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ABSTRACT 

To improve the responsiveness of engine speed control to disturbances, robust controls were investigated by simulation. 
The intake air control system of a gasoline engine is a typical nonlinear system, and the disturbances and parameter 
perturbations are generally regarded as being the unstable factors with regard to engine control. In this paper, a 
Mean-Value Engine Model (MVEM) with disturbances and parameter perturbations is investigated using Sliding Mode 
Control (SMC), which is a form of variable structure control, with a view to address instability in the idle speed control 
process. The simulation results confirmed that, compared with a conventional PI (Proportional-Integral) controller, the 
stability of the idle speed for an engine that is being subjected to disturbances, parameter variations and background 
noise is greatly improved by the application of SMC. 
 
Keywords: Gasoline Engine, Intake Air Control, Sliding Mode Control, Simulation 
 
1. Introduction 

Since the beginning of the 21st century, environmental 
and energy problems have been becoming increasingly 
serious. A lack of fuel economy for automobiles is con-
sidered to be the main cause of the global energy crisis, 
and this issue needs to be addressed. Idle speed is the 
minimum operating speed of a combustion engine [1]. 
The period at idle occupies 30% of driving time for ur-
ban traffic. Furthermore, if the idle speed can be reduced 
to 100 rpm (revolutions per minute) by improving the 
control method, fuel consumption will be reduced by 2 to 
5%. Therefore, significant fuel economy and emissions 
improvements can be achieved by lowering the idle 
speed of an engine. In order to achieve a relatively lower 
idle speed while at the same time preventing the engine 
from stalling, it is necessary to maintain a stable idle 
speed in the presence of both known disturbances (e.g. 
stationary steering and evaporation-gas purge) and un-
known disturbances. The automotive engine is a typical 
nonlinear, time-delay, time-varying parameter system. 
Recently there are many studies that apply control theo-
ries such as LQG, PID, and adaptive control to idle-speed 
control [2]. In particular, because Variable structure con-
trol is suitable for linear and nonlinear, continual and 
discrete, certain and uncertain systems, the application of 

sliding mode control is regarded as the solution to the 
problem of improving the idle-speed control. Neverthe-
less there are some studies are applying this theory [3,4]. 
However, idle-speed control is supposed to be investi-
gated practically. 

In this paper, idle speed control was studied based on 
a non-linear gasoline engine model. As the PID (pro-
portional–integral–derivative) controller is usually used 
for idle speed control, the PID control and sliding mode 
control (SMC) were employed to improve idle-speed 
control. The several disturbances such as control input 
disturbance, torque disturbance and fuel disturbance 
were added in the engine model to certify the respon-
siveness and stability of two control methods. And the 
operation of the sudden start also was also studied un-
der the fuel disturbance. The system is simulated by 
MATLAB /Simulink. Relying on result of simulations, 
the robustness of idle-speed control was improved by 
using SMC. 

2. Idle Speed Control System 

In this paper, we used an idle speed control system which 
was built based on the mean value engine model (MVEM) 
[5]. The model consists of three units: an intake manifold 
unit, a fuel mass unit, and a crankshaft unit. Because idle 
speed control is the subject of this study, an electronic 
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Figure 1. Engine model for idle speed system 

 
throttle is necessary. The usual control process for idle 
speed is illustrated as follows. The intake air flow is ad-
justed to achieve the set point for the engine speed by 
adjusting the angle and position of the electronic throttle. 
The crank angle sensor detects the engine speed, and the 
angle of the electronic throttle depends on the controller 
in the engine control unit. Next, the amount of air sup-
plied to the cylinder is adjusted using the electronic 
throttle. Once that has been done, an amount of fuel pro-
portionate to the air flow is injected into the cylinder. 
Thus, the torque produced by fuel combustion maintains 
a constant engine speed. A model of an idle speed control 
system is shown in Figure 1. 

Next, we will describe the three parts of the engine 
model by providing the equations we used. The main 
initial parameters of the engine model were as follows: 
the engine displacement (Vd) is 1.3 L; the fuel energy 
constant (Hu) was 43000 K J/kg; the gas constant of air 
(R) was 0.00287 m2bar/k.kg; the atmospheric tempera-
ture (Ta) was 293 K; the intake manifold volume Vi was 
0.000564 m3 the atmospheric pressure (Pa) was 1.013 bar; 
and the moment of engine inertia was 5.2638 kgm2. Here 
we considered four factors that can easily make idle 
speed control unstable: torque disturbance, fuel vapor 
disturbance, control input disturbance, and parameter 
errors. 

2.1 Crankshaft Block 

 u i f f p dn = H m In P P P In           (1) 

The variable n in Equation (1) is the engine speed (the 
unit used was set at rpm/1000); ηi is the thermal effi-
ciency; and Pf , Pp and Pb are frictional power, pumping 
power, and load power, respectively. 
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Pf , Pp and Pb are calculated using the three empirical 
equations below. 
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Here, Pi is the manifold pressure; θ is the ignition an-
gle; θmbt is the mean best torque spark advance; λ is the 
excess air coefficient; and Mb and Kb are both for the 
torque load. 

2.2 Fuel Block 
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(3) 

Here, ffm  is the evaporation fuel in the cylinder; 

 is the injected fuel;  is the gasified fuel;  

is the total amount of fuel in the cylinder; X is the coeffi-
cient of the fuel deposit; and  is the time constant for 

fuel evaporation. 

fim fvm



fm

f

2.3 Manifold Block 

 i i at ap i i i iP RT m m V PT / T                (4) 

Here,  is the temperature in the manifold;  is 

the intake air which passes through the throttle; and  

is the cylinder intake air. 
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Here, u  is the opening of the throttle and rP

ratio of  to

Wher

 is the 

iP

e 

 aP . 

v  is the engine volumetric efficiency. 
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3. Lineariz

As is well known, the engine model is a typical n- 
inear system. For the following design for SMC, we 
needed to linearize the engine model to a state-space 

ion point. In this case, we selected 

. .

ation 

no

equation at the operat
an engine speed of n and manifold pressure of iP  as 

two states. Here, u  is the input of advance angle igni-

tion and u  is the input of the throttle, and both were 

provisionally considered as control inputs. 
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(8) 

Having sorted out the affine non-linear equations as 
stated above, we then addressed the target operation 
point (xd), which is given as follows: 
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Therefore, the engine model is linearized in the vicin-
ity of xd . 
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As a result, we were able to obtain the final matrices 
for A and B of the linearized model at two certain values 
of the abovementioned states. 

4. PID Control Design 

In the paper, we employed PI controller shown in Figure 
2.

 Design 

ucture control in which the 

dynamic system to slide along the re-
n important, ro-

 The gain of Kp and Ki are determined by the Ziegler- 
Nichols method. 

5. Sliding Mode Control

SMC is a type of variable str
dynamics of a nonlinear system are altered by the appli-
cation of a high-frequency switching control [6]. In other 
words, SMC uses practically infinite gain to force the 
trajectories of a 
stricted sliding mode subspace. This is a
bust control approach that provides an adaptive approach 
to tackling the parametric system, uncertain parametric 
system, and uncertain disturbance system. If a switching 
surface is appropriately designed with desirable charac-
teristics, the system will exhibit desirable behavior when 
confined to this switching surface. To pursue the target 
value, idle-speed control can be shown as a servo system. 
Thus, the sliding mode for a single-input single-output 
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Figure 2. Block diagram of PI controller 
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Figure 3. Block diagram of SMC 

 
system has been made into the block diagram shown in 
Figure 2, which illustrates a closed-loop SMC. The con-
trol input is the sum of the linear and non-linear inputs. 
Here, nd is the target engine speed, n is the actual engine 
speed, and the four kinds of disturbances we have consid-
ered in this paper have also been added in the Figure 3. 

5.1 Controller 

In this paper ngle of the 
rottle as the control input. Consequently, the following 

, we are only considering the a
th
system is considered. 
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The expansion servo system is given
below. 
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In order to app
sion system is used in which a new state, z, is assumed as 
the value for the integration of the difference between the 
target value and input. The variable z is defined in Equa-
tion (13) below. 

1 dz r x n n     

 in Equation (14) 

1 11 12 1

21 22 222 2

0 0 0

0 0

0 1 0 0 1z z

x a a x u r

a a bx x

           
                




  (14) 

Equation (14) can be rewritten as follows: 
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The switching function is as follows: 
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The design for the switching surface is described late. 
When the system is in sliding mode, the switchin
tion is as follows: 

g func-

  0x                        (17) 

characteristic is exhibite
hy

When the system is in sliding mode state, the dynamic 
d. When above the switching 

per-plane, the system maintains  0  . Hence, by 
using xS , substituting Equation (15) into 0   
gives: 

0 eqSAx SBu rSE              (18) 

Taking the control law as: 

   1
eq ru SB SAx SE          (19) 

Equation (19) gives th
servo system with sliding

the switc
s give

            

where P is the positive definite soluti
eq

e equivalent linear control of a 
 mode. 

5.2 Hyper-Plane 

For the system stability margin, hing hyper- 
plane S i n as follows: 
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If the first-order derivative V of the Lyapunov func-
tion is a negative d    can converge to 
0. So the control input is the sum of the linear and 
non-linear inputs. 
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Here, non-linear input u  is obtained as follows: 

u u u   

  1
nlu k SB


 

 


          (24) 

If >0, k  >0
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, k is the non

and it is effici t in compensating for unknown distur-
ba

-linear input switching gain 

nces. To alleviate chatter in the control output of the 

sliding mode controller, we used 


 
as the output 

alteration, which is generally called the smooth function 
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for replacing a conventional signal function. 
2

0V k

 

   


            (25) 

According to Lyapunov’s second theo
the hyper-plane measures the existence of the sliding 
m  a

th resp
d, th

 fuel purges 
and power window, a unit step input w
disturbance that results from an evaporation-gas purge in 
th

e shown in Figure 4. 
sidered the variable factors in a real 

rem on stability, 

ode nd reachability. 

6. Simulation 

In order to confirm robustness wi ect to a load 
change disturbance during idle spee e system was 
simulated under the conditions below. 

First, the initial idle speed of the engine was 700 rpm, 
given the existence of disturbances such as

as added for the 

e fuel module and another unit step input was added for 
the disturbance that results from stationary steering or 
other types of torque variations in the crankshaft module. 
The simulation results ar

Second, we con
engine, allowing us to input the engine model error, the 

 

 

 

 

 

 

 

F
bations 

igure 5. Responses for input error and parameter pertur-

 
control input error, the ignition angle error, and the A/F 
(air/fuel) ratio into the engine model. Figure 5 shows the 
results. 

From Figure 4, we can see that if two identical distur-
bances are loaded at 5 seconds and 12 seconds, the con-
trol system is forced to spend a considerable amount of 
time reaching the target speed again when PID is used. In 
other words, the response time is long and the compensa-
tion effect is weak. In contrast, the disturbances were 
almost compensated for because of the relatively large 
value of the compensating gain k we used in the nonlin
ear input. 

s a control input error. In addition, ±3% and ±1% 
ndom errors were added to the stoichiometric fuel air 

ctuation when PID is used, and the use of SMC 
do

as those in Figure 4 were loaded. The simulation result is 

-

A ±3% random error was added in front of the engine 
model a
ra
ratio and the ignition angle, respectively. The results 
were as follows. From Figure 5, we can see that there is 
little flu

es not change the results. 
Third, Moreover, as background noise, the engine speed 
fluctuations measured on an actual engine was added to 
the engine model, meanwhile, two disturbances as same 

Figure 4. Responses for two disturbances 
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shown in Figure 6. The control system with the sliding 
mode controller is clearly more effective against both of 
the two disturbances as if background noise was loaded. 

Finally, we considered the responsiveness and tracing 
ability when the engine is made a sudden start from a 
lo

ulation results are shown in 

gi

wer idle speed to a higher speed such as 2000rpm. As 
far as we know, there is usually little fuel loss in the 
sudden start condition due to some of fuel drops attached 
to the manifold, which sometimes leads to the undesir-
able speed down. So we assumed the sudden start oc-
curred at 6 seconds and a step disturbance as fuel loss 
was load at the time. The sim
Figure 7. Apparently, the transition of the sudden start by 
SMC is faster than that by PI although the disturbance is 
loaded. 

Based on the aforementioned simulation results, we 
can see that a control system with a sliding mode con-
troller is more effective with respect to either of the two 
disturbances, as well as to some errors in the actual en-

ne, proving the robustness of SMC. In addition, the 
tracing ability of idle speed also appears to be improved 

 

 

 

 

 

 

 

Figure 7. Responses for a sudden start from 700 rpm 

 
in the work condition under the sudden start with the fue

isturbance. 

7. Conclusions 

In this paper we addressed the issue of idle speed control 
in order to improve the stability of an engine’s idle speed 
and improve its fuel economy. To achieve high stability 
and robustness for the idle speed control system, the 
electronic throttle (which regulates the intake air flow 
when an engine is idling) was taken as the control object, 
the engine was modularized by MATLAB/SIMULINK, 
and given that the engine system is a typical nonlinear 
system, the model was linearized at the operating point. 
Using a linearized state-space model, we built a hy
per ter 

hich we also designed a control input for a controlled 

lts, PI control was used, and in accordance 
ls, the parameters of proportion and 

l 
d

-
-plane which is adaptive to the controlled plant, af

w
plant which is the sum of the nonlinear and linear inputs, 
so the SMC is constructed in m-file. To produce com-
parative resu
with Ziegler-Nicho
integral were adjusted on the initial engine speed of 700 
rpm. By using SMC, the switching hyper-plane was de-
signed based on system zeros, and the system was de-
signed as a servo system in order to achieve the target 
value. Compared with conventional PI control, the stabil-
ity against disturbances was improved. Furthermore, the Figure 6. Responses for loading engine-speed signal 
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[3] B. Kwak and  stability controller 

996. 

relative robustness of SMC was confirmed when an en-
gine system was simulated under parameter perturbations 
and background noise. Above all, it is much more poten-
tial to improve idle speed control and pursue low speed 
of the idle speed by sliding mode control. 
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ABSTRACT 
In the Chinese character intelligent formation system without Chinese character library, it is possible that the same 
basic element in different Chinese characters is different in position, size and shape. The geometry transformation from 
basic elements to the components of Chinese characters can be realized by affine transformation, the transformation 
knowledge acquisition is the premise of Chinese character intelligent formation. A novel algorithm is proposed to ac-
quire the affine transformation knowledge of basic elements automatically in this paper. The interested region of Chi-
nese character image is determined by the structure of the Chinese character. Scale invariant and location invariant of 
basic element and Chinese character image are extracted with SIFT features, the matching points of the two images are 
determined according to the principle of Minimum Euclidean distance of eigenvectors. Using corner points as identifi-
cation features, calculating the one-way Hausdorff distance between corner points as the similarity measurement from 
the affine image to the Chinese character sub-image, affine coefficients are determined by optimal similarity. 70244 
Chinese characters in National Standards GB18030-2005 character set are taken as the experimental object, all the 
characters are performed and the experimental courses and results are presented in this paper. 
 
Keywords: Chinese Character Intelligent Formation, Knowledge Acquisition, Affine Transformation, Hausdorff Distance 
 
1. Introduction 
The concept of Chinese character intelligent information 
that reuse basic elements to form Chinese characters was 
proposed based on prototype authentication mechanism 
of cognitive psychology in the reference [1], the author 
identified that replace the Chinese character library by 
Chinese character intelligent information. In his further 
research, the framework of the Chinese character intelli-
gent formation system which contains basic elements 
library, knowledge library and Chinese character intelli-
gent formation model [2] was proposed, and the structure 
knowledge of the Chinese character is obtained by sim-
ple grid [3–5]. 

The spelling of alphabetic character has a one-dimen-
sional characteristic; it is pieced together in order under a 
few rules. But the Chinese character has the two-dimen-
sional characteristic, the same basic element in different 
Chinese characters is possible different in its size, shape 
and position. The mapping from basic elements to the 
components of the Chinese character can be realized by 
affine transformation. A method that reuses radicals to 

generate Chinese characters based on global affine 
transformation was proposed in the reference [6]; the 
affine coefficients were calculated by minimizing the 
mean of the nearest-neighbor inter-point distance. But 
this method was complex and it is easy to bring errors 
resulted from image processing, such as outline extrac-
tion. A novel approach was proposed that selects corre-
sponding points in the boundary box of the basic ele-
ments and mapping goal respectively to calculate the 
affine coefficients, then optimized by PSO algorithm, but 
this method need to remove other components manually 
when get the bounding box of mapping goal, so the 
workload was heavy. 

In this paper, the solution for acquiring basic elements’ 
affine coefficients is as follows, the interested region of 
Chinese character image is determined by the structure of 
the Chinese character. Scale invariant and location in-
variant of basic element and Chinese character image are 
extracted with SIFT features, matching points of the two 
images are determined according to the principle of 
Euclidean distance of eigenvectors. One group of affine 
coefficients can be calculated from three pairs of match-
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ing points which are chosen randomly. The affine image 
is obtained through the transformation from the basic 
element image, the corner points of affine image and 
Chinese character sub-image are detected, one-way Hau- 
sdorff distance between corner points is used as the rule 
of measuring the similarity, and the optimal affine coef-
ficients are determined by minimum one-way Hausdorff 
distance. 

The contents of this paper is arranged as follows, the 
principle of Chinese character intelligent information is 
presented in Section 2; the geometric transformation mo- 
del of the basic elements are proposed in Section 3, the 
size, position and shape changes of basic elements can be 
realized by affine transformation; in Section 4, a new 
method of acquiring the affine coefficients of the basic 
elements is proposed; the experiment study is presented 
in Section 5, the generation of more than 70000 Chinese 
characters is carried out after acquired the transformation 
knowledge in different Chinese characters of all basic 
elements. Finally, the conclusions are given in Section 6. 

2. Theory of the Chinese Character      
Intelligent Formation 

A Chinese character is a combination of either single 
hieroglyphic or self-explanatory symbol, or several of 
them based on meaning and echoism rules. Any element 
in the set of the character components corresponds to a 
certain basic element. The components of Chinese char-
acters are the topological mapping of basic elements in 
the character structure, namely, the position, size and 
shape of basic elements may be different in different 
Chinese characters, but basic elements are topological 
invariant. For example, basic elements “氵” and “少” 
have different size, shape and position in the characters 
“沙” and “莎”. As another example of this, basic element 

“寸” has different size, shape and position in the charac-

ters “讨”, “辱” and “褥”. In the above-mentioned trans-
formation, the components which are corresponding to 
the same basic element in different Chinese characters 
are different in size, shape and position, but they have the 
same topological structure, namely, they have topologi-
cal invariance. 

From the above analysis, the concept of Chinese char-
acter intelligent information was proposed. Basic ele-
ments include single hieroglyphic and self-explanatory 
and their symbols; a Chinese character is generated by 
putting one or more basic elements together after topo-
logical mapping to the structure of the Chinese character. 
Take the generation of the Chinese character “蘑”” as an 
example, as shown in Figure 1. In order to facilitate un-
derstanding, the decomposition of structures and basic 
elements of the character is illustrated in Figure 2. This 

character contains four level structure and five compo-
nents mapped by four basic elements. The symbols “艹”, 
“木”, “广”, “石” are basic elements, Fi(i=1,2,3,4,5) 
represents the knowledge of the topological mappings, 
such as the location, size and shape of basic elements in 
the Chinese character. The final Chinese character “蘑” 
is formed by mapping the basic elements to the corre-
sponding structure of the Chinese character. 

