Micromouse is a smart mini robot which 
equips with microcontroller, sensors and 
electromechanical moving parts. It can memory and 
select the path lane run automatically in a IEEE 
standard maze, looking for exit, and eventually reach 
the set destination which is on the center of the maze. 

This kind of micro-robot maze game activities 
initiated in 1972 by the American Society of 
Mechanical magazine, and the original game devices 
are spring driven way. In 1977, the IEEE Spectrum 
magazine raised the concept of a Micromouse: 
Micromouse is a miniature robotic vehicle which has 
abilities of decoding and navigation, and controlled 
by a microprocessor in a complex maze. 

The first Micromouse maze contest held in New 
York In 1979, and there was a rapid increasing to 

other countries after that [1]. The International 
Electrical and Electronic Engineers (IEEE) named it 
IEEE Standard Micromouse Maze Contest in 2006, 
and developed competition rules then [2]. Nowadays, 
IEEE holds international Micromouse maze 
competition annually which attracts colleges and 
universities students from all over the world to 
participate in them. 

IEEE Micromouse Maze Contest is a competition 
with challenging, interesting but a certain degree of 
difficulty as well. Micromouse is a mini robot which 
combines various engineering knowledge together. 
Problems must be considerate including electronic, 
electrical, mechanical and control aspects. Other 
important factors such as weight, speed, power 
consumption, sensors, the center of gravity, algorithm 
programming should be concerned as well in a 
Micromouse design procedure.  
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Micromouse technology has a close relationship 
with various disciplines. The precise positioning 
capability, fast walking ability and excellent obstacle 
avoidance ability are necessary to a Micromouse. It 
could also be extended to more robot applications 
such as the design of industrial robots and special 
purpose robots. Meanwhile, the related technologies 
could be involved in the various disciplines of 
knowledge and can be applied in all relevant areas, 
respectively. 

There is a long history with the Micromouse 
competition all around the world. With the 
continuously improvement on the hardware structure 
and software algorithms, competition teams have 
received good score records and made progress 
steady in the IEEE competitions of recent years. DC 
motors have been widely adopted because there high 
speed and celerity responsibility [3-5].  

This paper analyzes the main technologies which 
relate to Micromouse performance. The drive 
mechanism, obstacle detection, walking speed, 
posture calibration algorithm and search algorithm 
are all introduced respectively [6]. Better applying 
and designing to the above Micromouse technologies 
provide supporting to achieve better scores in IEEE 
standard competitions [7-8].  

The rest of the paper demonstrates the whole 
hardware structure and software architecture of a 
newly designed Micromouse. Section 2 introduce the 
overview of the Micromouse design; The mechanic, 
IR detection and motor technologies are presented in 
section 3; Section 4 introduce the Micromouse co-
design of software and hardware; Simulation tests 
and results are presented in section 5; Finally section 
6 is the conclusion part of this paper. 

 
 

2. Design Overview 
 

2.1 Basic Framework of Micromouse  
 

 
 

Fig. 1. High speed DC motor Micromouse. 
 
 

The Micromouse is a mini robot with intelligent 
features. The main parts of a Micromouse including 
the microprocessor, walking parts detection 
components, attitude stabilization components, power 
supply parts and human-computer interaction 
components [9-11]. Fig. 1 shows the physical 
Micromouse photo of a high speed Micromouse and 
Fig. 2 shows its system structure. 

 
 

Fig. 2. Schematic diagram of the mother control board. 
 
 

2.2. Key Components Requirements 
 

2.2.1. Motor Parameters 
 
The walking performance including speed, 

stability and breaking, are mainly rely on the motors, 
which like feet of a Micromouse.  

2 kinds of typical motors are selectable, DC 
motor and stepper motor. Stepper motor has a 
relatively simpler speed but easy to control, while the 
DC motor has high speed, simple driver circuit but 
complex in programming.  

More work should be done to ensure a high speed, 
stability, meanwhile, a speed measuring devices is 
necessary to realize a good speed control loop.  

 
 

2.2.2. Linear Infrared Sensor 
 
Obstacle detection is the ability that a 

Micromouse avoids collision in the maze when 
walking in it.  

The common detect sensors including infrared, 
ultrasonic, laser and camera in Micromouse design.  

According the experiences and analysis of work 
ahead, infrared has excellent linearity to light 
intensity and is able to detect infrared reflected light 
between 2 cm to 50 cm with high accuracy.  

 
 

2.2.3. Acceleration Sensor and Gyroscope 
 
There is poses balancing problem with a moving 

objects. The Micromouse is also troubled with the 
posture calibration during a high speed running in the 
maze. 

The acceleration sensor and gyroscope should 
have a stable and a wide range of angular velocity 
detection capability to the walking optimization of a 
Micromouse. With helps of the 2 type of sensors and 
optimize algorithm, a Micromouse could finish 
posture calibration and rotation perception.  

This perception of the state of the Micromouse, 
intelligent algorithm, complete attitude adjustment 
and rotation perception. 
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3. Optical, Mechanical and Electrical 
Design 
 

3.1. Motor Characters 
 
The DC motor EN1524 006SR with encoder  

IE2-512 of FAULHABER are adopted according to 
the requirements of the DC motor. The working 
voltage is 6 V, torque is 12 Ncm, the speed is  
9700 rpm and the speed coefficient is 1650 rpm/V. 
The accuracy of the encoder is 512 lines per 
revolution. 

The motor operating voltage 6 V, 12 Ncm  
of torque, speed 9700 rpm speed coefficient  
1650 rpm/V. 

These incremental shaft encoders in combination 
with the DC-Micromotors and brushless DC-
Servomotors are used for indication and control of 
both, shaft velocity and direction of rotation as well 
as for positioning. 

The encoder is integrated in the DC-Micromotors 
and extends the overall length by only 1.4 mm and 
build-up option for DC-Micromotors and brushless 
DC-Servomotors.  

Hybrid circuits with sensors and a low inertia 
magnetic disc provide two channels with 90° phase 
shift. 

The supply voltage for the encoder and the DC-
Micromotor as well as the two channel output signals 
are interfaced through a ribbon cable with connector. 

 
 

3.2. Wheel Drive and Gear Engaging 
 
The Micromouse has compact characteristic with 

DC motor. The weight is less than 100 g.  
The Mechanical parts mainly constitute by the 

gear, wheels and mounting bracket. Fig. 3 is the  
3-side views of the DC motor Micromouse. 

 
 

 
 

Fig. 3. 3-side views of the DC motor Micromouse. 
 
 

The constant speed of DC motor is 9700 rpm. The 
PWM adjust the motor speed to 2000 rpm, and then 

the power transmitted to the wheels through the 
speed reduction gear. Suppose that the required 
maximum sprint speed is 200 cm / s, when using a 
wheel diameter of 28 mm, than the rotational speed 
of the wheel is: 

 
2000*60 682
28*2

rpm
π

≈  

 
The reduce rate is: 

 
15:45682:2000 ≈  

 
The parameters of gear and motor are available 

according to the calculated above. The motor gear 
parameters is M0.3 × 15T, and the transmission gears 
parameter is M0.3 × 45T, the gear having a thickness 
of 2.5 mm, the material is POM for lightweight 
consideration.  

The accurate design of the robot frame is essential 
important to achieve a precise engagement to ensure 
a reliable power transmission between the motor gear 
and the wheel drive gear.  

Too tight and too loose engagement should be 
both avoided, the tight engagement would lead to 
induced torque losses, while too loose would bring 
large noise and even difficult driving. 

The diameter of motor is 15 mm, the shaft 
diameter is 2 mm and the spacing between motor and 
shaft is 1mm, then:  

Gears center distance = modulus * (small gear + 
large gear) / 2 = 0.3 × (45 +15) / 2 = 9 mm 

The maximum diameter of motor gear is 5.1 mm: 
0.3 × (15 +2) = 5.1 mm 

So the frame structure size is determined and 
shown in Fig. 4. 

 
 

 
 

Fig. 4. DC motor frame layout. 
 
 

3.3. Linear Infrared Scanning Ranging 
 
The infrared sensor distance measurement is a 

commonly used method, which measures distance 
convert the value of receive sensor to a distance from 
the reflect surface.  

The method presented in this paper is an 
optimized one comparing the common one, which is 
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also an application to the principle of the reflective 
infrared sensor to detect obstacles.  

The transmitters and the receivers are coupled 
equipped on the front and 45-degree direction, each 
receiver could receive infrared signal reflect from the 
surface which is sent by the coupled transmitter only.  

At the same time, the reflect signal could be 
detect only if the distance of obstacle is within the 
effective distance, otherwise, it can’t be detected.  

The infrared transmitter model adopted in this 
design is IR7393C, the specifications are as the 
following: 8.4 mW maximum output power, 60° 
maximum radiation angle, 940 nm operating 
wavelength; the receiver model is TSL262R which 
has an operating wavelength (most sensitive) of  
940 nm, and has a good linearity in effective area.  

 
 

 
 

Fig. 5. The relationship of lightness and output power. 
 
 

The received signal is converted to distance value 
after A/D conversion, filtering and fitting process. 

 
 

3.4. Acceleration Sensors and Gyroscopes 
Error Factors 

 
An acceleration sensor can be used to measure the 

acceleration.  
The acceleration sensor measures only the 

acceleration of gravity under fixed speed (constant 
linear motion), or still state.  

The acceleration of gravity is corresponding to 
the absolute coordinate system, so the angle offset 
between the sensor and the ground coordinate system 
is available from the output of acceleration sensor.  

Gyroscope can be used to measure angular 
velocity. It has high dynamic characteristics. But it is 
an indirect measurement device because the output 
result is a derivative of the angle (angular velocity). 
Obviously it is necessary to integral the angel 
velocity to get the angle value, which there is a fatal 
integral error problem. 

Temperature compensation calibration should be 
considerate thoroughly because temperature changes 
always leading to a compensation calibration.  

It is common practice to temperature-calibrate 
gyros to improve their overall accuracy. The 
ADXRS610 has a temperature proportional voltage 
output that provides input to such a calibration 
method [12]. The temperature sensor structure is 
shown in Fig. 6. The temperature output is 
characteristically nonlinear, and any load resistance 
connected to the TEMP output results in decreasing 
the TEMP output and temperature coefficient. 
Therefore, buffering the output is recommended.  

 
 

  
 

Fig. 6. ADXRS610 Temperature Sensor Structure. 
 
 

3.5. Wheels Anti-skid Research 
 
When the Micromouse runs at high speed in the 

maze, the friction between the wheels and the maze 
floor must be bigger enough to anti-skid which would 
lead to a calculate error or even collision with the 
maze wall. Friction is particularly critical especially 
in the turns. Natural rubber (NR) is selected as the 
wheel rubber to increase friction. 

 
 

4. Hardware and Software Co-design 
 

4.1. Distance Measurement Fitting Algorithm 
 
The relationship between the distance and the 

voltage is available based on the infrared light 
intensity reflection principle: 

 
0( lo g ) /1 0 V d cr −=  (1) 

 
Formula (1) gives the corresponding relationship 

of r  and 0V  . The coefficients c  and d  could be 

determined with two groups of r and 0V  according to 
the formula.  

Then, the linear relationship between distance and 
infrared sensor within the effective range is available 
according to the formula (1) and Fig. 5. A table is 
prepared to fill the signal voltage and the 
corresponding distance value which is helpful to 
greatly decrease the calculate operation amount of 
processor, but it would produce a tiny error in 
conversion a voltage which is not in the table, 
anyway, it could be ignored.  

The accuracy distance could be available only if 
the coefficients c  and d are accurately obtained. 
The coefficients of each group of infrared should be 
measured twice to ensure their measuring precision.  
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4.2. Posture Calibration Algorithm 
 
The accuracy of acceleration sensor is stable and 

the variation of the measured values over time is 
relatively small but is easily affected by external 
interference.  

The angular offset can be integrated with the 
gyroscope, which has good dynamic performance and 
is not subject to external interference, but the integral 
cumulated error would affect the measuring distance. 
In total, regardless of how long would the 
acceleration sensor work, it would be hard to be 
affected by external interference, and the 
measurement results are always accurate!  

The gyroscope is not subject to external 
interference, but over time, accumulated integration 
error would increase measurement error.  

The new algorithm is to balance the output results 
of the two sensors, which is to set different weights in 
different periods to produce a more accuracy angle 
value. That is, increasing the weight of gyroscope 
result output in short period while increasing the 
weight of acceleration result output in long period.  

 
 

 
 

Fig. 7. Gyroscope output signal when the motor operating. 
 
 
According to the analysis above, Kalman filter 

algorithm is used as the basic algorithm (The Kalman 
Filter Algorithm, KM). Firstly, the state and 
measurement equations of system are established. 
The angular velocity is the derivative of the angle, 
and the actual angleϕ is used as the state vector [13].  

In this algorithm, the office b of gyro is estimated 
by acceleration sensor, this offset is set as the state 
vector to obtain the corresponding state and 
measurement equations: 
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(2) 

 

In Formula (2), Aφ is the angle values obtained 

after treatment from the acceleration sensor; Gω  is 

the angular velocity output from the gyro output 
which contains the fixed deviation; gω  is the 

gyroscope measurement drift values; aω  is the 
acceleration sensor votes shift values; b is the 
gyroscope drift errors. gω and aω  are independent 
with each other. 

After transforming, the optimum estimate and 
covariance in state k is available as following:  

 
))1|()()(()1|()|( −−+−= kkHZkZkKkkXkkX  

 
)1|())(()|( −−= kkPHkKgIkkP  

 
Wherein: K is the Kalman Gain, I is a unit 

matrix. 
By calculating to above equation in cycle, the best 

results are available [14]. 
Constantly clearing the diminishing integral 

quantities in accelerate direction is the core of the 
fusion algorithm.  

In order to run the program on a general purpose 
processor, it is possible not to explicitly calculate the 
attitude angle, but only output the corrected signal to 
control the motor as feedback. The advantage is the 
operation could be simply finished with integer type.  

If there is a high-performance processor, 
explicitly solving attitude Kalman filtering could be 
implemented. Kalman filtering also process with the 
historical data points, and synchronizes to the 
integration of the gyroscope and acceleration data, 
gyroscope and acceleration contribution weights can 
also be adjusted through the filter parameters [15-18].  

 
 

4.3. Maze Search Algorithm 
 
A partition to heart optimization algorithm is 

designed through the researching of maze search 
algorithm of a Micromouse.  

The thinking of the partition to heart algorithm is 
shown in Fig. 8, the maze is divided into 12 regions 
beside the end point, and the Micromouse would 
walk along the direction of the closest to the maze 
center. While within the separate region, the similar 
potential value algorithm would be implemented i.e. 
indifferent regions, the Micromouse would walk 
along the current absolute direction to choose the 
discipline of most near to the center point, then set 
one of the 4 rules of right hand, left hand, center right 
hand and center left hand as the implemented rule to 
explore the shortest path in the maze.  

For example, when the Micromouse is in partition 
7, if its absolute direction is toward the north, right-
hand rule is the rules of the closest one to the end 
point; while the Micromouse has an absolute 
direction of toward the east, center-left rule is the 
best one to the end point; similarly, while the 
Micromouse’ absolute direction is toward the south, 
left-hand rule is the best one to the end point; while 
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the Micromouse’s absolute direction is toward the 
west, right-hand rule is the best one. Walking rules of 
other partitions are shown in Fig. 9. From the 
description above the Fig. 9, the Partition to central 
algorithm is more central-trend than other algorithms.  

 
 

 
 

Fig. 8. Partition to center algorithm. 
 
 

In Fig. 8, the arrows point to the possible 
direction when the Micromouse is in this partition 
cells. The letter represents the available rule for 
choosing.  

Fig. 9 shows the algorithm flow chart. 
 

 
 

Fig. 9. Simulator Structure Flowchart. 

4.4. Others 
 

4.4.1. Detection Strategy 
 
There are 2 detection strategies in Micromouse 

maze walk. The first one is whole maze exploration. 
A Micromouse would explore all maze units to find 
out the best walking path. The disadvantages are the 
need to have sufficient time or number of detection 
times and low efficiency. The second strategy is 
partial exploration, i.e. to find out the best path in the 
limited time or detection times.  

 
 

4.4.2. Sprint Algorithm 
 
Sprint algorithm is implemented when a 

Micromouse back to the start point, which calculates 
the shortest path of the maze after exploration. The 
Micromouse would walk along the shortest path to 
until to the end. In the sprint process, the 
Micromouse would speed up on straights lane, and 
strive to reach the finish line in the shortest time. 

 
 

5. Simulation Test 
 

5.1. Linear Infrared Sensor Test 
 
Table 1 verifies the accuracy of the conversion of 

infrared test. The method is to accurately measure the 
distance value within the range of 60 mm to 180 mm 
with a ruler, then put the Micromouse on the same 
location respectively to read the distance which is 
converted from the current infrared voltage value. 

 
 

Table 1. Verification of infrared process. 
 

Supposed 
(cm) 6 7 8 9 10 11 12 

IR voltage 
(mV)  1610 1277 1021 887 770 663 589 

Converted 
distance (cm) 60.0 71.0 82.0 92.0 10.2 11.4 12.5 

Supposed 
(cm) 13 14 15 16 17 18 - 

IR voltage 
(mV) 529 486 448 416 387 354 - 

Converted 
distance (cm) 13.4 14.5 15.2 16.1 17.0 18.0 - 

 
 
We can see the maximum error between the 

infrared converted distance and the ruler measured 
distance is 5mm form the verification table above. 
The 5 mm error is not interested in a Micromouse 
produced large offset; moreover, it can be further 
corrected by software algorithms. 

 
 

5.2. Fusion Algorithm Verification 
 
Tests of enabling the Kalman filtering algorithm 

and disabling were made to verification the efficiency 
of algorithm. The time lasted 10 minutes when 
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putting the Micromouse on the maze board. The tests 
result is show on Fig. 10. 

 
 

 
 

Fig. 10. Kalman algorithm verification. 
 
 

The blue curve shows the angle value processed 
with the Kalman filter algorithm while the red curve 
shows the angle value which is not processed with 
the algorithm. It is easy to see that the Kalman filter 
algorithm could eliminate the accumulated error 
produced by the gyroscope.  

 
 

5.3. Turning Verification 
 
Firstly, marking the turning test with gesture 

calibration as Test A and turning test without gesture 
calibration as Test B. Secondly, programming the  
2 algorithms to the Micromouse and turning the 
mode onto continuous testing. Thirdly, put the 
Micromouse on the maze board. The Micromouse 
would start the turning test and it would run a 360 ° 
turning program with algorithm A and pause for  
3 seconds then run a 360° turning program with 
algorithm B, then go to another circle. The actual 
angle should be recorded on each test. 10 tests results 
curves of both algorithm are both shown on Fig. 11, 
the results show that accuracy promoted 42.71 % 
with gesture calibration algorithm. 

 
 

5.4. Accelerate Algorithm 
 
16 times of speed switching were simulated and 

the speed values were recorded in the study. The 
relationship of speed and time was demonstrated in 
curve with the Matlab. The red curve in Fig. 12 is the 
curve of 300cm/s acceleration which is calculated 
accurate curve, while the blue curve is the calculated 
speed curve.  

 
 

5.5. Smooth Turning Test 
 
The speed difference of two motors is used to 

realize smooth turn algorithm when walk in the lane 

of maze. The correction value must be calculated 
before to decide the angles to turn for the left and 
right motors.  

There are a linear relationship between speed and 
the offset in turning process, so the offset (the 
distance measured by the left and right infrared 
sensors) could be used by MCU to calculate the 
correction rate and decide different speed values to 
the two motors. The smooth turning algorithm greatly 
simplifies the complexity of the infrared range and 
motor control. 

The prerequisite of the way is that the infrared 
distance measuring process must be finished 
accurately and quickly, otherwise the amendment 
process would have a delay which would directly 
result in a hitting on the maze board. 

 
 

 
 

 
 

Fig. 11. Posture calibration algorithm test. 
 
 

5.6. Maze Exploring Test and Verification 
 
In order to test and validate the advantages of the 

algorithm, some typical game of mazes are selected. 
The verification results with mazes of competition 
UK, LW, ST, TI, KATO and Beijing are lists in 
Table 2. 

Table 2 shows: there is big difference in 
efficiency performance with the same algorithm in 
different maze; meanwhile, there is also big 
difference in efficiency performance with difference 
algorithms putting on the same maze. Distinctly, the 
partition to center algorithm has great advantages in 
exploring efficiency in most of mazes. 
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Table 2. A comparison of the Exploring Steps  
and Shortest Path Steps. 

 
Rules Steps UK LW ST TI KAT

O BJ 

Shortest 
Path 41 - 47 37 73 135 Left Wall 

Following Exploring 261 - 311 259 147 135 
Shortest 41 71 47 37 63 73 Center- 

Left Exploring 367 277 351 315 181 205 
Shortest 41 71 47 37 63 73 Central Exploring 141 299 109 61 293 113 
Shortest 
Path 41 71 47 37 63 73 Partition- 

Central Exploring 169 135 91 61 171 113 
 
 

6. Conclusion 
 
The design and algorithms of a dual wheel mini 

robot is presented in this paper. It equipped with an 
acceleration sensor, a gyroscope, and DC motors and 
infrared sensors are adopted.  

With assistance of the new calibration algorithm 
and search algorithms, the performance of the mini 
robot has been promoted a lot than a normal 
Micromouse without the optimize algorithm. 
According the experiments and simulations above, 
the total speed and performance promotion is near  
50 %. Meanwhile, there is a 30 % average reducing 
with the new maze searching algorithm compare to 
the traditional algorithms.  
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Abstract: Unlawfully modified vehicles not only lead to latent security danger in transportation management, 
but also lead to more emissions of exhaust gas usually, it is harmful to our environment. Mandatory vehicle 
examination cannot be taken easily for each vehicle, so automatically and remotely indentifying whether a 
vehicle has been unlawfully modified or not is very necessary. In this paper, we propose an inspection solution 
framework of unlawfully modified by Sensor-RFID technology. In addition, sensor and RFID tags management 
process for vehicles and RFID security protocols are introduced detailed. Copyright © 2013 IFSA. 
 
Keywords: Sensor-RFID, Vehicle Inspection, Security. 
 
 
 
1. Introduction 
 

Unlawfully modified vehicle has become an 
important problem in traffic management, the 
percentage of traffic accident is ascending in recent 
years, so it attracts attentions of traffic management 
department and traffic research specialist. 

Unlawfully modified vehicle is that function or 
overload about surface, motive power system, drive 
line system, braking system include other key parts is 
over the limits of traffic laws or manufacture 
guidelines. Unlawfully modified vehicles not only 
lead to latent security danger in traffic management, 
but also lead to more emissions usually, it is harmful 
to our environment. Mandatory vehicle examination 
cannot be taken easily for each vehicle, so 
automatically and remotely verifying is very 
necessary. Usually, the modification of vehicle 
surface is recognized easily, but motive power 
system, drive line system, braking system is inside of 
the vehicle, so it is difficult to judge whether it has 
been over–limited modified already. 