3. Transformation Model of Basic Elements 
From the analysis in Section 2, it needs a topological 
transformation method which can realize to transform 
basic elements to different position, size and shape in 
order to realize the mapping from basic elements to 
components of the Chinese character, affine transforma-
tion meets this requirement. Suppose W is a basic ele-
ments image and x is a point of the image. Let us define a 
geometric transformation of the basic element image by 

x xA A A A
y yA A A A

W ta b a bAW t W t W tc d c d
      + = + = +            

 

(1) 
 

 
Figure 1. The theory of Chinese character intelligent for-
mation 

 

 
Figure 2. Example of the decomposition of structures and 
basic elements 
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With A corresponding to a linear transformation and t a 
translation vector. Of which, aA and dA, bA and cA, tx and 
ty represent scaling factor, rotation factor and translation 
along the x, y axes respectively. The Chinese characters 
are standard-type-face characters that square in a box, 
which determined the geometric transformation of basic 
elements involves only non-uniform scale, without rota-
tion, that is, bA = cA = 0. 

4. Knowledge Acquisition of Basic Elements 
The flow of acquiring the affine coefficients of basic 
elements that proposed in this paper is as follows. Firstly, 
the interested region of character image is determined by 
the structure of the Chinese character. Secondly, the 
scale and location invariant of basic element and Chinese 
character image are extracted by SIFT algorithm, and the 
matching points of two images are determined by nearest 
Euclidean distance of eigenvectors. Of all the key mat- 
ching points, a few are incorrect, it is not necessary to 
remove all the pairs of mismatched points, because it can 
calculate affine coefficients with three pairs of correct 
matching points. Thirdly, three pairs of non-collinear po- 
ints are chosen randomly to calculate one group of affine 
coefficients, the basic element image is transformed to 
obtain affine image, the corner points of affine and Chi-
nese character sub-image are detected respectively, and 
the one-way Hausdorff distance of corner points from 
affine image to Chinese character sub-image is calculated. 
Finally, the optimal affine coefficients are determined 
according to the minimum one-way Hausdorff distance 
after limited iterations. 

4.1 Region of Interest 
The combinational relation of location among the com-
ponents of the Chinese character is considered as the 
structure of the Chinese character. The location of dif-
ferent components in a Chinese character is determined, 
thus, a rectangular region can be fixed by the structure of 
Chinese character, called region of interest, which only 
contains one of the components of the Chinese character. 

Through the analysis of the components’ combina-
tional relations of the Chinese character, the structure 
types of the Chinese character are summarized. The 
structure of the Chinese character can divided into sev-
eral levels, which depend on whether there is combina-
tion of basic elements, the structure without combination 
of basic elements is called one-level structure, while 
multiple-level structure is with a combination of basic 
elements. The structure level of the Chinese characters 
obeys the cognitive mechanism that is from left to right, 
from top to bottom and from out to inner, for example, 
the character “蘑” contains four level structures, as 
shown in Figure 2. 

Suppose the region of the Chinese character is T(x,y): 

{0( , ) 0
x wT x y y h

≤ ≤=
≤ ≤

                      (2) 

Where w and h are the width and height of the Chinese 
character image. 

The code structure of the Chinese character is a kind 
of hierarchical level, along the level-dividing tree, the 
interested region of secondary level structure is contained 
in its interested region of previous level structure. Sup-
pose the interested region of the previous level structure 
and its sub-level structure can be represented with R(x,y) 
and S(x,y) respectively as follows. 

1 2 1 2

1 2 1 2

    (0 )
( , )     (0 )

x x x x

y y y y

r x r r r w
R x y r y r r r h

≤ ≤ ≤ ≤ ≤
=  ≤ ≤ ≤ ≤ ≤

    (3) 

1 2 1 2

1 2 1 2

    (0 )
( , )     (0 )

x x x x

y y y y

s x s s s w
S x y s y s s s h

≤ ≤ ≤ ≤ ≤
=  ≤ ≤ ≤ ≤ ≤

   (4) 

From the above analysis, it can be obtained: 
( , ) ( , )S x y R x y⊆ , 1 1 2 20 x x x xr s s r w≤ ≤ ≤ ≤ ≤ , 

1 1 2 20 y y y yr s s r h≤ ≤ ≤ ≤ ≤ . 
In order to calculate the interested region of each basic 

element conveniently, the relation between the interested 
region of the previous level structure and its sub-level 
structure can be defined as follows. 

1 2 1 1

1 2 1 2

     (0 1)( , )       (0 1)
aa b b

α α α α
β β β β

≤ ≤ ≤ ≤ ≤=  ≤ ≤ ≤ ≤ ≤
h     (5) 

Where 1α  and 2α , 1β  and 2β  represent the perce- 
ntages of the interested region of the sub-level structure 
holding that of it’s previous level structure in X and Y 
axis respectively, which can be set by actual situation. 
Through the analysis above, the interested region of 
sub-structure comparing with its previous structure can 
be calculated as follows. 

1 1 2 1 1 2 2 1

1 1 2 1 1 2 2 1

( ) ( )
( , ) ( ) ( )

x x x x x x

y y y y y y

r r r x r r r
S x y r r r y r r r

α α
β β

+ × − ≤ ≤ + × −
=  + × − ≤ ≤ + × −

 

(6) 
The interested region of each basic element in the Chi-

nese character can be calculated along the level-dividing 
tree of Chinese characters’ code structure with the meth- 
od of recursive under Equation (6). 

4.2 Extract Scale and Location Invariant with 
SIFT 

The SIFT [7,8] features are local and based on the ap-
pearance of the object at particular interest points, and 
are invariant to image scale and rotation. 

According the characteristic of the Chinese character, 
this article improved the SIFT that remove the rotation 
invariant and extract scale and location invariant of SIFT 
features. The main steps are included as follows. 
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For this, the image is convolved with Gaussian filters 
at different scales, and then the difference of successive 
Gaussian-blurred images are taken, Key points are then 
taken as maxima/minima of the Difference of Gaussians 
that occur at multiple scales. Specifically, a DoG image 

( , , )G x y σ is given by 

( , , ) ( ( , , ) ( , , )) ( , )
( , , ) ( , , )

D x y G x y k G x y I x y
L x y k L x y

σ σ σ
σ σ
= − ∗

= −   (7) 

Where ( , , )L x y kσ  is the original image ( , )I x y  con-
volved with the Gaussian blur ( , , )G x y kσ  at scale kσ  

( , , ) ( , ) ( , )L x y G x y I x yσ σ= ∗                (8) 

This is done by comparing each pixel in the DoG im-
ages to its eight neighbors at the same scale and nine 
corresponding neighboring pixels in each of the neigh- 
boring scales. If the pixel value is the maximum or 
minimum among all compared pixels, it is selected as a 
candidate key point. 

Scale-space extreme detection produces too many key 
point candidates, some of which are unstable. The next 
step in the algorithm is to perform a detailed fit to the 
nearby data for accurate location, scale, and ratio of prin-
cipal curvatures. This information allows points to be 
rejected that have low contrast (and are therefore sensi-
tive to noise) or are poorly localized along an edge. 

The Gaussian-smoothed image ( , , )L x y σ  at the key 
point’s scale σ is taken so that all computations are per-
formed in a scale-invariant manner. For an image sample 

( , )L x y  at scale σ, the gradient magnitude, ( , )m x y , 
and orientation, ( , )x yθ , are computed using pixel dif-
ferences: 

2 2

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

m x y
L x y L x y L x y L x y

=

+ − − + + − −
 

(9) 

( , ) arctan(( ( , 1) ( , 1))
/( ( 1, ) ( 1, )))

x y L x y L x y
L x y L x y

θ = + − −
+ − −      (10) 

Previous steps found key point locations at particular 
scales and assigned orientations to them. This ensured 
invariance to image location, scale. Now we want to 
compute descriptor vectors for these key points such that 
the descriptors are highly distinctive and partially in-
variant to the remaining variations, like illumination, 3D 
viewpoint, etc. This step is pretty similar to the Orienta-
tion Assignment step. The feature descriptor is computed 
as a set of orientation histograms on (4 x 4) pixel 
neighborhoods. Just like before, the contribution of each 
pixel is weighted by the gradient magnitude, and by a 
Gaussian with σ 1.5 times the scale of the key point. 
Histograms contain 8 bins each, and each descriptor 
contains a 4x4 array of 16 histograms around the key 

point. This leads to a SIFT feature vector with (4 x 4 x 8 
= 128 elements). This vector is normalized to enhance 
invariance to changes in illumination. 

4.3 Key Points Match 
When the key point descriptor of two images was built, 
take the Euclidean distance between the descriptors of 
each feature point as the measurement of the similarity. 
Suppose the sets of descriptor are, ( ) ( ) ( )

1 2{ , , }a a a
a NaF f f f= L , 

( ) ( ) ( )
1 2{ , , }b b b

b NbF f f f= L  respectively in images A and B, 
where Na and Nb are the numbers of key points in the 
two images respectively, the Euclidean distance d be-
tween any descriptor ( )a

if  in image A to any descrip-

tor ( )b
jf  in image B is presented as below, 

1
( ) ( ) ( ) ( ) 2

0

( , ) ( [ ] [ ])
D

a b a b
i j i j

d

d f f f d f d
−

=

= −∑     (11) 

Take one of the key points in image A, and find the 
key point with nearest Euclidean distance in image B. In 
the case of the ratio of nearest Euclidean distance and the 
second nearest Euclidean distance, it is hard to choose a 
threshold, if the threshold value is too small, the correct 
matching points pairs may get lost. So, this method 
avoids losing correct matching points pairs. 

4.4 Hausdorff Distance 
In this paper, the corner points is taken as the recognition 
clue, the similarity measurement between affine and 
character sub-image is realized by using one-way Haus-
dorff distance. Firstly, the boundary box of affine image 
is obtained, a region in the character sub-image is deter-
mined corresponding to the boundary box and is ex-
tracted. Secondly, the corner points are detected in affine 
image and character sub-image. Common corner points 
detection algorithm are mainly Harris, Susan, etc, this 
paper adopts the algorithm that proposed by Shi.J and 
Tomasi.C [9]. 

Assumed two finite sets S={s1,s2,…,sp} and T={ t1, 
t2,…,tq }, the Hausdorff distance [10] is given as, 

H(S, ) max(h( , ), ( , ))T S T h T S=             (12) 
Where ( , ) max min

t Ts S
h S T s t

∈∈
= − , 

( , ) max min
s St T

h T S t s
∈∈

= −  

Where •  represents a distance norm between S and T, 
and Euclidean distance is used in this paper. 

The Hausdorff distance is a measurement which de-
scribes the degree of similarity of two sets. h(S,T) de-
scribes the similarity from S to T, and h(T,S) exactly the 
opposite. 
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The Hausdorff distance is vulnerable to the noise. Due 
to the existence of disturbance in character sub-image, 
the one-way Hausdorff distance means the distance from 
affine image to character sub-image, which describes the 
similarity from affine image to character sub-image. 

5. Experiment and Result Analysis 
70244 Chinese characters in National Standards GB18030- 
2005 character set are taken as the experimental object. 
Through splitting each character, summing up all basic 
elements, some of the basic elements are illustrated in 
Figure 4. Basic elements and Chinese characters are 
chosen in 24 pounds Song Ti font and are manufactured 
in gray images with the size of 32*32 pixels. 

Experiment is implemented following the flow per-
sented in Figure 3. Basic elements and Chinese charac-
ters are manufactured with the size of 128*128 pixels 
during the acquisition of the affine coefficients. A dem-
onstration of acquiring the affine coefficients that trans-
forms the basic element image “隹” to the Chinese char-

acter image “衢”, is shown in Figure 5. 
SIFT algorithm can produce abundant information of 

features. There are some mismatched point pairs which 
are determined by the nearest distance of eigenvectors. 
One-way Hausdorff distance is used as the similarity 
measurement between affine image and character sub- 
image in this paper, and three pairs of correct matching 
points can be identified effectively. 

 

Basic element 
image 

Chinese character 
image 

Extract scale and location invariant with SIFT 

Region of interest 

Key points match 

Calculate one group of affine coefficients by 
choosing three pairs of matching points randomly 

Calculate the one-way Hausdorff distance  
between corner points 

If D<D*, D*=D, then T*=T 

Output optimal coefficients T* 

End iteration？ N 

Y 

Transform basic element image with affine 
transformation 

Detect corner points of basic element image and 
affine image 

 

 
Figure 3. The flow of acquiring affine coefficients 

 
Figure 4. Some of the basic elements  
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(a)                            (b) 

                
(c)                             (d) 

 
(e) 

Figure 5. Example of acquiring affine coefficients. (a) is the 
basic element image that adds the SIFT features, (b) is 
Chinese character image that adds the SIFT features, the 
rectangular box for the interested region, (c) marks one of 
the affine image’s corner points, the rectangular box for the 
boundary box of affine image, (d) marks the corner points 
of character sub-image that is corresponding to the rectan-
gular box of (c), (e) is the images that find the optimal three 
pairs of matching points according to minimum one-way 
Hausdorff distance 

 

 
Figure 6. Some of the formed characters 

After obtaining the mapping knowledge of all the ba-
sic elements, the affine transformations are performed on 
the basic elements which composed the Chinese charac-
ters, then the characters are generated by bitwise AND of 
the images after the transformation, some of the formed 
characters are given in Figure 6. 

6. Conclusions 
In this paper, considering the characteristics of the Chi-
nese character, through the extraction of SIFT features, 
the matching point pairs are determined under the princi-
ple of one-way Hausdorff distance, and the affine coeffi-
cients are acquired by solving the linear equations. 70244 
Chinese characters in the National Standards GB18030- 
2005 character set are studied; all the characters are 
formed successfully. The experimental results demon-
strate that the performance of forming characters by ba-
sic elements is feasible; the transformation from basic 
elements to Chinese characters can be realized by affine 
transformation, and the algorithm that acquires the affine 
coefficients of basic elements proposed in this paper is 
efficient. Although the Chinese character study is limited 
on the size and font of Song Ti in this paper, the pro-
posed method can be extended to other different sizes 
and fonts. 
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ABSTRACT 

In this paper, we propose a multi-criteria machine-schedules decision making method that can be applied to a produc-
tion environment involving several unrelated parallel machines and we will focus on three objectives: minimizing 
makespan, total flow time, and total number of tardy jobs. The decision making method consists of three phases. In the 
first phase, a mathematical model of a single machine scheduling problem, of which the objective is a weighted sum of 
the three objectives, is constructed. Such a model will be repeatedly solved by the CPLEX in the proposed 
Multi-Objective Simulated Annealing (MOSA) algorithm. In the second phase, the MOSA that integrates job clustering 
method, job group scheduling method, and job group – machine assignment method, is employed to obtain a set of 
non-dominated group schedules. During this phase, CPLEX software and the bipartite weighted matching algorithm 
are used repeatedly as parts of the MOSA algorithm. In the last phase, the technique of data envelopment analysis is 
applied to determine the most preferable schedule. A practical example is then presented in order to demonstrate the 
applicability of the proposed decision making method. 
 
Keywords: Multi-Objective Optimization, Unrelated Parallel Machines Scheduling, Simulated Annealing Algorithm, 

Integer Programming Models, Multi-Criteria Decision Making 
 
1. Introduction 

Parallel machine scheduling problems have been exten-
sively studied in the literature and widely used in many 
manufacturing environments, such as the drilling opera-
tion in a PWB line [1] and glass etch polishing process in 
the TFT-LCD manufacture. In many real-life situations, 
the used machines are not always identical in perform-
ance. They are different because they were purchased at 
different times or for different considerations. Some ma-
chines may spend much more time on a particular job 
than others because of their age or design. Consequently, 
the layout of unrelated parallel machines is more com-
mon than identical parallel machines in real manufactur-
ing environments. The unrelated parallel machine sched-
uling problem (UPMSP) is more difficult than the identi-
cal case. Since the latter belongs to NP hard [2], the 
UPMSP is also NP hard. For further knowledge and re-
cent findings regarding the UPMSP, we refer to [3–4]. 

The problem solving approach to the UPMSP can be 
classified into two categories: metaheuristics and exact 
solution method. In metaheuristics, Hariri and Potts [5] 
proposed a two-phase method to solve the UPMSP with 
the objective of minimizing makespan (Cmax), where the 

first phase applies an integer programming technique and 
the second uses the earliest completion time rule to com-
plete the final schedule of the UPMSP. Weng et al. [6] 
proposed seven heuristics for the UPMSP with job se-
quence dependent setup times and the objective of mini-
mizing the weighted mean flow time. Two priority rules, 
shortest processing time (SPT) and the minimum sum of 
setup time and processing time, are respectively em-
ployed in the heuristics. The numerical results indicated 
that their algorithms are capable of finding quality solu-
tions to problems involving 120 jobs with 20 machines in 
short computational times. Bank and Werner [7] devel-
oped a constructive and iterative algorithm to solve the 
UPMSP with time window constraints on the job release 
dates and with the objective of minimizing the total 
weighted lateness. 

Glass et al. [8] developed a genetic algorithm (GA), 
simulated annealing (SA), and tabu search (TS) to solve 
the UPMSP without the sequence dependent setup time 
constraints. Their experiments conclude that GA per-
forms no better than the other two algorithms. Sirvastava 
[9] proposed a TS algorithm that could find high quality 
solutions in a short time for a part of the same instances. 

Kim et al. [10–11] proposed an SA to solve the 
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UPMSP with a goal of total tardiness minimization, while 
taking into consideration job sequence-dependent set up 
times. Logendran et al. [4,12] developed a TS for the 
same problem with additional considerations of dynamic 
release dates and time window machine availability, 
where the objective was to minimize the sum of weighted 
tardiness jobs. Chen [13] presented a record-to-record 
algorithm with tabu list to solve the UPMSP with the 
goal of minimizing the maximum tardiness. This paper 
also presented a threshold accepting algorithm with tabu 
list to solve the UPMSP to minimize the total tardiness. 

The branch and bound (B&B) methods are commonly 
used to optimally solve the UPMSP in the literature 
[14–18]. 

Most research on the UPMSP has been focused on a 
single objective only and there have been comparatively 
fewer studies on the multi-objective UPMSP. Suresh et 
al. [19] developed a TS for UPMSP with two objectives: 
minimizing the maximum makespan (Cmax) and the 
maximum tardiness. The tabu list keeps the record of 
newly found non-dominated solutions. Jansen et al. [20] 
modified the TS by Suresh et al. and solve the UPMSP 
with the objectives of minimizing Cmax and cost of 
scheduling. In this paper, a simulated annealing that 
interacts with the commercial software package CPLEX 
is developed for solving the UPMSP with three objec-
tives – minimizing Cmax, total flow time, and total num-
ber of tardy jobs. Since only one schedule will be im-
plemented in a real situation, a decision procedure is 
suggested to make the most preferable choice of the 
candidate solutions. 

Simulated annealing (SA) has been known as a com-
pact and robust technique to solve many NP-hard prob-
lems, including both single objective and multi-objective 
ones. It can provide excellent solutions to these problems 
with a substantial reduction in computational time. SA 
was first introduced by [21]. We refer to [22–24] for sur-
veys on single objective SA, and [25] for surveys on 
multi-objective SA. 

The remainder of this paper is structured as follows. 
Section 2 describes the problem under study. Section 3 
presents the proposed solution approach. Section 4 pre-
sents the numerical results from the proposed method 
used to solve a problem with real life data. Finally, Sec-
tion 5 concludes the paper with implications for future 
research. 

2. Problem Description 

The aim of this study is to develop a systematic solution 
method for determining the most preferred schedule 
among a non-dominated set of schedules found by the 
proposed hybrid simulated annealing algorithm. In this 
section, first of all, notations used in this paper are intro-
duced; secondly, the studied problem is described, in-
cluding a multi-objective mathematical model. 