Research show that it is feasible and inexpensive 
to construct an intelligent traffic monitoring system 
based on Internet of Things [1], and the intelligent 
traffic monitoring system based on Internet of Things 
has a number of advantages such low cost, high 
reliability, never affected by adverse weather, all 
weather operations etc. 

Radio Frequency Identification (RFID) is a 
technology which is used to identify remote objects 
embedded with RFID tags by wireless scanning 
without manual intervention RFID technology is a 
key enabler of the future IOT and it has a great 
economical potential[2], and has been used in various 
application domains. A typical RFID system is 
composed of a backend server, readers and tags. 
According to power supply, RFID tag is categorized 
into three types as follows: (1) Active tag: With built-
in power supply, it is able to send information 
initiatively, and has higher cost to implement but 
with longer transmission range; (2) Passive tag: With 
no built-in power supply, it is used most popular 
because of lower cost. It comes with shorter 
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transmission range and more limited calculation 
resources and smaller storage capacity. (3) Semi-
passive tag: With power supply which is merely for 
unit operation, its all kinds of characters are between 
Active tag and Passive tag. In automobiles, active tag 
or semi-passive tag can be used without thinking 
about power supply. 

RFID tags and sensors are regarded as the two 
most important interface terminals of IoT, it has been 
used in the traffic management [12, 13]. In a modern 
automotive, there are hundreds of sensors 
communicating and being controlled by the 
electronic control unit (ECU) of the vehicle. 
However, the final control authority of a vehicle is 
mastered by the vehicle owner, so if the traffic 
management want to know some helpful information 
that maybe is unfavorable for the owner from the 
vehicle, it should inspect forcibly and objectively by 
some technology method. Sensor-RFID presents a 
useful function for this requirement. This information 
being inspected would be transmitted from sensors to 
a tag attached on each vehicle firstly, and traced by 
RFID readers that installed on the key traffic 
monitoring spot.  

The main contribution of this paper is to propose 
inspection solution framework of unlawfully 
modified by Sensor-RFID technology. In order to 
implement this scheme, the related work is 
introduced in Section 2; enabling technologies and 
system design are shown in Section 3; the RFID tag 
management process of each vehicle is shown in 
Section4; the corresponding RFID security protocol 
is proposed in Section 5; finally, a conclusion is 
made in Section 6.  

 
 

2. Related Work 
 
Recently, RFID and sensor technology used in 

traffic management have been investigated and 
researched actively [7-10]. In [9], the authors present 
a typical application a framework of vehicle emission 
inspection and control through RFID and traffic 
lights. Automotive petrol engine emissions closely 
relate to air-ratio called lambda (λ) among all of the 
engine variables [3]. Therefore, engine emissions 
control is an important research topic recently [4-6]. 
Usually, Built-in lambda sensors which are located in 
the upstream and downstream positions of the 
catalytic converter have been installed in modern 
automobiles. These sensors send real-time lambda 
signals to the electronic control unit (ECU) of the 
vehicle. So the ECU can monitor the situation of the 
catalytic converter. In [3], a communication device is 
attached to the built-in lambda sensor and sends out 
the λ value along with the RFID tag ID to the 
government authority. Then the government authority 
can notifies and forces the vehicle owner to perform 
engine maintenance when the λ value of the engine 
exceeds the standard. Ultimately, the engine 
emissions can be effectively inspected or controlled 

by this way, so if the owner has modified over-
limited motive power system, it will be detected. The 
solution [9] uses traffic light as key setting positions 
of wireless RFID reader. 

In this paper, we propose a solution framework of 
unlawfully modified vehicle inspection by Sensor-
RFID traffic light. Every vehicle must stop in front of 
traffic light and wait at least tens of seconds, so it is 
the best time to wirelessly detect the value of a 
specific tag that communicates with sensors. If every 
traffic light is equipped with a RFID reader, all using 
vehicles can be inspected continually.  

Linear Variable Differential Transformer (LVDT) 
sensors are widely used in hydraulic and pneumatic 
mechatronic systems for measuring physical 
quantities like displacement, forcer pressure. The 
LVDT sensor consists of two magnetic coupled coils 
with a common core and this sensor converts the 
displacement of core into reluctance variation of 
magnetic circuit. LVDT sensors combines good 
accuracy with low cost [11] and is used in vehicle. 

 
 

 
 

Fig. 1. System structure of LVDT sensor. 
 
 
In this inspection system, considering the 

objective of the current application where only 
several kilobytes of information (few values from 
sensors along with a tag ID) are retrieved, RFID is 
suitable for its low cost and size. (1) RFID tag: for 
the requirements of the applications under the issues 
of cost, power, and size of the tags. We use semi-
passive tags which have read/write functions, 
increased range, and can connect to built-in lambda 
sensors. (2) RFID reader: traffic light is an important 
component, it is a good place to stop a vehicle and 
perform wireless inspection. Firstly, the high speed of 
vehicles may make the RF interrogation unreliable. 
Secondly, it is unnecessary to inspect every vehicle 
continuously. It is already enough to just periodically 
sample and inspect. Anyway, a vehicle must 
eventually stop behind traffic light within a time 
period, e.g., a week. It is acceptable to have a weekly 
wireless inspection. Thirdly, considering there are 
several hundreds of traffic lights in a city, lower 
inspection rate can reduce the load of data 
transmission and the server calculation, making the 
whole inspection system more efficient. (3) Backend 
server: When the RFID reader receives information 
from a tag, the way of data transmission to the 
backend server may use wireless telecommunication 
technology such as GPRS or 3G. 
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3. System Design 
 

The system design of the whole information 
system includes two parts: information situation and 
build-in RFID tag management. The information 
situation considers how a RFID reader on a traffic 
light communicates with a RFID tag built-in a 
vehicle. In Fig. 2, several vehicles stop in front of a 

traffic light but only a few RFID tag are interrogated 
at the same time for the reason of the effectively 
range of the tag. The checked value along with the 
tag ID of a vehicle is sent to the backend server via 
wireless telecommunication. If the value is different 
from an examination standard, the backend server 
will send a message to the traffic management that 
the vehicle maybe modified unlawfully. 

 
 

 
 

Fig. 2. Information of RFID communication. 
 
 

The installation of build-in RFID tag as shown in 
Fig. 3. There are actually three lVDT sensors 
installed on the fixed edge of motive power system, 
drive line system, braking system. Each of them is 
used to evaluate if the fixed object has been moved or 
not. In order to measure the out value of LVDT 
sensor, it is necessary to connect to the RFID tag 
attached on the vehicle. It can be seen that only a 
simple wiring is enough to obtain the output value 
signal, which is a low voltage. This signal is then sent 
to the RFID tag via I2C device. Then the RFID tag is 

installed on the inner side of windshield for clear 
interrogation and future easier maintenance. The 
active RFID tag now acts as a wireless modem and 
sends out the output value from each LVDT sensor 
signal along with the tag ID to the reader. After 
forwarding to the backend server through 3G 
transmission, the output value signal is interpreted 
according to some predefined data for checking any 
failed cases. So the traffic management can analyze 
the information and perform related disposing. 

 
 

 
 

Fig. 3. Information situation of RFID communication. 
 

 
In order to verify the effectiveness of this system, 

some experiments should be planned. In current 
application, the most critical part is the interrogation 
among the traffic light and the cars, while the issue of 
the data transmission from the RFID reader at the 

traffic light to the back-end server may be negligible 
because of the maturity of 3G telecommunication 
technology. The interrogation among the traffic light 
and the cars can be evaluated with two factors: 
effectiveness and reliability. 
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4. Built-in RFID Tag Management 
Process 
 
Another important pre-requisite for the proposed 

information system is governance and legislation. 
Without legal support, quite a large amount of car 
owners will not actively install the RFID tags. In 
addition, RFID readers cannot be installed without 

government support. However, careful legislation 
usually takes years and this is the major obstacle 
preventing the implementation of the information 
system. Fig. 4 depicts generating process of vehicle 
mirror; Fig. 5 depicts key sub-system structure. 

With legal support, vehicles owners maybe install 
RFID tags and RFID readers can be installed. 
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Fig. 4. Generating process of vehicle mirror. 
 

 
 

Fig. 5. Key sub-system structure. 
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5. A RFID Security Protocol for This 
Inspection System 
 
Security is usually applied to protect important 

information, especially while transmitting through 
public area wirelessly. However, the current data 
transmission comprises only two simple components 
– tag ID, and λ reading. None of them can reveal any 
important information without the backend server 
and the database of vehicle owners. In 2011, we 
propose a lightweight RFID Authentication Protocol 
for Mobile Reader [11]. Based on this protocol, we 
propose a revised RFID security protocol for this 
inspection system which is suitable to wireless 
circumstance (Table 1 and Fig. 6). 
 
 

Table 1. The notations used in this protocol. 
 

Symbol Meaning 
⊕ XOR operator 
‖ Concatenation operator 
ID  The unique identifier of a tag (The length is 

l) 
λ Lambda value of one vehicle 
RID The unique identifier of a reader (The length 

is l) 
H() An one-way hash function, H: {0,1}l* 

→{0,1}l (The length of output is l) 
PRNG() The pseudo random number generator (The 

length of output is lR, usually lR < l) 
Sold Old secret value  
Snew New secret value 
NT Random number of tag 
NR(old) Old random number of reader 
NR(new) New random number of reader 
NDB Random number of server databases 

 
 
The (i+1)th authentication access as follows: 
Step 1: The reader generates a random number NR 

and query tag with NR.  

Step 2: After receiving NR, the tag generates a 
random number NT and calculates H(NR⊕NT)⊕S 
and H(NT)⊕λ, then sends NT, H(NR⊕NT)⊕S and 
H(NT)⊕λ back to the reader.  

Step 3: After receiving NT, H(NR⊕NT)⊕S and 
H(NT)⊕λ from the tag, the reader calculates 
H(NR‖NT)⊕RID, and sends NT, H(NR⊕NT)⊕S, 
H(NT)⊕λ, NR, H(NR‖NT)⊕RID to the server. Step 
4: After receiving authentication message from the 
reader, the server compares whether NR matches with 
NR(old), if they match, the authentication is failed. If 
they don’t match, the server would calculate  
RID’ = H(NR‖NT)⊕(H(NR‖NT)⊕RID) and search 
whether there exists certain RID* in table RID of the 
database, which could make RID’ = RID*. If there 
exists such record, the authentication application 
would be considered from a legitimate reader, or 
authentication is failed. Subsequently, the server 
would calculate S’ = H(NR⊕NT)⊕(H(NR⊕NT)⊕S) 
and search whether there exists certain Snew* in table 
ID of the database, which could make S’ = Snew*. If 
there is such record, the tag would be considered as a 
legitimate tag, then the server calculate 
H(NT)⊕(H(NT)⊕λ) and acquire λ value firstly, 
subsequently generate a random number NDB that 
could make the value which equals to 
H(ID⊕NR⊕NT⊕NDB) could not be found in column 
‘Sold’ and column ‘Snew’, and calculate 
H(NR⊕NT⊕NDB)⊕ID, then send NDB, 
H(NR⊕NT⊕NDB)⊕ID to the reader, subsequently 
the server should update Sold = Snew, Snew = 
H(ID⊕NR⊕NT⊕NDB), NR(old) = RR(new) and RR(new) = 
NR. If there not exists such record which could make 
S’ = Snew*, the server should search whether there 
exists certain Sold* in table ID of the database, which 
could make S’ = Snew*, if there exists such record, the 
tag would be considered as a legitimate tag, but in the 
last authentication access, the tag has not updated its 
S successfully for some reason, 

 
 

 
 

Fig. 6. The security protocol. 
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so the server calculate H(NT)⊕(H(NT)⊕λ) and 
acquire λ value firstly, subsequently generate a 
random number NDB that could make the value which 
equals to H(ID⊕NR⊕NT⊕NDB) could not be found 
in column ‘Sold’ and column ‘Snew’, and calculate 
H(NR⊕NT⊕NDB)⊕ID, then send NDB, 
H(NR⊕NT⊕NDB)⊕ID to the reader, subsequently 
the server should update Snew = 
H(ID⊕NR⊕NT⊕NDB), NR(old) = RR(new) and RR(new) = 
NR, but Sold would keep unaltered. If there not exists 
such record which could make S’ = Snew*, the tag 
would be considered as an illegitimate tag, the 
authentication is failed, failure information would be 
sent to the reader. 

Step 5: After receiving NDB, 
H(NR⊕NT⊕NDB)⊕ID from the server, the reader 
would calculate ID’ = 
H(NR⊕NT⊕NDB)⊕(H(NR⊕NT⊕NDB)⊕ID) and 
store ID’ in its memory, subsequently send NDB, 
H(NR⊕NT⊕NDB)⊕ID to the tag. After receiving 
NDB, H(NR⊕NT⊕NDB)⊕ID from the reader, the tag 
would calculate 
H(NR⊕NT⊕NDB)⊕(H(NR⊕NT⊕NDB)⊕ID), If 
outcome equals to ID of the tag, then the object of 
mutual authentication achieves, the tag should update 
S = H(ID⊕NR⊕NT⊕NDB), otherwise, the 
authentication is failed. 

 
 

6. Conclusions 
 

In this paper, the feasibility of an information 
system under the concept of IoT for mandatory 
unlawfully modified vehicle inspection is studied in a 
technical viewpoint. IoT is an emerging networking 
concept that the pervasive or ambient things or 
objects are connected to provide a smart or intelligent 
service to make human life easier and happier. One 
of the enabling technologies of IoT is RFID. With 
RFID technology, an information system is proposed 
to form a wireless connection among traffic lights 
and vehicles. Then the unlawfully modified vehicles 
will be recognized. In addition, RFID tags 
management process for vehicles and RFID security 
protocols are introduced detailed.  
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Abstract: Industrial Wireless Sensor Networks (IWSN) is an emerging technology in the field of industrial 
automation and control, which is used widely in environment monitoring, data collection and operation control, 
etc. This thesis proposes a TDMA-based real-time delay routing, with emergency data, for IWSN. Two-hop 
neighbor information is used from the two-hop velocity-based routing. TDMA is adopted to guarantee a 
deterministic timing restriction for a real-time requirement. The proposed protocol also considers the link 
quality to guarantee the reliability of transmission. The proposed protocol is simulated on the OPNET Modeler, 
and the evaluation results show a low end-to-end delay and a high reliable delivery. In addition, a significantly 
better performance is shown for emergency data as compared to that for regular data. Copyright © 2013 IFSA. 
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1. Introduction 

 
Industrial Wireless Sensor Networks is an 

emerging technology in the field of industrial 
automation and control, which is widely used in 
environment monitoring, data collection and 
operation control etc [1]. Recently, several research 
aspects of interest to researchers concerning IWSN 
have arisen. The routing algorithm plays an important 
role and this has involved new challenges in the field 
of IWSN. Because of the energy and delay 
requirements of routing protocols in IWSN, it is vital 
to maintain reliable routes and ensure real-time multi-
hop communication in the network [2]. Although the 
routing protocols have been researched from many 
different aspects, various problems and challenges 
while considering real-time, reliable delivery in a 
harsh industrial environment still exist. The majority 
of the routing protocols in IWSN are based on Carrier 
Sense Multiple Access with Collision Avoidance 

(CSMA/CA), but CSMA/CA cannot provide a 
guaranteed access to the wireless channel as the 
network dense increases and is very difficult to 
guarantee real-time delivery in industrial applications 
because of resource competition [3, 4]. Thus, in this 
research, the proposed algorithm is based on Time 
Division Multiple Access (TDMA), which can 
provide a more deterministic timing restriction for 
real-time communication in industrial applications, as 
compared to CSMA/CA. The solution to deal with 
the new requirements such as real-time, reliable 
delivery in IWSN is necessary to achieve the quality 
of service (QoS) in such time-critical industrial 
wireless sensor networks [5]. Additionally, 
considering the security of an industrial environment, 
it is also necessary to take emergency data into 
account. Thus, in the proposed protocol, a specific 
queue model will be adopted to handle the priority of 
the packets. 
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2. Related Work 
 
Currently, there are many studies proposed in the 

field of IWSN [6]-[9]. The majority of them are 
mainly focused on the new requirements of IWSN: 
real-time, energy consumption, end-to-end delay etc. 
Some researches consider many aspects such as 
delay, energy, reliability etc. Although they achieved 
most of new requirements for WSN, it is difficult to 
find the trade-off between these requirements.  

RTLD [6] is a real-time routing protocol with 
load distribution in wireless sensor networks. It 
achieved real-time communication, low energy 
consumption and a high delivery ratio. However, it 
only calculated the forwarding metric of one-hop 
neighbors, which will generate some limitations in 
relation to choosing the optimal forwarder.  

Yanjun Li, Ye-Qiong Song [7] proposed a two-
hop neighborhood information-based routing 
protocol, which provides a real-time delivery in 
Wireless Sensor Networks. However, in this routing 
protocol the velocity is calculated by means of 
geographic information and it is unable to optimize 
the number of hops which have a significant 
influence on the delay and energy expenditure [8]. 

Pham Tran Anh Quang and Dong-Sung Kim [8] 
determined a gradient routing protocol with two-hop 
information, which enhances real-time performance 
with energy efficiency. Although it shows a good 
performance in relation to the routing protocol, it 
does not give prior consideration to the emergency 
packet. 

The aim of the proposed routing protocol is to 
achieve the real-time delivery and high reliability 
communication when considering an emergency 
packet. For the MAC layer, it will adopt TDMA 
instead of CSMA/CA. The advantage of using 
TDMA is to meet the strict timing requirements 
associated with industrial applications. It must also 
consider how to allocate the time slots to the sensor 
nodes of the network. Another important issue in the 
proposed protocol involves the emergency packets. 
The reason for taking emergency packets into 
account is that transmitting an emergency packet as 
soon as possible to the sink node is of vital 
importance in some applications of WSN, such as the 
monitoring of earthquakes or forest wildfires. In the 
proposed routing protocol, emergency packets can be 
delivered in real-time by using priority levels in order 
to choose the high priority packets to be transmitted 
first. Thus, the proposed routing protocol will 
enhance the real-time delivery based on the new 
industrial requirements of WSN. 

 
 

3. Network Model  
 

In the proposed routing protocol, the environment 
is a small size and sparse wireless sensor network 
that works in a proactive mode where the sensor 
nodes randomly send the packet to the sink node. In 

this wireless sensor network, there is only one sink 
node and all of the sensor nodes are stationary.  

Therefore, because of the fixed network, the 
neighbor information is unchanged and does not 
require updating. In this project, the assumption is 
that every node knows its own location and that of 
the sink node. The location information can be 
obtained by GPS technology or the localization 
protocols for calculating the position of node  
[10, 11]. 

This project is implemented in the network layer 
and is based on TDMA. In TDMA, the frame consists 
of several timeslots that are allocated to nodes for 
sending the data from the source to the sink. 
Currently, there are many researches being conducted 
into TDMA scheduling in a wireless sensor network 
and this can be divided into two categories. One is to 
allocate the timeslot based on the routing 
information, which can achieve minimum latency 
[12] while the other is attempting to allocate the 
timeslot in a reasonable way but without the routing 
information. In this project, the main focus is on the 
routing protocol in order to determine the solution for 
real-time communication in IWSN and the utilization 
of TDMA is only an important factor which has an 
effect on this. Thus, the second method is adopted 
and an attempt is made to realize an adaptive TDMA 
scheduling method for this specific requirement.  

 
 

4. Proposed Routing Protocol 
 
In the section, the proposed routing protocol will 

be presented. The proposed routing protocol is a kind 
of proactive routing protocol that looks ahead for 
two-hop neighbor information. It is based on TDMA 
to guarantee the deterministic delay for the whole 
wireless sensor network.  

 
 

4.1. Neighbor Discovery 
 
Neighbor Discovery is the fundamental element 

of the routing protocol and in many existing routing 
protocols it is described by a number of different 
methods. In the proposed routing protocol, basically 
it uses beacon messages to construct the neighbor 
information table. With the specific TDMA MAC 
mechanism, it is also extended to consider the 
topology of the whole network and the link quality to 
simplify TDMA frame length. 

In the proposed routing protocol, neighbor nodes 
are not all nodes located in the range of transmission 
distance. We adopt the specific scheme which is 
proposed in EARQ [13]. This scheme is kind of 
directional selection that it only chooses the node in 
the direction of the sink node. This scheme considers 
noise and obstacle interference and this solves the 
problem that the packet may be not received because 
of obstacles. Although it is directional, it can 
guarantee the node in the neighbor table can be 
reached or relay the packet to the corresponding 
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destination. In order to get two-hop neighbor 
information, the proposed routing protocol uses two 
rounds of Hello messages. This scheme is proposed 
in THVR [7].  

Topology control is adopted in the proposed 
protocol to simplify sensor network and optimize the 
number of timeslots for TDMA scheduling. The main 
factor to be considered for topology control is the 
link quality. In the proposed routing protocol, the 
sensor network is fixed. To simplify this processing, 
after creating the original neighbor table, each link 
between neighbor nodes will be estimated to in order 
to obtain the link quality by using the existing 
algorithm: Link Quality Assured Topology Control 
Algorithm (LQATC) [14].  

 
 

4.2. TDMA Scheduling Initialization 
 
The proposed routing protocol aims to provide 

real-time communication, so the timeslot allocation 
in TDMA is key factor mainly determining the end-
to-end delay. In the proposed routing protocol, the 
method of first allocating and then adjusting is the 
one which has been adopted. 

In the phase of Neighbor Discovery, the network 
is simplified by means of topology control and the 
two-hop neighbor information is obtained for each 
node. Based on this information, TDMA allocation 
starts in the node furthest from the sink node. In each 
time slot, only one transmitter can send the packet 
but there is no limitation with regards to the number 
of receivers. At the beginning of the TDMA 
allocation, sufficient timeslots will be given for one 
frame and it allocates one timeslot for each node. 
Additionally, in order to solve the problem of 
timeslot collision, a shared timeslot is introduced to 
the TDMA allocation. Thus the structure of the 
TDMA frames in this work is divided into two parts: 
allocated timeslot and shared timeslot. The allocated 
timeslots are determined in advance for each node 
and the shared timeslots are reserved for the node 
requiring more timeslots. At first, the TDMA frame 
is not fixed and it thus required several times to 
experiment in order to obtain the empirical value. 
This is the processing of adjustment and it will be 
described at a later stage. 

Fig. 1 shows an example of the TDMA frame 
structure. It has six timeslots for the allocated 
timeslots and four timeslots for the shared timeslots. 
In the allocated timeslots, the number of receivers is 
not fixed and it depends on the number of neighbors 
of the node. From the figure, it can be seen that nodes 
A and D have two neighbors and the others only have 
one. 