2.1 Notations 

Symbols: 
i:  machine index, i = 1,…, M 
j:  job index, j = 1,…, J 
M: total number of machines used 
J: total number of jobs to be processed 
pij: processing time of job j performed by machine i  
sij: set up time for job j on machine i 
dj: due date of job j 
Gm: set of jobs in group m, m = 1,…, M 
Decision variables: 
Cmax: maximum makespan (completion time) among 

all machines 

max
iC : makespan of machine i 

Cij: completion time of job j on machine i 
Tij: tardiness of job j on machine i, Tij = max{0，Cij – 

dj} 
Uij: tardiness state of job j if it is processed on machine 

i: value is 1 if tardy;otherwise value is 0; number of tardy 
jobs for machine i 

yij: value is 1 if job j is assigned to machine i; value is 
0 otherwise 

xijk: value is 1 if both jobs j and k are assigned to ma-
chine i and job j immediately precedes job k; value is 0 
otherwise 

2.2 Problem Definition 

We consider the following manufacturing environment: 
there are I different machines in parallel with a total 
number of J jobs to be processed, and a job refers to a 
customer’s order. The problem under study assumes that 
each job may have different processing times depending 
on the assigned machine, each machine will process one 
job at a time, and the processing is non-preemptive. The 
setup time of each job is assumed to be machine depend-
ent but not job sequence dependent; thus, the setup time 
is included in the processing time. The scheduling prob-
lem considered in this study aims to minimize three ob-
jectives simultaneously: Cmax, total flow time, and total 
number of tardy jobs. 

2.2.1 Mathematical Formulation 

max
1 1 1 1

 ( ,  ,  
M J M J

ij ij
i j i j

)Minimize C C U
   
       (1) 

max max. .        is t C C i 

j

                   (2) 

max     ,i
ijC C i                         (3) 

max
1

   
J

i
ij ij

j

C p y


i                      (4) 

0;  C    ,ij ij ij jT T d i    j                (5) 
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    ij big ijT M U  ,i j            (6) 

(1 )ik ik big ijk ijC p M x C        , ,i j k     (7) 

1,

   ,
J

ijk ij
k k j

x y i
 

  j        

j

    (8) 

0  ,ijC i  , 

, 0,1  ,ij ij ;y U i   j 0,1   , ,ijkx i j k     (9) 

where Mbig is a big number. 
In the model, Equation (1) presents the three objective 

quality set (2) shows the first 
ob

 non-dominated schedules (or alternatives) 
 select the most 

 be adopted: 1) 
se

lem solving method 
 as the 

lowing strategy: 1) 
pr

to represent a 
nds to the set 

gi

functions of the UPMSP; ine
jective is to minimize the maximin makespan of all 

machines; constraint set (3) specifies the makespan of 
each machine; constraint set (4) defines the makespan of 
each machine; constraint set (5) defines the tardiness of 
each job; constraint sets (5) and (6) together define the 
number of tardy jobs; constraint set (7) specifies the 
starting time relationships between jobs under a certain 
processing sequence in the same group. Equation set (8) 
ensures that each individual job will be processed by only 
one machine. 

2.2.2 Multi-Criteria Decision Making 
Given a set of
to the problem under study, we seek to
preferable one. Various approaches can be applied to 
solve this decision problem. Some well known methods 
are as follows: 1) construct a multi-attribute utility func-
tion [26] which is defined on the objective space, and 
then take the alternative with the maximum utility value; 
2) assign priorities to objectives and take the alternative 
with the best Lexicographic order; 3) select the alterna-
tive that has the maximum AP efficiency ratio in data 
development analysis [27] or that has the maximum score 
using principle component analysis [28]. 

In the case that there are too many non-dominated so-
lutions, a simple three-stage method will

lect a reasonable number of diversified solutions; 2) 
decide what the inputs and the outputs should be; 3) 
compute the AP efficiency ratio and choose the one 
which ranks first. 

3. Problem Solving Method 

In this paper, we developed a prob
that uses the simulated annealing (SA) algorithm
main framework and employs the CPLEX optimizer to 
solve the multi-objective scheduling problem with an 
assigned weight vector. The acceptance probability takes 
into account the upgrading or downgrading of each indi-
vidual objective function at each step of generating a 
neighborhood solution, and is defined as the product of 
each individual acceptance probability with respect to the 

change of each objective at each step. 
In order to produce an acceptable number of non- 

dominated schedules, we adopt the fol
edetermine a set of weight vectors for the three- objec-

tive scheduling problem; 2) solve optimally or near opti-
mally the multi-objective scheduling problem with the 
target of minimizing the weighted sum of the objectives 
for each weight vector; 3) find higher quality diversified 
solutions using different initial solution. In the study, 
three priority rules, EDD (early due date), SPT (shortest 
processing time), and CR (critical ratio) are used to gen-
erate an initial solution. 

3.1 Encoding and Decoding Scheme 

In the proposed SA, a job list is used 
schedule of UPMSP. A sublist m correspo
of jobs assigned to group m. To generate an initial job list, 
all jobs are first sorted first based on a priority rule, and 
then placed one by one into each sublist according to the 
order of the list. In doing so, a set of job groups is formed, 
with the number of groups equal to the number of ma-
chines. Given a job list, a neighborhood solution will be 
generated by performing a 3-opt operation on the list. 

Figure 1 illustrates the decoding process using 15 jobs 
and four machines. First, a weight vector (1, 2, 3) is 

ven for the three objectives In step 1, 15 jobs are 
grouped and sequenced according to the priority rule. In 
the example, group 1 (sublist 1) contains jobs 2, 5, 6, and 
13. In step 2, based on the results in step 1, we can obtain 
an initial solution for each group-machine pair and fur-
ther improve it by single machine scheduling heuristic 
(SMSH). Note that in this step the three objective values 
are normalized using Equations (12)–(14). Since there are 
four machines, a 4 by 4 yielding 16 group-machine pairs 
are computed. Figure 2 displays the results of step 2. 

 

 

Figure 1. Example of decoding scheme 
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332211objective sum Weighted fff  

 

Figure 2. Applying SMSH to all group-machine pairs 

 

 
Figure 3. Optimal group-machine matching by BWMA 

 
Finally, the bipartite weighted matching algorithm (BW 
MA) is applied to find the optimal group-machine mat- 
ching and this concludes the decoding scheme (Figure 3). 

3.1.1 Single Machine Scheduling Problem with a 
Weighted Sum of Objectives 

This section presents the mathematical model of the 
weighted sum objectives of the single machine schedul-
ing problem, which will then be solved by the CPLEX 
solver in the interactive SA algorithm. Given a weight 
vector, (1, 2, 3) with 1 + 2 +3 = 1, 1, 2, 3  0, 
and group Gm is assigned to machine i, the mathematical 
model is as follows: 

Min ,
3

, ,
, 1 2 3 1 2 31 2( , , ) i m i m i m

i mF f f            

s.t. (3), (4), (5), (6), (7) for , mj k G  

f

, ,m

ijk
j k G j k 

1x   m

0    ij mC j G 
 

0,1ijkx   , mj k G      (11) 

k G           (10) 

)       (12) 
where  

,
max min max1 ( ) / (i m i i i if C g g  ming

,
min max min2 ( ) / ( )

m

i m i i i
j

j G

f C h h h


        
 (13) 

,
min max min3 ( ) / ( )

m

i m i i i
ij

j G

f U u u u


        (14) 

and ( min
ig , min

ih , mi
iu ) and ( max

ig ,n
i
maxh , max

iu ) are the 
ideal solution and anti-ideal solution to the three- 
ob schedulin  problem, re-
sp

3.1.2 Assignment Problems between J
Machines 

Given an assigned weig t vector ( 1, 2, 3) 
s {Gm, m = 1,…, M}, a total of M × M single 

eduling solutions can be crea
which corresponds to a group of jobs being 
a machine. The problem in this step is a bi
hted maching problem and will be solved by th
ian method. The mathematical model of the group-ma-
chine assignment problem is presented as follo

jective single machine g
ectively. 

ob Groups and 

h  and a set of 
job group
machine sch ted, each of 

processed by 
partite weig- 

e Hungar-

ws: 

,
1

  ( ,i m i
i

1 2 3
1

, )
M M

m
m

Min   F y
 

s.t.       
M

imy

  

1i

1 m M                  = 1，…， (15)
  

1

1im
m

y


M

  
                i = 1，…，M  (16) 

0imy 
 

                m, i = 1，…，M      

3.2 MOSA Algorithm 

The following presents the MOSA algorithm: 

1) Select a wide diversified set   = { k : k = 1,…, 

K}, where each k  corresp  the kth weight 

vector of the three objectives. Choose a set of prior-
ity rules, Pr = {prl: l = 1, …, L}, which will subse-

 be used to create the initial solutions. Set 
the number of temperature levels = NTL, and the 
number 
level = ITN. k = 1; l = 1, ntl = 1, T = T1, itn = 1. 

2) Apply priority rule prl to generate an initial parti-
tioned set of jobs, {Gm: m = 1,…, M}; Compute 

onds to

quently

of maximum iterations at each temperature 
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, 1( , , )k k k
i mF 2 3   ; employ the Hung gorithm 

 the group jobs – machines assignment 

arian al

to solve
problem; evaluate all objective functions and put 
them 

 (z1(x), z2(x), z3(x)) be the cor-
alized objective values. 

ted a new 

m ,

into a Pareto set of solutions. Let x = current 
solution with Z(x) =
responding non-norm

3) Give a random perturbation and genera

partitioned set of jobs. { '
mG :  = 1,…  M}; Com-

pute , 1 2 3( , )k k k
i mF ,   ; employ Hungarian algo-

rithm to solve the group jobs – machines assign-
ment problem and obtain a new solution y; evaluate 
all objective values: Z(y) = (z1(y), z2(y), z3(y)). 

 Compare y with all solutions in the Pareto set and 
update the Pareto set, if necessary. 

 If y is archived, make it the current solution by put-

4)

5)

probability to e

ting x = y and move on to step 7; otherwise compute 
( ) ( )r r rz z y z x   , r = 1, 2, 3. Assign acceptance 

ach of objective functions as fol-
lows: 

pr = 1 if 0rz  ; pr = (exp(- / )rz T )
k
r  if 

0rz  , r = 1, 2, 3; 

Acceptance probability = 1 2 3p p p   

6) If y is accepted, then set x = y; 
7) itn = itn + 1; if (itn > ITN), set ntl = ntl + 1; 

1ntl ntlT T   . 

 If (ntl ate and output the best solu-
tion; otherwise, go to step 2. 

hoosing the Best Alternative 

8) > NTL), termin

3.3 C

In
maki petitive alterna-
tiv
a hig
taken to complete the pr
of th
the t
sched ese two arded as 
the i omputing . On th ot
hand, the num  jobs represents the number of 
unsa e will instead be taken as 
an f tardy jobs imply a 
be
the ber of tardy bs
m
th

that the setup time of a job is only ma-
 job-sequence-dependent, and 
 time. 

s are chosen to construct the initial 

 this paper, we will choose the AP efficiency ratio for 
ng the best choice among many com

es. In the three objectives, a small Cmax usually implies 
h utilization of machine(s), i.e., how much time is 

oduction. Furthermore, the sum 
e completion times of J jobs gives an indication of 
otal holding or inventory costs incurred by the 

le [29u ]. Th objectives will be reg
nputs when c  the AP ratio e her 

ber of tardy
tisfied customers. This valu

 output. Since a small number o
tter performance, we use a total number of jobs minus 

num  jo  in a schedule as the performance 
easure to indicate the level of customers’ satisfaction of 
at schedule. 

4. Numerical Results 

In this section, the computational characteristics and ef-
fectiveness of the proposed interactive SA algorithm are 
evaluated via a practice example, which arises in the 
glass etch polishing during the Cell manufacturing stage 
of the TFT-LCD production process. The glass etch pol-

ishing operation is independent of the other manufactur-
ing processes, and is required only for some types of 
TFT-LCD products. 

In the example, a collection of real life data for four 
different machines and 21 different products was made. 
The data contains the information of the processing time 
of each job (a batch of the same products) on each indi-
vidual machine. Our observation indicates that the setup 
time of a job is approximately the same in each machine, 
regardless of whichever its preceding job is. But the setup 
time may be different in different machines. There- fore, 
it is assumed 
chine-dependent rather than
is included in the processing

In the experiment, the SA algorithm was coded in 
Visual Studio C++. NET and executed on a computer 
with Intel core dual, 1.8GHz and 2 GB DDR566, and 
used the CPLEX 10.0 optimizer to solve the weighted 
sum objective single machine scheduling problem. The 
parameters setting of the SA is as follows: NTL = 20, 
ITN = 5, T1 = 100, and  = 0.95. 

Three priority rule
solutions. They are early due date (EDD), shortest proc-
ess time (SPT), and critical ratio (CR), where CR is de-
fined as the ratio of the due date over the average proc-
essing time. Table 1 displays the best solutions found 
 

Table 1. Best solutions for various weight vector with EDD 
initial solution 

λ1  λ2  λ3 Cmax Total flow time No. tardy jobs CPU (sec.)

0.1, 0.1, 0.8 439 2105.9 2 201.5 
* 0.1, 0.2,0.7 344 1831.48 1 196.9 
0.1, 0.3, 0.6 556 2276.01 2 200.2 
0.1, 0.4, 0.5 367 1888.4 3 187 
0.1, 0.5, 0.4 372 1772.98 3 198.1 
0.1, 0.6, 0.3 588 2542.73 1 197.5 
0.1, 0.7, 0.2 450 1970.37 1 190.7 
0.2, 0.1, 0.7 596 2189.48 0 205.4 
0.2, 0.2, 0.6 598 2267.12 2 201.1 
0.2, 0.3, 0.5 726 2715.26 
0.

1 194.5 

0.3, 0.4, 0.3 389 2241.87 3 196.9 

1910.4 2 197.0 

2, 0.4, 0.4 427 2312.18 2 196.9 
0.2, 0.5, 0.3 382 1906.4 3 195.9 
0.2, 0.6, 0.2 400 2330.29 3 197.5 
0.3, 0.1, 0.6 475 2099.12 1 201.0 
* 0.3, 0.2,0.5 360 1774.87 2 203.4 
0.3, 0.3, 0.4 536 2103.48 1 210.9 

0.3, 0.5, 0.2 769 2890.04 1 194.0 
0.4, 0.1, 0.5 381 1924.4 1 199.8 
0.4, 0.2, 0.4 382
0.4, 0.3, 0.3 479 2138.9 1 202.5 
* 0.4, 0.4,0.2 527 2019.48 0 200.1 
* 0.5, 0.1,0.4 255 1770.4 3 199.8 
0.5, 0.2, 0.3 367 2083.79 2 195.6 
0.5, 0.3, 0.2 450 2275.62 1 202.3 
0.6, 0.1 ,0.3
0.6, 0.2, 0.2

389
663

1879.73 
2471.01 

2 
1 

206.7 
197.8 
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Table 2. N om utions fo  in all t

 max flow time No. tard

on-d inant sol und rials 

λ1  λ2  λ3 C Total y jobs 

0.4, 0.4, 0.2 527 2019.48 0 
0.3, 0.1, 0.6 304 1794.73 1 

48.51 2 
51 2 

0.2, 0.3, 0.5 241 17
0.4, 0.4, 0.2 245 1746.

 
T k  the ternative ased o AP 
ra

1 Output CCR o

able 3. Ran s of  four al s b n the 
tio 

Alternatives Input Input 2 AP rati

1 527 1.000 0.933  2019.48 0.933

2 304 0.952 1.000  

 0.905 1.000  

 0.905 0.999  

1794.73 1.024

3 241 1748.51 1.017

4 245 1746.51 0.999

 
 Nu esults of ENA 

r Cma flow time No. tard

Table 4. merical r  AR

Dispatching ules x Total y jobs 

SPT 262 2638 15 

EDD 294 3391 20 

 CR 597 4926 21 

 
wit o e weigh and the EDD initial 
sol der nd a li mber of hi  quality 
non-dom for ght vector, the SA 

ill output the solution with the minimum weighted ob-

observed from Table 1, only four local non-domi-
n ns were f it D al . 
H e n  gl n -
nated lutions nd A res in 2. 
The first one w rod ith DD l s n, 
the second wit e SPT, and t t t th . 
Three local n om so s in Table re 
emoved when compared with the second and third solu-

tions in Ta
m dule am se 

four al h e pr 6] 
is appli hen a ing t dure, the lues of 
Cmax an flow time are d as inputs e value 
of Cmax can be viewe  the t e of the equipments 

nd schedule should be the most prefer-
ab

iding 
quality

5.

-making process as to 
e. In addition, for problems of large 

onary algorithms will be more favor-

arlyle, and J. W. 

h respect t ach t vector 
ution. In or  to fi mited nu gh

inated solutions, each wei
w
jective value. 

As 
ated solutio
owever, th

ound w
otally o

h the ED
ly four

 initi
obal 

solution
on-domire are t

 so  fou  by the S , as p ented Table 
as p uced w  the E  initia olutio
h th he res wo wi the CR
on-d inated lution 1 we

r
ble 2.

 

To select the 
ternatives, t

ost prefera
e ranki

ble sche
ng procedur

ong the
oposed by [2

ed. W pply he proce  va
d total treate

otal tim
. Th

d as
used in the production, and the flow time gives an indica-
tion of the total holding or inventory costs incurred in the 
production. The number of tardy jobs occurs in a sched-
ule will be viewed as the output, since it represents the 
number of customers who will not be satisfied with the 
purchase service. The following scoring method for this 
output is adopted: 

(total no. of jobs – total no. of tardy jobs) / 
(total no. of jobs) 

Table 3 presents the ranks of the four non-dominated 
schedules. Both the second and the third schedules have a 

CCR ratio [30] of one, which implies both are effective. 
However, a further comparison based on the AP ratio 
indicates the seco

le. The proposed decision-making model is more pro- 
per if it includes the consideration of the cost of sched-
ules. In unrelated parallel machine scheduling problems, 
a job may take different processing times on different 
machines, and thus its processing cost may also be dif-
ferent when processed by different machines. 

Table 4 shows the numerical results by applying the 
simulation software ARENA to the instance using three 
different dispatching rules commonly used in industry. 
Clearly, the SPT rule works much better than the other 
two, but its solution is considerably dominated by the 
second to fourth solutions in Table 2. The proposed algo-
rithm is superior to the professional software in prov

 solutions for the instance. 

 Conclusions 

In this paper, we proposed an interactive simulated an-
nealing algorithm aimed at searching for a set of near 
Pareto optimal solutions to the unrelated parallel machine 
scheduling problem with three objectives: minimizing 
total completion time, total flow time, and total number 
of tardy jobs. A commercial optimization software pac- 
kage IILOG CPLEX is served as a function in the SA 
algorithm, with the mission of solving optimally the sub-
problem - weighted sum objective single machine sched-
uling problems. To produce an acceptable number of high 
quality non-dominated solutions, a unique best schedule 
is found with respect to each weight vector. The ranking 
procedure proposed by Andersen and Petersen is then 
applied to select the most preferable schedule, using total 
completion time and total flow time as the inputs, and 
total number of tardy jobs as the output. 

Further research would include the cost of schedules as 
one of the inputs in the decision
select the best schedul
size, hybrid evoluti
able than the current method, in which the CPLEX opti-
mizer occupies a large percentage of computational time. 
When solving large size problems, the number of 
non-dominated solutions would be very large. An inter-
esting research direction may be focused on developing a 
good method for making the best selection among the 
huge number of near Pareto-optimal solutions. 

6. Acknowledgments 

This research was partially supported by the National 
Science Council in Taiwan under grant NSC 95-2221- 
E-155-045. 

REFERENCES 
[1] L. Yu, H. M. Shih, M. Pfund, W. M. C

Copyright © 2009 SciRes                                                                                 JSEA 



A Multi-Criteria Decision Making for the Unrelated Parallel Machines Scheduling Problem 

Copyright © 2009 SciRes                                                                                 JSEA 

329

nell, and B. Smucker, “Schedul-

 Potts, “Heuristics for sched uling 
unrelated paral ers and Operations
Research, Vol.  1991. 