 
 

 
 

Fig. 1. An example of the structure of a TDMA frame. 

As discussed previously, TDMA scheduling of 
the proposed routing protocol must be adjusted in 
several experimental feedbacks. At first, all of the 
shared timeslots are not occupied and are merely 
reserved for later utilization. When the node 
encounters a timeslot collision, it will go to the 
shared timeslot to choose the available timeslot. 
When the node receives the available timeslot 
resource from the shared timeslot, then this should 
change to the allocated timeslot. After testing and 
experimenting several times, the number of timeslots 
and shared timeslots in one frame is determined, 
based on the effects of the experiment. After the 
processing of the TDMA adjustment, the TDMA 
timeslot allocation is fixed and will be used 
periodically in the network. 

 
 

4.3. Forwarder Selection 
 

In this section, it will present the forwarder 
selection method. There are three main parts: 
Gradient-based network setup, Priority model and 
Forwarding metrics. 

 
 

4.3.1. Gradient-based Network Setup 
 
Gradient-based networks will be built in the 

proposed routing protocol, and it uses the scheme 
proposed in IETF ROLL [15]. The Gradient scheme 
mainly consists of three steps. 

1) Gradient setup: This setup method is typically 
used in the Gradient Based Routing (GBR) [16], 
which builds up a hop-count-based gradient during a 
setup phase [17].  

2) Height calculation: The height of the sink node 
is always set to 0. Other nodes will set their heights 
equal to the smallest number of hops to the sink node 
[18]. 

3) Forwarding techniques: The node sends the 
packet to its available neighbor with the smallest 
height, so it can increase the reliability of delivering 
with the best available node. 

 
 

 
 

Fig. 2. An example of Gradient-based network. 
 
 

Fig. 2 shows an example of a Gradient-based 
network. The red triangle is the sink node and its 
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height is set to 0. Other nodes set their heights as the 
smallest number of hops to the sink node. 

 
 

4.3.2. Priority Model 
 
The proposed protocol classifies the packet as two 

types of priority: normal packets and priority packets. 
The queue model adopts the scheme that emergency 
data is the priority. The priority packet is always 
inserted into the head of the queue and it can be 
transmitted when the node obtains the opportunity. It 
maintains the following rules: 

1) If there are other priority packets waiting in the 
queue, the new priority packet is inserted at the tail of 
these existing priority packets. 

2) The normal packet is always inserted into the 
tail of the queue without considering the sequence. 

3) If the queue is full, the queue will discard the 
oldest packet to provide a place for the newly coming 
packet. 

Fig. 3 shows the Queuing model in this protocol. 
In the packet format of sensor data, the emergency 
data is marked in the field of priority. If this data is 
priority data it will be inserted into the head of the 
queue, otherwise it is inserted into the tail of the 
queue. 

 
 

 
 

Fig. 3. Queuing model. 
 
 

4.3.3. Forwarding Metrics 
 
In the section, we will introduce the forwarding 

metrics using in the proposed algorithm and the main 
equation is adopted by THVRG [7]. 

The set of one-hop neighbors of node i, F(i), is 
defined as being composed of the neighbor of node i 
in the one-hop neighbor area. The set of two-hop 
neighbors of nodes i, F2(i), consists of the one-hop 
neighbor nodes of F(i), namely the two-hop 
neighbors of node i. There are two required deadline 
deliveries defined as tset0, tset1 respectively, and tset0 is 
the required deadline delivery of the normal packet 
and tset1 is that of the priority packet. In addition, the 
corresponding threshold velocities to guarantee the 
end-to-end delay are defined by  
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where Hs is the height of the source. 

Two-hop velocity is related to the delay of a two-
hop neighbor while considering the number of hops 
instead of the distance between the two-hop nodes. It 
is calculated by 

 
2 ,

( , ) ( , )
j

iV
T i j T j k

=
+

 (3) 

 
where T(i,j) is the delay from node i to node j, )(iFj∈ , 
and T(j,k) is the delay from node j to node k, )(2 iFk ∈ . 
If node j satisfies 0th

j
i SV ≥ , it is included into the set 

P0, namely the potential forwarder set of the normal 
packet. 

If node j satisfies 1th
j

i SV ≥ , it is included into the set 
P1, namely the potential forwarder set of the priority 
packet. 

It is assumed that a packet is received by the 
forwarding node a at the timeslot na, and after 
running the proposed protocol, it will relay to node b 
at the timeslot nb. The per-hop delay is calculated by 

queueabhop tMnnt +−⋅+= ]mod)[(ττ (5) In (5), τ is 
the duration of one timeslot, M is the total number of 
the timeslots in one frame and tqueue is the time 
waiting in the queue [17]. From this equation, the 
delay of per-hop is determined by the transmission 
delay, timeslot offset delay and queuing delay. 

The node determines whether it relays the packets 
based on the forwarding probability of node i that is 
calculated by 
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where )(iFj∈ , N is the cardinality of F(i), ej is the 
packet loss ratio of node j, Hi is the height of node i, 
Hs is the height of the source node, and K1 and K2 are 
the positive coefficients.  
In (6), ej can be achieved by the link quality as 
discussed previously, K1 and K2 are the value of a 
function of (Hi)/(Hs) and this is given by 
 

⎪⎩

⎪
⎨
⎧ >

≤
= 2

1,1

2
1,2

)(
β

β
β

K

K
K

 

(7) 

 

where )/()( si HH=β  [7]. 
Fig. 4 shows the flowchart of the processing of 

the forwarder selection. When the node receives the 
packet or has its own packet to send, after judging 
whether or not it is priority packet, it will find the 
potential forwarder in the corresponding set. 
However, if the potential forwarder set is empty, it 
must start the initialization scheme to calculate the 
forwarding information. If in the forwarding set, it 
can find the potential nodes, it then chooses the node 
with the best two-hop velocity to calculate the 
forwarding probability of the node and if the 
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probability is high, this node will send it; otherwise, 
it will find another node with the second best two-
hop velocity. In this processing, the priority packet 
will always have priority relation to being handled by 
the forwarder selection scheme. 
 
 

 
 

Fig. 4. Flowchart of the processing of forwarder selection. 
 
 

As Fig. 5 shows, the process model consists of 
several FSMs. The first three states are part of the 

initialization phase, after which it will change to the 
idle state, the dominant state during the operation of 
the protocol. When the node is interrupted by the 
PACKET_GENERATE, it will change from the idle 
state to the generate state in order to create its own 
packet. When the packets are received from other 
nodes (event PACKET_ARRVL), the node changes 
its state to the forward state. If this packet is the data 
packet, it will set an interrupt ACK_TIMER to send 
the ACK packet to the node from which the packet 
came, after a period of time. It will also set the 
interrupt PACKET_TRANS to transmit this packet 
and then, transform to the send state. While 
transmitting the packet, the interrupt ACK_CHECK 
is set to check whether the packet arrives. If not, it 
will go back to the send state to retransmit it. When 
the number of retransmissions is over the threshold 
(event TIMEOUT), the node will come back to the 
idle state. If the packet arrives successfully, it 
changes the retransmit state to the idle state. The 
queue scheme will be used in the whole processing 
transmission. If the data packet is received, it will 
insert into the queue based on the queue scheme; and 
if the node has the opportunity to send the packet, it 
will take one data packet from the queue to send. 

 
 

 
 

Fig. 5. Process model of the proposed protocol. 
 

5. Evaluations 
 
The proposed protocol is verified by OPNET 

modeler 17.5. This is a high-level event-based 
network level simulation tool that operates at packet-
level [18]. This paper compares with THVRG. It will 
analyze the proposed protocol in two aspects: average 
end-to-end delay and delivery success ratio. 

 
 

5.1. Simulation Model 
 
In the wireless Medium Access Control (MAC) 

and physical layer, the IEEE 802.15.4 standard is 

adopted. The date rate is 1024 b/s, the bandwidth is 
2000 kHz, and the min frequency is 2401 MHz. The 
modulation is BPSK and in the transmitter, the power 
is set to 0.01.  

In this simulation, we have two scenarios that the 
number of nodes is fixed to 10 and 20 respectively, 
which are deployed randomly in a 100 m × 100 m 
area. The transmission range is 60m and the packet 
length is 32 bit (4 bytes). In order to get the duration 
of one timeslot, we test the relationship with delay, 
packet length and distance. The delay mostly depends 
on the packet length and is 0.03125 s. In this work, 
the duration of one timeslot in TDMA frame is set to 
0.032 s which is a little bit larger than 0.03125. 
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5.1.1. End-to-end delay and Delivery Success 
Ratio in Different Traffic Loads 

 
The proposed algorithm is evaluated under 

different traffic loads while the number of sources is 
varied from 1 to 6. The packet generate frequency of 
the source is 1 packet per second. 

Fig. 6 shows the minimum, average and 
maximum end-to-end delay with different traffic 
loads. It can be seen from the figure, it has an 
increasing trend for minimum, average and maximum 
end-to-end delay for multiple sources. This is a 
consequence of the increased traffic loads and the 
fact that every source has the same frequency of 
generating packets. The conclusion that can thus be 
drawn is that the increasing numbers of sources 
results in a higher packet generate frequency. Hence 
it can be determined that a higher traffic load will be 
the result of a higher frequency. The figure shows 
that in the heaviest traffic environment, the minimum 
end-to-end delay stays within 0.5 s and the maximum 
end-to-end delay is within 1.2 s. It is clearly 
illustrated that the proposed protocol achieves a low 
end-to-end delay with multiple sources. 

 
 

 
 

Fig. 6. End-to-end delay of the proposed protocol with 
different traffic loads that the number of sources varying 
from 1 to 6, each source sends the packets every second. 

 
 
The proposed algorithm also considers the 

delivery success ratio (DSR). It avoids data collision 
because in each timeslot only one node can send the 
packet. By means of this strategy, it can achieve high 
reliability. Additionally, while selecting the optimal 
forwarder, the node calculates the forwarding 
probability by considering the packet loss ratio.  
Fig. 7 shows the delivery success ratio of the three 
algorithms with different sources. From the figure, it 
can be seen that, as the number of sources increased 
(equal to higher traffic load), the delivery success 
ratio is decreased. The DSR decrease is induced by 
the packet collision, busy channel probability and 
network congestion. However, the delivery success 
ratio of the proposed protocol is highest than the 
other algorithms. The strategy of the proposed 
protocol achieves a high reliability communication, 
which contributes to the good performance of the 
proposed protocol. The delivery success ratio of 
THRG is almost the same with the proposed 
algorithm. Because the formula to calculate the 

forwarding probability in proposed algorithm is the 
same as THRG used. Both of them considered the 
packet loss ratio. However, the Dijkstra algorithm did 
not consider any reliability strategy, thus its 
performance in delivery success ratio is low. 
 
 

 
 

Fig. 7. Delivery success ratio of three protocols  
with different sources, each source sends the packets  

every second. 
 
 

5.1.2. Number of Hops and Delay 
 
The number of hops is an important factor that 

affects the end-to-end delay of the protocol. Thus, in 
this section, the paper considers the number of hops 
to evaluate the performance of the proposed 
algorithm. 

Fig. 8 shows the delay for three algorithms varied 
from different number of hops. When the number of 
hops increases, more delay will be caused because 
more hops require more timeslots. It can be seen 
from the figure that the proposed algorithm 
outperforms other considered algorithms. In the 
proposed algorithm, it simplified the topology of the 
network and optimized the number of timeslots for 
TDMA scheduling, as described in section 4.1. Thus, 
it can reduce the number of waiting timeslots which 
will result in a less delay. THVRG has a better 
performance than Dijkstra algorithm, because it 
optimizes the number of relaying hops while Dijkstra 
only considers the number of hops which will cause a 
lot of traffic loads so that some nodes require more 
time to get the chance to send the packets. 

Fig. 9 shows the average delay comparison 
between emergency data and regular data with 1, 2, 
3, 4, 5 hops in different sized network. As the figure 
displays, as the number of hops increase, the average 
delay increases regardless of the size of network is  
10 nodes or 20 nodes and the packet is emergency 
data or regular data. This indicates that more hops 
will use more time slots to relay the packets and even 
wait for a longer time to get the chance to send it. If 
we compare the difference between emergency and 
regular nodes in these two different size networks, it 
is conspicuous that the difference will be larger for 
more hops and even for more nodes. This implicates 
that the discrepancy between emergency and regular 
packets for increasing number of hops in different 
size network is not proportional increase. As the 
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result confirms, the average delay for emergency data 
is less than the average delay of regular data in 
different number of hops and different size network. 

 
 

 
 

Fig. 8. The delay of three protocols with different  
number of hops. 

 
 

 
 

Fig. 9. Average delay comparison between emergency data 
and regular data with different number of hops in different 

size network. 
 
 

6. Conclusions 
 
Industrial Wireless Sensor Network (IWSN) 

applications are attempting to achieve the new 
requirements such as real-time delay, reliable 
delivery, etc in industrial environments. Based on the 
significant economical investments and benefits, the 
security of industrial environments is important. The 
sensors monitor the environment and when an 
emergency situation is detected, the sink will be 
notified so that it can cope with it. 

In this thesis, a TDMA-based real-time delay 
routing with two-hop neighbour information in 
IWSN is proposed. The goal of this thesis is to 
achieve real-time delay and reliable delivery. Two-
hop neighbour information is used to calculate the 
two-hop velocity, which has been adopted in a 
number of existing protocols, and it has been proven 
that it can reduce the end-to-end delay. To guarantee 
the real-time delay of emergency data, the packets are 
classified into two categories: emergency packets and 
regular packets. The priority scheme is implemented 
in the priority queue model where the emergency 
packets will always be given the highest priority to 
go forward. In the proposed protocol, TDMA is 
adopted to guarantee a deterministic timing constraint 
for real-time communication in industrial 
applications.  

The proposed protocol is simulated by using the 
OPNET Modeler and is mainly evaluated from two 
aspects: end-to-end delay and delivery success ratio. 
The performance of proposed protocol shows a low 
end-to-end delay and high delivery success ratio. The 
proposed protocol is also compared in relation to the 
emergency and regular packets in different sized 
networks. It illustrates that the delay of emergency 
packets is less than that for the regular packets. 

Thus, from all the results of the evaluation, it can 
be determined that the proposed protocol achieves 
real-time delay and reliable communication in an 
IWSN. However, in future work we need to think 
about dynamic network and also consider the energy 
consumption. And to optimize the TDMA scheduling 
is also important aspect to improve the algorithm. 
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Abstract: Histogram equalization (HE) is one of the common methods for improving contrast in digital images. 
However, HE may introduce some unnecessary visual deterioration while enhancing image. One of the solutions 
to overcome this weakness is by preserving the mean brightness of the output image. This paper proposes a new 
method, known as dynamic contrast enhancement using multiple and clipped histogram equalization (DCMHE). 
The proposed method first smoothes the global histogram and assigns each partition to a new dynamic range via 
optimal thresholds, and then clipping process is implemented to each sub-histogram. At last step, the 
conventional HE is implemented to each sub-histogram and the output image is normalized to the input mean 
brightness. Simulation results for several test images show that the proposed method enhances the contrast while 
preserving mean brightness. Copyright © 2013 IFSA. 
 
Keywords: Histogram equalization, Contrast enhancement, Brightness preserving, Clipped histogram 
equalization. 
 
 
 
1. Introduction 
 

Image enhancement is a process involving 
changing the pixels’ intensity of the input image. 
There are many image enhancement methods have 
been proposed. A very popular and most effective 
technique for image enhancement is histogram 
equalization. Its basic theory lies on mapping the 
gray levels based on the probability distribution of 
the input gray levels. It flattens and stretches the 
dynamic range of the image’s histogram and resulting 
in overall contrast enhancement. Despite of its 
popularity, HE is not very suitable to be implemented 
in consumer electronics, such as TV, video 
surveillance and so on. Because the brightness of the 
input image after HE processed [1-3] is often shifted 
to the mid gray level, some area of the output image 
is too bright or dark, namely resulting in excessive 
contrast enhancement. 

There are already many methods with multiple 
histogram equalization have been proposed to 
overcome the drawback [4]. Image processed by Bi-
HE methods enhances the image contrast 
significantly and may preserve the brightness to some 
extent, but it introduces undesirable artifacts. Such 
as, the earliest improved HE method was proposed by 
Kim in 1997, named brightness preserving bi-
histogram equalization (BBHE) [5]. This method 
divides the image histogram into two parts. The two 
histograms corresponding to the two parts are 
independently equalized. It is mathematically shown 
that the mean brightness of processed image by 
BBHE method locates in the middle of the input 
mean gray level. Next, in 1999, the dualistic sub-
image histogram equalization (DSIHE) [6] was 
proposed by Wan et al. This algorithm is similar to 
BBHE, except the partition value of histogram is the 
median value instead of the mean value. The 
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threshold of the separation is chosen such that two 
histograms have the equal number of pixels. It is 
claim that DSIHE is better than BBHE in terms of 
preserving brightness and entropy of the input image. 
In 2003 and 2007, Chen and Sims separately 
proposed recursive mean-separate histogram 
equalization (RMSHE) [7] and recursive sub-image 
histogram equalization (RSIHE) [8]. These methods 
iteratively utilize the BBHE or DSIHE and all 
produce γ2 pieces of sub-histogram. Then, each sub-
histogram is equalized independently. These two 
methods are good for brightness preserving when the 
value of γ  usually set by users, γ  is not too large; 
otherwise, the output histogram will become exactly 
the input histogram, and there is no enhancement. In 
2010, Chen [9] proposed dynamic quadrants 
histogram equalization plateau limit (DQHEPL) and 
bi-histogram equalization median plateau limit 
(BHEPL-D), which are the extension of the BHEPL 
[10], and these two methods divides all the histogram 
of input image into four sub-histograms, so some of 
the output image may appear excessive enhancement. 
In 2011, Cheng et al [11] proposed a method for 
foggy image contrast enhancement, it is sub-
histogram equalization method applied to the reality. 
In 2012, Mohd et al [12] proposed a method named 
weighted average multi segment histogram 
equalization for brightness preserving contrast 
enhancement (WAMSHE), but the ratio between 
pixels and section of some images is too large, so 
some section of out image also appear excessive 
enhancement. All of these methods have one main 
point in common: they decompose the input image 
histogram into two or more sub-histogram, and then 
equalize the histograms of these sub-images 
independently. In contrast, the major difference 
among these methods is the criteria they used to 
decompose the input image into two or more sub-
images. 

The above methods based on sub-image 
histogram equalization are at the cost of losses 
enhancement to preserve brightness, but these 
methods didn’t obtain very good result. So, in order 
to obtain a better result, this paper propose a new 
method named dynamic contrast enhancement using 
multiple and clipped histogram equalization 
(DCMHE), though this method also is based on sub-
image histogram equalization, it can be adaptively to 
determine the range and segmentation number 
according to the image histogram information, the 
detail will be given in the section 2. To avoid 
excessive enhancement phenomenon, we first smooth 
the global histogram with a one-dimensional filter to 
find optimal thresholds, then the smoothed histogram 
will be partitioned into segments via optimal 
thresholds and remap each partition into a new 
dynamic range. After that, we will clip each sub-
histogram via clipping thresholds and HE is applied 
to each segment independently. In order to preserve 
the brightness of the image, by the normalization of 
the output mean, the mean of the resultant image will 

be close to the input image. With this criterion, 
DCMHE is expected to produce better contrast 
enhancement, and better in preserving the mean 
brightness compared with other HE methods. 

This paper is organized as follows. Section 2 
summarizes fundamental theory of histogram 
equalization and describes the proposed method in 
detail. Section 3 gives the simulation results and 
comparisons with other methods. The conclusion of 
our work is given in section 4. 

 
 

2. Histogram Equalization (HE) 
 
2.1. Typical Histogram Equalization 
 

For a given image X, the goal of HE method is to 
uniformly distribute the histogram of image X over 
the entire range of gray-levels, increasing the image 
contrast. Let )( kXp be defined as the probability 
density function: 

                                    
 

n
nXp

k

k =)( , (1) 

 
for k = 0, 1, …, L−1, where kn  represents the 
number of times that the level 

kX appears in the input 
image X and n is the total number of pixels in the 
input image. Base on the probability density function, 
the cumulative density function is defined as: 
 

 
∑
=

=
k

j
jXpxc

0

)()(  (2) 

 
where xX k = , for k=0, 1, …, L−1. Note that 

1)( 1 =−LXc  by definition, HE is a scheme that maps 
the input image into the entire dynamic range by 
using the cumulative density function as a transform 
function. Let’s define a transform function )(xf  
based on the cumulative density function as follows: 
 

 )()()( 010 xcXXXxf L ⋅−+= −  (3) 

 
Then the output image processed by the HE, 

)},({ jiYY = can be expressed as 
 

 )(xfY =  

  }),()),(({ XjiXjiXf ∈∀=        
(4) 

 
The traditional HE has a high performance in 

enhancing the contrast of an image as a consequence 
of the dynamic range expansion. But it can also 
introduce a significant change in brightness of an 
image, which hesitates the direct application of HE 
scheme in consumer electronics. 
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2.2. Dynamic Contrast Enhancement Using 
Multiple and Clipped Histogram 
Equalization (DCMHE) 

 
In order to overcome the drawback introduced by 

the traditional HE, so many variations of HE-based 
methods have been proposed. In this section, we will 
describe the method called dynamic contrast 
enhancement using multiple and clipped histogram 
equalization (DCMHE) in detail. 

 
 

2.2.1. Selection of Optimal Thresholds 
      

Because it is difficult to detect the local optimum 
of the histogram which was not smoothed, we have to 
gain the smoothing histogram before we choose the 
local optimum as the optimal thresholds. In order to 
do so, we use a one dimensional Gaussian filter to 
smooth the original histogram. The Gaussian filter is 
defined by the following equation: 
 

 )2/exp()( 22 σttG −= , (5) 
 
where t is the coordinate relative to the center of the 
kernel, and σ is the standard deviation. In this paper, 
we use a Gaussian filter of size 1x5 and use the local 
maximum as the optimal thresholds. In order to find 
the local maximum, we apply the method in [13] and 
set the initial label of the smoothing histogram as 
follows (if ( )1()( −≥ khkh ) 
then 1)( =kb else 1)( −=kb ). Since there are still 
fluctuations in the calculated signs, a process of 
removing stray signs is applied as the following 
method: 
 

 +++⇒+−+                  
−−−⇒−+−                  (6) 

 
Then we will find all the values of k from the 

above sequence which meet the conditions 
1)(,...,1)9( ==− kbkb and 1)9(,...,1)1( −=+−=+ kbkb   

( nkkk ,...,, 10 ), as shown in Fig 1. 
 
 

 
 

Fig. 1. Smooth histogram and select separated value. 

As can be seen from the Fig. 1, there are four 
points (local maximums) satisfying the conditions; 
however, at the second point, the local maximum has 
a very small value difference with the local 
minimums in its two sides. In order to enhance image 
better, we need to remove these unobvious local 
maximums, so we set a threshold f to remove these 
points. 
 
 
2.2.2. Map each Partition into a New 

Dynamic Range 
 

We use 0I , 1I , ... , 1−nI to represent the above 
sequence of optimal thresholds. If the original 
histogram before smoothing is in the range of 

maxmin ~ II , then the histogram will be divided into 
(n+1) sections, that is,  [

0min , II ], [
10 ,1 II + ],…, 

[ max1 ,1 II n +− ], and the number of pixels of  each 
section are

nn MMMM ,,...,, 110 −
. Because sub-

histograms with small range will not be enhanced 
significantly by HE as shown in Fig. 2, we can use 
the method in [14] to map each partition into a new 
dynamic range based on the size of each section and 
the number of pixels.  

 
 

 
 

Fig 2. Map each partition into a new dynamic range. 
 
 
The mapping function is described by the 

following equations: 
 

 
1−−= iii lowhighspain                  

)(log10 iiii spainMspainfactor ×=  

∑
=

=
n

i
ifactorT

0

               

TfactorLrange ii ×−= )1( ,            

(7) 

 
where ispain  is the range of each section, ihigh  is 
the highest intensity value containing in the sub-
histogram i , ilow is the lowest intensity value in that 
section, and iM  is the total pixels containing in that 

section. Let the irange represent the size of the 
output each section. If we set the first sub-histogram 
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of the output image in the range of [ 0,0 range ], 

then istart and iend can be calculated as follows: 
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(8) 

 
 

2.2.3. Clipped Histogram Equalization 
 

In order to maintain the stability of preserving the 
original brightness and avoid over-enhancement, we 
will further processing sub-histograms respectively, 
i.e., clipping the sub-histograms by the clipping 
threshold iP  used in [15]. The value of clipping 
threshold iP  can be computed by the transformation 
function: 
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where iP  is the mean value of each section, clipping 
histogram can be done as the following operations: 

 
 )()'( iic mhmh =     ( ii Pmh ≤)( )      

iic mh P)'( =                ( ii Pmh ≥)( ),   
(10) 

 
where )'( ic mh represents the clipped histogram, as 
shown in Fig. 3. 

 
 

 
 

Fig. 3. Clip sub-histogram. 
 
 
2.2.4. Equalizing Each Segment 

Independently 
 

After the clipped histogram is obtained, each sub-
histogram can be equalized individually by the 
conventional HE method. Let 'k be gray level of 
output image, which can be computed by the 
transformation function as follows: 

 
],[' *)( upperlower hh

klowerupperlower Chhhk −+=
,
 (11) 

 

where lowerh and upperh are lower and upper limit of 

sub-histograms, 
],[ upperlower hh

kC represents the 
cumulative probability density of the level k and can 
be obtained as follows: 
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2.2.5. Normalizing the Image Brightness 
 

In this section, we will try to re-shift the mean 
brightness of output image to its original position 
after the equalization process. Assuming that 

im represents the mean brightness of input 

image ),( yxI  and om represents the mean brightness 
of output image ),( yxO , we apply the brightness 
normalization as the following equation: 
 

 
),(),( yxI

m
m

yxO
o

i= , (13) 

 
This normalization will make sure that the mean 

brightness of output image will be closer to the 
original input mean brightness of the image. 

 
 

3. Results and Discussion 
 

In this section, in addition to the proposed 
algorithm DCMHE, we also implemented several 
other improved histogram equalization algorithms 
mentioned above, the iteration number of RMSHE 
and RSIHE is let be two, namely the original image is 
divided into four sub-image. 

In order to show the superiority of the proposed 
algorithm, we used the two measure criterion: the 
mean absolute error between the output image and 
the input image (AMBE) in [4] and the standard 
variance of the difference between the output image 
and the input image (SD) in [16]. We use AMBE to 
measure the stability of preserving the mean 
brightness of images. The smaller the value of 
AMBE, the better this stability. The AMBE is 
defined as follows: 
 

 ][][ YEXEAMBE −= ,
 (14) 

 
where E[X] and E[Y] represent the original and 
enhanced image gray scale averages respectively. In 
order to measure whether the processed image is 
enhanced. We use the SD as a measuring standard 
(the bigger the value of SD, the greater the image 
contrast), the standard variance of the difference 
between the output image and the input image (SD) is 
defined as follows: 

 
 ][][ XSDYSDSD −=  

∑ ×−=
max

min
2 )()(][ lPulISD

,
 (15) 
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where SD [I] represents the SD of image I , SD[Y] 
and SD[X] represent the SD of output image and 
input image respectively, l  represents the gray value 
of image I , u represents the mean gray level, P[l] is 
the probability distribution of gray scale. 

From Table 1, we can see that the AMBE value 
obtained by the proposed algorithm is smaller than 
other algorithms. It is shown that the gray scale 
average in the proposed algorithm has very small 
changes between output image and input image. It is 
also indicated that the proposed algorithm is able to 
maintain the stability of image gray scale average 
very well. Because our algorithm adopts not only the 
advantages of sub histogram equalization, but also 
the idea of clipped histogram equalization, the 
proposed algorithm achieves the good result. 

 
 

Table 1. The AMBE of input and output image. 
 

 Airplane Pout man Rice 
BBHE 12.1257 2.6979 23.7126 8.6479 
DSIHE 6.1938 8.1046 17.6388 3.9744 
RMSHE 6.1521 5.9960 11.9108 0.2923 
RSIHE 6.2408 8.3872 9.5606 0.5201 
DQHEPL 4.4864 5.0279 12.7527 3.0582 
WAMSHE 0.1966 0.4735 0.1350 0.2301 
DCMHE 0.0828 0.1129 0.0168 0.0218 

 
 
In Table 2, some SD values obtained by the 

proposed algorithm (DCMHE) are bigger than those 
achieved by other algorithms (RMSHE, RSIHE, 
DQHEPL and WAMSHE). Note that the larger the 
SD value of output image achieves, the better the 
image is enhanced. However, some SD values 
obtained by the proposed algorithm (DCMHE) are 
smaller than those achieved by the algorithms BBHE 
and DSIHE. This is due to the reason our algorithm is 
a kind of sub-histogram equalization, it has to be at 
the cost of image enhancement to preserve the 
brightness, so the image enhancement effect is 
influenced. 

 
 

Table 2. The SD of output and input image. 

 
 Airplane Pout man Rice 
BBHE 41.7818 49.5527 8.9911 28.5079 
DSIHE 41.9192 50.1927 11.1281 31.3417 
RMSHE 11.9431 12.1677 9.9726 0.4771 
RSIHE 23.4480 15.2694 2.1166 -0.5304 
DQHEPL 11.6272 43.9538 13.9704 23.9391 
WAMSHE 5.3798 30.2906 20.3862 26.2009 
DCMHE 14.4646 54.0127 6.7917 22.6033 

 
 
Fig 4 shows that in the shadow of the images 

processed by the BBHE, RMSHE and RSIHE the 

various degree of excessive enhancement appears. So 
we can not see the outlines of the shadow clearly. In 
the image f, g and h, we can see the effect of image h 
is better than the other two images. 

 
 

  
                 a. Original                              b. BBHE 

  
                  c. DSIHE                            d. RMSHE 

 

                   e. RSIHE                            f. DQHEPL 

 

  g. WAMSHE                             h. DCMHE 

 
Fig. 4. The result of Airplane image enhancement. 

 
 
Fig. 5 shows that the images obtained by the 

RMSHE and RSIHE introduce undesirable artifacts. 
The image h after processed by the proposed 
algorithm is better than others, for example, in the 
picture h the hair contour is more clearly than others, 
so it has better visual effect. 

In the Fig. 6 the backgrounds of image b, c, d, e 
and g appear different degree of halo phenomenon, 
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but this phenomenon didn’t appear clearly in image h 
obtained by the proposed algorithm. 

In Fig 7, we can see that the effect of images 
processed by the algorithms RMSHE and RSIHE 
processed is very poor. Those processed images 

almost have no difference from the original image, 
The algorithms of BBHE DSIHE DQHEPL and 
WAMSHE enhance the image while introducing a 
number of noises, but the image h under our 
algorithm obtains a good effect. 

 
 

    
 

a. Original b. BBHE 
 

c. DSIHE d. RMSHE 

    
 

e. RSIHE f. DQHEPL g. WAMSHE h. DCMHE 
 

Fig. 5. The result of Pout image enhancement. 
 
 

    
 

a Original b. BBHE c. DSIHE d. RMSHE 
 

    
 

e. RSIHE f. DQHEPL g. WAMSHE h. DCMHE 
 

Fig. 6. The result of man image enhancement. 



Sensors & Transducers, Vol. 25, Special Issue, December 2013, pp. 211-218 

 217

    
 

a. Original b. BBHE 
 

c. DSIHE d. RMSHE 
 

    
 

e. RSIHE f. DQHEPL g. WAMSHE h. DCMHE 
 

Fig. 7. The result of rice image enhancement. 
 
 

4. Conclusion 
 

To overcome the defects of traditional histogram 
equalization algorithm, this paper proposed a 
dynamic contrast enhancement using multiple and 
clipped histogram equalization (DCMHE). 
Experimental results show that this method is able to 
preserve the brightness of the processed images and 
yields the images with natural appearance. The 
subsequent research work is to select a good method 
to choose the threshold value of f. 
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Abstract: It is necessary to detect the high-precision rotor position and control real-time drive for a high-
performance switched reluctance motor (SRM) drive. Its optimal control is based on the accurate rotor position 
information. And the controller processing ability directly influences the effect of control strategy and the 
motor’s real-time response. In terms of the defect that traditional SRM drive can’t meet the high-precision 
requirement and the single processor adopted as controller is limitable to process in real time, this paper puts 
forward a new control proposal that adopts absolute encoder to produce high-precision SRM rotor position 
signal, and designs an all-digital controller with digital signal processor (DSP) and complex programmable logic 
device (CPLD) based on SPI bus communication, which could appropriately combines the fast real-time 
operation of DSP with the reliability of logic processing of CPLD, achieving SRM high-performance drive. 
Moreover, the designed system has been applied on the SRM prototype motor and realizes the goal of SRM 
high-precision rotor position detection and control, thus carries out angle optimal control better, improves the 
system’s real-time response and output torque as well as accelerates its starting process. So the system makes a 
great progress in the real-time response ability and output performance. Copyright © 2013 IFSA. 
 
Keywords: Switched reluctance motor, Rotor position, DSP, CPLD, Absolute encoder. 
 
 
 
1. Introduction 
 

SRM performs well as simple structure, strong 
fault-tolerant ability and high efficiency and wide-
speed range [1-2]. And it is widely used in electric 
vehicle, domestic appliance, aerospace industries and 
other fields [3-5]. SRM energizes or de-energizes 
phase windings by position signal produced by 
position sensor. It utilizes position signal to form 
speed close-loop and accomplishes self-
synchronizing operation. As a result, rotor position 
detection is an extremely important part. It is quite 
meaningful to realize SRM commutation and 
performance optimization [6-8]. Especially for high-
performance SRM drive, the real-time accurate 

feedback of rotor position information is the 
prerequisite. As a result, the two factors including the 
accuracy of rotor position signal and the real-time 
function of controller response influences SRM 
precise control. 

Opto-couplers are low-cost and usually used to 
provide SRM position information. Taking a three 
phase 12/8 SRM as an example this paper shows, 
three opto-couplers generate an opto-couplers edge 
for every 7.5° mechanical rotation. This position 
signal can’t satisfy the requirement of rotor position 
resolution for SRM drive variable angle control. 
Despite the fact that adoption of hardware or 
software angle subdivision improves resolution in a 
certain extent, its defects are also obvious [9]. The 
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hardware angle subdivision is easily disturbed by 
outside, leading to the abnormal phenomenon that the 
frequency-multiplied output waveform is 
asymmetric. Adopting phase-locked loop on angle 
subdivision will create some delay to lock. The 
software angle subdivision increases calculation tasks 
and occupies more controller resource, which goes 
against real-time requirement for high-performance 
control. In the actual system, owing to that the 
signals from three-phase position sensors are not 
totally symmetric, the accuracy based on this kind of 
angle subdivision is affected. Additionally, 
traditional SRM drive adopts single processor as 
controller which is hard to meet the requirement of 
the real-time drive and high-performance control [10]. 

In order to achieve high-performance SRM drive, 
it is necessary to acquire real-time high-precision 
rotor position information. This paper adopts 
absolute encoder to produce high-precision SRM 
rotor position signal and designs a digital controller 
with DSP and CPLD. The controller takes advantage 
of digital signal processor (DSP) and its strong ability 
on computation and fast speed on data processing as 
well as multifunctional peripherals and additionally 
equips it with complex programmable logic device 
(CPLD) that has hardware logic describing and 
parallel processing abilities to comprise SRM drive 
central controller. SPI bus communication benefits 
these two sides and makes them coordinate and 
realize the optimization and integration of control 
resource to accomplish SRM detection, optimal 
control and drive. It has been applied to practical 
SRM drive successfully and achieves the goal of 
SRM high-precision rotor position detection and 
control, thus carries out angle optimal control better, 
improves the system’s real-time response and output 
torque as well as accelerates its starting process. 
 
2.SRM Drive Framework 

 
The SRM is a single excited machine, which has a 

simple structure and superior drive performance over 
a wide speed range. The switched reluctance motor 
drive consists of SRM, power converter, controller, 
position detection and other parts [11]. Its principle 
diagram is shown in Fig. 1. In this paper, motor is 
three-phase 12/8 pole SRM. Power converter uses 
asymmetric circuit which has IGBTs as main 
switching devices as Fig. 2 shows. Controller is the 
system center, composed of DSP and CPLD, globally 
handles speed command, speed feedback signal and 
other detection information from current sensor, 
position sensor, voltage sensor, etc [12]. It controls 
the IGBTs to switch on or off in power converter to 
excite or de-excite SRM phase windings. 

The movement of SRM results from the air-gap 
reluctance change between stator and rotor. It follows 
the minimum reluctance principle that is the flux 
always closes along the way of minimum reluctance. 
In an SRM drive, it is important to synchronize the 
stator phase excitation with the rotor position; 
therefore, the information about rotor position is 

essential for proper switching operation. Torque in 
the switched reluctance motor is produced by pulses 
of phase current synchronized with rotor position. 
According to the SRM model, when rotor position 
changes, the inductance on motor windings changes 
periodically between the maximum and minimum 
value. What’s more, in different inductance regions, 
the current waveform will change if the turn-on angle 
θon and turn-off angle θoff change, leading to different 
control effect. As Fig. 3 shows, when position signal 
response delays to bring about commuting 
improperly, the phase current rises slowly and its 
maximum value decreases. Consequently the torque 
decreases correspondingly to weaken the loading 
ability and even produce brake torque when stator 
phase turns off with delay. Consequently, the 
synchronization between the time to switch on or off 
the energizing phase and rotor position is extremely 
crucial in SRM drive. Thus, the implementation of 
angle optimization requires high-precision position 
feedback in position detection and real-time response 
of drive control system. 

 
 

 
 

Fig. 1. SRM principle diagram. 
 
 

 
 

Fig. 2. Asymmetric power converter. 
 
 

 
 

Fig. 3. The delay influence on phase current. 
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3. Rotor Position Signal Acquirement 
 

Rotary encoder can directly convert angle 
movement to digital signal. It has two kinds, 
incremental and absolute encoders. Absolute 
photoelectric rotary encoder is a sensor which 
directly outputs digital quantity. It has many 
advantages including high reliability, power-off 
memory function, strong anti-interference ability, etc 
[13]. It is named for the only corresponding relation 
between every angle position and digital code. 
Compared with incremental encoder, the advantage 
of absolute photoelectric axial angle encoder contains 
fixed zero, output codes with axial angle uniform 
function, strong anti-interference, dispensability for 
recalibrating when restarted after power-off, no 
accumulated errors and so on. As a consequence, it is 
actually prevalent in many areas [14-15]. According 
to the diversity of manufacturing process, absolute 
encoder is divided into binary, binary-decimal, Gray 
code disc, etc.  

The Gray code disc’s characteristic is that there is 
one code change between every two adjacent sectors. 
When reading, although it changes, there is only one 
photoelectric tube on the interface, which causes an 
error on the lowest digit rather than severer error. 
Thus, this kind encoder has higher accuracy. 
However, its defect is that it can’t directly achieve 
binary calculation. Before calculating, it is necessary 
to convert Gray codes to binary codes through logic 
circuits. The resolution of rotary encoder equals to 
360/N, and absolute value code disc N=2n, while n is 
the digits of output word. 

This paper adopts absolute encoder to produce 
high-precision real-time accurate rotor position 
signal. The model number of it is 
EA58C1024G8/28PPX1053PDR with a resolution of 
0.35° (360°/1024=0.35°) mechanical angle and the 
output is Gray code. The resolution can satisfy the 
requirement of SRM drive sufficiently. The position 
signal output by absolute encoder, through signal 
processing and photoelectric isolation, is connected 
to I/O on CPLD. CPLD converts the Gray code 
produced by absolute encoder to binary code. Fig. 4 
is the connection diagram of acquisition circuit of 
position encoder signal in one route. 

 

 
 

Fig. 4. Position encoding signal capturing circuit. 
 

By experiment, when each stator and rotor’s 
phases are aligned, position encoder’s output signal, 
after CPLD converts, is shown in Table 1 in decimal 
code. 

 
 

Table 1. Three-phase (12/8) SRM stator and rotor position 
alignments in each phase with correspondence to encoder 

output signals after CPLD converts. 
 

Angle 
position 
(mech.)

(°) 

Aligned 
position 

of 
phase 
salient 
pole 

Decimal 
code 

Angle 
position 
(mech.) 

(°) 

Aligned  
position 

of  
phase  
salient 
pole 

Decimal 
code 

0 
15 
30 
45 
60 
75 
90 

105 
120 
135 
150 
165 

A  
C 
B 
A  
C 
B 
A  
C 
B 
A  
C 
B 

1005 
962 
920 
877 
834 
792 
749 
706 
664 
621 
578 
536 

180 
195 
210 
225 
240 
255 
270 
285 
300 
315 
330 
345 

A  
C 
B 
A  
C 
B 
A  
C 
B 
A  
C 
B 

493 
450 
408 
365 
322 
280 
237 
194 
152 
109 
66 
24 

 
 
4. The Realization of Real-time 

Controller 
 

In order to improve the response speed of 
controller, the control device of this system designs 
digital controller with DSP and CPLD [16]. 
TMS320F2812 from TI company is selected as DSP 
which has specialized event manager EVA, EVB 
blocks, as well as SCI/SPI, 16-route 12 bit high-
precision A/D converter and other external interface 
units. DSP mainly accomplishes close-loop control, 
control strategy, optimal angle calculation, PWM 
control output signal, analog signal processing and 
communication with peripheral devices. The MAX II 
series low power chip EPM570T100C5 from Altera 
company is selected as CPLD. It has 570 logic units. 
The clock frequency that CPLD uses is 10 MHz  
with less 10 ns gate delay, which satisfies real-time 
function. In this paper, CPLD is mainly responsible 
for detecting rotor position signal, chopping current, 
judging commutation logic, driving power converter, 
processing fault signal and inputting peripheral 
digital signal. Compared with single processor mode 
in traditional SRM drive, CPLD can replace DSP to 
finish position detection, then reduce the I/O 
occupation on DSP and relieve its burden. Besides, 
the method of adopting CPLD to complete 
commutation control as well as power converter 
drive improves the system real-time response ability 
and reliability.  

The system principle figure is shown in Fig. 5. 
CPLD detects SRM rotor position pulse signal output 
by encoder and converts Gray code into binary code. 
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In addition, CPLD transmits one position signal to 
the CAP on DSP. DSP captures this signal and 
calculates speed in real time. According to the speed, 
current, voltage and other information, DSP 
calculates the optimized commutation angle which is 
sent to CPLD through SPI bus. According to 

different control methods, CPLD carries on 
commutation logic control, decides IGBTs in power 
converter to turn on or off in order to control each 
phase winding of SRM, keeping motor operating 
normally. 

 

DSP

CPLD

Processing

Processing

Processing
Display

Photoelectric
Isolation

Photoelectric
Isolation

Photoelectric
Isolation

Power
 Converter

SRM
Absolute 
Encoder

Signal 
Processing

Digital 
Input

Position 
Signal

Line Voltage 

Temperature

Phase Current
AD0~2

AD3

AD4

Drive
Circuit

PWM1-6

CAP

INT

SPI

Protective 
Signal

 
 

Fig. 5. System control structure. 
 
 

In this system, one essential task of CPLD is to 
convert Gray code output by encoder into binary 
code. Its specific conversion rule is that keep the 
highest digit of Gray code as the natural binary code, 
and the second highest binary digit is the exclusive-
OR result between the second highest digit of Gray 
code and the higher digit of binary code. The other 
digit of binary code is similar with the second highest 
digit. Taking the ninth digit in binary code as an 
example, its VHDL decoding program is as follow. 

B(8)<=G(10) xor G(9) xor G(8) 
The Fig. 6 is the waveform of Gray code output by 

position encoder when SRM rotates and binary code 
through CPLD conversion. The upper half is B10 to 
B0 from top to bottom, which is the tenth to the zero 
binary code after converting. The lower half is G10 
to G0 from the top to bottom which is the tenth to the 
zero Gray code before converting. 

Besides, CPLD mixes and processes some 
hardware protective signals and transmits them to the 
external interrupt pin PDPINT  on DSP. When the fault 
appears, PDPINT  is set as low level and the timers 
inside DSP stop right now and all the outputs are 
high-impedance state to prevent DSP from sending  
PWM signals. In the meantime, it produces interrupt 
signal and judges what happens in the interrupt 
service routine and displays error code on the upper 
monitor. 
 
 
5. The Realization of Communication 

Blocks 
 

In this paper, the controller adopts DSP and CPLD 
as control method. In SRM drive, due to the fact that 
there needs to be real-time data exchange between 

DSP and CPLD, such as optimized turn-on and turn-
off angles in each phase, the fast real-time 
communication between them, to a great extent, 
influences the whole system’s performance. As a 
result, this paper proposes SPI communication which 
is fast synchronizing serial communication bus to 
achieve data exchange. It can once transmit 1-16 bit 
serial data whose principle is similar to shift register. 
To realize SPI communication, it only needs to 
connect clock line, data transmitting or receiving 
line. Taking use of SPI communication provides DSP 
and CPLD with convenience to collaborate rapidly 
and properly combines the real-time fast computation 
of DSP with the reliability of logical processing of 
CPLD. 