226, 2001. 

cal and Computer Modelling, Vol. 33, 

 heuristic for minim

ng, and F. F. Chen, “Unrelated 

achine scheduling with auxiliar

llo, F. Soumis, and P. Toth, “Exact and approxi-
mation algorithms for makespan minimization on unre-

ake- 

 total 

ti, G. R. Mateus, and P. M. Par-

ximation 

tt, and M. P. Vecchi, “Opti-

bibliography,” American Journal 

Devices Magazine (Janu-

 

 

Fowler, “Scheduling of unrelated parallel machines-An 
application to PWB manufacturing,” IIE Transactions, 
Vol. 34, No. 11, pp. 921–931, 2004. 

[2] M. K. Richard, “Reducibility among combinatorial prob-
lems,” in R. E. Miller and J. W. Thatcher (editors): Com-
plexity of Computer Computations, pp. 85–103, Plenum, 
New York, 1972. 

[3] M. Pfund, J. W. Fowler, and J.N.D. Gupta, “A survey of 
algorithms for single and multi-objective unrelated paral-
lel-machine deterministic scheduling problems,” Journal 
of the Chinese Institute of Industrial Engineers, Vol. 21, 
No. 3, pp. 230–241, 2004. 

[4] R. Logendran, B. McDo
ing unrelated parallel machines with sequence-dependent 
setups,” Computers and Operations Research, Vol. 34, No. 
11, pp. 3420–3438, 2007. 

[5] M. A. Hariri and C. N.
lel machines,” Comput
 18, No. 3, pp. 323–331,

 

[19]

[6] M. Weng, J. Lu, and H. Ren, “Unrelated parallel machine 
scheduling with setup consideration and a total weighted 
completion time objective,” International Journal of Pro-
duction Economics, Vol. 70, pp. 215–

[7] J. Bank and F. Werner, “Heuristic algorithms for unre-
lated parallel machine scheduling with a common due 
date, release dates, and linear earliness and tardiness pen-
alties,” Mathemati
pp. 363–383, 2001. 

[8] A. Glass, C. N. Potts, and P. Shade, “Unrelated parallel 
machine scheduling using local search,” Mathematical 
and Computer Modeling, Vol. 20, No. 2, pp. 41–52, 1994. 

[9] B. Srivastava, “An effective izing ary), pp. 19–26, 1989. 

[24] R. W. Eglese, “Simulated annealing: A tool for opera-
tional research,” European Journal of Operational Re-
search Vol. 46, No. 3, pp. 271–281, 1990. 

make- span on unrelated parallel machines,” Journal of 
the Operational Research Society, Vol. 49, pp. 886–894, 
1997. 

[10] W. Kim, K. H. Kim, W. Ja
parallel machine scheduling with setup times using simu-
lated annealing,” Robotics and Computer Integrated 
Manufacturing, Vol. 18, No. 3-4, pp. 223–231, 2002. 

[11] W. Kim, D. G. Na, and F. F. Chen, “Unrelated parallel 
machine scheduling with setup times and total weighted 
tardiness objective,” Robotics and Computer Integrated 
Manufacturing, Vol. 19, No.1-2, pp. 173–181, 2003. 

[12] R. Logendran and F. Subur, “Unrelated parallel machine 
scheduling with job splitting,” IIE Transactions, Vol. 36, 
No. 4, pp. 359–72, 2004. 

[13] J. F. Chen and T. H. Wu, “Total tardiness minimization 
on unrelated parallel m y 

“M

equipment constraints,” Omega-International Journal of 
Management Science, Vol. 34, pp. 81–89, 2006. 

[14] J. F. Chen, “Minimization of maximum tardiness on un-
related parallel machines with process restrictions and 
setups,” International Journal of Advanced Manufacturing 
Technology, Vol. 29, No. 5, pp. 557–563, 2006. 

[15] S. Marte

lated parallel machines,” Discrete Applied Mathematics, 
Vol. 75, pp. 169–188, 1997. 

[16] Lancia, “Scheduling jobs with release dates and tails on 
two unrelated parallel machines to minimize the m
span,” European Journal of Operational Research, Vol. 
120, pp. 277–288, 2000. 

[17] C. F. Liaw, Y. K. Lin, C. Y. Cheng, and M. Chen, 
“Scheduling unrelated parallel machines to minimize
weighted tardiness,” Computers and Operations Research, 
Vol. 30, pp. 1777–1789, 2003. 

[18] P. L. Rocha, M. G. Ravet
dalos, “Exact algorithms for a scheduling problem with 
unrelated parallel machines and sequence and ma-
chine-dependent setup times,” Computers and Operations 
Research, Vol. 35, No. 4, pp. 1250–1264, 2008. 

 V. Suresh and D. Chaudhuri, “Bicriteria scheduling prob-
lem for unrelated parallel-machines,” Computers and In-
dustrial Engineering, Vol. 30, pp. 77–82, 1996. 

[20] K. Jansen and L. Porkolab, “Improved appro
schemes for scheduling unrelated parallel-machines,” 
ACM Symposium on Theory of Computing, pp. 408–417, 
1999. 

[21] S. Kirkpatrick, Jr. C. D. Gela 
mization by simulated annealing,” Science, Vol. 220, pp. 
671–680, 1983. 

[22] N. E. Collins, R. W. Eglese, and B. L. Golden, “Simulated 
annealing—an annotated 
of Mathematical and Management Sciences, Vol. 8, pp. 
209–307, 1988. 

[23] R. B. Rutenbar, “Simulated annealing algorithms: An 
overview,” IEEE Circuits and 

[25] B. Suman and P. Kumar, “A survey of simulated anneal-
ing as a tool for single and multiobjective optimization,” 
Journal of the Operational Research Society, Vol. 57, No. 
10, pp. 1143–1160, 2006. 

[26] R. T. Clemen and T. Reilly, “Making hard decisions,” 
Duxbury, Toronto, 2001. 

[27] P. Andersen and N. C. Petersen, “A procedure for ranking 
efficient units in data envelopment analysis,” Manage-
ment Science, Vol. 39, pp. 1261–1264, 1993. 

[28] D. Slottje, G. W. Scully, J. G. Hirschberg, and K. J. Hayes, 
easuring the quality of life across countries: A multi-

dimensional analysis,” Westview Press, Boulder, CO, 
1991. 

[29] M. Pinedo, “Scheduling theory: Algorithms and systems,” 
Prentice-Hall, Inc., A Simon & Schuster Company Engle-
wood Cliffs, New Jersey, pp. 10, 1995. 

[30] A. Charnes, W. W. Cooper, and E. Rhodes, “Measuring
the efficiency of decision making units,” European Jour-
nal of Operational Research, Vol. 2, pp. 429–444, 1978. 



J. Software Engineering & Applications, 2009, 2: 330-334 
doi:10.4236/jsea.2009.25043 Published Online December 2009 (http://www.SciRP.org/journal/jsea) 

Copyright © 2009 SciRes                                                                                 JSEA 

Fetal ECG Extraction from Maternal Abdominal 
ECG Using Neural Network 
M. A. HASAN1, M. I. IBRAHIMY1, M. B. I. REAZ2 
 

1Department of Electrical and Computer Engineering, International Islamic University Malaysia, Kuala Lumpur, Malaysia; 
2Department of Electrical, Electronic and Systems Engineering, University Kebangsaan Malaysia, Selangor, Malaysia. 
Email: asraful.hasan@ieee.org, ibrahimy@iiu.edu.my, mamun.reaz@gmail.com 
 
Received May 25th, 2009; revised June 25th, 2009; accepted July 2nd, 2009. 
 
ABSTRACT 
FECG (Fetal ECG) signal contains potentially precise information that could assist clinicians in making more appro-
priate and timely decisions during pregnancy and labor. The extraction and detection of the FECG signal from com-
posite maternal abdominal signals with powerful and advance methodologies is becoming a very important requirement 
in fetal monitoring. The purpose of this paper is to illustrate the developed algorithms on FECG signal extraction from 
the abdominal ECG signal using Neural Network approach to provide efficient and effective ways of separating and 
understanding the FECG signal and its nature. The FECG signal was isolated from the abdominal signal by neural 
network approach with different learning constant value and momentum as well so that acceptable signal can be con-
sidered. According to the output it can be said that the algorithm is working satisfactory on high learning rate and low 
momentum value. The method appears to be exceedingly robust, correctly isolate the FECG signal from abdominal 
ECG. 
 
Keywords: Neural Network, FECG, Abdominal ECG, Heart Rate 
 
1. Introduction 
Fetal Heart Rate (FHR) analysis has become a widely 
accepted means of monitoring fetal status. Currently, 
Doppler ultrasound and FECG have proven to be reliable 
techniques for monitoring FHR. The disadvantages of 
Doppler ultrasound systems require intermittent reposi-
tioning of the transducer and they are only suitable for 
use with highly trained midwifes. The use of Doppler 
ultrasound (non invasive manner) is not suitable for long 
periods of fetal heart rate monitoring [1]. In contrast, 
methods utilizing the abdominal electrocardiogram 
(AECG) have a greater prospect for long-term monitor-
ing of FHR and fetal well being using signal processing 
techniques [2]. The fetal ECG is an electrical signal that 
can be obtained non-invasively by applying a pair of 
electrodes to the abdomen of a pregnant woman [3]. 
Sometimes the FECG is the only information source in 
early stage diagnostic of fetal health and status. The 
characteristics of the FECG, such as presence of signal, 
rate, waveform and dynamic behavior are useful in de-
termining the fetal life, fetal maturity and existence of 
fetal distress or congenital heart disease. Therefore, the 
extraction of FECG signals from the abdominal ECG 
signal with powerful and advance methodologies is be- 

coming a very important requirement in biomedical en-
gineering. The ultimate reason for the interest in FECG 
signal analysis is in clinical diagnosis and biomedical 
applications. The fetal ECG contains potentially valuable 
information that could assist clinicians in making more 
appropriate and timely decisions during labour, but the 
FECG signal is vulnerable to noise and difficulty of proc-
essing it accurately without significant distortion has 
impeded its use [4]. A number of difficulties and com-
plication are associated with recording the abdominal 
ECG. Electrical activity recorded from the maternal ab-
domen suppresses the FECG (the magnitude of the 
FECG signal at the maternal abdomen is of the order of 
several microvolts), which is a fraction of the MECG 
amplitude recorded at the maternal abdomen. The ab-
dominal ECG contains a weak fetal ECG signal, a rela-
tively sound maternal ECG, maternal muscle noise (elec-
tromyographic activity in the muscles of the abdomen 
and uterus) and respiration, mains coupling, and thermal 
noise from the electronic equipment (electrodes, amplifi-
ers, etc.), power line interference (A/C) and Baseline 
Wandering (BW). The signal processing algorithm needs 
to remove the maternal ECG complexes, reduce the ef-
fects of motion artifact, muscle noise and power line in-
terface and then enhance the fetal QRS complexes before 
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they can be consistently detected. Therefore, to get pro- 
per information of the fetal status and condition, it is 
necessary to improve the SNR of the abdominal signal. 
The MECG signal is the most predominant interfering 
signal with FECG in the abdominal signal. The fre-
quency spectrum of each noise source partially overlaps 
that of the FECG and therefore filtering alone is not suf-
ficient to achieve adequate noise reduction. Techniques 
to get better FECG signal acquisition remain the subject 
of on going research. 

Although there are still limitations for extracting the 
FECG signal from the abdominal ECG to monitor the fetal 
status perfectly, currently, there is a significant amount of 
effort being done to improve SNR of fetal ECG signal. 
Conventional system reconstruction algorithms have vari-
ous limitations and considerable computational complexity 
and many show high variance. Up to date advances in 
technologies of signal processing and mathematical mod-
els have made it matter-of-fact to develop advanced FECG 
extraction and analysis techniques. Ranges of mathemati-
cal techniques and Artificial Intelligence (AI) have ac-
knowledged comprehensive attraction. Mathematical 
models incorporate wavelet transform, time-frequency 
approaches, Fourier transform, statistical signal analysis 
and higher order statistics. AI approaches towards signal 
recognition include Artificial Neural Networks (ANN) [5], 
Self-Organizing Map (SOM) neural network [6], Finite 
Impulse Response (FIR) neural network [7] and fuzzy 
logic system [8] a new technique combining the adaptive 
noise canceller and adaptive signal enhancer in a single 
recurrent neural network has been anticipated for the 
processing of abdominal ECG signal [9]. 

In the field of fetal ECG extraction, various research 
efforts have been carried out, including subtraction of an 
averaged pattern, matched filtering, adaptive filtering, 
orthogonal basis functions, fractals, temporal structure, 
frequency tracking, polynomial networks, wavelets, and 
real-time signal processing. Methods in fetal ECG for 
extracting abdominal fetal ECGs have been recently in-
troduced for the monitor of fetal heart rate. So far, re-
search and extensive works have been made in the area, 
developing better algorithms, upgrading existing meth-
odologies, improving detection techniques to reduce 
noise and acquire accurate FECG signals to obtain reli-
able information about the fetus state thus assuring fetus 
well-being during pregnancy period. A. K. Barros, et al. 
(2001) discovered a semi-blind source separation algo-
rithm to solve the fetal ECG extraction problem [10]. 
This algorithm requires a priori information about the 
autocorrelation function of the primary sources, to ex-
tract the desired signal (FECG). They did not assume that 
the sources to be statistically independent but they as-
sumed that the sources have a temporal structure and 
have different autocorrelation functions. The main prob-
lem with this method is that if there is fetal heart rate 

variability, as is the case when the fetus is not healthy, 
the a priori estimate of the autocorrelation function of the 
fetal ECG may not be appropriate for the monitoring of 
the fetal heart rate. 

To enhance the extraction of FECG signal from the 
abdominal ECG signal, in this paper, the NN-based 
FECG extraction has been proposed. As the neural net-
work is adaptive to the nonlinear and time-varying fea-
tures of ECG signal therefore, the neural network has 
been used to extract the FECG signal. Here, the adaptive 
linear neural network has been considered with single 
neuron. The input signal is considered as maternal ECG 
and the target signal is abdominal ECG. Using this neural 
network approach, the maternal ECG has been sup-
pressed from the abdominal ECG (maternal and fetal 
ECG) by correlation detraction, so that the output can be 
considered as only fetal ECG. Therefore, this paper is 
paying attention for the accurate extraction of FECG 
signal so that the correct decision can be made by the 
clinician for well being of fetal during the pregnancy. 

2. Factors Affecting the Abdominal ECG 
Signal 

The main source of interference is the maternal electrical 
activity, the amplitude of which is much higher than the 
amplitude of the fetus electrical activity, which is often 
completely masked by the former. Beside this, the FECG 
signals are often obscured by electrical noise from other 
sources. Common ECG noise sources, such as power line 
interference, muscle contractions, respiration, skin resis-
tance interference, instrumental noise, in addition to 
electromyogram and electrohysterogram due to uterine 
contractions, can corrupt FECG signals significantly [11]. 
The shape and structure of the FECG signal also depends 
on the placement of the electrodes although there is no 
standard electrode positioning for optimal FECG acquisi-
tion [12]. All of the aforementioned constraints make the 
FECG extraction a difficult process. Therefore, it is im-
portant to understand the characteristics of the electrical 
noise. Electrical noise, which will affect FECG signals, 
can be categorized into the following types: 

MECG Signal: Maternal ECG is the most predominant 
interfering signal with FECG in the abdominal signal. 
The frequency spectrum of this noise source partially 
overlaps that of the ECG and therefore filtering alone is 
not sufficient to achieve adequate noise reduction. 

Electrode Contact Noise: Electrode contact noise is 
transient interference caused by loss of contact between 
the electrode and skin, which effectively disconnects the 
measurement system from the subject. Electrode contact 
noise can be modeled as a randomly occurring rapid 
baseline transition, which decay exponentially to the 
baseline value and has a superimposed 60Hz component. 
The transition may occur only once or may rapidly occur 
several times in succession. 
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Figure 1. QRS complex in FECG signal 

 
Motion Artifact: When motion artifact is introduced to 

the system, the information is skewed. Motion artifact 
causes irregularities in the data. There are two main 
sources for motion artifact, Electrode interface and Elec-
trode cable. Motion artifact can be reduced by proper 
design of the electronics circuitry and set-up. 

Inherent Noise in Electronics Equipment: All elec-
tronic equipments generate noise. This noise cannot be 
eliminated; using high quality electronic components can 
only reduce it. 

Ambient Noise: Electromagnetic radiation is the source 
of this kind of noise. The surfaces of the human bodies 
are constantly inundated with electric-magnetic radiation 
and it is virtually impossible to avoid exposure to ambi-
ent noise on the surface of earth. 

3. Clinical Importance of FECG Morphology 
Biomedical signal means a collective electrical signal 
acquired from any organ that represents a physical vari-
able of interest where the signal is considered in general 

 

 
Figure 2. Tapped delay line 

a function of time and is describable in terms of its am-
plitude, frequency and phase. FECG is a biomedical sig-
nal that gives electrical representation of fetal heart rate 
to obtain the vital information about the condition of the 
fetus during pregnancy and labor from the recordings on 
the mother's body surface. The FECG signal is a com-
paratively weak signal (less than 20 percent of the 
mother ECG) and often embedded in noise. The fetal 
heart rate lies in the range from 1.3 Hz to 3.5 Hz and 
sometimes it is possible for the mother and some of the 
fetal ECG signals to be closely overlapping. The FECG 
is very much related to the adult ECG shown in Figure 1, 
containing the same basic waveforms including the P- 
wave, the QRS complex, and the T-wave. 

The PQRST complex as shown in Figure 1 it is com-
posed of three parts: The P-wave reflects the contraction 
of the atriales. Secondly, the QRS-complex is associated 
with the contraction of the ventricles. Due to the magni-
tude of the R-wave, it is extremely reliable. Finally, the 
T-wave, which corresponds to the repolarisation phase 
which follows each heart contraction. The delay associ-
ated to the R-R interval leads to the heartbeats frequency. 
4. Methodology: Neural Network Architecture 
The architecture of the neural network is mainly de-
signed by using the adaptive filtering approach that is the 
combination of ADALINE (adaptive linear network) and 
TDL (Tapped Delay Line). According to the concept of 
TDL, the input signal (maternal ECG) enters and passes 
through the N-1 delays and the output of the TDL is an 
N-dimensional vector, made up of the input signal at the 
current time, the previous signal, that is fed to the ADA 
LINE shown in Figure 2. For the less complexity, the 
value of N is considered 2. By combination of the TDL 
and ADALINE network the adaptive filter network 
shown in Figure 3. The maternal ECG, which is pre-
dicted and closely to the abdominal ECG, passes through 
the 1 tapped delay line and the delayed output was multi-
plied by the two corresponding initial weights. After ad-
dition of the weighted output, it passes through the linear 
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Figure 3. Adaptive filter network 

 

 
Figure 4. Neural network architecture with weight adjust-
ment 

 

activation function. Finally, the output of the network 
was detracted from the target input (abdominal ECG) and 
to reduce the difference between input and target signal 
the weight has been updated every step. Therefore, the 
difference is considered the Fetal ECG as the abdominal 
ECG contains the maternal and fetal ECG, and the ma-
ternal ECG has been suppressed from the abdominal 
ECG. The overall architecture of the neural network is 
shown Figure 4, where, the difference between the target 
and input is error that is considered the expected outcome 
and by using the error, the weight has been updated. 