The SPI bus can be divided into two types as 
three-line and four-line. Its circuit design is simple 
and highly reliable. In this paper, SPI chooses four-
line mode. DSP is set as master unit and CPLD is 
taken as slave unit. The clock signal is offered by 
DSP. Here, there are two questions that are necessary 
to be concerned about SPI. One is to select clock 
polarity and phase correctly. The other is to keep 
dataflow synchronous in communication. The clock 
set of master and slave unit in the paper is to transmit 
data at dropping edge and to latch data at rising edge. 
Therefore, it avoids that controller improperly 
transmits a wrong datum when electrifying and 
resetting. In addition, through drawing up reasonable 
communication protocol, the system solves the 
problem of synchronizing dataflow. That is to add 
synchronizing data before data blocks and check 
word at the end of data blocks to form one frame of 
data of synchronous communication. The converting 
waveform of SRM rotor position signals is shown in Fig. 6, 
and the communicating principle - in Fig. 7. 
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Fig. 6. Converting waveform of SRM rotor position signals. 
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Fig. 7. SPI communication schematic diagram. 
 

 
SPICLK which is considered as the whole serial 

network clock is provided by the master unit 
TMS320F2812’s low speed peripheral clock 
(LSPCLK). Firstly, SPISTE pin is set low, finishes 
CPLD chip selection and informs it to prepare 
communication. Then, write data on SPIDAT (SPI 
serial data register) or SPITXBUF (SPI transmit 
buffer register). SPI starts and on the dropping edge 
of SPICLK through SPISIMO (SPI slave input 
master output) pin, sends data, to CPLD’s low order 
DB0 and shift with it. Meanwhile, on the rising edge 
of SPICLK through SPISOMI (SPI slave output 
master input) pin, it transmits data to SPIDAT’s 
lowest effective order. After finishing receiving, data 
is transferred to SPIRXBUF (SPI receive buffer 
register) in order to be read by CPU. Finally, SPISTE 
pin is set high and finishes data exchange and waits 
for the next communication. 

The master unit DSP has specialized SPI 
communicating interface blocks. Only equipped with 
relative registers can it operate. The Slave unit CPLD 
needs corresponding written SPI communicating 
programs to realize SPI function. As a result of SPI 
operating principle which is similar to 16 bit shift 
register, CPLD’s SPI programs are compiled as a 16 

bit shift register. Take CPLD receiving DSP data as 
an example, its partial VHDL code is shown below. 
   if sclk’event and sclk=’1’ then  

–rising edge receives data 
     if txcnt=”01111” then 

rxshift<=rxshift(14 downto 0)&din; 
rxcnt<=”10000”;                            

 -- receiving counter 
rec_int<=’0’;                                   

-- one time reception finishing sign 
     elseif rxcnt=”10000” then 

rxcnt<=”10000”; 
rec_int<=’1’; 

     else                                                                -- shift 
rxshift<=rxshift(14 downto 0)&din; 
rxcnt<=rxcnt+”00001”; 

end if 
 
 
6. Experimental Results 

 
This experiments uses three-phase 12/8 pole 

switched reluctance motor with 5.5 kW rated power 
and a speed range between 100 – 2000 rpm. As this 
paper states, the Fig. 8 shows one phase current 
waveform and motor speed waveform when motor 
starts. During the starting process, according to 
position encoder signal detected by CPLD, DSP 
calculates motor speed. According to the principle 
that is to make output torque maximum, on the base 
of motor speed and load, DSP also calculates the 
turn-on and turn-off angle. Then, the optimized angle 
control information is transmitted by DSP to CPLD 
which, by comparing optimized turn-on and turn-off 
angles with the current position, gives the correct 
time that stator excites or de-excites and achieves 
SRM angle optimization. High-precision rotor 
position detection and control makes system carry on 
angle optimization with very high accuracy and 
resolution. The control mode that combines DSP and 
CPLD lays a good foundation for the proposal that 
starting torque is raised by angle optimization. 
Consequently, it improves SRM system performance. 
From the experimental waveform in Fig. 8, with the 
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speed rising, through adjusting control mode and 
turn-on and turn-off angle, the system has a good 
effect on quick start. 

 
 

7. Conclusion 
 

Compared to traditional SRM drive, this paper 
takes the use of absolute encoder to produce high-
resolution-ratio SRM rotor position signal and 
improves the accuracy and precision of system rotor 
position signal. On this base, the digital controller 
with DSP and CPLD is designed. It utilizes their 
digital processing and hardware logic description 
abilities which makes the control system more real-
time and reliable so that optimization and integration 
of control resources are both achieved. It also ensures 
real-time function of controller’s response. More 
importantly, it is successfully applied to practical 
SRM drive. The experimental results indicate that 
this method is reliable and effective and able to 
obtain SRM current rotor position information 
accurately and timely, and then controls turn-on and 
turn-off angles, which realizes the goal of SRM high-
precision rotor position detection and control, thus 
carries out angle optimal control better, improves the 
system’s real-time response and output torque as well 
as accelerates its starting process. 

 
 

 
 

Fig. 8. SRM starting phase current and speed waveform. 
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Abstract: In order to effectively avoid the complexity and difficulty in analyzing the differential equations 
during the modeling process of air suspensions with auxiliary air chambers, electromechanical similarity 
theories were introduced, an equivalent electrical model was developed by analyzing parameters interaction 
relationship of the parts between electromechanical systems and mechanical system. The electrical model was 
verified and validated through comparisons and analysis between characteristic tests towards air suspension with 
auxiliary air chamber and simulation of equivalent electrical model. Based on the proposed electrical model, 
simulation was conducted to analyze main factors that influence the suspension performance, which could 
indicate that evaluation indexes of suspension system vary with the volume of auxiliary chamber and damping 
coefficient of damper. Analysis results show that both the volume of auxiliary chamber and damping coefficient 
of damper had considerable influence on air suspension performance, and the acceleration of sprung mass falls 
obviously with the auxiliary chamber increasing. Copyright © 2013 IFSA. 
 
Keywords: Auxiliary chamber, Air suspension, Electromechanical similarity, Electrical model, Factor analysis. 
 
 
 
1. Introduction 

 
Air spring system with auxiliary chambers is 

constituted air spring with auxiliary chamber and the 
pipe, and it can obtain lower stiffness by adjusting 
the chamber volume [1]. The spring stiffness is 
closely related to the chamber volume, the 
suspension system’s performance could be improved 
by changing the volume of auxiliary air chambers. 
Recently, there are a few studies about air suspension 
system with auxiliary chamber. However, the major 
studies mainly focus on mathematical modeling 
which involves complex modeling processes [2].  

In the early 1930s, electromechanical similarity 
theory has been applied in many ways such as 
mechanical vibration and control theory, because the 

mechanical system and electrical system have same 
mathematical model essentially. There are two 
obvious advantages to analysis the vibration problem 
of mechanical system by electromechanical similarity 
theory [3-4], one is to bring in the theory of circuit 
analysis, network and control to mechanical system 
directly, besides, the design, modification or 
integrated of circuit system is much easier, and it is 
more convenient, fast, economy to simulation with 
electronic simulation software of SimPowerSystem 
[5-7]. To simplify the modeling process of 
mechanical system and avoid the complex 
mathematical equations, an equivalent electrical 
model of air suspension and its core component air 
spring with auxiliary chamber are proposed, and the 
corresponding relationship of suspension components 
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parameters between mechanical and electrical system 
is analyzed based on electromechanical similarity 
theory.  

 
 

2. Electrical Modeling of Air Spring  
with Auxiliary Chamber 
 
As a key component of air suspension, air spring 

with auxiliary chamber affects the performance of the 
whole system directly. According to the polytrophic 
process of the gas in air spring, the air spring with 
auxiliary chamber is equivalent to an elastically 
supported damping system, and the system is 
composed by an air spring, for which the volume is 

2V (L), effective area is eA  (m2), and stiffness is 

2K (N/m), which is in parallel with a shock absorber 
with a damping coefficient is C (N/(m/s)), then in 
series with an air spring, for which the volume is 1V  
(L), effective area is eA  (m2), and stiffness is 3K  
(N/m), and then in parallel with a spring for which 
the stiffness 1K  (N/m) is related to the changing rate 
of effective area [8], as shown in Fig. 1. 

 
 

 
 

Fig. 1. Mechanics model of air spring  
with auxiliary chamber. 

 
 

Electrical system have two different excitation 
source as Voltage Source and Current Source, and 
mechanical system only have powerful form, so there 
are two similar electrical system for the same 
mechanical system and its corresponding are: forces - 
voltage similarity and forces - current similarity. 

The first kind of electromechanical similarity 
system is that various similarities and corresponding 
relationship which set up as force-voltage similarity, 
speed-current similarity as the foundation, the 
method that takes this corresponding relationship to 
analogy mechanical system is called the first kind of 
electromechanical analogy method. In this similarity, 
Mass m similarity as the inductance L , the damping 
coefficient c  is equal to the resistance R , spring 
stiffness k  is equivalent to the reciprocal of 
capacitance 1/ C , and all the parallel connections in 
the mechanical system will be transformed to series 
connections and vice versa for the series connections 
in the mechanical system. Contrary with the first kind 
of electromechanical similarity system, the second 

similarity is by electrical components of current to 
simulate the force, and at the same time take the 
speed of mechanical components (i.e. different 
speeds) to simulate the voltage across electrical 
components (Element potential difference on both 
ends), In this similarity, Mass m similarity as the 
inductance C , the damping coefficient c  is equal to 
the resistance1/ R , spring stiffness k is equivalent to 
the reciprocal of capacitance 1/ L , all the parallel 
connections and the series connections in the 
mechanical system will be transformed to be same 
connections, this method is called the second kind of 
electromechanical analogy method.  

Here, the first similarity theory is chosen to be 
applied to modeling air spring with auxiliary 
chamber. The parameters corresponding relationship 
of the system is shown in the Table 1. 

 
 

Table 1. System parameters correspondence  
in electromechanical analogy. 

 
Mechanical System F(t) V(t) m c K 
Electrical System U(t) I(t) L R C 

 
 
According to the first similarity theory, all the 

parallel connections in the mechanical system will be 
transformed to series connections and vice versa for 
the series connections in the mechanical system. For 
convenience of simulation and test, the electrical 
system components parameters are controlled within 
the suitable region, and the ratio of electrical system 
components and its corresponding mechanical system 
components parameters is 1:1000, which means   that 
1000 N of force is corresponding to 1 V of voltage, 
and all components will be under this ratio. To 
analogy the mechanical model of air spring with 
auxiliary chamber, the circuit model is shown as  
Fig. 2 based on the first similarity theory. 

 
 

 
 

Fig. 2. Circuit model of air spring with auxiliary chamber/ 
 
 

3. Electrical Modeling and Experimental 
Validation of Air Suspension 
 
The simplified model of 2 DOF degree freedom 

quarter vehicle suspension systems is shown as  
Fig. 3 [9]. 
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Fig. 3. A quarter vehicle suspension system model. 
 
 

By using the first kind of electromechanical 
analogy method, the electrical system model of 
quarter vehicle suspension is obtained as shown in 
Fig. 4. U  is the controlled voltage source, related to 
the road roughness q  in Fig. 3, 4C is capacity, means 
the tire stiffness, 3R is resistance, corresponding with 
damper coefficient, 1L  and 2L  is inductance, 
respectively corresponding with unsprung and sprung 
mass. The corresponding relations of these electrical 
parameters and the mechanical model parameters are 

shown as 4
1

t

C
K

= , 3R C=  , 1 1L m=  , 2 2L m=  , 3L is 

the mass of tire. aC corresponding with aK , means 
the electricity systems of air spring with auxiliary 
chamber in Fig. 4 and the complete electrical model 
of a quarter vehicle suspension is shown as Fig. 5. 

 
 

 
 

Fig. 4. Simplified electricity model of 1/4 vehicle 
suspension system. 

 
 

 
 

Fig. 5. Complete electrical model of a quarter vehicle 
suspension. 

 
 
To validate the electrical system model, the rig 

test is necessary. The testing system includes the 
main air chamber, pipe, pneumatic system, test 

system and other equipments. Table 2 and 3 are the 
system parameters in this test. 

 
 

Table 2. The main parameters of air suspension  
with auxiliary chamber. 

 

Sprung 
Mass (kg) 

Unsprung 
Mass (kg) 

Tyre 
Stiffness 
(kN/m) 

Damping 
Coefficien
t (kN·s/m) 

725 275 650 6.25 
 
 

Table 3. Parameters and their values in experiment. 
 

Experimental 
Parameters Suitable Values 

Volume of Auxiliary 
Air Chamber（L） 0, 2, 4, 6, 8, 10, 12, 14 

Velocity（km/h） 20, 30, 40, 50, 60, 70, 80, 90, 
100, 110, 120 

Road Level A, B, C 
Length of 
Pipeline/mm 1000 

Inner Diameter of 
Pipeline/mm 20 

 
 

Combined with the performance evaluation 
indexes of suspension system as acceleration of 
sprung mass, suspension travel and tire dynamic load 
signal, all the simulation and test results are taken the 
root mean square value as their final test result. 
According to the results of simulation and experiment 
in Figs. 6-9, the acceleration of sprung mass, 
suspension travel and tire dynamic load have the 
same trend with different auxiliary chamber, the date 
of simulation and experiment are matched.  
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Fig. 6. Acceleration of sprung mass change  
with the volume of auxiliary chamber. 

 
 

4. Analysis of Influence Factors for Air 
Suspension Performance 
 

Based on the validated electrical model, we can 
obtain more information about the change of 
suspension evaluate index with volume of auxiliary 
chamber in the driving condition. 
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Fig. 7. Frequency domain of acceleration. 
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Fig. 8. Suspension travel change with the volume  
of auxiliary chamber. 
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Fig. 9. Tire dynamic load change with the volume  
of auxiliary chamber. 

 
 

Fig. 10 shows that how would the volume effect 
acceleration of sprung mass at different speed. As 
shown in Fig. 10, the acceleration of sprung mass 
decreases when the volume of auxiliary chamber 
increases, and the change will gradually be stable 
when the volume of auxiliary chamber increases 

more under different speeds. Moreover, the 
acceleration of sprung mass declines quickly with the 
volume of auxiliary chamber when the volume is less 
than 6L, and it declines slowly when the volume is 
more than 6L. 
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Fig. 10. Acceleration change with the volume  
of auxiliary chamber. 

 
 

Fig. 11 is the acceleration power spectral density 
of sprung mass changes under the condition of the 
volume 2L and 10L of auxiliary chamber which find  
that sprung mass acceleration power spectrum values 
decrease obviously with the volume of auxiliary 
chamber increasing, especially during the frequency 
of 0~5 Hz. So, the auxiliary chamber volume can 
effectively decrease acceleration of sprung mass, and 
improve the ride performance of vehicle.  
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Fig. 11. Acceleration power spectrum change with the 
volumes 2L and 10L of auxiliary chamber. 

 
 

Fig. 12 and 13 shows that how would the volume 
effect suspension travel and tire dynamic load under 
different speeds. We find that suspension travel 
increases along with the volume of auxiliary chamber 
as shown in Fig. 12, but the increasing trend will be 
gradually smooth. It is no use to increase the volume 
of auxiliary chamber for suspension travel when the 
volume increases to the volume of 8L. Fig. 13 
indicates that tire dynamic load decreases firstly and 
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then increases with the increase of auxiliary chamber 
volume, but the amplitude change is not obvious, the 
volume of 4L is the boundary. Totally, the volume 
change of auxiliary chamber has little impact on tire 
dynamic load. 
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Fig. 12. Suspension travel change with different volume  
of auxiliary chamber. 
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Fig. 13. Tire dynamic load change with different volume  
of auxiliary chamber. 

 
 

On the other hand, the damper is mainly used to 
suppress the vibration of spring respond and absorb 
the shock of road. In fact, the spring stiffness and 
damper coefficient is a pair of matching parameters, 
they react on each other. Small stiffness and damping 
can improve the riding comfort of vehicle, and the 
better control stability is obtained under big stiffness 
and damping. With the volume 14L of auxiliary 
chamber, the suspension performance indexes change 
with the damper coefficient are shown as  
Figs. 14 - 16. 

Choose the different damper coefficients as 
simulation variable, and the value is respectively 
3125 N·s/m, 6250 N·s/m, 12500 N·s/m and  
25000 N·s/m. It is corresponding to the equivalent 
resistance in the electrical mode. 

By analyzing the results in Figs. 14-16, we can 
see that the three suspension performance index have 
a great change under different damper coefficients. 
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Fig. 14. Influence of different damping coefficient  
to acceleration. 
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Fig. 15. Influence of different damping coefficient  
to suspension travel. 
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Fig. 16. Influence of different damping coefficient to tire 
dynamic load. 

 
 

Fig. 14 shows the acceleration of sprung mass 
increases along with damper coefficient. When the 
speed is 60 km/h, the coefficient vary from  
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6250 N·s/m to 25000 N·s/m, and the acceleration of 
sprung mass increases from 2.27 m/s2 to 3.71 m/s2, 
and the growing rate is  about 63 %. Because the 
damping ratio increases with damper coefficient, 
which makes suspension harden, the damping effect 
of suspension decreased. The damper will have 
greater inhibition to the spring when the coefficient 
increases, and the inertia force of sprung mass can be 
transferred in a short distance, so the suspension 
travel decreases with damper coefficient increasing. 
Fig. 15 also shows that the greater damper 
coefficient, the less effect of speed to suspension 
travel, which indicates that damper coefficient, has 
more influence to the suspension performance than 
that of speed. 

The tire dynamic load decrease firstly and then 
increases with the magnified damper coefficient in 
Fig. 16. The value of tire dynamic load is directly 
related to vehicle's road friendliness, so it is 
necessary to find the damping coefficient which 
corresponding to the minimum value of tire dynamic 
load. Further simulation was conducted with 
electrical model of the quarter vehicle suspension 
with the method of interpolation simulation, the 
results shown in Fig. 17. 
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Fig. 17. Influence of different damping coefficient  
to tire dynamic load. 

 
 

As shown in Fig. 17, the minimum of tire 
dynamic load appeared at the damper coefficient of 
8250~9250 N·s/m in any speed. Combined with  
Fig. 15 and 16, we know that a damper coefficient 
cannot satisfy all performance indexes of suspension 
system, and it is need to have a comprehensive 
evaluate for suspension performance to get the most 
suitable damper coefficient. 

 
 

5. Conclusions 
 
Based on Electromechanical Analogy Theory, the 

equivalent electrical model of the air spring with 
auxiliary chamber and the air suspension system was 

developed. The comparative analysis was carried out 
between the characteristic test of one-quarter 
suspension system and the simulation results for 
electrical model of air spring with auxiliary volume, 
and the accuracy of the electrical model is verified  
by rig-testing. According to the analysis results, it has 
been found that when the auxiliary volume increases, 
the sprung mass acceleration reduced gradually, 
dynamic rate of suspension increased and dynamic 
load of tire changed a little. When the auxiliary 
volume is less than 6L, the sprung mass acceleration 
and dynamic rate of suspension changed more. When 
the auxiliary volume is more than 6L, the amount of 
change was no longer obvious. With damping 
coefficient of the shock absorber changed, all 
performance indexes of suspension had great 
changes. So, the suitable damping coefficient of the 
shock absorber should be determined only when the 
suspension performance is evaluated. 
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Abstract: Transmit waveform selection is essential to improve the performance of a polarimetric multiple-input 
multiple-output (MIMO) radar system. In this paper, an information theoretic criterion based method is 
proposed to select the polarization waveforms of the transmit array. The design criterion is to minimize the 
mutual information (MI) between the radar return signal at two adjacent coherent processing intervals. Based on 
this criterion, the waveform to be transmitted at next interval is selected according to the return signal at current 
interval. The criterion guarantees that the MIMO radar can catch more new information about the target at next 
time. A simple analytic form is attained when all these processes are proper Gaussian processes. An iterative 
optimization algorithm based on alternating projection is proposed to realize the procedure of waveform 
selection. The algorithm greatly reduces the amount of computation. Numerical examples are conducted to 
illustrate the effectiveness of the proposed method. Copyright © 2013 IFSA. 
 
Keywords: MIMO radar, Waveform design, Polarization waveform, Mutual information criterion, Alternating 
projection. 
 
 
 
1. Introduction 
 

Multiple-input multiple-output (MIMO) radar [1] 
has the advantage of flexible transmitting beam 
design, in which diverse forms of signal can be 
transmitted by multi-antennas. The system 
overcomes the performance declination of traditional 
phased array radar, brought by the target RCS 
scintillation. By introducing polarization sensitive 
arrays to the MIMO framework, the polarimetric 
MIMO radar has recently drawn considerable 
attention, in which the polarization information of 
signals can be fully utilized. The polarimetric MIMO 
radar system offers both spatial and polarization 
diversities that further improves the performance  
of radar target detection [2] and parameter  
estimation [3]. 

Commonly, a radar relies on waveform to realize 
its full potential. Thus, it is a crucial task to design 
waveform to unleash its advantages. The design 
method based on mutual information criterion (MIC) 
has been studied by researchers in recent years. 
Shannon mutual information (MI) is a measure of the 
information between a random variable (or vector) 
and another random variable (or vector). Early in 
1993, M. R. Bell first proposed the method of 
waveform design aimed at improving the estimation 
and identification capability using mutual 
information between radar echoes and scattering 
targets, where the water-filling algorithm was 
employed [4].  

For waveform design of MIMO radar, Yang 
Yang et al demonstrated the equality of the two 
methods of waveform design using maximum 
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conditional MI criterion and the minimum mean 
square error (MMSE) criterion in the conditions of 
deterministic the power spectrum density and that the 
power spectral density is limited [5][6], and gave a 
more practical and simplified method in which only 
finite sample values of power spectral density (PSD) 
of impulse response are needed, which has greatly 
simplified the algorithm. Based on these, a kind of 
waveform that meets the two criteria was designed 
via alternating projection algorithm [7]. Then under 
the condition that the power spectral density is 
unknown, the minimax robust waveform design was 
explored based on MI and MMSE estimation, and the 
conclusions were given demonstrating that the 
optimization solutions are different in the two 
situations [8]. It is shown that the MIC is an effective 
criterion for polarization type selection in synthetic 
aperture radar (SAR), and that the MI attains a simple 
analytic form for Gaussian-distributed scatterer and 
noise [9]. 