5. Result and Discussion 
The initial weight was considered w1,1 = 0, and w1,2 = 
-2. For input signal, 1000 data was fed into the network 
that is considered the maternal signal and for the target 
signal also 1000 data has been used as abdominal signal. 
Initially, the learning rate and momentum has been taken 
arbitrary. The changing of the learning rate and the mo-
mentum also affect the output of the network. According 
to the out put it has been observed that the learning rate 
is low that time the fetal signal was not reasonable but 
the increased value of the learning rate, the suppressed 
output from the target signal that is the fetal ECG was 
very much satisfactory. Again, the effects of moments 
also observed. If the low momentum value used in the 
network that time the fetal signal contains some un-
wanted signal. Therefore, the high learning rate = 1, and 
the low momentum value = 0.2 has been considered to 
get the maximum satisfactory fetal ECG output that is 
shown in Figure 5. According to the figure, at around the 

 
Figure 5. Suppressed fetal ECG from abdominal ECG to maternal ECG 
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Figure 6. Overall system architecture 

 
100 sample data, the QRS of the FECG signal is not clear 
like the ordinary FECG QRS; sometimes it can be also 
reasonable by changing the appropriate value of the 
learning rate and the value of the momentum. Because, it 
has been observed that the FECG signal after extracting 
from the abdominal ECG to maternal ECG is greatly 
affected by the value of learning constant and momentum. 
6. Future Works 
The work described here is currently on-going and is part 
of a larger approach incorporating this utility. The de-
veloped algorithm is with the objective of implementing 
in hardware. Therefore, the future work will involve 
modeling the algorithm with VHDL and perform simula-
tion and synthesis for hardware implementation and 
download into FPGA (Field Programmable Gate Array). 
The overall system architecture for hardware implemen-
tation has shown in Figure 6. 

7. Conclusions 
FECG signal contains the valuable information that could 
assist clinicians in making more appropriate and timely 
decisions. The technique, adaptive neural network filter-
ing approach has been used to extract the FECG signal 
from the abdominal ECG that is the agreeable output. In 
brief, the accuracy of output depends on how many 
variations of signals are used as input and the target in 
the network. Furthermore, in this approach, learning rate 
and momentum is also an important factor to affect the 
desired FECG signal. By the observation the technique is 
working high learning rate and low momentum value. 

8. Acknowledgments 
The authors would like to express sincere gratitude to the 
Ministry of Science, Technology and Innovation of Ma-
laysia for providing fund for the research under eScien- 
ceFund grant (Project No.01-01-08-SF0029). 

REFERENCES 
[1] M. Ungureanu, J. W. M. Bergmans, M. Mischi, S. G. Oei, 

and R. Strungaru, “Improved method for fetal heart rate 
monitoring,” Proceedings of the 2005 IEEE Engineering 

in Medicine and Biology 27th Annual International Con-
ference, Shanghai, China, pp. 5916–5919, January 2006. 

[2] P. P. Kanjilal, S. Palit, and G. Saha, “Fetal ECG extrac-
tion from single-channel maternal ECG using singular 
value decomposition,” IEEE Transactions on Biomedical 
Engineering, Vol. 44, pp. 51–59, 1997. 

[3] T. Solum, I. Ingermarsson, and A. Nygren, “The accuracy 
of abdominal ECG for fetal electronic monitoring,” Jour-
nal of Perinatal Medicine, Vol. 8, No 3, pp. 142–149, 
1980. 

[4] K. Karlsso, H. Lilja, K. Lindecrantz, and K. G. Rosen, 
“Microprocessor based waveform analysis of the fetal 
electrocardiogram during labor,” International Journal of 
Gynaecol and Obstetrics, Vol. 30, No. 2, pp. 109–16, 
1989. 

[5] M. B. I. Reaz and L. S. Wie, “Adaptive linear neural net-
work filter for fetal ECG extraction,” Proceedings of In-
ternational Conference on Intelligent Sensing and Infor-
mation Processing, Chennai, India, pp. 321–324, January 
2004. 

[6] G. Vasios, A. Prentza, D. Blana, E. Salamalekis, and P. 
Thomopoulos, “Classification of fetal heart rate tracings 
based on wavelet transform and self organizing map neu-
ral networks,” Proceedings of the 23rd Annual Interna-
tional conference of the IEEE, Istanbul, Turkey, Vol. 2, 
pp. 1633–1636, 2001. 

[7] G. Camps, M. Martinez, and E. Soria, “Fetal ECG extrac-
tion using an FIR neural network,” Computers in Cardi-
ology, Rotterdam, Netherlands, pp. 249–252, 2001. 

[8] K. A. K. Azad, Z. M. Darus, and M. A. M. Ali, “Devel-
opment of a fuzzy rule-based QRS detection algorithm for 
fetal and maternal heart rate monitoring,” Proceedings of 
the 20th Annual International Conference of the IEEE En-
gineering in Medicine and Biology Society, Vol. 1, pp. 
170–173, 1998. 

[9] S. Selvan and R. Srinivasan, “A novel adaptive filtering 
technique for the processing of abdominal fetal electro-
cardiogram using neural network,” Adaptive Systems for 
Signal Processing, Communications, and Control Sympo-
sium 2000. (AS-SPCC), Louise, Alta., Canada, pp. 
289–292, 2000. 

[10] A. K. Barros and A. Cichocki, “Extraction of specific 
signals with temporal structure,” Neural Computation, 
MIT Press, Vol. 13, pp. 1995–2003, 2001. 

[11] V. Zarzoso, A. K. Nandi, and E. Bacharakis, “Maternal 
and foetal ECG seperation using blind source separation 
methods,” IMA Journal of Mathematics Applied in Medi-
cine and Biology, Vol. 14, pp. 207–225, 1997. 

[12] F. Vrins, C. Jutten, and M. Verleysen, “Sensor array and 
electrode selection for non-invasive fetal electrocardio-
gram extraction by independent component analysis,” 
Proceedings 5th International Conference Independent 
Component Analysis, Granada, Spain, pp. 1017–1024, 
2004. 

 
 



J. Software Engineering & Applications, 2009, 2: 335-343 
doi:10.4236/jsea.2009.25044 Published Online December 2009 (http://www.SciRP.org/journal/jsea) 

Copyright © 2009 SciRes                                                                                 JSEA 

335 

An Integrated Use of Advanced T2 Statistics and 
Neural Network and Genetic Algorithm in 
Monitoring Process Disturbance 
Xiuhong WANG 
 

Zhengzhou Institute of Aeronautical Management, Zhengzhou, China. 
Email: wangzzia@zzia.edu.cn 
 
Received July 31st, 2009; revised September 14th, 2009; accepted September 21st, 2009. 
 
ABSTRACT 
Integrated use of statistical process control (SPC) and engineering process control (EPC) has better performance than 
that by solely using SPC or EPC. But integrated scheme has resulted in the problem of “Window of Opportunity” and 
autocorrelation. In this paper, advanced T2 statistics model and neural networks scheme are combined to solve the 
above problems: use T2 statistics technique to solve the problem of autocorrelation; adopt neural networks technique to 
solve the problem of “Window of Opportunity” and identification of disturbance causes.  At the same time, regarding 
the shortcoming of neural network technique that its algorithm has a low speed of convergence and it is usually plunged 
into local optimum easily. Genetic algorithm was proposed to train samples in this paper. Results of the simulation ex-
periments show that this method can detect the process disturbance quickly and accurately as well as identify the dis-
turbance type. 
 
Keywords: T2 Statistics, Neural Networks, Statistical Process Control, Engineering Process Control, Genetic Algorithm 
 
1. Introduction 
In an intense market competition environment, product 
quality plays an important role in facing competition and 
gaining competitiveness. Both Statistical Process Control 
(SPC) and Engineering Process Control (EPC) are effec-
tive techniques of maintaining and improving the pro-
duce quality. EPC is used to adjust the variables for 
compensating the short-term output deviation by uncon-
trollable factors. In regard to long-term process im-
provement, SPC is effective technique which is used to 
detect out-of-control conditions and remove the control-
lable factors. So, lots of scholars have proposed the inte-
grated use of SPC/EPC. 

However, it is very difficult to monitor the EPC proc-
ess using commonly SPC methods because of the prob-
lem of “Window of Opportunity” and autocorrelation [1]. 
In the past time, monitored variable of SPC techniques 
was only process output. The information of process in-
puts was usually ignored. For the EPC processes, once 
output deviation is compensated by feedback-controlled 
action, there is only a short window of detecting process 
disturbance. Even SPC charts fail to detect out-of-control 
when output deviation is small because EPC’s feedback 
mechanism can compensate for such small disturbance 

quickly and completely. And the optimality of SPC tech-
niques rests on the assumption of time independence. 
However, process output of no same time is autocorrela-
tion for each other. 

To overcome these shortcomings, a little of papers 
have developed some joint-monitoring methods under 
the feedback control processes. These methods may be 
categorized into two aspects. The first is that various 
types of conventional SPC charts are integrated to moni-
tor the process [2–3], such as Huang C.H proposed She-
whart control chart and Cusom control chart simultane-
ously to detect the manufacturing process. This method 
can detect out-of-control, also can recognize the distur-
bance type. However, the inherent problems of conven-
tional SPC charts caused by the effects of feedback con-
trol actions have still not been solved. The second is that 
the strategy of jointly detecting the controlled outputs 
and manipulated inputs using bipartite SPC is suggested 
such as multivariate CUSUM chart, multivariate EWMA 
chart, T2 statistics and multivariate profile chart [4,5]. 
Although, these methods have solved effectively the 
autocorrelation problem, but the WO problem has not 
been settled completely and effectively because these 
methods can not monitor the small process disturbance 
quickly within the scope of the WO. Furthermore, these 
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methods are not easy to identify the disturbance types 
which are crucial links of confirm and remove the con-
trollable factors. 

In this research, we put forward a new program of in-
tegrated use of T2 statistics technique, artificial neural 
networks and genetic algorithm: use T2 statistics tech-
nique to solve the problem of autocorrelation and infor-
mation missing; adopt neural networks technique and 
genetic algorithm to solve the problem of “Window of 
Opportunity” and identification of disturbance causes. 

2. Feedback-Controlled Process 
For better understanding, we consider the following 
process under the feedback mechanism shown in Figure 1. 

We consider an integrated-moving-average noise mo- 
del (ARMA (1, 1)).  

1
1t t

Bd a
B

θ
φ

−
=

−
                 (1) 

Where θ, Φ are constants. аt represents white noise which 
complies with a standard normal distribution with mean 
=0 and σ2=1. Also, let B be the usual backward shift op-
erator, i.e., Bаt =аt-1. mt represents random form of the 
process disturbance such as step change and process 
drift. 

yt is the measured output value. Without loss of gener-
ality, the target value is assumed to be zero. Then, yt 
represents the output deviation from the target value. 

1t t t t t t ty d m x d m u −= + + = + +          (2) 

ut is the feedback control action decided by the feed-
back process mechanism. In the industrial practice, sev-
eral feedback controllers are used such as PI controllers, 
I controllers, PID controller and EWMA controllers in 
which PID controllers are the most extensively adopted. 
Its feedback control rules can be expressed as [6]. 

1
0

( )t P t I t j D t t
j

u k y k y k y y
∞

− −
=

= − − − −∑      (3) 

where kp ,kD ,kI are constants. Function 3 can also be 
expressed as  

1 1 2( ) ( 2 )t t P I D t P D t D tu u k k k y k k y k y− − −− = − + + + + +  

(4) 
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yt 

dt 

xt 

ut 
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mt 

 
Figure 1. Feedback-controlled process 

In light of the function 4, output at the different times 
is autocorrelation, and input at the different times is auto-
correlation. Moreover, output and input are autocorrela-
tion for each other. So, traditional SPC control charts, 
such as Shewhart chart, EWMA chart and Cusum chart 
are invalid to monitor the above process. 

3. Design of the New Methodology 
3.1 Design of Standard T2 Statistics Technique 
Standard T2 statistics method is used to deal with the 
multiple-input process. In this paper, the devised ap-
proach is similar to the standard T2 statistics but the data 
vectors are made up of the process input and output at the 
different times. It can measure the overall distance of 
observation from reference values including process 
output, input and covariance of output and input, hence, 
it will come to the most commonly used schemes. Ac-
cording to the function 4, complete monitoring informa-
tion should include control action at time t and t-1, the 
process output at time t, t-1 and t-2. However, to detect 
the closed-loop process, the five sets are co-linear. In 
other words, arbitrary set is equal to a linear combination 
of other sets. So, we can only select two sets, three sets 
or four sets from the above five sets to make the moni-
toring scheme. We design the monitoring model of T2 
statistics as follows 

1T
t t tD Z Z−= ∑                 (5) 

Where Σ is the covariance matrix of Zt  . In light of the 
above analysis, the options N of Zt are equal to  

4 3 2
5 5 5N C C C= + +               (6) 

There is not commonly admitted approach for con-
firming the best Zt selection in the T2 statistics model. 
Selection of the model parameter is based on the problem 
which will be solved. Therefore, the design of model is 
scientific as well as art. Hotelling, Montgomery and Alt 
discussed the possibilities and advantages of the T2 sta-
tistics method used to monitor the EPC process [7–9]. 
They designed the simplest and the most basic form of Zt, 
i.e. Zt = [yt,ut]. On the basis of the above study, FUGEE 
TSUNG elaborated on the problem and proposed that 
one could define Zt =[yt,ut,ut-1,ut-2]T  or Zt =[yt, ut, yt-1, 
yt-2]T [1]. However, in these methods, ∑ is not estimated 
from the historical data directly, but obtained from a very 
complex function based on the parameter of Φ, θ, 
kp ,kD ,kI. So the T2 control chart is not available for these 
methods. 

According to function 2 and 3, since outputs and in-
puts are correlated, all inputs can be expressed as the 
combination of the process outputs at different times. In 
other words, all information concluding the process in-
puts and the process outputs can be monitored as long as 
we detect the outputs at different times. 
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p t-1 I t-1-j D t-1 t-2
j 0

-k y  -k y - k (y -y )t t ty d m
∞

=

= + ∑      (7) 

We proposed to define Zt = [yt, yt-1, yt-2,…, yt-s]T. Se-
lection of s value is a very difficult and challenging task. 
Now there is no universally recognized method for con-
firming the value. In this research, simulation experim- 

ents are implemented to determine the value of s. Aiming 
at each choice, experiments simulate the feedback-con- 
trolled process with the step-change step=5, 2 and 0.8. 
Value of the parameter Φ, θ, KP, KI and KD is randomly 
set to 0.8, 0.5, 0.5, 0.5 and -0.3. Simulation results are 
shown in Figures 2–14. 

 

 
Figure 2. T2 chart detects the disturbance with the parameter step=5 and s=1 

 

 
Figure 3. T2 chart detects the disturbance with the parameter step=5 and s=2 

 

 
Figure 4. T2 chart detects the disturbance with the parameter step=5 and s=3 

 

 
Figure 5. T2 chart detects the disturbance with the parameter step=5 and s=4 
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Figure 6. T2 chart detects the disturbance with the parameter step=5 and s=5 

 

 
Figure 7. T2 chart detects the disturbance with the parameter step=2 and s=1 

 

 
Figure 8. T2 chart detects the disturbance with the parameter step=2 and s=2 

 

 
Figure 9. T2 chart detects the disturbance with the parameter step=2 and s=3 

 
From Figure 2 to Figure 6 is T2 chart with the same 

step 5 and no same s values. From Figure 7 to Figure 10 
is T2 chart with the same step 2 and no same s values. 
From Figure 11 to Figure 14 is T2 chart with the same 
step 0.8 and no same s values. 

In light of these figures, when step values are the same, 
the larger is s, larger is the value of T2 and the quicker is 
to detect the disturbance. However, the larger is s, the 
greater is false alarm such as Figures 2 to 6. To the proc-
ess with step=5, when s is equal to 4, there are two out-of 
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Figure 10. T2 chart detects the disturbance with the parameter step=2 and s=4 

 

 
Figure 11. T2 chart detects the disturbance with the parameter step=0.8 and s=1 

 

 
Figure 12. T2 chart detects the disturbance with the parameter step=0.8 and s=2 

 

 
Figure 13. T2 chart detects the disturbance with the parameter step=0.8 and s=3 

 
control points. However, when s is equal to 5, there are 
four out-of control points in which two points fall into 
false alarm. In the same way, to the process with step 2 
and step 0.8, when s increases from s=2 to s=4, the dots 
of false alarm grow from 0 to 2. 

To the different step changes, the smaller is step value, 
the larger is to need the value of s to detect the process. 
For example, it only need s=1 to monitor the process 
with step=5, but need s=3 to detect the process with 
step=2 and step =0.8. 
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Figure 14. T2 chart detects the disturbance with the parameter step=0.8 and s=4 

 

 
Figure 15. Feedback-controlled process 

 
According to Figure 2–14 and the above analysis, Zt 

can be expressed as Zt = [yt, yt-1, yt-2, yt-3]T. In light of the 
function 7, yt is a linear combination of the yt-i, (i=0, 1, 2, 
3). So Zt accords with a multivariate normal distribution 
and Zt has a chi-squared distribution with p degrees-of- 
freedom. The control limit UCL for Zt should be χ2

α,p. 
Dt contains the information of output, input and corre-

lation for each other. So the advanced T2 statistics can 
solve effectively the problem of autocorrelation and re-
duce the problem of “Window of Opportunity”. More-
over, it is difficult to interpret the results and search for 
the root cause of process disturbance once system moni-
tored out-of-control such as Figure 15. 

Figure 15 shows the process with the drift disturbance 
slope=1. But it has not essential distinction between Fig-
ure 15 and Figure 2–14 to identify the disturbance type 
such as significant upward or downward trend. So, ad-
vanced T2 statistics technique can not be used solely. 

3.2 Artificial Neural Networks 
Artificial neural networks are modeled following the 
neural activity in human brain and rapidly developed 
since the last century 80’s [10]. The main characteristics 
of neural networks are the overall use of network, Large- 
scale parallel distributed processing, Ability to study 
association, high degree of fault tolerance and robustness. 
However, neural networks are easy to fall into local op-
timum, slow convergence and cause oscillation effect. 
Genetic algorithm [11] has strong macro-search capabili-

ties and greater probability of finding the global optimal 
solution. So, genetic algorithm can overcome the short-
comings of neural networks if it is used to finish the 
pre-search. In this paper, a novel algorithm combining 
neural networks algorithm and genetic algorithm was 
proposed. The framework of neural network is shown in 
Figure 16. 

Network is composed of an input layer, a hidden layer 
and an output layer. Input layer has three neurons which 
are expressed as Dt, Dt-1 and Dt-2 representing the pa-
rameter value of T2 statistics at time t, t-1 and t-2 based 
on the function 4. Output layer has two neurons which 
are expressed as O1 and O2, where O1 represents distur-
bance classification values and O2 represents disturbance 
causes. Hidden layer has s neurons which is expressed as 
H R∈ S (H=（H1, H2,…, Hs）

T. WIH represents the relation 
weight between input layer and hidden layer. WOH 

 
 

Input layer 

H1 

O2 

WIH WOH 

Hs 

O1 Dt 

Hidden layer 

Dt-1 

Dt-2 

Output layer 

 
Figure 16. A three-layer neural network 
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represents the connection weight between output layer 
and hidden layer. 

Input layer of the network is a key decision which has 
a great impact on the effectiveness of the network. Now 
there is no commonly accepted method for selecting the 
input layer. In this paper, an all-possible-regression 
analysis [12,13] is used to define the input layer accord-
ing to the R2

P, AIC and CP criterion. It is assumed that 
input layer is a possible combination from Dt , Dt-1 , Dt-2 , 
Dt-Dt-1 , Dt-1-Dt-2 , Dt-Dt-2. Purpose of this method is to 
select a good combination so that a detailed examination 
can be made of the regression models, leading to the se-
lection of the final input vectors to be utilized [12]. The 
result is shown in Table 1. In light of the R2

P, AIC and CP 
criterion, we select the (Dt, Dt-1, Dt-2) combination be-
cause it has the largest R2

P, the smallest AIC and CP val-
ues in the Table 1. 