MIMO radar features waveform diversity. The 
waveform design of MIMO radar has been under 
intensive study in recent years, while the waveform 
design of polarimetric MIMO radar is rare to be 
investigated. The research in [9] provides a plausible 
solution which is used in single-input single-output 
(SISO) polarimetric radar for polarization states 
selection. In this article, we extend the model to the 
polarimetric MIMO radar. An information theoretic 
criterion based method is proposed to select the 
polarization waveforms of the transmit array. The 
design criterion is to minimize the mutual 
information between the radar return signal at two 
adjacent coherent processing intervals. Based on this 
criterion, the waveform to be transmitted at next 
interval is selected according to the return signal at 
current interval. The criterion guarantees that the 
MIMO radar can catch more new information about 
the target at next time. A simple analytic form is 
attained when all these processes are proper Gaussian 
processes. An iterative optimization algorithm based 
on alternating projection is proposed to realize the 
procedure of waveform selection. The algorithm 
greatly reduces the amount of computation. 

Notation: Throughout this paper, we use bold 
upper case letters to denote matrices, and bold lower 
case letters to signify column vectors. Superscripts 

H}{⋅ and T}{⋅ denote complex conjugate transpose and 
transpose of a matrix respectively, and 21}{ −⋅ denotes 
the inverse-square-root matrix operator. 

 
 

2. Polarimetric MIMO Radar Model 
 
Consider a polarimetric MIMO radar system with 

M  transmitter antennas and N  receiver antennas, 
each of which consists of horizontal and vertical 
components. A point target is located in far field. The 
transmitting and receiving signals are both in the 
form of full polarization. Then the received baseband 
signal can be described as  

wHαr += t , (1) 
 

where tα denotes a 14 ×MN  vector composed of 
MN  complex-valued scattering coefficients in the 
ground region of interest, and each ground scatterer is 
characterized by the four elements of scattering 
matrix in the conventional horizontal (H) and vertical 
(V) axes at the scatterer location. The matrix 

2 4MN MN×∈H  denotes transmitting signal model 
matrix with M  transmitting antennas. The white 
noise w  is a 12 ×MN , zero-mean, Gaussian-
distributed complex-valued random vector that is 
uncorrelated over space and time and with covariance 
matrix ][ H

ww E wwR = . 
The received signal r is a column vector which 

describes the echoes of N  receiver antennas. It is 
defined as  

 
11 1 1( ) ( ) ( ) ( )

TT N T M T MN T⎡ ⎤= ⎣ ⎦r r r r r , (2) 
 

where mnr denotes an echo vector with respect to the 
signal from the mth transmitter antenna to the nth 
receiver antenna. The target scattering coefficient 
vector tα has the form of 
 

11 1 1( ) ( ) ( ) ( )
TT N T M T MN T

t t t t t⎡ ⎤= ⎣ ⎦α α α α α  (3) 
 
Each item of tα  is also a column vector, i.e. 
 

[ ]Tmn
tVV

mn
tVH

mn
tHV

mn
tHH

mn
t αααα=α  (4) 

 
which is the scattering data between the mth 
transmitter antenna and nth receiver antenna. With 
respect to the elements of polarization scattering 
matrix in Eq. 4, the first polarization-specific 
subscript represents the transmit component, and the 
second polarization-specific subscript represents the 
receive component. tα  describes the features of 
target, which depends on scatterer scenario. 

At the receiver, each polarimetric antenna can 
capture two parts of receiving signals from two 
orthogonal directions, namely, 
 

[ ]Tmn
V

mn
H

mn rr=r  (5) 
 
and 
 

mn
H

m
H

mn
tVH

m
H

mn
tHH

mn
H whhr ++= αα  (6a) 

 
mn
V

m
V

mn
tVV

m
V

mn
tHV

mn
V whhr ++= αα , (6b) 

 
where variables m

Hh  and m
Vh  represent the complex-

value scalar modulation signal components for H and 
V, transmitted by the mth antennas. 
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Since polarization is the locus of the electric field 
vector as a function of time, it describes the direction 
of wave oscillation in the plane perpendicular to the 
direction of propagation. Additionally, the locus is 
commonly an ellipse which can be described by its 
polarization tilt angle ]

2
,

2
[ ππτ −∈  and its polarization 

ellipticity angle ]
4

,
4

[ ππε −∈ . Assume that all signals 

have normalized amplitudes, thus, the electric field 
vector can be defined as Eq. 7 using the geometric 
descriptors, 

 

)()( mm
m
V

m
Hm

h
h

ετ hQE =⎥
⎦

⎤
⎢
⎣

⎡
= , (7) 

 

where ⎥
⎦

⎤
⎢
⎣

⎡

−
= mm

mm
m

ττ
ττ

τ
cossin
sincos

)(Q  is a rotation matrix 

and ⎥
⎦

⎤
⎢
⎣

⎡
=

m

m
m

j ε
ε

ε
sin

cos
)(h  is an ellipticity vector. mE  

can be reformulated into  
 

m m
m H V

m m
H V

h h
h h

⎡ ⎤
= ⎢ ⎥
⎣ ⎦

0 0
H

0 0
 (8) 

 
So Eq. 5 can be rewritten as 
 

mnmn
t

mmn wαHr +=  (9) 
 

Therefore, the transmitting signal matrix H  in Eq. 
1, consisting of the variable of polarization waveform 
we want to design, has a partitioned structure of the 
form 

 
1

1

M

M

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥= ⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

H 0 0 0

0 H 0 0
H

0 0 H 0

0 0 0 H

, 
(10) 

 
where each 0  represents a 42×  matrix of zeros, and 
submatrix mH is repeated N times along the main 
block diagonal.  

It is noted that the polarization waveform 
parameters τ  and ε  is incorporated in H , so we 
aim at selecting the optimal value for every mτ  and 

mε  to make the polarimetric MIMO radar system 
perform best. 
 
 
3. Shannon MI and MI Criterion 
 
3.1. Shannon Mutual Information 
 

As we know, entropy can be used to describe the 
average uncertainty of a random variable, and mutual 

information is a measure of the statistical correlation 
between two random variables. Denote ),( 21 rrMI  as 
the mutual information between two random vectors 

1r  and 2r . The relationship between entropy and 
mutual information can be written as  

 
)|()()|()(),( 12221121 rrrrrrrr HHHHMI −=−=  (11) 

 
),()()(),( 212121 rrrrrr HHHMI −+= , (12) 

 
where )( iH r denotes the entropy of the random 

vector ir , )|( jiH rr denotes conditional entropy of 

ir  conditioned on jr , and ),( jiH rr  denotes the joint 

entropy of the random vectors ir  and jr . For a 
Gaussian continuous distribution, these measures are 
defined respectively as [10] 
 

iiii dppH rrrr )()](ln[)( ∫∫
∞

∞−
−=  (13) 

 

∫∫
∞

∞−
−= jijijiji ddppH rrrrrrrr ),()]|(ln[),(  (14) 

 

∫∫
∞

∞−
−= 21212121 ),()],(ln[),( rrrrrrrr ddppH  (15) 

 
In these definitions, natural logarithms are 

utilized, which is convenient when Gaussian 
distribution is involved. 
 
 
3.2. Mutual Information Criterion 
 

A complex random vector s  is called (strictly) 
proper if ][ T

ss EC ss=  [11]. Assume tα is also a 
zero-mean, Gaussian-distributed complex-valued 
vector with covariance matrix ][ H

tttt E ααR = . The 

random vectors tα and w  are independent of each 
other, and each is assumed to be an analytic signal. 
Thus each is a proper random vector and admits a 
complex Gaussian probability density function 
(PDF), denoted as ][⋅p , with the form of  

 
[ ]ttt

H
ttt

M
tp αRαRα 11 exp)( −−− −= π  (16) 

 
Based on above assumptions, it can be inferred 

from Eq. 1 that the vector r  is also a proper process 
and admits a complex Gaussian PDF. Accordingly 
the MI between 1r  and 2r  could attain a simple 
form, which is proved in [9].  

Let 1r denote the received signal vector for the 
waveform { }),( 111 ετH  at this coherent processing 

internal, and ir denote the received signal vector for 
the waveform { }),( iii ετH  to be transmitted at the 
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next internal. The space-time whitening 
transformations of vectors 1r  and ir  are defined as 

 
1

21
11 rRX −=  (17) 

 
iii rRZ 21−=  (18) 

 
So the cross-covariance matrix of these two random 
vectors is 
 

21
111

21][ −−== RRRRZX iiiZXE  (19) 
 
with 
 

11 1 1 1 1[ ]H H
tt wwE= = +R r r H R H R  (20) 

 
1 1 1[ ]H H

i i i ttE= =R rr H R H  (21) 
 

[ ]H H
ii i i i tt i wwE= = +R rr H R H R , (22) 

 
where 11R , iiR  and 1iR  are the auto-covariance and 
cross-covariance matrices of echoes, respectively. 

Let ]1,0[∈ld  denote the lst singular value of the 
cross-covariance matrix ZXR , then mutual 

information between proper random variables 1r and 

ir  has the form of 
 

∑
=

−−=
MN

l
li dMI

2

1

2
1 ]1ln[),( rr  (23) 

 
We hope to select desirable waveform to be 

transmitted at next time from the alternative 
waveform candidates in order to make the radar 
capture more new information about the target. It is 
to say that the waveform to be selected guarantees the 
return signals different from the moment returns as 
possible, namely, to minimize the mutual information 
between 1r  and ir . Hence the mutual information 
criterion can be expressed as 
 

)},({min 1),( iMIMIC
iii

rr
ετH

= , (24) 
 
where iτ and iε  are the parameter vectors of 
waveform iH  to be transmitted from M antennas at 
next time.  

 
 

4. Waveform Selection Process via 
Alternating Projection 
 
To select waveform effectively, we present an 

iterative optimization algorithm in this section that 
features an alternating projection approach within M 
subspaces. For the convergence properties of 

alternating projection, we can refer to literature [12]. 
Our algorithm can be stated as Table 1.  

 
 

Table 1. Alternating projection algorithm. 
 

 Initial iτ and iε  , let 00 ττ =m , 00 εε =m , 

1, ,m M= . 

 0=i ; 
 while end condition is not satisfied do 
 for m=1:M 

 Let l
i

l
i ττ = , l

i
l
i εε = , 1, , 1l m= − , and 

k
i

k
i 1−=ττ ,   k

i
k
i 1−= εε ,  1, ,k m M= + . Find 

]
2

,
2

[ ππτ −∈m
i

,   ]
4

,
4

[ ππε −∈m
i

 to minimize MI; 

 end for 
 1+= ii ; 
 end while  

 
 
 

The main idea of this iterative algorithm is to find 
the optimal parameters ),( mm ετ  for the mth antenna 
in the finite candidate set, while parameters of other 
M–1 antennas maintain their latest values unchanged. 
Once the parameters of one antenna have changed, 
the optimal values of parameters of the others may 
change as well. Thus, we optimize parameters of 
each dimension of antenna alternately until the end 
condition is satisfied. 
 
 
5. Simulation and Analysis 

 
In these section, we use the example of the model 

with M = 2 transmitter antennas and N = 2 receiver 
antennas to illustrate the waveform design solution 
derived. 

Assume that tα is space-time uncorrelated, 
namely, the target scattering coefficients between 
different antennas in different times is independent 
and identically-distributed. Thus, the covariance 
matrix 

ttR  is block diagonal and in our example, it 
can be described as 

 

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

44

33

22

11

R000
0R00
00R0
000R

R tt

, 
(25) 

 
where ])([ Hiiiiii ααR =  is the covariance matrix 
between the ith transmitting antenna and the ith 
receiving antenna. In realistic scene, ttR can be 
measured, however, we can not obtain the value of 

iiα  since it is a random statistical variable. Here we 
directly give the value of iiα  to obtain ttR  for 
notational simplicity, they are given as 



Sensors & Transducers, Vol. 25, Special Issue, December 2013, pp. 233-238 

 237

[ ]Tjjjj 1.03.04.06.07.03.02.01.011 ++++=α  

[ ]22 0.01 0.02 0.3 0.7 0.6 0.4 0.3 0.1 Tj j j j= + + + +α

[ ]33 0.5 0.1 0.4 0.3 0.6 0.4 0.2 0.4 Tj j j j= − + + +α

[ ]44 0.1 0.7 0.4 0.5 0.2 0.4 0.7 0.1 Tj j j j= + − + +α  
 
Assume that the transmitting signals are 

completely polarized, so they are the functions of 
polarization tilt angle τ and polarization ellipticity 
angle ε . From Eq. 24, we know that there are 4 
variables to be selected in our simulation, namely, 1

iτ  

, 1
iε  , 2

iτ  , 2
iε . They are the parameters of 

transmitting signals from the first and the second 
transmitter antennas, respectively. Here we assume 
that i

iτ and i
iε are respectively chosen from 

, ( 1 ), , ( 8 )
2 2 8 2 8

i
i

π π π π πτ⎧ ⎫
− − + × − + ×⎨ ⎬

⎩ ⎭
 and 

,( 1 ), , ( 8 )
4 4 16 4 4

i
i

π π π π πε⎧ ⎫
− − + × − + ×⎨ ⎬

⎩ ⎭
. 

It is clear that there are totally 49  kinds of 
waveform in our example. If the number of 
transmitter antennas is more than 2, it will be much 
greater. How to select the waveform effectively 
becomes a problem. Here an iterative algorithm via 
alternating projection is employed to solve it.  

Assume the polarization parameters of the 
transmitted waveform at current interval are 

2
2
1

1
1

πττ −==  and 
4

2
1

1
1

πεε −== . We use alternating 

projection approach in the two subspaces ),( 11
ii ετ  

and ),( 22
ii ετ  to select the optimal parameters 

satisfying MIC. So the problem of waveform design 
can be break into two sub-problems. First, choose 1

iτ  

and 1
iε  in the subspace ),( 11

ii ετ  to minimize 

),( 1 iMI rr  with the latest 2
iτ  and 2

iε  involved. Next, 

using the new values of 1
iτ  and 1

iε , renew 2
iτ  and 2

iε  
in subspace ),( 22

ii τε  to minimize ),( 1 iMI rr . 
Alternately do the two steps above until the values of 

1
iτ  , 1

iε  , 2
iτ  , 2

iε  are all unchanged in two adjacent 
iterations. In this case we obtain the optimal 
waveform. Additionally, the initial values can be 
arbitrary, since the results of this iterative algorithm 
are irrelevant to these initial data.  

Based on the data given above, the simulation 
results indicate that the minimal MI value is 7.8624 
with 7854.01 =iτ , 3927.01 −=iε , 7854.02 =iτ , 

3927.02 =iε . However, the value of MI may fluctuate 
a little each time for the random noise, even under the 
same waveform parameters. Our findings are 
illustrated in Fig. 1 and Fig. 2. Note that Fig. 1 
presents the fact when 7854.01 =iε , 3927.01 −=iτ , the 
minimal MI value is located at 7854.02 =iε , 

3927.02 =iτ . Furthermore, from Fig. 2 it is also 

verified that the best results of the four parameters 
still have the same values, with 7854.02 =iε , 3927.02 =iτ  
unchanged .Using alternating projection approach, 
the amount of calculation is reduced to 29×n , where 
n  is the number of alternating iterations. Obviously, 
it is much less than 49 . 
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Fig. 1. The selection of 2
iτ and 2

iε  when 1
iτ  and 1

iε  
is finally optimized. 
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Fig. 2. The selection of 1
iτ and 1

iε  when 2
iτ  and 2

iε  
is finally optimized.  

 
 

6. Conclusions 
 

In this paper, a solution to polarization waveform 
selection for polarimetric MIMO radar is presented. 
The criterion is based on the mutual information 
between the radar return signals at two adjacent 
instants of time. It can attain a simple form for the 
proper Gaussian case. The optimal transmit 
polarization waveform is effectively designed 
according to the second-order statistics of the target. 
Further, an effective waveform optimization method 
based on alternating projection is proposed. It is an 
iterative algorithm which has greatly reduced the 
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calculation amount. The numerical examples given 
above have illustrated the effectiveness of the 
proposed algorithm. The optimization method can be 
also used in wireless sensor networks [13, 14]. 
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Abstract: Multi-resolution analysis of digital image has attracted numerous studies since dyadic wavelet 
transform was introduced to this field. Aiming at achieving accurate and stationary edge detection, an improved 
Mallat wavelet decomposition algorithm was employed. This algorithm was defined by a low frequency 
component and three high frequency components. Two-dimensional signal can be reconstructed by dyadic 
wavelet transform. Maximum module of the wavelet transform was used for multi-scale edge detection. Results 
show high performance of the improved algorithm in local resolution of this improved algorithm.  
Copyright © 2013 IFSA. 
 
Keywords: Multi-scale edge detection, Wavelet decomposition, Dyadic wavelet transform. 
 
 
 
1. Introduction 

 

Edge detection in the field of image processing is 
one of the most important areas of interest. Edges in 
images provide primary information about the objects 
presenting in a scene and the boundaries between 
them. It is often the crucial first step before 
sophisticated algorithms for object identification, 
feature extraction, and so on. The traditional methods 
mainly include edge detection method based on 
gradient [1, 2], second order derivation [3], Canny 
operator [4] and so on. However, these methods are 
limited by their resolution, especially in those images 
with objects in different depth of focus. 

Nowadays, orthogonal wavelet and bi-orthogonal 
wavelet have been successfully applied in digital 
image processing for edge detection in multi-scale  

[5-10]. However, due to the lack of translation 
invariance, pseudo-Gibbs phenomena occur in the 
reconstruction signal. Accordingly, Mallat introduced 
dyadic wavelet with translation invariance for the 
first time, which was then used for image edge 
detection [11, 12]. Recently, wavelet lifting scheme 
was expanded to dyadic wavelet. Consequently, 
ordinary dyadic wavelet can be used to form high 
order vanishing moment [13-16]. Two-dimensional 
dyadic wavelet transform developed by Mallat has 
been widely used. The transform algorithm consists 
of one low frequency component and two high 
frequency components. For the sake of more details 
of the image, a novel wavelet transform algorithm 
was developed, which consists of one low frequency 
and two high frequency components.  
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2. Improved Two-dimensional 
Wavelet 

 

2.1. Wavelet Construction 
 

Two-dimensional dyadic wavelet introduced by 
Mallat consists of low frequency component and 
vertical and horizontal high frequency components. 
This transform can be used in multi-scale edge 
detection in digital image. The algorithm was 
improved by adding a high frequency component in 
the across corner direction. Supposing that , , ,  
are dyadic wavelet filter, then the corresponding 
scale functions and wavelets are , , , . The two-
dimensional separable dyadic wavelets are  
defined as: 

 

,

,

,

 (1) 

 

,

,

,

 (2) 

 

For any function , ∈ , the two-
dimensional dyadic wavelet transform of f at scale 2  
and is expressed as 

 

2 , ,

1

2
,

2
,
2

 

2 ∗ , , 1,2,3 

(3) 

 

Then 
 

2 , 2 ∗ 2 , 2

1 

(4) 

 

Accordingly, signal ,  can be reconstructed 
by its dyadic wavelet transform, namely 

 

,
1

2
2 ,∙,∙,∙ ∗ , , 

 (5) 

where ∗  represents convolution of 

 and  ； ∗ represents complex conjugate of 

.The wavelet transform defined by was two-
dimensional stationary wavelet transform of dyadic 
wavelet. ψ ,ψ ,ψ  are called reconstructed wavelet 
of , , . 
 
 

2.2. Discrete Fast Algorithm 
 
Supposing that the input signal is an image 
, , ∈  with sampling interval is 1. Supposing 

that ,  Accordingly, ,

. Then there is a two-dimensional 

function , ∈ , making ∗ ,

, . For any 0: 
 

, 2 ∗ ,  (6) 
 

For 0, at grid (n.m), there is 
 

,
,

2 , ,

2 ∗ , ,

1,2,3 

(7) 

 

,
,  is wavelet coefficient at grid of two-

dimensional dyadic stationary wavelet. With regard 
to any scale 2 1, discrete signal sequence 

, , , , , ,  , , , , , ,⋯,  , , , , ,  
and  are called two-dimensional dyadic stationary 
wavelet transform of . The two-dimensional 
discrete dyadic stationary wavelet decomposition can 
be expressed as: 
 

,

,
,

,
,

,
,

,
,

,
,

,
,

,
,

 (8) 

 
The two-dimensional discrete dyadic stationary 

wavelet reconstructed can be expressed as: 
 

1

4
∗ , , ∗ ,

, ∗ , ,

∗ ,  

(9) 

 
The filter bank of improved two-dimensional 

dyadic wavelet transform is shown in Fig. 1. In the 
figure, a , d , , d , , d ,  represent the profile 
image and detail image in the horizontal, vertical, 
across corner direction. Through the improved two-
dimensional dyadic wavelet transform, detail 
information in the corner direction of the image can 
be obtained. Moreover, it provides dyadic filter to 
replace orthogonal wavelet or bi-orthogonal wavelet 
in the Mallat double channel filter bank.  

 
 

3. Multiscale Edge Detection 
 
After dyadic wavelet transform of two-dimensional 
signal of the image, edges can be detected. Supposing 
that image D has a dimension  pixel, then the 
edge detection is processed in the following steps: 
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(a) Decomposition process 

 
(b) Reconstruction process 

 
Fig. 1. Filter bank of improved two-dimensional dyadic wavelet transform. 

 
 

1) On scale2 , calculate two-dimensional wavelet 
transform of image D:  

2 , , ,  2 , , ,n,m=0,1,⋯,N-1. 
The decomposition scale can be determined as 

needed. 
2) Calculate module value and tangent value of 

phase. 
For every pixel point (n, m), calculate 
 
2 , ,

| 2 , , | | 2 , , |  

 2 , ,
, ,

, ,
 

(10) 

 
If wavelet 2 , ,  and 2 , ,  are 

not equal to zero at point (n, m), the point is not edge 
point. 

3) Determine threshold 0, for n,m=0,1,⋯,N-1, 
if 

 

2 , ,  (11) 
 

and there is local maximum at point (n, m), (n, m) is a 
border point. 

4) Connect border points on scale 2 , then modulus 
evaluation curve along the border at this scale can be 
formed. 

 
 

4. Results 
 

For the purpose of validating the performance of 
the improved Mallat wavelet decomposition 
algorithm, can1 and can 2 were used for edge 
detection, as indicated in Fig. 2 and Fig. 3.  

 
 

    
(a)Original Image (b)Threshold 0.1001 (c) Threshold 0.2001 (d) Threshold 0.3001 

 
Fig. 2. Multi-scale edge detection result of Can 1. 

 
 

    
(a)Original Image (b)Threshold 0.1001 (c) Threshold 0.2001 (d) Threshold 0.3001 

 
Fig. 3. Multi-scale edge detection result of Can 2. 
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The used wavelet package was Haar wavelet. For 
can 1, the focus is on the right can, while focus is on 
the left can in can 2. Both cans have the same profile. 
However, they are in different depth of focus in the 
two images. It is difficult to detect the edge using 
traditional method due to the different detail scale of 
the two cans. Using the multi-scale method, it 
becomes possible to identity the can in different 
depth of focus.  In this example, the level of discrete 
wavelet analysis was used to analysis was specified 
as one. Different thresholds were used as shown in 
Fig. 2 and Fig. 3. In Fig. 1, when the threshold was 
0.1001, the edge of the right can was clear, so as its 
ground and left border. Even the inverted reflection 
of the can in the ground was legible. However, few 
edges of the left can were detected too. As the 
threshold increases to 0.2001, the left can was gone. 
In this condition, the inverted reflection of the can 
was still visible. The same result was also founded in 
Fig. 4. Based on this result, it can be concluded that 
the improved Mallat wavelet decomposition is useful 
in multi-scale edge detection in for digital image. 

The final purpose of the multi-scale edge 
detection is to be used in practice such as contour 

extraction, defect detection and so on. Fig. 4 shows 
an injection mould. In the forming process of plastic 
production, position and defect of injection mould are 
important factors. To obtain these information, the 
first step is detect the edge of mould. In Fig. 5, edge 
detection results under different discrete levels and 
thresholds are shown. First of all, the discrete level 
was set to be one, results of edge detection using two 
different threshold are shown in Fig. 5(a) and  
Fig. 5(b).  
 
 

 
 

Fig. 4. Original image of injection mould. 

 
 

 
(a)Level 1,Threshold 0.1001. 

 

 
(b) Level 1,Threshold 0.2001. 

 
(c) Level 2,Threshold 0.1001. 

 

 
(d) Level 2,Threshold 0.2001 

 
(e) Level 3, Threshold 0.1001. 

 

 
(f) Level 3, Threshold 0.2001 

Fig. 5. Multi-scale edge detection result of injection mould. 
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When the threshold was 0.1001, the edge of the 
mould was clear, so as the cavity of the mould. As 
the threshold increased to 0.2001, the background 
noise decreased remarkablely. The cavity of the 
mould was still identifiable. However, the right edge 
of the mould was not as clear as previous one. And 
then the discrete level was set to be two, results of 
edge detection using two different threshold are 
shown in Fig. 5(c) and Fig. 5(d). In this condition, the 
background noise is less than Fig. 5(a) and Fig. 5(b). 
The image detail was more clear and identifiable. The 
edges were also clear to identify. However, as the 
discrete level increased to three, the edge became 
fuzzy and not identifiable. There for, the most 
appropriate discrete level of wavelet transform is one 
or two. To decrease the noise level, threshold can be 
increased. 

 
 

5. Conclusion 
 

Aiming at achieving accurate and stationary edge 
detection, an improved Mallat wavelet decomposition 
algorithm was developed. The transform algorithm 
consists of one low frequency component and two 
high frequency components. Two-dimensional signal 
can be reconstructed by dyadic wavelet transform. 
Maximum module of the wavelet transform was for 
multi-scale edge detection. Based on the detection 
result of selected images, it can be concluded that the 
improved Mallat wavelet decomposition is powerful 
in multi-scale edge detection in for digital image. 
Results show high performance of the improved 
algorithm in translation invariance and local 
resolution of this improved algorithm. 
 
 
References 
 
[1]. Lawrence G. Robert, Machine Perception of Three-

dimensional Solids, Massachusetts Institute of 
Technology, Boston, 1965. 

[2]. Prewitt J. M., Object Enhancement and Extraction, 
Picture Processing and Psychopictoric Press, New 
York, 1970. 

[3]. Marr D., Hildreth E., Theory of edge detection, in 
Proceeding of the Royal Society of London, 707, 
1167, 1980, pp. 187-217. 

[4]. Canny J., A computational approach to edge 
detection, IEEE Trans Pattern Anal Machine Intel, 8, 
6, 1986, pp. 679-697. 

[5]. W. Jiang, K. M. Lam, and T. Z. Shen, Efficient Edge 
Detection Using Simplified Gabor Wavelets, IEEE 
Transactions on Systems Man And Cybernetics Part 
B-Cybernetics, Vol. 39, Aug 2009, pp. 1036-1047. 

[6]. W. Sun, J. A. Romagnoli, J. W. Tringe, S. E. Letant, 
P. Stroeve, and A. Palazoglu, Line Edge Detection 
and Characterization in SEM Images Using Wavelets, 
IEEE Transactions on Semiconductor Manufacturing, 
Vol. 22, pp. 180-187, Feb 2009. 

[7]. P. Wanpeng, R. S. Che, and D. Ye, An illumination-
independent edge detection and fuzzy enhancement 
algorithm based on wavelet transform for non-
uniform weak illumination images, Pattern 
Recognition Letters, Vol. 29, Feb 2008, pp. 192-199. 

[8]. L. Zeng, R. Ma, J. Y. Huang, and P. R. Hunziker, The 
construction of 2D rotationally invariant wavelets and 
their application in image edge detection, 
International Journal of Wavelets Multiresolution 
And Information Processing, Vol. 6, Jan 2008,  
pp. 65-82. 

[9]. Z. Zhang, S. L. Ma, H. Liu, and Y. X. Gong, An edge 
detection approach based on directional wavelet 
transform, Computers & Mathematics with 
Applications, Vol. 57, Apr 2009, pp. 1265-1271. 

[10]. Zhu, Y. and X. Yang, A way for generating 
biorthogonal filter pair that implement the dyadic 
wavelet transform for the multiscale edge detection, 
Journal of Computational Information Systems, 6, 13, 
2010, pp. 4353-4360. 

[11]. S. Mallat and W. L. Hwang, Singularity detection and 
processing with wavelets, IEEE Transactions on 
Information Theory, Vol. 38, 1992, pp. 617-643. 

[12]. S. Mallat and S. Zhong, Characterization of signals 
from multiscale edges, IEEE Transactions on Pattern 
Analysis and Machine Intelligence, Vol. 14, 1992,  
pp. 710-732. 

[13]. S. Takano, K. Niijima, T. A. Türüki, and M. Hussain, 
The Dyadic Lifting Schemes and the Denoising of 
Digital Images, International Journal of Wavelets, 
Multiresolution and Information Processing, Vol. 06, 
2008, pp. 331-351. 

[14]. Quadri, S. A. and O. Sidek, Role of Algorithm 
Engineering in Data Fusion Algorithms, Journal of 
Computational Intelligence and Electronic Systems, 
2, 1, 2013, pp. 29-35. 

[15]. Ahasan, H. M., Z. Mahe and U. Jia, An Approach to 
Wavelet Based Image Denoising, Journal of 
Computational Intelligence and Electronic Systems, 
1, 1, 2012, pp. 144-148. 

[16]. Rahul, S. S., et al., Real Time Application of 
Superimposing Two 2-D Images and Their Projection 
on Screen, Journal of Computational Intelligence and 
Electronic Systems, 1, 1, 2012, pp. 54-56. 

 
 

___________________ 
 

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

 
 
 



Sensors & Transducers, Vol. 25, Special Issue, December 2013, pp. 244-253 

 244

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

 
 
 
 
 

A Time-slice Based Hybrid Routing 
for Delay Tolerant Networks 

 
* Jianbo LI, Lei YOU, Jixing XU, Shan JIANG, Chenqu DAI 

* Information Engineering College of Qingdao University, Ningxia Road 308, Qingdao 266071, China 
* Tel.: (+86)15020081468 

* E-mail: lijianboqdu@gmail.com 
 
 

Received: 16 September 2013   /Accepted: 15 October 2013   /Published: 23 December 2013 
 
 
Abstract: The non-existence of an end-to-end path poses a challenge in adapting the traditional routing 
algorithms to delay tolerant networks (DTNs). This paper innovatively puts forward the concept of “time-slice” 
to make full use of the respective advantages of single copy strategy and multiple-copy strategy thus getting a 
right balance between high message delivery ratio and low network overloads. We investigate making the 
routing decision based only on no more than one-hop information of neighbor nodes so as to enhance the 
practicability of our routing by reducing the complexity of neighbor discovery. Then a time-slice based hybrid 
routing protocol is proposed. Simulation results show that our proposed routing achieves the overall best 
performance than other protocols. When the network resource is constrained, our proposed routing scheme is 
more scalable than others. Copyright © 2013 IFSA. 
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1. Introduction 
 

Delay/Disruption Tolerant Networks (DTNs) is a 
novel architecture facing the challenges of 
intermittent end-to-end connectivity, highly 
constrained network recourse and the mobility of 
nodes [1-3]. In the wide variety of work published 
over the past decade researchers applied this kind of 
communication paradigm in different heterogeneous 
challenged networks, such as Vehicular Ad-hoc 
Networks (VANETs) [4-6], Military Networks [7], 
Inter-Planet Networks (IPN) [8], Mobile Sensor 
Networks (MSN) [9]. The non-existence of an end-
to-end path poses a challenge in adapting the 
traditional routing algorithms to such kinds of 
challenged networks [10], thus making routing an 
attractive research direction over the world [11]. 

To deal with the intermittent end-to-end 
connectivity [12] [13], routing in DTNs usually 

follows the “store-carry-forward” paradigm. The key 
problem is how to make the trade-off between 
efficient routing performance and the limited network 
resources. The straightest way to reduce the 
consumption of network resource is to limit the 
number of message replicas in the networks. 
However, replication strategy is very effective in 
enhancing the delivery ratio in such challenged 
networks [14] [15]. There are many research 
achievements that achieve good routing performance 
with acceptable costs by utilizing global topology 
knowledge, capturing the change of network 
topology or employing controlled ferry nodes. 
Nevertheless, the assumptions of pre-known 
knowledge oracle or the dependence on special 
controlled nodes lower the practicability of the 
routing algorithm in real network scenarios.  

In this paper, we propose the concept “time-slice” 
so as to assist routing in utilizing both advantages of 
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multi-copy and single-copy strategies. Besides, for 
the purpose of lowering the complexity of our 
proposed routing thus enhancing its practicability, we 
investigate making the routing decision by only 
relying on within one-hop neighbor(s)’ information. 
Finally, based on the two above mentioned schemes 
we propose a Time-Slice based Hybrid routing 
(TSH). In summary, the paper makes the following 
contributions. 
 We investigate making the routing decision based 

only on no more than one-hop information of 
neighbor nodes, thus raising the practicability of 
our routing by reducing the complexity of 
neighbor discovery in DTNs. 

 The concept of “time-slice” is proposed to 
combine the advantage of multi-copy and single-
copy strategies, thus seeking the balance between 
the consumption of network resource and the 
performance of routing. 

 The simulation result shows that our proposed 
TSH routing outperforms Epidemic, FirstContact, 
Spray & Wait and PRoPHET in certain cases. In 
addition, TSH performs well in both two network 
scenarios with high and low node mobility. 
In section 2 we give the detail of our TSH 

routing. Section 3 shows the simulation result. Our 
paper is concluded in section 4. 

 
 
2. Time-slice Based Hybrid Routing 
 

The start point of our proposed scheme is to 
improve the routing performance under the premise 
of controlling the complexity of routing in an 
acceptable level. [16] states that multi-copy strategy 
can efficiently increase the capability of 
communication in challenged network scenarios. In 
[17] the author shows that node mobility augments 
the throughput of the whole network. Based on these 
achievements, a time-slice based hybrid routing is 
proposed in this paper. In each period, the multi-copy 
and single-copy strategies are employed in turn. In 
the part of multi-copy period, each node tries to add 
message replicas to the network to raise the 
probability of successful delivery. In the part of 
single-copy period, each node focuses on seeking the 
destination by using its own mobility, so as to spread 
the message to farther areas as quickly as possible. 
The basic idea of TSH protocol is to take advantage 
of both multi-copy and single-copy strategies, while 
limit the overhead in an acceptable level, thus 
seeking the trade-off between performance and cost. 
Meanwhile, TSH only relies on one-hop 
neighbor(s)’s information to make the next hop 
choice for each message, which indicates that it is 
easy for TSH to be implemented in the real network 
scenarios. The routing process is illustrated in Fig. 1. 
The assumption that TSH based are listed as follows: 
 Each node can only obtain the position 

information of itself. There is no assumption of 
network topology information. 

 Each node can obtain the position information of 
its neighbors by broadcasting “hello” packet  

 around itself. Since we only need to get the 
neighbor(s)’s position information, the broadcast 
packet is sent only within one-hop distance, 
which avoids the broadcast storm in the whole 
network. 

 When the message arrived, the destination node 
will broadcast the admission information so as to 
clear the message redundancy in the network.  

 
 

 
 

Fig. 1. TSH working process. 
 
 
2.1. Choosing the Relay Nodes 
 

By broadcasting the position information, the 
current node Ni can easily capture its neighbor(s)’s 
locations. Assuming that there are n neighbors for 
node Ni, we choose the two neighbor nodes as the 
next-hop relays that forming the largest angle with 
the current node Ni, as shown in Fig. 2. By using the 
cosine law in equation (1) and the inverse function in 
equation (2) we can get the degree of any of the 
possible  angles. By utilizing algorithm 1, we 
finally choose the corresponding two nodes to 
forward the messages. 

 
 

 
 

Fig. 2. The angle formed by A, B and C. 
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 ∝ , ∝ ,  (2) 

 
 
2.2. Multi-copy Strategy 
 

Algorithm 2 shows the multi-copy strategy in 
detail. After finishing running algorithm 1, we set the 
routing strategies according to the result as follows: 
 We choose the two nodes that forming the largest 

angle ∝ if  we have ∝ π. 

 We choose the node farthest from the current 

node, if we have ∝ π. 

When the largest angle ∝ is not more than  π, 

we find that all the neighbors locate in a sector area 
with the radian less than 2/3 π instead of randomly 
lying around the current node. In this case, there is no 
need to choose more than one node in this sector due 
to that the neighbors are too centralized. In the other 
case, we choose two nodes for the purpose of 
spreading the message to farther place, thus increase 
the message covering area. 

Lemma1: Assuming the largest angle is ∝, when 

∝ , all the neighbor nodes locate in a sector with 

the radian less than 2/3 π. 
Proof: As shown in Fig. 2, assuming that A, B is 

the two nodes that forming the largest angle ∝

∠ACB   π, it is obvious that there is no node X in 

neither area 1 nor area 2, since otherwise we would 

have ∠XCB   π or ∠XCA   π respectively.  

We make the extension cord CA’ of AC and CB’ 
of BC, then we have 

 
∠XCA π ∠XCA′                       (3) 

 
∠XCB π ∠XCB′                       (4) 

∠XCA′ ∠XCB′ π                     (5) 

 
Assuming that there is a node X existing in area 3 

with ∠XCA π and ∠XCB π, then from (3) we 

have 
 

∠XCA π ∠XCA′
2

3
π ⇒ ∠XCA′

1

3
π 

 
and thus from (5) we have 
 

∠XCB′
1

3
π 

 

Finally from (4) we have ∠XCB   π , which is 

conflict to our original assumption. 
 

 

  
The multi-copy strategy of TSH is dependent of 

the network topology information. All we need is the 

Algorithm 1 compute biggest angle 
Input:  one-hopNeighbors 
Output: biggestAngle, nodeCombination 
1. Initialize biggestAngle; 
2. Initialize nodeCombination; 
3. Update the location information of  
one-hopNeighbors; 
4. for C  combinations of nodes in one-

hopNeighbors 
5.     compute angle of each combination by 

using   [equation (1)] and [equation (2)]; 
6.     if  angle > biggestAngle then 
7.        biggestAngle=angle; 
8.        nodeCombination=combination; 
9.     end if 
10. return biggestAngle and nodeCombination; 

Algorithm 2 multi-copy strategy 
Input: forwardingBundle, one-hopNeighbors 
Output: 
1. update the location information of one-

hopNeighbors; 
2. if one-hopNeighbors contain destination of   
forwardingBbundle 
3.    transfer forwardingBundle to destination; 
4.    delete forwardingBundle from Ni; 
5. else if one-hopNeighbors.size()==1 
6.    select the only one-hop neighbor as next hop;    
7. else 
8.    compute biggestAngle by using  Algorithm 1; 

9.    if biggestAngle < π 

10.       if some node of one-hopNeighbors have 
carried forwardingBundle 

11.            return; 
12.       else 
13.            select the farthest node as next hop; 
14.       end if 
15.    else  
16.          select the nodeCombination from 

Algorithm 1 as forwarding nodes; 
17.    end if 
18. end if 
19. return; 

Algorithm 3 single copy strategy 
Input: forwardingBundle, one-hopNeighbors 
Output: 
1. update the location information of one-

hopNeighbors; 
2. if one-hopNeighbors contain destination of 

forwardingBbundle 
3.     if destination has received forwardingBundle 
4.         delete forwardingBundle from Ni; 
5.     else 
6.         transfer forwardingBundle to destination; 
7.         delete forwardingBundle from Ni; 
8.     end if 
9. else 
10.     Ni still carry forwardingBundle; 
11. end if 
12. return; 
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one-hop neighbor(s)’s location. From this point, our 
proposed TSH protocol is easy to implement in the 
real networks. 
 
 

2.3. Single-copy Strategy 
 

The single-copy strategy is illustrated in 
algorithm 3 in detail.  To save the bandwidth and the 
consumption of energy, the primary goal of our 
single-copy strategy is to find the destination node 
and coping with the message redundancy after the 
successful delivery detected. 
 
 

3. Simulation 
 

The metrics for comparison include delivery ratio, 
overhead ratio, average hop count and the number of 
drop packets. We simulate the routing protocols in 
two different mobility model, random walk and 
random waypoint. 

The core idea of our proposed TSH is the concept 
of time-slice. By adjusting the length of either period 
of the whole time-slice, we can easily control the 
balance between delivery ratio and the network 
overloads. In the default case, we set the multi-copy 
period to be 10 % of the total time-slice. 
 
 

3.1. Simulation in Random Walk Model 
 

Table 1 shows the simulation settings in the 
random walk model. The protocols in comparison 
consist of FirstContact, Epidemic, Binary Spray & 
Wait and TSH.  
 
 

Table 1. Simulation settings of RandomWalk. 
 

Parameter Default value Range 
Area size 
Number of nodes 
Size of time slice 
Transmit radius 
Message size 
Message interval 
Transmit speed 
Moving speed 
Node buffer size 
Time-To-Live(TTL) 
Simulation time 

500 m × 500 m 
20 
100 s 
100 m 
500 K 
40 s 
250 Kbps 
0.5-1.5 (m/s) 
20 M 
20 min 
4 hours 

- 
- 
- 
- 
- 
- 
- 
- 

2-10 M 
20-60 min 

- 
 

 

3.1.1. Varying the Buffer Size 
 

Fig. 3 shows the simulation result of varying the 
buffer size. Regarding the result in Fig. 3 (a), the 
delivery ratio of TSH is clearly higher than Binary 
Spray & Wait and FirstContact. When the buffer size 
is less than 9M, the delivery ratio of TSH keeps 
higher than Epidemic. This shows that TSH 
outperforms the others in delivery probability when 
the buffer resource is highly constrained. When the 
buffer size is more than 4M, there is no increase on 

the delivery ratio of both FirstContact and Binary 
Spray & Wait, which indicates that the network 
resource would not be sufficiently used. On the 
contrary, the delivery ratio of Epidemic is the lowest 
when the buffer resource is limited, thus making it 
hard to be implement in the real network scenarios 
with limited available buffer space in each node. 

Fig. 3 (b) compares the overhead ratio of all 
protocols. The overhead ratio of Epidemic is 
approximately 2 times of the other three protocols. 
Nevertheless, the overhead ratio of our proposed 
TSH is slightly higher than the message-limited 
scheme Binary Spray & Wait and FirstContact, 
which verifies the advantage of TSH in lowering the 
cost of routing. The time-slice based scheme 
effectively takes the trade-off between the routing 
performance and routing cost, by combining the 
multi-copy and single-copy strategies. 

In Fig. 3 (c), the average hop count metric is 
illustrated. For the reason that no forward operation 
in the wait phase of Binary Spray & Wait limits the 
maximum hop count of each message, we only take 
the other three protocols into consideration in this 
comparison. Regarding Fig. 3 (c), the average hop 
count of TSH keeps stable. When the buffer size is 
less than 6M, the average hop count of Epidemic is 
lower than FirstContact, which indicates that the 
energy consumption of Epidemic is higher. 

Regarding the result in Fig. 3 (d), the number of 
dropped messages of Epidemic is nearly 3 times of 
the others, which shows that the flooding strategy 
leads to torrent redundancy in the network. When the 
buffer size is limited, these redundant messages 
compel the nodes to drop the newly arrived 
messages. Our proposed TSH controls the amount of 
redundancy message in an acceptable level by 
utilizing the next-hop relay choosing algorithm, as 
stated in section 3. Thus the number of dropped 
message of TSH is slightly higher than 
FirstContactand Binary Spray & Wait. When the 
buffer size is less than 4M, the number of dropped 
message of both Epidemic and TSH increase. 
However, that of TSH decreases slower than 
Epidemic, which indicates that TSH is more stable.  

In conclusion, FirstContact and Binary Spray 
&Wait can be viewed as good choice when the 
network resource is highly constrained. When the 
network resource is relatively sufficient, our 
proposed TSH can take advantage of both multi-copy 
and single-copy strategies and thus make the trade-
off between the routing performance and routing 
cost.  

 
 

3.1.2. Varying the Message Time-to-live 
 
Fig. 4 shows the result of varying the message 

time-to-live. As shown in Fig. 4 (a), the delivery ratio 
of TSH is much higher than FirstContact and Binary 
Spray & Wait.  



Sensors & Transducers, Vol. 25, Special Issue, December 2013, pp. 244-253 

 248

 
 

(a) delivery ratio 
 

 
 

(b) overhead ratio 

 
 

(c) average hop count 
 

 
 

(d) dropped bundles 
 

Fig. 3. Delivery ratio, overhead ratio, average hop count, 
dropped bundles VS buffer size in random walk. 

 

While the message time-to-live is more than  
25 minutes, the delivery ratio of TSH is higher than 
Epidemic. The result shows the effectiveness of TSH 
in enhancing the delivery performance. The 
employed time-slice scheme takes advantage of both 
single-copy and multi-copy strategies, which 
ultimately increases the probability of meeting the 
destination for each message. With the increase of 
message time-to-live, the delivery ratio of 
FirstContact and Binary Spray & Wait arises slowly, 
since that the number of each message is strictly 
limited. The deficient amount of message leads to the 
message delivery ratio under a very low level. 
However, we can cope with this problem by 
increasing the message time-to-live value, thus giving 
each message enough time to survive before arriving 
the destination. When the message time-to-live is less 
than 20 minutes, Epidemic has the highest delivery 
ratio. However, the delivery ratio declines with the 
message time-to-live increase, for the reason that 
there is no strategy to control the blind flooding for 
Epidemic protocol and consequently introducing 
large amount of redundancy in the network. In this 
case, the buffer resource becomes the bottle neck 
factor for routing. When the message time-to-live is 
less than 40 minutes, the delivery ratio gradually 
decreases, because TSH only choose several relays 
with high utility values. However, there is no strict 
limit for the number of message replicas in TSH. So 
with the extending of the message time-to-live, there 
will be excessive message redundancy at last, thus 
increasing the number of dropped message and 
lowering the delivery ratio. 