3.3 Neural Network Training Based on Genetic 
Algorithm 

1) Determination of fitness function 
Purpose of which genetic algorithm is used to optimize 

the network weights and threshold of neural network is to 
obtain the optimum combination of weights value and 
threshold. Output error measures the effect of combina-
tion. Hence, fitness function of individual chromosome 
should be the function of output error of BP network. 
Ideal output value is expressed as Dj and actual output 
value is expressed as Aj. The fitness function ( )f E  can  

 

be written as 
21( ) ( ( ) )

(1 ) j jf E E D A
E

= = −
+ ∑       (8) 

2) Genetic manipulation 
Assumed that Group size is M and Fitness of individ-

ual i is Fi. Individual probability of being selected can be 
expressed as follows: 

1

i
si M

i
i

F
P

F
=

=

∑
                   (9) 

Arithmetic crossover operator is adopted which is spe-
cially used to solve floating-point cross, and uniform 
mutation operator is introduced. 

4. Simulation Experiments 
It is assumed that value of group size M, crossover 
probability, Mutation probability, training error and gen-
eration gap is 100, 0.8, 0.05, 0.005 and 0.7 respectively. 
To verify the performance of the above method, we make 
a great deal of simulation experiments on the actual pro-
duction. The experiments are divided into three stages. 

First, 500 “in-control” sample sets (mt=0) and 500 
“out-of-control” sample sets (mt≠0), each which involves 
200 data points and generated from an AMAR(1,1) noise 
model, are selected to train the neural network. The 500 
out-of-control samples sets perform a process which is 
upset respectively by step-change with the step of 

Table 1. R2
P, AIC and CP values of all-possible-regression analyse 

Variables combination P R2
P AIC CP 

Dt 2 0.9212 79.6391 100.9358 

Dt-1 2 0.8473 82.5523 682.9437 

Dt-2 2 0.5976 85.7604 1259.2257 

(Dt,Dt-1) 3 0.8411 81.9853 55.8933 

(Dt,Dt-2) 3 0.7952 78.0043 129.4748 

(Dt-1,Dt-2) 3 0.8319 86.8358 318.4751 

(Dt, Dt-1, Dt-2) 4 0.9855 74.2201 3.9241 

(Dt,Dt-Dt-1) 3 0.9381 88.9276 18.9937 

(Dt,Dt-Dt-1,Dt-1-Dt-2) 4 0.9817 77.0256 5.8619 

(Dt-1,Dt-1-Dt-2) 3 0.8294 83.9967 53.7724 

(Dt-1,Dt-Dt-1,Dt-1-Dt-2) 4 0.9027 79.5720 142.9901 

(Dt-2,Dt-Dt-2) 3 0.8979 80.7342 46.7424 

(Dt-2,Dt-Dt-1,Dt-1-Dt-2) 4 0.9145 80.5612 290.0132 

(Dt,Dt-1,Dt-1-Dt-2, Dt-Dt-2) 5 0.9224 78.9267 4.5776 

(Dt-1,Dt-2,Dt-Dt-1, Dt-Dt-2) 5 0.9225 78.9399 5.2481 

(Dt,Dt-2,Dt-Dt-1, Dt-1-Dt-2) 5 0.9224 78.9399 5.8932 

(Dt,Dt-1,Dt-2,Dt-Dt-1, Dt-Dt-2) 6 0.9224 78.4516 6.9935 
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Table 2. Percentages of correct classification using integrated method with step change and process drift respectively 

Step change Drift disturbance 
 

0.5 1 2 3 5 0.5 1 1.5 2 

Φ=0.8, θ=0.5  kp=0.5,kD=0.5, kI=-0.3 62% 82% 93% 96% 99% 62% 87% 91% 100% 

Φ=0.8, θ=0.2  kp=0.5,kD=0.5, kI=-0.3 67% 89% 95% 99% 99% 67% 91% 94% 100% 

Φ=0.8, θ=-0.5  kp=0.5,kD=0.5, kI=-0.3 37% 54% 77% 79% 82% 31% 53% 66% 72% 

Φ=0.8, θ=0.5  kp=0.5,kD=0, kI=-0.3 53% 84% 90% 97% 100% 61% 88% 94% 99% 

Φ=0.8, θ=0.5  kp=0,kD=0, kI=-0.3 45% 78% 88% 92% 97% 53% 85% 90% 98% 

 
Table 3. Percentages of correct classification using Shewhart chart to detect disturbance arose by step change 

Step change 
 

0.5 1 2 3 5 

Φ=0.8, θ=0.5  kp=0.5,kD=0.5,kI=-0.3 **** *** 57%  ARL=97 72%  ARL=85 86%  ARL=4 

Φ=0.8, θ=0.2  kp=0.5,kD=0.5,kI=-0.3 **** 13%  ARL=100 64%  ARL=92 83%  ARL=77 89%  ARL=3 

Φ=0.8, θ=-0.5  kp=0.5,kD=0.5,kI=-0.3 **** **** **** 51%  ARL=97 76%  ARL=7 

Φ=0.8, θ=0.5  kp=0.5,kD=0,kI=-0.3 **** **** 54%  ARL=98 70%  ARL=89 92%  ARL=4 

Φ=0.8, θ=0.5  kp=0,kD=0,kI=-0.3 **** **** 48%  ARL=100 69%  ARL=84 83%  ARL=5 

 
0.5/1/2/3/5 at data 50 and is eliminated quickly and com-
pletely at the data 150.Likewise, the 500 out-of-control 
sample sets are generated with the process drift with the 
slope of 0.25/0.5/1/2/3 at data 50 and are removed 
quickly and completely at data 100. 

Second, once output error is within the permitted 
scope, objectives of training the neural network based on 
genetic algorithm have been achieved successfully. The 
neural network can be used to monitor the process dis-
turbance. 200 out-of-control sample sets, which are gen-
erated with the use of step=0.5, 1, 1.5, 2, 3, 5 at time t 
and slope= 0.5, 1, 1.5, 2, 3 at time t, is given to verify the 
performance of the above method. The result is shown in 
Table 2. 

At last, for comparison, Shewhart chart of Minitab 
software is used to simulate the above sample sets with 
step change. Result is shown in Table 3. 

5. Result Analysis of Simulation Experiment 
As seen from Figure 17 and 18, the alone neural net-
works need 1200 steps to converge at the error target 
value. However, neural networks based on the genetic 
algorithm only need 550 steps to converge at the error 
target value. So neural networks based on the genetic 
algorithm can reduced training time significantly. Its 
training speed is faster. Furthermore, if alone neural 
networks are used, error target value cannot gain when 
step is small such as 1 and 0.8. 

In actual manufacturing industry, parameters often 
change with the change of environment. So we choose 
five combinations of Φ, θ, kp, kD and kI in order to verify 

 
Figure 17. Training error curve of neural networks 

 

 
Figure 18. Training error curve of neural networks based 
genetic algorithm 
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the method and cover a reasonable range of the parame-
ter space. In terms of the Table 1, the value of parameter 
Φ, θ has serious impact on the resolution capability of the 
integrated method. It is very applicable to combine a 
positive and large Φ with a positive and small θ. On the 
contrary, the combinations of a positive Φ and a negative 
θ worsen with the ability to identify the process distur-
bance accurately. There is no obvious correlation be-
tween change of the controller parameter kp, kD, kI and 
monitoring ability. With respect to the drift disturbance, 
step change is easier to be monitored. 

According to Tables 3 and Table 4, the advantage of 
the integrated method is significant. The neural network 
requires only one sample to recognize the disturbance 
and identify the disturbance type. But Shewhart chart 
requires an average of 3 to 7 samples to recognize the 
process disturbance with step 5. When step=2 and 3, an 
average of 70 to 100 samples are required to detect the 
disturbance. Even the disturbance with step=1 and 0.5 
can not be monitored. 
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ABSTRACT 
Traffic information is so far less than the number of OD variables, that it is difficult to obtain the satisfactory solution. 
In this paper, a method based on Quantum behaved Particle Swarm Optimization (QPSO) algorithm is developed to 
obtain the global optimal solution. It designs the method based on QPSO algorithm to solve the OD matrix prediction 
model, lists the detailed steps and points out how to choose the PSO operator. Moreover, it uses MATLAB program-
ming language to carry out the simulation test. The simulation results show that the method has higher efficiency and 
accuracy. 
 
Keywords: OD Matrix Prediction Model, QPSO, Simulation Analysis, Optimal Design 
 
1. Introduction 
The traffic between import and export at the intersection 
is an important data for urban traffic management and 
control, and also impacts on the control of traffic lights at 
the intersection directly. Therefore, how to obtain accu-
rate intersection OD and avoid the time-delay of control 
and decision-making system are very important issues. As 
the OD matrix calculation based on traffic has advantages, 
such as convenience, rapidness, low-cost, effectiveness, it 
has been more and more used in transport planning re-
cently. However, when the number of surveyed sections 
is less than the number of OD variables, the solution of 
OD matrix calculation will be non-unique and cannot 
guarantee the accuracy [1]. Moreover, the objective func-
tion and fitness function of OD matrix calculation are 
mostly nonlinear equations. In light of the above issues, 
taking the reality situation that observation error and ran-
dom error exist into account, the relationship between OD 
traffic and road traffic is not absolute linear. Although 
through rigorous mathematical methods, it cannot get an 
exact solution to the problem. 

In pursuit of finding solution to these problems many 
researchers have been drawing ideas from the field of 
biology. A host of such biologically inspired evolutionary 
techniques have been developed namely Genetic Algo-
rithm (GA) ([Baykasoğlu et al., 2008], [Costa et al., 2004], 

[Grosset et al., 2001], [Gürdal Soremekun et al., 2001], 
[Le Riche and Haftka, 1993], [Park et al., 2001], [Rajen-
dran and Vijayarangan, 2001] and [Walker and Smith, 
2003]), Artificial Neural Networks (ANN) (Garg, Roy 
Mahapatra, Suresh, Gopalakrishna & Omkar, 2007), Arti-
ficial Immune System (AIS) (Omkar, Khandelwal, San-
thosh Yathindra, Narayana Naik & Gopalakrishna, 2008) 
and Particle Swarm Optimization (PSO) (Omkar, Mud- 
igere, Narayana Naik & Gopalakrishna, 2008; Parsopou-
los, Tasoulis & Vrahatis, 2004) which are widely used for 
solving such optimization problems. All of these algo-
rithms with their stochastic means are well equipped to 
handle such problems [2]. 

Particle Swarm Optimization was introduced by Eber-
hart and Kennedy [3], inspired by the social behavior of 
animals such as bird flocking, fish schooling, and the 
swarm theory. Compared with GA and other similar evo-
lutionary techniques, PSO has some attractive characteris-
tics and in many cases proved to be more effective (Has-
san, Cohanim, Weck & Venter, 2005). Both GA and PSO 
have been used extensively for a variety of optimization 
problems and in most of these cases PSO has been proven 
to have superior computational efficiency ([Hassan et al., 
2005] and [Sun, 2008]; Zhang et al., 2003 L. B. Zhang, C. 
G. Zhou, X. H. Liu, Z. Q. Ma, M. Ma & Y. C. Liang 
(2003) solved multi-objective optimization problems us-
ing particle swarm optimization in Proceedings of the 
IEEE congress on evolutionary computation (CEC). Since 
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1995, many attempts have been made to improve the per-
formance of the PSO (Clerc, 2004; Zheng, Ma, & Zhang, 
2003). (Sun et al., 2004) and (Sun and Xu et al., 2004) 
introduced quantum theory into PSO and proposed a 
Quantum-behaved PSO (QPSO) algorithm, which are 
guaranteed theoretically to find good optimal solutions in 
search of space. The experiment results on some widely 
used benchmark functions show that the QPSO works 
better than standard PSO ([Sun et al., 2004] and [Sun and 
Xu et al., 2004]) and is a promising algorithm. Hence in 
the current work we propose to employ a multi objective 
optimization method based on QPSO and compare it to its 
predecessor PSO, which has been already implemented 
by Omkar and Mudigere et al. (2008) [2]. 

This paper firstly establishes maximum entropy OD 
matrix calculation model. It makes full use of the quan-
tum behaved particle swarm optimization algorithm 
(QPSO algorithm) to solve the global optimization of the 
objective function, lists the detailed steps of calculation 
and shows how to choose the particle swarm operator, 
and then calculates the OD matrix of road intersection. 
Finally, compared to the results of conventional PSO al-
gorithm, it verifies the superiority of QPSO algorithm. 
Therefore, this paper provides a more reliable method to 
solve the OD matrix of road intersection. 

2. Origin—Destination Matrix Prediction 
Model 

2.1 Maximum Entropy Model 
The maximum entropy approach is motivated by ‘infor-
mation theory’ and the work of Shannon, 1948. C. E. 
Shannon, A mathematical theory of communication. Bell 
Syst. Tech. J. (1948), pp. 379–423. Shannon (1948) who 
defined a function to measure the uncertainty, or entropy, 
of a collection of events, and Jaynes who proposed 
maximizing that function subject to appropriate consis-
tency relations, such as moment conditions. The maxi-
mum entropy (ME) principle and its sister formulation, 
minimum cross-entropy (CE), are now used in a wide 
variety of fields to estimate and make inferences when 
information is incomplete, highly scattered, and/or incon-
sistent (Kapur and Kesavan, 1992). In economics, the ME 
principle has been successfully applied to a range of 
econometric problems, including nonlinear problems, 
where limited data and/or computational complexity hin-
der traditional estimation approaches. Theil (1967) pro-
vides an early investigation of information theory in eco-
nomics. Mittelhammer et al. (2000) provide a recent text 
book treatment which is focused more tightly on the ME 
principle and its relationships with more traditional esti-
mation criteria such as maximum likelihood [4]. 

In general, information in an estimation problem using 
the entropy principle comes in two forms: 1) information 
(theoretical or empirical) about the system that imposes 
constraints on the values that the various parameters can 

take; and 2) prior knowledge of likely parameter values. 
In the first case, the information is applied by specifying 
constraint equations in the estimation procedure. In the 
second, the information is applied by specifying a discrete 
prior distribution and estimating by minimizing the en-
tropy distance between the estimated and prior distribu-
tions — the minimum Cross-Entropy (CE) approach. The 
prior distribution does not have to be symmetric and 
weights on each point in the prior distribution can vary. If 
the weights in the prior distribution are equal (e.g. the 
prior distribution is uniform), then the CE and ME ap-
proaches are equivalent. 

The model is as follows: 

( )max ln ln
1 1

n n
E T T Tij iji j

= − −∑ ∑
= =

        (1) 

1 1
. . 1, ,

n n
k

k ij ij
i j

s t V T P k m
= =

= =∑∑ L     (2) 

0 ,ijT i j≥ ∀                        (3) 

1 1

n n

ij
i j

T T
= =

= ∑∑                           (4) 

Where n is the number of OD pairs; ijT is the estimated 
OD matrix; kV is the detected traffic on section k; k

ijp is 
the distribution ratio of ijT on section k, which is obtained 
by the traffic distribution. 

2.2 Hopfield Neural Network Model 
The Hopfield Neural Network model [4] is 

( )
1

,

, 1, 2, , .

N
i i

i ij j
j

i i

du U
C I T V

dt R
V g u i N

=


= − + +


 = =

∑
K

           (5) 

Here in Equation (5), ijT is the connection weight value 
between node I  and node J , and ij jiT T= ; ( )g ⋅ . is a 

function with ( ) 0g′ ⋅ > ; iU  is the input of node I; iV  
is the output of node I ; iI  is the constant value of node 
I ; C  is a positive constant; and R is a positive constant. 

Equation (5) can be abbreviated to be 
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,
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             (6) 

It can be proved that when the energy function of sys-
tem (6) is 

1 1 1

1
2

N N N

ij i j i i
i j i

E T VV V I
= = =

= − −∑∑ ∑  

We can have 0dE
dt

≤ , and only when 0idV dt = , 
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0dE dt = , ( )1,2, ,i N= K . 
The stable state of system (6) is the local minimum of 

the above energy function. The computation processor 
of system (6) is a process to find the local minimum in 
fact, the goal function is the above energy function of 
system (6). 

Maximum entropy model is recognized by majority of 
scholars among many OD matrix calculation models, be-
cause this model’s structure is simple and principle is 
clear. It also suits the situation without a priori OD matrix 
and which is a congested network [5]. 

2.3 Model Simplification 
In light of above optimization problems, it is difficult to 
solve the objective function directly. So Lagrange multi-
plier method is used to obtain the Lagrange function L: 

1 1 1 1 1
(ln ln ) ( )

n n m n n
k

ij ij k k ij ij
i j k i j

L T T T V T Pλ
= = = = =

= − − + −∑∑ ∑ ∑∑  (7) 

The following Equation is the result of the first-Order 
derivative of ijT  

1
ln 0

m
ij k

k ij
kij

TL P
T T

λ
=

∂
= − − =

∂ ∑           (8) 

So, 

1
exp( )

m
k

ij k ij
k

T T Pλ
=

= −∑               (9) 

T is given as 0exp( )T λ= − and take it into the Equa-
tions (7) and (9) respectively. The results are as follows: 

1 1 1

0
1 1 1

exp( ) 1

exp( )

n n m
k

k ij
i j k

n n m
k k

ij k ij k
i j k

P

P P V

λ

λ λ

= = =

= = =

 − =


 − − =

∑∑ ∑

∑∑ ∑
 1, ,k m= L   (10) 

Above equations are a set of nonlinear equations. The 
number of variables is (m+1) which is equivalent to the 
number of equations. Lagrange multipliers: 0 1, mλ λ λLL  
can be solved. And then the OD matrix can be obtained 
according to Equation (9). 

3. Design of the Quantum Behaved Particle 
Swarm Optimization Algorithm 

3.1 Particle Swarm Optimization Algorithm 
Particle Swarm Optimization algorithm is a global opti-
mization algorithm that can reproduce swarm intelligence. 
It is inspired from the foraging behavior of animal groups. 
When groups search for the optimal target, each individ-
ual searches for its own goal. At the same time, individual 
refers to other individuals who have achieved optimal 
location and then adjusts the next search. The algorithm 

uses the speed-location search model. The current loca-
tion of No.i particle is defined as iX = 1 2( , ,... )i i idx x x , 
experienced position is defined as iP＝ 1 2( , ,... )i i idp p p . 
Fitness function determines the level of merits of the lo-
cation, while fitness function is determined by the opti-
mization goal. Where, the individual particle best position 
is abbreviated as pbest , and the best location that all par-
ticles have experienced is regarded as global best location 
( gbest ). The speed of No. i particle is defined as 

1 2( , ,... )i i i idV v v v= that is the distance each iterative parti-
cle moves. The Equations of conventional PSO algorithm 
are described as follows: 

1 1 1 2 2( ) ( )i i i iv v r pbest x r gbest xφ φ+ = + ⋅ ⋅ − + ⋅ ⋅ −  (11) 

1 1i i ix x v+ += +                             (12) 

3.2 Quantum Behaved Particle Swarm 
Optimization Algorithm 

Particle Swarm Optimization algorithm is based on the 
theory of swarm intelligence optimization algorithm. As 
in the classical system, particles achieve convergence in 
the form of orbit. Moreover, the speed of particles is lim-
ited, and the space of particles is also a limited region that 
can not cover the entire feasible space. Therefore, with 
the quantum mechanics’ point of view that particles have 
quantum behavior, QPSO (Quantum Particle Swarm Op-
timization) algorithm is proposed [3,7–8]. Particle swarm 
achieves iterative update through the following four 
Equations: 

1

1 2
1 1 1

/

/ , / , , /

M

i
i

M M M

i i id
i i i

mbset pbest M

pbest M pbest M pbest M

=

= = =

=

 
=  

 

∑

∑ ∑ ∑L
 

(13) 
( )max min max

max

T
T

β β
β β

− ⋅
= −                (14) 

1 2 1 2( ) / ( )p r pbest r gbest r r= ⋅ + ⋅ +            (15) 

( ) ln(1/ ) 0.5
( 1)

( ) ln(1/ ) 0.5

p mbest x t u if u
x t

p mbest x t u if u

β

β

 + × − × <+ = 
− × − × ≥

 

(16) 
In order to avoid algorithm premature, Mean Best Posi-

tion (mbest) is regarded as the barycenter of all particles. 
Where, ipbest  is the best position of the particle. β  is 
the contraction and expansion coefficient that impacts the 
convergence speed and performance of algorithm. In this 
paper, deal with β  by adaptive changes in accordance 
with Equation (14). T is the number of current iteration. 
Tmax is the maximum number of iterations. 1 2,r r ∈  
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(0,1)rand , gbest  is the global optimal solution, u ∈  
(0,1)rand . 