Regarding the result in Fig. 4 (b), the overhead 
ratio of FirstContact and Binary Spray & Wait are 
under a very low level. The overhead ratio of TSH is 
slightly higher than FirstContact and Binary Spray & 
Wait and is much lower than Epidemic. With the 
increase of the message time-to-live, the overhead 
ratio of both Epidemic and TSH augments. However, 
the growth rate of TSH is much slower than that of 
Epidemic, thus leading a relatively lower  
overhead ratio.  

In Fig. 4 (c), we compare the average hop count 
metric among FirstContact, Epidemic and TSH. We 
can see from the result that TSH has the lowest 
average hop count value, from which we can infer 
that the next-hop choosing method of TSH is 
efficient in such network scenario. The average hop 
count values of all the three protocols increase along 
with the message time-to-live, since that the longer 
survive time of each message leads to the more 
forward operations, thus increasing the average  
hop count. 

Fig. 4 (d) compares the number of dropped 
messages for all the four protocols. FirstContact has 
the fewest dropped messages. Compared to 
FirstContact, the number of dropped messages of 
Binary Spray & Wait is slightly higher. Our proposed 
TSH has an approximately good performance as 
Spray & Wait. Nevertheless, Epidemic performs 
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worst, for that the blind flooding strategy consumes 
the buffer resource quickly. 

Regarding from all the results shown in Fig. 4, 
FirstContact and Binary Spray & Wait have good 
performance only when the message time-to-live 
value is set to be large enough. When the message 
time-to-live is short, flooding strategy might be a 
more suitable choice. TSH employs a time-slice 
based scheme to combine multi-copy and single-copy 
strategies which avoid the blind flooding in the 
network, and consequently have an overall better 
performance than Epidemic. 
 
 
3.1.3. Varying the Multi-copy Period  

in the Time-slice 
 
By controlling the length of the multi-copy period 

in the time-slice of TSH, we can easily adjust the 
balance between delivery ratio and the overhead ratio. 
Fig. 5 evaluates the routing performance by setting 
the multi-copy period to different lengths. As shown 
in Fig. 5 (a), when the buffer size is less than 4M, 
TSH_10 %, TSH_30 % and TSH_50 % has the better 
performance of delivery than TSH_70% and 
TSH_90 %. When the buffer size is more than 6M, 
we have the delivery performance that TSH_10 % < 
TSH_30 % < TSH_50 % < TSH_70 % < TSH_90 %.  

Fig. 5 (b) illustrates the simulation results in 
overhead ratio performance. We also have the result 
that TSH_10 % < TSH_30 % < TSH_50 % < 
TSH_70 % < TSH_90 %. The reason is that the 
longer multi-copy period we set, the more message 
replicas will be added to the network, which thus 
leads to a higher overhead ratio. Regarding the result 
in Fig. 5, when the network resource is highly 
constrained, TSH_50 % is the best choice in the 
network with relatively low node moving speed. 
When the network resource is relatively sufficient, 
we can employ TSH_70 % or TSH_90 % 
respectively to dynamically adjust the balance 
between the routing performance and the routing cost. 

 
 

3.2. Simulation in Random Waypoint Model 
 

Table 2 shows the simulation settings of random 
waypoint model. We compare the four protocols, 
FirstContact, Epidemic, PRoPHET and our  
proposed TSH. 

 
 

3.2.1. Varying the Buffer Size 
 
Fig. 6 shows the influence of the buffer size on 

the performance of the four routing protocols. As 
shown in Fig. 6 (a), the delivery of TSH is much 
higher than PRoPHET and FirstContact. When the 
buffer size is less than 8M, the delivery ratio of TSH 
is higher than Epidemic. This shows the evident 
advantage of the controlled flooding strategy of TSH  

 
 

(a) delivery ratio 
 

 
 

(b) overhead ratio 
 

 
 

(c) average hop count 
 

 
 

(d) dropped bundles 
 

Fig. 4. Delivery ratio, overhead ratio, average hop count, 
dropped bundles VS message time-to-live in random walk. 
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(a) delivery ratio 
 

 
 

(b) overhead ratio 
 

Fig. 5. Different TSH in random walk. 
 
 
Table 2. Simulation settings of RandomWaypoint. 

 
Parameter Default value Range 
Area size 
Number of nodes 
Size of time slice 
Transmit radius 
Message size 
Message interval 
Transmit speed 
Moving speed 
Node buffer size 
Time-To-Live (TTL) 
Simulation time 

1000 m x 1000 m 
20 
100 s  
100 m 
500 K 
40 s 
250 Kbps 
0.5-1.5 (m/s) 
20 M 
20 min 
4 hours 

- 
- 
- 
- 
- 
- 
- 
- 
2~10 M 
20-60 min 
- 

 

 
outperforms others when the node mobility is 
relatively high. When the buffer size is larger than 
8M, the delivery ratio of Epidemic is the highest. 
PRoPHET has an acceptable delivery ratio, of which 
the delivery ratio increases more slowly than that of 
Epidemic. 

Fig. 6 (b) evaluates the overhead ratio of each 
protocol. The overhead ratio of Epidemic is the 
highest and is much higher than any other protocols. 
TSH performs slightly better than FirstContact, 
which indicates that TSH can control the overhead 

ratio under a very low level. When the buffer size is 
less than 4M, the overhead ratio of PRoPHET is 
always higher than FirstContact. Nevertheless, when 
the buffer size is set to be more than 4M, PRoPHET 
has the best performance in overhead ratio among all 
the four protocols. 

As shown in Fig. 6 (c), the average hop count of 
FirstContact is the highest, since that it forwards the 
message blindly to the first encountered node without 
an optimal object. Epidemic performs better than 
FirstContact but still has a relatively high average 
hop count value. PRoPHET performs the best among 
all the four protocols, for that it employs a 
considerable next-hop choice in each forward 
operation. The performance of TSH is approximate to 
that of PRoPHET. However, it is much easier to 
implement since it only relies on the position 
information of one-hop neighbor(s). 

Fig. 6 (d) shows the result of dropped messages. 
We can see from it that the number of dropped 
messages of Epidemic is much higher than the others 
due to its uncontrolled flooding strategy. The 
performance is approximate between PRoPHET and 
TSH and either of them is much lower than 
Epidemic. This is because both of them have the 
optimal object when choosing the next-hop relay. 
FirstContact has the fewest dropped messages, while 
it also has an unacceptable low delivery ratio. 

 
 

3.2.2. Varying the Message Time-to-live 
 
Fig. 7 shows the result of varying the message 

time-to-live. As shown in Fig. 7(a), the delivery ratio 
of TSH is obviously higher than FirstContact and 
PRoPHET. When the message time-to-live is set to 
be more than 25 minutes, TSH has the better 
performance than Epidemic. This result verifies that 
TSH has the evident advantage in improve the 
performance of delivery. When the message time-to-
live is less than 20 minutes, Epidemic achieves the 
highest delivery ratio among all the protocols. Thus 
we know that the number of message copies can be 
controlled by adjusting the message time-to-live 
value. When the message time-to-live is set to be less 
than 30 minutes, the delivery performance of 
PRoPHET is worse than Epidemic. Nevertheless, 
when we set the message time-to-live to be larger 
than 30 minutes, though the delivery ratio of 
PRoPHET keeps decreasing, it is always higher than 
Epidemic. 

Fig. 7(b) shows the result of overhead ratio. 
Epidemic has the worst performance. Besides, the 
overhead ratio increases very quickly, which shows 
again that Epidemic is only suitable in the network 
with a very short time-to-live value. Both TSH and 
PRoPHET employ corresponding schemes so as to 
achieve the controlled flooding strategy, so that they 
have relatively approximate results. The overhead 
ratio of FirstContact is always under a low level. 
However it is hard to be adopted due to its 
unacceptable delivery ratio. 
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(a) delivery ratio 
 

 
 

(b) overhead ratio 
 

 
 

(c) average hop count 
 

 
 

(d) dropped bundles 
 

Fig. 6. Delivery ratio, overhead ratio, average hop count, 
dropped bundles VS buffer size in random waypoint. 

As shown in Fig. 7(c), the average hop count of 
FirstContact is highest and increases quickly along 
with the message time-to-live. The average hop count 
values of the other three protocols are much lower 
than FirstContact. The performance of our proposed 
TSH is slightly worse than PRoPHET but better than 
Epidemic, which indicates that the relay choosing 
algorithm of TSH is relatively efficient. 
Fig. 7 (d) shows the result of dropped messages. The 
performance of Epidemic is much worse than other 
protocols, which verifies again that the uncontrolled 
flooding strategy leads to the quick consumption of 
the network resource. The single-copy routing 
protocol FirstContact has the fewest dropped 
messages, thus wasting the least resource in the 
network. When the message time-to-live is less than 
30 minutes, the number of dropped messages of 
PRoPHET is slightly lower than TSH. While when 
the message time-to-live is larger than 40 minutes, 
PRoPHET performs better than TSH. Both TSH and 
PRoPHET employ relatively effective strategies to 
reduce the redundancy in some sense, thus enhancing 
the availability of the network resource. 
 
 
4. Varying the Multi-copy Period in the 

Time-slice 
 
Fig. 8 shows the simulation result of different 

TSH protocols with the multi-copy period ratio of  
10 %, 30 %, 50 %, 70 % and 90 %. As shown in  
Fig. 8 (a), when the buffer size is less than 3M, the 
performance of TSH_10 %, TSH_30 % and  
TSH_50 % is higher than TSH_70 % and TSH_90 %. 
When the buffer size is less than 6M, the delivery 
ratio of TSH_10 %, TSH_30 %, TSH_50 % and 
TSH_70 % is higher than TSH_90 %. Moreover, 
when the buffer size is larger than 6M, the 
performance of both TSH_70 % and TSH_90 % is 
better than the other three. These results show that we 
should lower the multi-copy period under 50 % when 
the buffer resource is constrained. Otherwise we can 
increase the ratio of the multi-copy period so as to 
sufficiently utilize the network resource to achieve a 
higher delivery ratio. 

In Fig. 8 (b) we evaluate the result of the 
overhead ratio among TSH protocols with different 
settings. The result shows that we have TSH_10 % < 
TSH_30 % < TSH_50 % < TSH_70 % < TSH_90 %, 
which intuitively correspond to what we know that 
extra replicas increase the overhead ratio in the 
network. 

 
 

4. Conclusions 
 

In this paper, we proposed a time-slice based 
routing protocol TSH for DTNs. TSH only relies on 
one-hop neighbor(s)’s location information to make 
the routing decision. The starting point of the time-
slice concept is that we intend to combine multi-copy 
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(a) delivery ratio 
 

 
 

(b) overhead ratio 
 

 
 

(c) average hop count 
 

 
 

(d) dropped bundles 
 

Fig. 7. Delivery ratio, overhead ratio, average hop count, 
dropped bundles VS message time-to-live in random 

waypoint. 

 
 

(a) delivery ratio 
 

 
 

(b) overhead ratio 
 

Fig. 8. Different TSH in random waypoint. 
 
 
and single-copy strategies to achieve a good balance 
in routing performance and the cost. When choosing 
the next hop, we take both direction and distance into 
consideration. The simulation result shows that TSH 
achieves overall better performance than others. 
When the network resource is not sufficient, TSH 
outperforms Epidemic and is more scalable than the 
other protocols. 
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Abstract: The platform construction of FlexRay bus, a new kind of car bus, is introduced in this paper. In the 
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platform of FlexRay bus, by which the properties of FlexRay bus are carried out and tested, including related 
characteristics of the protocol, characteristics of codec and redundant reliability of communication.  
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1. Preface 
 

Among these traditional car buses, the CAN 
(Controller Area Network) bus and its child 
Networks (such as LIN (Local Interconnect Network) 
bus) are widely used today [1, 2]. As auto control and 
communication systems become increasingly 
complex, the require of vehicle is becoming higher 
correspondingly. Especially, with the increase of the 
X-by-wire in the Vehicle control system, it asks for 
higher performance, for instance, transmission speed, 
reliability of, distributed control [3]. Currently widely 
used CAN bus technology is based on the event-
triggered with the highest communication rate up to 1 
Mbps, which yet cannot satisfy the requirements of 
X-by-wire system for high bandwidth and fault 
tolerance. Hence, the new vehicle network bus --
FlexRAy arises as it requires. 

FlexRay bus adopted the data transmission 
technology based on time trigger with data transfer 

rate of up to 10 Mbps, which improves the data 
transmission rate and enhances the high reliability 
requirement. This kind of communication system is 
able to satisfy the future demand of interior control 
application.  

FlexRay protocol is developed by FlexRay 
alliance, initially formulated jointly by 
DaimlerChrysler and BMW to meet their current and 
future product demand. Afterwards, with the join of 
Bosch, NXP, Freescale, GM, Volkswagen and other 
companies, FlexRay protocol has been optimized and 
V2.1 version of FlexRay was published in 2005. 
Based on the ByteFlight protocol by BMW company 
and expanded, FlexRay gains the support of several 
car manufacturers once launched [4-7]. 

Because there has been only seven or eight years 
since the FlexRay protocol was released officially, its 
agreement, related control, and the design and 
production of transceiver chips of physical layer are 
mainly developed by developed countries. In those 
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nations with relatively high development of 
automotive electronics research, say, America, 
Germany and Japan, etc., have related research 
achievement. However, for China failed to participate 
in the formulation of the FlexRay protocol standards 
and only a handful of universities and research 
institutes made some theatrical researches and 
experiments on protocol and its applications, the 
research on the FlexRay technology in china is still in 
bud [9]. 

 
 

2. The Build of Hardware Platform  
of FlexRay 
 
The platform of FlexRay adopts MCU 

(MC9S12XF512) of integrated FlexRay protocol 
controller from Freescale company as the main chip 
and TJA1080 from NXP company as FlexRay driven 
chip to build the network nodes and testing platform. 
The function structure of FlexRay node is shown in 
Fig. 1. 

 
 

  
 

Fig. 1. The function structure of FlexRay node. 
 
 

Single + 12 V power supply is employed in 
system node to analog the power supply environment 
of vehicle-mounted ECU. For the sake of the 
convenience of online board debugging (OBD) of 
FlexRay node and scalable networking capabilities, 
many nodes of CAN bus which have already been 
used in the vehicle network are designed in the 
FlexRay nodes, and MC9S12XF512 itself with the 
CAN protocol controller is adopted. Meanwhile, the 
PCA82C250 CAN driver from NXP company is 
employed as the external bus driver. The 
communication between system node and PC uses 
the currently popular USB interface whose high 
speed and the characteristics of supporting hot plug 
greatly facilitate the online capability between system 
and PC, while USB interface chip is PL2303HX chip 
from Taiwan's Prolific company. The hardware 
structure of node is shown in Fig. 2.  

In the design of the FlexRay platform, 4 FlexRay 
nodes are employed to network communication and 
passive bus network topological structure 

recommended by FlexRay protocol is used, 
furthermore, the communication distance between 
nodes is about 1m. Among those 4 FlexRay hardware 
nodes, one as the host node is not only connected to 
the FlexRay bus, and a PC, but also communicates 
with monitoring software of FreeMaster, whereas the 
other 3 FlexRay nodes respectively simulated car 
ECU unit components. And the communication rate 
of the entire network platform is designed up to  
10 Mbits/s with dual channels. 

 
 

 
 

Fig. 2. The hardware structure of node. 
 
 
3. The Software Design 
 

The software of FlexRay node is mainly for 
initialization and parameters setting of FlexRay 
communication controller module of MC9S12XF512. 
After the initialization of MCU, it is able to enforce 
the MC9S12XF512 FlexRay module into FlexRay 
protocol configuration and start FlexRay 
communication controller. Once the start is done, 
check whether FlexRay node synchronizes to 
FlexRay cluster and start the normal FlexRay 
transceiver when finishing the synchronization. The 
Detail flow chart of software main program of 
FlexRay node is shown in Fig. 3. In addition, the 
communication rate, cold start node, communication 
channel, sending and receiving time slot, etc., a series 
of parameters configuration are set by the FlexRay 
controller. For the sake of the  timeliness of node 
communication, communication of FlexRay is 
designed to base on interrupt control transceiver, in 
which FlexRay protocol controller and the 
corresponding transmit-receive of the main program 
will be triggered by the interrupt caused by slot. 
 
 
4. The Test Platform of FlexRay Network 
 

The test platform is designed by 4 independent 
FlexRay nodes (hardware circuit board), one PC 
(running FreeMASTER software), a digital phosphor 
oscilloscope of MSO4104B from Tektronix, a 
switching power supply with +12V / 2A and etc. The 
test platform is shown in Fig. 4. 

The platform is designed of wake up frame with  
60 bus bits of period, TXIdle with 180 bus bits of 
period. And the sending rate of bus is 10 Mbits/s, 
which means the period of bus is 0.1 μs, TxLow = 
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6 μs, TxIdle = 18 μs. The wake-up frames of FlexRay 
captured by MSO4104B are shown in Fig. 5. As 
shown in Fig. 5a, there are 16 frames sent by the 
wake-up frame according to the program setting. By 
the cursor function of MSO4104B, it is tested that 
TxLow = 6 μs (as shown in Fig. 5 b), TxIdle = 18 μs 
(as shown in Fig. 5c), and the total length of wake-up 
frame TxLow+ TxIdle = 24 μs, which all match the 
protocol and the demand of program design. 
Meanwhile, the period of FlexRray bus is 5 ms, and 
the network period of FlexRay captured by 
MSO4104B is shown in Fig. 6. 

 
 

  
 

Fig. 3. The flow chart of software main program  
of Flexray node. 

 

 

 
 

Fig. 4. The test platform of FlexRay. 
 

 
 

 
 

Fig. 5. The wake-up frame captured by MSO4104B. 
 
 

Meanwhile, the period of FlexRay bus is 5 ms, 
and the network period of FlexRay captured by 
MSO4104B is shown in Fig. 6. As shown in Fig. 6a, 
the period of FlexRay bus is 5 ms measured by the 
MSO4104B cursor function, and one bus period 
includes 4 FlexRay frames corresponding to the slot 
of node 1 ~ 4. The full FlexRay frame captured by 
MSO4104B is shown in Fig. 7a. Through the cursor 
function of MSO4104B, the total length of the frame 
is 41.4 μs and the length of TSS is 1.1 μs (as shown 
in Fig. 7 a and 7 b). The waveform of 24 bits CRC 
check code is shown in Fig. 7c, in which the FES  
(1 bit High + 1 bit Low) at the end of the wave is a 
kind of static frame. 

In order to monitoring signal integrity, we test the 
single's eye diagram at the TP4 test point(at the 
receiving end).The test result showed in Fig. 8, as 
show in the figure, the test eye map large than test  
template. So the platform can be decoding the signal. 

The upper programming of FreeMASTER 
computer from Freescale is used to program the 
principal monitoring software of network platform of 
FlexRay bus. By the monitoring software, it is able to 
monitor the entire performance parameters of 
FlexRay network and communication data, and 
prompt alarm as well when errors and bugs happen. 
The monitoring software interface of FlexRay bus 
platform is shown in Fig. 9. 
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Fig. 6. The network period captured by MSO4104B. 

 
 

  

 
Fig. 7. The frame picture captured by MSO4104B. 

 
 

Monitoring software is composed of three 
monitoring windows, including host control window 
(HCW), waveform data window (WDW) and 
parameters of the bus window (PBW). Firstly, the 
HCW is used to monitor the communication status of 
every node of the network and the connection status 
of channel A and B with the indicator lights. 
Meanwhile, there is a ship switch on the interface of 
HCW to be able to stop the communication at any 
time to verify the wake-up function of FlexRay 
network. Secondly, the WDW monitors the various 
parameters of bus, including the statuses of POC, 

wake-up, sync, MTS, real-time data of sent-received 
by the node and channel error counting, etc. Thirdly, 
PBW displays the data wave from the nodes’ sensors, 
aiming at simulating  the steering wheel and  
pedals, etc. 

After connecting each node to FlexRay bus and 
the USB interface of main monitoring node to the 
PC's USB interface, open each node power and then 
start the monitoring software FlexRay bus network. 
The monitoring interface of each node under normal 
operation is shown in Fig. 10. 
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Fig. 8. The eye diagram test by MSO4104B. 
 
 

 
 

Fig. 9. The running interface of monitoring software  
of FlexRay bus platform. 

 
 

 
 

Fig. 10. The monitoring interface of FlexRay bus platform 
under normal operation. 

 
 

Monitoring software can monitor the physical 
connection condition of dual in real-time and the 
corresponding fault alarm is given. Channel B 
miswires, for example, the status light of Channel B 
changes from green to red and the error-counter of 
corresponding starts counting. As shown in Fig. 11, 
when the Channel A is disconnected artificially, the 
light of Channel A on the monitoring interface turns 
red and error counter starts counting at the same time. 

Experiments on FlexRay implementation of data 
communication with 10 Mbps, each node uses the 
ADC to acquisite corresponding sensor voltage and 
sent which to monitoring node. In the experiments, 

when any channel is disconnected physically during 
communication, the corresponding warm information 
is given and then communication is restored, due to 
the redundancy communication function of FlexRay 
bus, which validates the reliability of FlexRay 
communication. 

 
 

 
 

Fig. 11. The indicator interface of channel error status. 
 
 
5. Conclusion 
 

With the development of modern automotive 
technology, it calls for increasing high performance 
of automotive safety. Considerable increase of the 
number of electronic control unit and sensors 
(especially X-by-Wire system) helps the development 
of vehicle bus and network technology [12]. FlexRay 
network protocol, the next significant generation 
communication network, was launched by the 
alliance of Bosch, BMW, and Daimler - Chrysler, 
Volkswagen and other car manufacturers. And the 
FlexRay provides the development direction of new 
vehicle communication network. Furthermore, the 
deep researches on the protocol and the application 
theories and the establishment network platform to 
analyze the performance of network, all provides the 
essential theories and practical application value for 
the design of next generation of automotive 
electronic security and the researches on vehicle 
communication network system. 

In this paper, the author put forward a method of 
designing a complete communication platform of 
FlexRay bus network and realized the 
communication platform of FlexRay bus network. 
The physical test and verification on the network 
platform of FlexRay bus prove that the platform is 
feasible and stable.  

Compared to CAN, FlexRay bus with a wider 
bandwidth (single channel can be up to 10 Mbps), it 
can guarantee a reliable communication for the 
certain behavior, and be possible for the system 
integration and future extension, which might realize 
the function of drive-by-wire but without mechanical 
back up in the future [13-14]. Meanwhile, the 
FlexRay technology has incomparable advantages 
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over traditional vehicular network and its emergence 
meets the requirement of some core technologies 
called by modern automotive industry. 
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