3.3 Optimal Design of Origin—Destination 
Matrix Calculation Model Algorithm 

Algorithm design, including as follows: 
1) the determination of objective function 
In order to obtain better accuracy, this problem will be 

translated into the following optimization problem. The 
optimizing goal is that minimizes the mean square devia-
tion of the calculated value of the left from the true value 
of the right in Equation (13). That is： 

0
( ) ( )

min ( )
1

m

k k k k
k

v V v V
J

m
λ =

− ⋅ −
=

+

∑
       (17) 

Where, 0
1 1 1

exp( )
n n m

k k
ij k ij

i j k
v P Pλ

= = =

= −∑∑ ∑    0 1V =  

0
1 1 1

exp( ), 1,...
n n m

k k
k ij k ij

i j k
v P P k mλ λ

= = =

= − − =∑∑ ∑  

Lagrange multipliers 0 1, mλ λ λLL  are unknown. So-
lution space is the range of Lagrange multipliers. Because 
the Lagrange multipliers are not given in this model ex-
plicitly, it is necessary to estimate conservatively accord-
ing to the specific issues and enlarge the range appropri-
ately. 

2) detailed implementation steps are: 
Step1: Initialize particle swarm. 
Step2: Calculate the value of particle objective func-

tion. 
Step3: Update pbest and gbest  according to parti-

cles’ fitness. 
Step4: Calculate mbest according to Equation (13). 
Step5: Calculate random point p of each particle ac-

cording to Equation (15). 
Step6: Calculate new location of each particle accord-

ing to Equation (16). 
Step7: Double counting, until meet the number of itera-

tions. 

3.4 Simulation of a Typical Function Optimization 
Now, QPSO algorithm is illustrated that can be applied to 
the circuit performance equation to solve the global 
minimum feasibility and effectively, by solving the 
Schaffer’s f6 function. The value of the global minimum 
is 0. The Schaffer’s f6 function is: 

2 2 2

2 2 2 2

sin 0.5
( , ) 0.5

(1 0.001 ( ) )
x y

f x y
x y

+ −
= +

+ × +
      (18) 

( 10,10)x ∈ − ; ( 10,10)y ∈ −  

Use QPSO algorithm and PSO algorithm to solve the 

above equation respectively. 
The selected parameters are as follows: Particle number 

is 10; the maximum number of iterations is 1000; the ac-
curacy is set to 1e-25. Figure 1 and Figure 2 show the 
obtained convergence curves. 

As can be seen from Figure 1, when the iteration num-
ber reached 210, the curve tends to converge. Whereas, 
when the iteration number reached 310, the curve of Fig-
ure 2 tends to converge; the solution of QPSO algorithm 
from Figure 1 is 0, while, the solution of PSO algorithm 
from Figure 2 is 0.000114686. Therefore, this example 
shows that the convergence speed and accuracy of QPSO 
algorithm are far better than the PSO algorithm for opti-
mization problems. 

4. Simulation Examples 
4.1 Simulation Results 
This paper uses MATLAB programming language to 
carry out the simulation test. The intersection is shown in 
Figure 3. The traffic of every import is regarded as x1, x2, 
x3, x4 respectively. The traffic of every export is regarded 
as y1, y2, y3, y4 respectively. The traffic at intersection can 
be obtained by the detector. Count the total number of 
observed vehicles from 8:00 a.m. to 8:00 p.m. 

 

 
Figure 1. Convergence curve of QPSO algorithm 

 

 
Figure 2. Convergence curve of PSO algorithm 
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Figure 3. A intersection plot of Tianjin 

 
( )1 2 3 4 1 2 3 4, , , , , , , TV x x x x y y y y=  

( )5321,5069, 4986,5035,5109,5220, 4823,5259 T=  

Traffic distribution matrix is as follows: 

1 1 1 0 0 0 0 0 0 0 0 0
0 0 0 1 1 1 0 0 0 0 0 0
0 0 0 0 0 0 1 1 1 0 0 0
0 0 0 0 0 0 0 0 0 1 1 1
0 0 0 1 0 0 1 0 0 1 0 0
1 0 0 0 0 0 0 1 0 0 1 0
0 1 0 0 1 0 0 0 0 0 0 1
0 0 1 0 0 1 0 0 1 0 0 0

P

 
 
 
 
 
 =  
 
 
 
 
  

 

4.2 Simulation Steps 
1) Determine the solution space 

The value of the OD matrix T can be calculated. It is 
equivalent to the total of all the exports (or imports): 

4 4

1 1
20411 exp(9.92)i j

i j
T x y

= =

= = = =∑ ∑ . We can obtain 

that 0λ = -9.92, according to 0exp( )T λ= − .  
In addition, various components of the OD matrix 

should meet 1 ijT T≤ ≤ , so we can obtain 

0 0
1

0
m

k
k ij

k
Pλ λ λ

=

− − −∑p p . Or 0
1

0 10
m

k
k ij

k
Pλ λ

=

−∑p p p . 

According to 
1

exp( )
m

k
ij k ij

k
T T Pλ

=

= −∑ , the element of P 

matrix is 0 or 1, so ( 1, )k k mλ = L  can not be all nega-
tive. There are two situations: The whole elements are 
nonnegative; one part of elements is positive, and the 
other parts are zero or negative. For the situation that the 
whole elements are nonnegative, the value of kλ  should 
be within the range [0,10]. For the second situation, the 
range can not be defined easily. As result of mutual in-
fluence between several unknown quantities, its value 
may be very large or may be very small. Therefore, we 
can obtain that there is a solution set and the values are 
within the range [0,10]. 
2) Determine the conditions of termination 

Set the maximum number of iterations as 300. When 
the average mean square error (MSE) of the objective 
function ( )J λ  is less than 0.1, we regard the obtained 

kλ  (k=0,1… 8) as the approximate optimal solution of 
Equations (10) and terminate iterations. 
3) Determine the number of particles 

The optimal goal is that the objective function (mean 
square error MSE) close to zero as possible. Selected pa-
rameters are as follows: The initial velocity of particles is 
generated randomly; the number of particles is 20. 

The simulation results are as follows: 

4.3 Analysis the Simulation Results 
Compared to the results of conventional PSO algorithm, 
we can see that the results of the conventional PSO algo-
rithm and QPSO algorithm all meet the accuracy re-
quirements (MSE<0.1). However, when the conventional 
PSO algorithm is used to solve individual variables, a 
local optimal solution is obtained that led to a larger ab-
solute error of individual variables. As can be seen from 
Table 1, the absolute error between actual traffic and cal-
culated traffic by QPSO algorithm is too small (≤0.103) to 
meet the accurate requirements fully. Compared to Table 
3, from Table 4 we can see the effect of the OD matrix 
calculation is ideal. 

 
Table 1. Absolute error of calculating road traffic 

Absolute 
Error V0-v0 V1-v1 V2-v2 V3-v3 V4-v4 V5-v5 V6-v6 V7-v7 V8-v8 

QPSO 0.0002 -0.026 0.038 -0.103 0.063 0.025 -0.054 0.019 -0.0237 
PSO 0.0003 -0.042 0.056 -0.120 0.084 0.023 -0.076 0.032 -0.0438 

 
Table 2. Comparison of MSE 

MSE QPSO PSO 

MSE= J（λ） 0.0485 0.0630 

Table 3. Factual OD matrix of intersection 
O        D 1 2 3 4 

1 0 1936 2351 1034 
2 1241 0 1392 2436 
3 1808 1389 0 1789 
4 2060 1895 1080 0 
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Table 4. Calculated OD matrix with QPSO 

O       D 1 2 3 4 

1 0 1936.01 2351.02 1034 
2 1240.99 0 1391.98 2435.99 
3 1808.04 1389.03 0 1789.03 
4 2059.95 1895.01 1079.98 0 

 
5. Conclusions 
This paper calculates the OD matrix calculation model 
using QPSO algorithm, and determines the fitness func-
tion, according to the maximum entropy model. We use 
this model to simplify the linear constraints between the 
traffic and the OD matrix, and solve the optimal solution 
of nonlinear equation using QPSO algorithm. It can be 
seen from the above simulation that OD matrix calcula-
tion proposed in this paper is effective. It proves that ap-
plication QPSO algorithm in the field of OD matrix cal-
culation is feasible. It can considerably reduce the itera-
tive number that objective function can reach conver-
gence. Moreover, QPSO algorithm can improve the accu-
racy of the calculation and solve the problem of no con-
vergent and insufficient accuracy. We will further study 
on how to apply QPSO algorithm in OD matrix calcula-
tion of a large and complex network. 
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ABSTRACT 

In view of incomplete probability information multi-objective question, it used probabilistic perturbation method and 
Edgeworth series technique to study reliability optimization design. The first four moments of basic random variables 
are known under condition. It used the Ant Colony Algorithm to design cutting head roadheader, the optimized result 
indicated that cutting head load fluctuation and compared energy consumption were reduced obviously at the same 
time. This result enhanced roadheader operational reliability and energy effectively. 
 
Keywords: Optimization Reliability, Multi-Objective, Probabilistic Perturbation Method, Incomplete Probability In-

formation 
 
1. Introduction 

Cutting head is the key component and important part of 
roadheader which affects the roadheader efficiency and 
load exceptional change. There are many published re-
ports on the cutting head’s reliability optimization re-
search overall the world, such as Zhang Xin from Shan-
dong Scientific and Technical University has studied on 
cut truncation tooth arrangement and multi-objective 
optimizations [1,2]; Li Xiao-huo from Liaoning Tech-
nology University has studied on cut head swinging cut-
ting and cut head design [3–5]; Ma Hong-wu from Da-
tong coal mining has studied on the cut head diameter 
influence to roadheader [6]; Guo wu from IMM company 
has studied on S150 cutting head [7]. The majority of 
scholars use the conventional routes to research cut head 
reliability optimization design, these methods are under 
design variable and parameter to follow the normal dis-
tribution. Due to the complexity in real project and insuf-
ficient data message, it is prone to make errors by con-
ventional design [8–10]. This paper uses the stochastic 
perturbation method and Edgeworth progression me- 

thod [11–14] to discuss cutting multi-objective reliability 
optimization which distributes the random parameter 
obedience willfully. 

2. The Reliability Design of Perturbation 
Method 

To calculate reliability or failure probability, it needs to 
know the probability of density function or joint prob-
ability of density function. As lack of the tentative data, 
it is mostly very difficult to obtain reliability or failure 
probability by integral computation. Under the situation 
that unable to determine the distribution generally, the 
first to fourth moments (average value, variance and co-
variance, third-order moment, fourth-order moment) of 
design variable are determined easily as it has enough 
data, then it achieves reliable target, unknown function of 
state probability distribution is transformed to the stand- 
ard normal distribution expression by application fourth- 
order moment technology, Edgeworth progression and 
corresponding experience correlation formula [14], fi-
nally it may determine the structural element reliability. 

2

2 3 53 4 3

1 1 1
( ) ( ) ( ) ( ) 3 ( ) ( )

6 24 72
g g g

g g g

F y y y H y H y H y
  
  

    
          
        

  



Multi-Objective Incomplete Probability Information Optimization Reliability Design Based on Ant Colony Algorithm 351 

 
( )jH y  is j Stage Hermite multinomial, its recurrence 

relation is： 

1 1

0 1

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

j j jH y yH y jH y
H y H y y

  
  

 

The real distribution of random parameter could be 
approached precisely by the Edgeworth progression. It 
usually takes the progression of first to fourth items to 
obtain good approximation. But it only take the progres-
sion of first to fourth items, sometimes it will cause reli-
ability to present R>1 situation because the approximate 
distribution function and the real distribution function 
exist deviation. The computation practice indicated that 
following experience correlation formula obtained result 
to approach in Monte Carlo numerical simulation under 
R >1 situation; the Edgeworth progression may obtain 
precise solution enough on condition of R﹤1. 

  
( ) ( )

( ) ( )
1 ( ) ( )

R
R R

R


  
  

 
 

 
 

As known above, this method is fit for random pa-
rameter distribution generally during the equation devel-
opment. It is more useful for the actual project. 

3. Styling Ant Colony Algorithm and    
Optimize Calculate 

When the design requirements is , it 

is ,  satisfies the probability 

values of the restraint, R obtains by the fore-mentioned 
Edgeworth progression or experience correlation formula. 
The probability optimization design model may be 
solved by model transformation as follows. 

  0( ) 0P g X R 

  0( ) 0R P g X R   0R

min  ( ) ( ) ( )f X E f X f X   

St.  

0

( ) 0, ( 1, , )
( ) 0, ( 1, ,

i

j

R R
q X i l
h X j m


  
  




 

1) Initialize the population. Produce N to answer at 
random in the independent variable defined area to build 
the population, calculate adaptation degree of the indi-
vidual, arrange order according to the size, and to give 
the same pheromone initial value to them. Produce M 
ants, including G overall ants, L some ants. 

2) Overall Search. Seek overall ants to operate explor-
ing. Through crossed and variable operating, produce 
new G ants to replace the present population G ants. 

3) Some Search. Seek some ant to operate excavating 
one by one, calculate N individuals to choose probability 
Pi (x), choose L individual as the goal, optimize and 

search for the goal individual, and lead individuals to 
better position. 

4) Pheromone is evaporated. Carry out pheromone to 
volatilize after changing and taking.  

5) Check the condition of stopping. Finish one search, 
population is checked to be satisfied with disappearing 
terms. If it is satisfied, export and solve optimally at pre-
sent. Otherwise, it transfers to the step 2). The next is to 
be searched, until disappearing or meeting the request of 
schedule. 

4. Multi-Objective Optimization Reliability 
Design for Cutting Head of Roadheader 
Model 

4.1 Design Variable Choose 

Transversal spacing top, circumferential distribution an-
gle δ, way speed v, rotational speed n are design vari-
ables: 

X=[x1, x2, x3, x4] T= [top, δ, v, n] T 

4.2 Objective Function Establish 

In the design of cutting head according to the load fluc-
tuation and compared to the energy consumption com-
putational method, it makes the smallest cut angle of Ra, 
sway resistance Rb, longitudinal force Rc, the load tor- 
que coefficient of variation Mc, energy consumption Hw. 
It takes objective function of cutting head multi-objective 
optimization reliability design. 

This article uses the linear weighted sum law to trans-
form the multi-objective optimizations for the simple tar- 
get optimization. Considered various simple targets have 
the equal status. It realizes the multi-objective standardi-
zations. The transformed objective function expression 
is:  

( ) ( ) ( ) ( ) ( )
( ) a b c c w

a b c c

R R R M H

R R R M Hw

f x f x f x f x f x
F x

f f f f f
      

The formulas: ( )
aRf x , ( )

bRf x , ( )
cRf x , ( )

cMf x , 

( )
wHf x are respectively simple goal optimization func-

tions. The denominator is the simple goal optimum 
value. 

4.3 Constraints Determine 

Considering the actual situation, it establishes fuzzy re-
liability constraints. 

1) Bolt between cutting head and the cutting head axis 
is intensity fuzzy reliable restraint: 

2
14P / (m d )                   (1) 

Use the stochastic perturbation method and Edgeworth 
progression method, then the max shear stress reliability 
design restraint is: 
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Table 1. Optimal solution and goal function value 

top δ v n  

3.601 42.021 2.937 38.265  

routine calculation Ra routine calculation Rb routine calculation Rc routine calculation Mc routine calculation Hw

54.734 28.611 27.327 23.136 4.861 

the optimize Ra the optimize Rb the optimize Rc the optimize Mc the optimize Hw 

51.101 25.457 26.65 22.726 3.685 

 

1g (X) = R 0R  0              (2) 

2) Truncation tooth fatigue fuzzy reliable restraint: 
When the load changes function of number N＞106, by 

reliability design request 1R , it obtains reliability re-

strain: 

2g (X) = R 0c R 1              (3) 

3) Transversal spacing nominal optimum value scope: 

3 1g (X) = x 2 ＞0              (4) 

4g (X) = 6 x 1

2

＞0              (5) 

4) Circumferential angular interval scope: 

5g (X) = 15 x ＞0             (6) 

6 2g (X) = x 60 ＞0             (7) 

5) Sway speed scope: 

7 3g (X) = x 1 ＞0              (8) 

8g (X) = 6 x 3

4

＞0              (9) 

6) Rotational speed scope: 

9g (X) = 15 x ＞0            (10) 

10 4g (X) = x 80 ＞0           (11) 

7) Truncation tooth distributed limit: 

11 mg (X) = 85  ＞0           (12) 

8) Cutting power limit: 

12 e jg (X) = P P ＞0            (13) 

9) The installs truncation tooth spacing limit:  

13 kg (X) = L 80 ＞0           (14) 

4.4 Optimizations Resolvent 

According to the algorithm described above, it optimized 
and asked for resolving. The parameter is established 
based on the most different long λ corresponding half 
step by step, the overall situation searches for step count 
k =40, Utilize Mab7.0 software to establish calculating 
algorithm procedure. The experiment indicated that the 
spiral drill weight reduced 16.77% and transported the 

efficiency enhanced 7.05% through the optimization de-
sign. 

It carried on multi-objective optimization design to cut-
ting head of roadheader by compilation optimization de-
sign procedure, obtained optimal solution and the opti-
mized goal function value in Table1. 

5. Conclusions 

This article proposed a practical efficacious device to 
design cutting head which obeyed the willfully distribut-
ing random parameter reliability optimization. The cut-
ting head reliability optimization multi-objective reliabil-
ity optimization design method can reduce design cycles 
and save experimental funds, raise design level, and en-
hance forecast accuracy. The practice indicated that cut-
ting head load fluctuation and compared energy con-
sumption were obviously reduced at the same time. This 
result enhanced roadheader operational reliability and 
energy effectively. 
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ABSTRACT 
The present study aims at improving the ability of the canonical genetic programming algorithm to solve problems, and 
describes an improved genetic programming (IGP). The proposed method can be described as follows: the first inves-
tigates initializing population, the second investigates reproduction operator, the third investigates crossover operator, 
and the fourth investigates mutation operation. The IGP is examined in two domains and the results suggest that the 
IGP is more effective and more efficient than the canonical one applied in different domains. 
 
Keywords: Improved Genetic Programming, Symbolic Regression, Software Reliability Model 
 
1. Introduction 
Genetic Programming (GP) is an automated method for 
creating a working computer program from a high-level 
problem statement of a problem [1,2]. It is a technique 
pioneered by John Koza [3] which enables computers to 
solve problems without being explicitly programmed and 
based on the idea of genetic algorithms presented by John 
Holland [4]. The goal is to use the concepts of Darwin 
evolution theory for computer program induction. The 
concepts are usually applied by genetic operators, such as 
selection, crossover, mutation and reproduction [5]. 

In Genetic Programming solutions to a problem are 
represented as syntactic trees (or symbolic expressions), 
which are evolved in a population of programs towards 
an effective solution to specific problems according to 
Darwinism. The flexibility and expressiveness of com-
puter program representation, combined with the power-
ful capability of evolutionary search, makes GP a prom-
ising method to solve a great variety of problems [6]. 

1.1 Goals 
To summarize, the learning/evolutionary process of the 
canonical GP algorithm has at least the following prob-
lems: the scale of the population is usually quit large and 
the convergence of the algorithm is very slow [7]; the 
evolved programs are usually too big and contain a large 
number of redundancy; programs within the initial popu-

lation are generated randomly; setting the algorithm pa-
rameter depends on the experience. To overcome these 
problems, the overall goal of this paper is to investigate a 
new approach to improve the efficiency of GP algorithm. 
Specifically, we will investigate whether the new ap-
proach outperforms the canonical GP in terms of data 
fitting performance and training time in the evolutionary 
process. 

1.2 Structure 
The rest of the paper is organized as follows. Section 2 
gives a brief overview of the canonical GP algorithm. 
Section 3 describes four developments to improve GP 
performance. Section 4 describes the experiment design 
and configurations. Section 5 is application. Section 6 
draws the conclusions and gives future directions. 

2. The Canonical GP Algorithm 
Genetic Programming starts with an initial population of 
randomly created programs composed of functions and 
terminals appropriate to the problem domain [1,2]. Then 
all programs in the population are evaluated in terms of 
how well it performs in the particular problem environ-
ment. This evaluation is called fitness measure. Accord-
ing to the theory of survival of the fittest, genetic opera-
tions are used to create a new offspring population of 
programs from the current population [8]. But the pa-
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rameters of genetic programming should be set in ad-
vance: those include the probability of reproduction, 
crossover, and mutation. Over many generations, the 
exact or the optimal solution will be found [9]. 

3. Algorithm Optimization 
3.1 Problems of Canonical GP Algorithm 
Problems of canonical GP algorithm are listed as follows. 
Firstly, the quality of the randomly created by initial 
programs can not be guaranteed against bad. Secondly, 
when the number of programs in the population is bigger, 
the convergence of the algorithm can be very slow, and 
one or two programs will be chosen randomly for repro-
duction, mutation or crossover during the evolutionary 
process. If the selected programs are too big, the evolu-
tion for the rest of the leaning process will be slow. More 
importantly, the good building blocks in these big pro-
grams will have a much greater chance to be destroyed 
than in the small ones, which could lead to poor solutions 
by the evolutionary process. 

3.2 Improvement 
Create a population of programs according to qualifica-
tion. The concrete method is described as follows: 

Step 1, set the scale of the population as M and then 
produce the initial population randomly with scale of 
MM bigger than M. 

Step 2, retain M programs with better fitness in the 
population to replace the initial population.  

Regarding this initial population creation process the 
selection of MM (big scale) has the direct impact on the 
convergence rate. If there is little difference between 
MM and M, the created initial population will be similar 
to the random product one. If there is a great deal of dif-
ference between the MM and M, the initial population 
creation process will need a long computing time. We set 
MM: M=4:3. 

In Genetic Programming reproduction that copies bet-
ter programs to the next generation, it gives expression to 
survival of the fitness [2]. Different reproduction method 
has different selection intensity. Generally speaking, the 
reproduction operator structure gives one kind of choice 
plan, which makes better programs in the current popula-
tion easily enter the next generation population. In the 
canonical roulette wheel selection method, an individual 
in a population will be selected according to the propor-
tion of its own fitness to the total sum of the fitness of all 
the programs in the population [10]. Namely programs 
with low fitness scores will have a low probability to be 
reproduced. Programs which perform particularly well 
will have a very high probability of being selected. But 
roulette wheel selection has its deficiency: on the one 
hand the roulette wheel selection has not selected all bet-
ter programs. Some programs with high fitness scores 

have not the possibility to be duplicated to the next gen-
eration population, and even some inferior programs are 
possibly to be selected into the next generation. On the 
other hand, programs with good building blocks and low 
fitness scores have the possibility not to be duplicated. It 
easily arises the phenomenon of “premature”. Premature 
means that evolution is converging in the local optima, 
but it is not converging in the overall optima. 

In order to avoid the defects of roulette wheel selection 
method while retaining its advantages, a new method for 
improving reproduction operator is proposed as follows. 
Add the optimum programs to the next generation of the 
first category gene pool of the current population. Pro-
grams in the current population besides the first category 
gene pool are to be selected by the roulette wheel selec-
tion to the next generation population. Programs in the 
first category gene pool are to be copied to the next gen-
eration.  

Crossover combines the genetic material of two par-
ents by swapping a part of one parent with a part of the 
other [2]. With a tree-based representation, replacing a 
node means replacing the whole branch. This adds 
greater effectiveness to the crossover operator. The ex-
pressions resulting from crossover are greatly different 
from their initial parents. Therefore, it has the necessity 
to use the pre-selection mechanism to choose programs 
for crossover only when the new programs fitness scores 
are higher than the father programs’ they can replace the 
older ones into the next generation, otherwise carries out 
the crossover operator again. Because of the structure 
similarity between the new programs and the replaced 
father programs’, the genetic material of two parents is 
replaced by the same structure of the programs. There-
fore, it can effectively keep the diversity of the popula-
tion in evolution. The algorithm is more hopeful at find-
ing the best individual in the whole population. 

Mutation affects an individual in the population. Per-
forming mutation operator is beneficial to form the di-
versity of the population and avoid premature [1]. The 
mutation probability is quite small, taking 0~0.05 gener-
ally. The mutation operator randomly selects a point in 
the tree and replaces the existing sub-tree at that point 
with a new randomly generated sub-tree. If the replaced 
node is a function, the node has the same number argu-
ments is selected from function set. If the replaced node 
is a terminal node, then terminal is selected to form the 
leaf node [2].Thus fitness of the selected tree is changed. 
A worse individual is very likely to become better and a 
better individual is also very likely to become worse after 
performing mutation operator. Two ways have been 
adopted to perform mutation operator. In initial stage it 
replaces a whole node in the selected individual, that is to 
say, the operator removes a random sub-tree of a selected 
individual, and then puts a new sub-tree in the same 
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place. In later stage programs tends to be good, then it 
replaces just the node's information. 

4. Experiments Design and Configurations 
4.1 Program Representation and Generation, 

and Genetic Operators 
In this Improved Genetic Programming (IGP), we use 
tree structures to represent genetic programs. The ramped 
half-and-half method [1] is used for generating the pro-
grams restricted by an initial maximum depth in the ini-
tial population. In the mutation operator and crossover 
operator programs are restricted by a maximum depth. 

The maximum size allowed for a program is set as one 
of the principal parameters of a GP run to limit the depth 
of the program tree in crossover operator and mutation 
operator, and that may control the redundancy expression 
for individual to a certain degree, also may reduce com-
puting time greatly. 

Pre-selection mechanism, changing mutation intensity 
in mutation operator, is used in learning process. The 
elitist and roulette wheel selection mechanism is used in 
crossover operator and reproduction operator [11].  

More details of program representation and genera-
tion methods and the genetic operators are described in 
Section 3. 

4.2 Function and Terminal Sets 
In the function set, the five standard arithmetic operators 
and seven math functions are used to form the non-ter-
minal nodes: 
FuncSet { , ,.*, ./, .^, sin, cos, tan, cot, exp, log,sqrt}.= + −  

The +, and—operators have their usual mean-
ings——addition and subtraction, while.*, ./, .^ repre-
sents the variable with correspondence matrix elements 
carrying on multiplication, left division and involution. 
The programs are developed in MATLAB7.0. 

 
Table 1. Basic parameters of Genetic Programming 

Parameters Values Parameters Values 

population-size 800 internal-node-rate 0.9 

initial population 
method 

half-and-half 
method initial-max-depth 5 

crossover-rate 0.70 max-depth after 
mutation 7 

mutation-rate 0.05 max-depth after 
mutation 7 

reproduction-rate 0.05 max-generations 100 

4.3 Parameters and Termination Criteria 
In canonical GP the probabilities of selection, crossover 
and mutation are set in advance depending on the ex-
perience. The evolution process carries on under the 
predetermined probability from start to the end. In the 
IGP all control parameters of genetic programming algo-
rithm are optimized and combined by use of the or-
thogonal experiment method. Orthogonal experiment is a 
method of studying the multi-factor multi-levels design 
experiment, and this method can curb the blindness dur-
ing accessing parameter in GP and let us obtain the sci-
entific experimental results by a few testing sequences. 
The basic parameter values used in this approach are 
shown in Table 1. 

The evolutionary process runs for a fixed number 
(max-generation) of generations unless it finds a solution 
or a program is close enough to the desired solution. 

5. Application 
5.1 Applied to Symbolic Regression 
The IGP has been tested by two considerable complexity 
examples, and under the same platform and precision 
compared to the original algorithm. 

Function 1 
4 3 2y x x x x= + + +               (1) 

Function 2 
sin3 sin 2 siny x x x= + +           (2) 

For reducing the factor influence as far as possible in 
the IGP evolution process, the experiments are repeated 
50 times for all cases and the average results are shown 
in Figure 1~Figure 4. These results are compared with 
the canonical GP and the IGP using same instances. 
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Figure 1. Compairson convergence between GP and the 
new approach (Function 1) 
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Figure 2. Comparison convergence between GP and the 
new approach (Function 2) 

 

1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

7

8

9

10
x 104

x value

y
 
v
a
l
u
e

g=x.
4
+x.

3
+x.

2
+x as instance

Actual curve
Fitting curve of GP
Fitting curve of new approach

 
Figure 3. Simulation result of GP and the new approach 
(Function 1) 
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Figure 4. Simulation result of GP and the new approach 
(Function 2) 

Fitting functions expression: 
Function 1. GP fitting expression 

( sin ) log 4x xy x x x e= − +  

Function 1. IGP fitting expression 
4tan( cot( cot( )))x xy x x x x e x= + − − +  

Function 2. GP fitting expression 
sin tancos tan( )( cot( ) ) /

x xx x xy x x x e= − +  

Function 2. IGP fitting expression 
tan / log( ) / cos sin

xx xy x xe x x= +  

As seen from Figure 1 ~ Figure 4, the results demon-
strate the ability of the IGP in this paper in the iterative 
algebra, the restraining time and the smooth fitting, and 
all have the distinct improvement. The results demon-
strate the ability of the improved algorithm which is 
more efficient in evolving good programs for best solu-
tions in symbolic regression. 

5.2 Applied to Software Reliability Modeling 
In the software qualitative target system, software reli-
ability is the most important inherent characteristics. 
Software reliability models are the basis of quantitative 
analysis, and through the model the software reliability 
can be quantitatively assessed and predicted, and then 
estimate the delivery of the date, adjust the distribution 
of resources to determine whether the software has 
reached a predetermined reliability requirements and so 
on. 

Among several models proposed in the literature, GP 
evolutionary model has its own characteristics： 
u Retain all known information, directly involved 

in the quantitative calculations, and minimize the accu-
mulation of errors; 
u In addition to the original data, there are no fac-

titious assumptions to maximize the faithful to a given 
data. 

Software reliability modeling can be classified into 
two classes, based on whether the models center on fail-
ure times or failure counts. In this paper, we mainly fo-
cus on failure times. During the testing process when the 
failure data are collected, they can come in the format of 
failure times, i.e., (t1,t2,…,tn). ti is the time when ith 
failure is observed. We give two examples, one failure 
data series (in Table 2) comes from a software which is 
from armored force of engineering university, and the 
other (in Table 3) comes from NTDS(Naval Tactical 
Data System) of U.S. Navy Fleet Computer Program-
ming Center). 

In the following two tables x is sequence number and ti 
is the cumulative failure time series. 
u Calculation of reliability parameter 
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Table 2. Failure data series [12] 

x 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

xi 1 1 1 5 4 24 6 14 33 1 30 22 13 22 77 7 

ti 1 2 3 8 12 36 42 56 89 90 120 142 155 177 254 261 

 
Table 3. Failure data series (NTDS) [13] 

x ti x ti x ti 

1 9 11 71 21 116 

2 21 12 77 22 149 

3 32 13 78 23 156 

4 36 14 87 24 247 

5 43 15 91 25 249 

6 45 16 92 26 250 

7 50 17 95 27 337 

8 58 18 98 28 384 

9 63 19 104 29 396 

10 70 20 105 30 405 

 
Under the same platform and precision compared to 

the original algorithm, after a 100-generation evolution 
of fitness computing to be better models for (x in Table 
2-3 in the software failure time measured, and x> 1): 

( ) ( )( )( )( )( )cotcos tan ln sin x
GPT f x x x x x x x x= = ⋅ ⋅ − ⋅ − +  

sin( ) cos(( cos ) / cot( tan ))x
IGP IGPT f x x x x x x x x= = − + +  

 
Cumulative failure time Calculated by the GP model 

t17= 292.1355, t16 time the average time between fail-
ures MTBF = 31.1355. Cumulative failure time Calcu-
lated by the IGP model t17= 297.0135, t16 time the av-
erage time between failures MTBF = 31.0436. The cu-
mulative failure time of the observed results t17=300, t16 
time the average failure time MTBF = 39. 

( ) ( )( )( )ln
sin / cot tan

x
x

NTDST f x x x x e x x= = + − − ⋅  

( ) 21.2 logNTDS IGPT f x x x− = =  

Cumulative failure time Calculated by the GP 
model 27 315.22t = , t26 time the average time between 
failures MTBF = 65.22. The cumulative failure time of 
the observed results t27=337, t26 time the average failure 
time MTBF = 47. 

To summarize, the results from the experiment show 
that software reliability models are established by IGP 
having relatively good predictive power for one step. 
u Failure curve 
The initial failure rate is 0.59948, 0.6447 respectively 

calculated by the model (TGP), (TIGP). The current fail-
ure rate (t = 261) of the Software is 0.048614, 0.0038378 
respectively. The software failure curve is shown below. 
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Figure 5. Failure curve of (TGP) model 
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Figure 6. Failure curve of (TIGP) model 
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Figure 7. Failure curve of (TNTDS) model 
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Figure 8. Failure curve of (TNTDS-IGP) model 
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Figure 9. Simulation result of GP and IGP model 
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Figure 10. Simulation result of GP and IGP model 

 
The initial failure rate is 0.5、0.24869 respectively 

calculated by the model (TNTDS), (TNTDS-IGP). The 
current failure rate (t = 405) of the Software is 
0.0026775、0.0022268 respectively. The software failure 
curve is shown above. 
u Model simulation 
Simulation studies are presented to validate the models. 

The results show that the models set up by IGP are better 
than the models set up by the canonical algorithms. 

According to the theoretical and experimental analysis, 
our IGP algorithm not only provides the same excellent 
performance as the canonical GP, but also can save con-
siderable convergence time against canonical GP. 

6. Conclusions 
GP is a powerful paradigm that can be used to solve dif-
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ferent problems in several domains. However, the evolu-
tionary time is quite long. The goal of this paper is to 
investigate ways to improve the power of GP algorithm. 

We describe fitness-based method to generate initial 
population, elitist and roulette wheel selection mecha-
nism and pre-selection mechanism used in crossover op-
erator, and set a limit to depth of the program tree in 
crossover operator and changing mutation intensity in 
mutation operator. The approach was examined in two 
symbolic regression experiments and two software reli-
ability modeling all achieved much better results for sev-
eral problems in different domains than the canonical 
one. 

The improved genetic programming has accelerated 
the speed of the GP convergence and avoided the traps of 
local optima to a great extent. We will investigate 
whether the performance on the smooth fit can be im-
proved more by using some math tools. 
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ABSTRACT 

Nowadays, manufacturers are faced with severe challenges to response rapidly to changing demands and meet various 
customers’ needs with respect to production volume and product profile. Reconfigurable manufacturing paradigm was 
proposed as an advanced manufacturing philosophy to enhance the adaptability and flexibility of manufacturing sys-
tems. By physical and logical reconfiguration, Reconfigurable Manufacturing System (RMS) is able to fulfil customers’ 
needs in a cost-effective way by making full use of the resources currently available. This paper focuses on studying of 
reconfiguration cost of such systems. In this paper, DEDS modelling method Petri Net is used to construct the model for 
reconfiguration process of RMS which includes physical reconfiguration cost factors and conjunction matrix is used to 
describe the production processes. By highlighting the differences in the process set before and after reconfiguration, 
the reconfiguration principles have been proposed to describe and guide the process of the manufacturing system re-
configuration. The simulation example is given to prove the validation of the proposed model. 
 
Keywords: Reconfigurable Manufacturing System, Petri Net, Reconfiguration Cost, Process Set, Conjunction Matrix 
 
1. Introduction 

In a globally competitive market for products, manufac-
turers are faced with an increasing need to improve their 
flexibility, reliability, and responsiveness to meet the 
demands of their customers. Reconfigurable Manufac-
turing Systems (RMS) have become an important manu-
facturing paradigm, because they can reconfigure their 
capacities to response the changing environment and 
requirements by providing changed capacities and func-
tions at low cost and rapid time [1]. 

The concept of RMS which was introduced by Y. ko-
ren et al. at the Engineering Research Centre of the Uni-
versity of Michigan (UM) in the mid 1990s, was listed 
the first one of the top 10 key technologies for future 
manufacturing industry by NRC (United States National 
Research Council) [2]. RMS may have two levels of re-
configuration: physical reconfiguration and logical re-
configuration, including production organization, prod-
ucts, processes, manufacturing system or production line, 
machines and the relevant information system recon-
figuration [3]. The outstanding advantage is its recon-
figuration at low cost and rapid time [4]. Therefore, the 
related research work is rich in literature. Our study is 
focused on the reconfiguration cost analysis for manu-

facturing system. 
There are several studies related to reconfiguration 

cost modelling of RMS. Some representative cases are 
cited as follows: 

On the base of the evaluation index system, some syn-
thetical evaluation methods, such as Analytical Hierarchy 
Process (AHP) and grey fuzzy, are proposed to evaluate 
the total performance of RMS [5–8]. Some researchers 
introduce the Petri Net to describe the reconfiguration 
process of RMS, and afterwards, applied it into the per-
formance assessment of the RMS [10–13]. Considering 
physical reconfiguration cost and the relevant logical rec- 
onfiguration penalty cost, the cost function of the model 
is built up, and a Dynamic Programming (DP) approach 
is manipulated for the development of optimal capacity 
plans [14]. Considering the effects of economical factor, 
salvage factor and time-value factor during the life-cycle, 
Liang gives an approximate reconfiguration cost model 
and the trend analysis of the influential factors [15]. The 
researches mentioned above provide primary modelling 
and analysis framework. But, most of them only focus on 
the economical evaluation factors or indexes of RMS, 
however, the cost factors calculation are either given 
qualitatively or estimated quantitatively with little rela-
tion to the system reconfiguration solutions. 
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This paper only focuses on how to calculate the 
physical reconfiguration cost which is produced by rear-
ranging the facilities with the changed shop floor task. 
We assume that the physical reconfiguration cost only 
include the cost factors which are produced by adding, 
eliminating and re-arranging facilities without consider-
ing relevant management changing cost. In this paper, 
Petri Net is used to construct the model for reconfigura-
tion process of RMS which includes physical reconfigu-
ration cost factors and conjunction matrix is used to de-
scribe the production processes. By dividing and differ-
entiating the process set before and after reconfiguration, 
the reconfiguration principles have been described in the 
model which can be used to guide the process of the 
manufacturing system reconfiguration as well. The 
physical reconfiguration cost of RMS can be calculated 
through summing up the cost of adding new equipments, 
removing the original ones and re-arranging them by 
referring to graph theory and linear algebra knowledge 
related. Finally, a simulation case study is presented to 
validate the feasibility and rationality of the model, in 
which Matlab simulation is used to obtain reconfigura-
tion cost. 

2. Modelling to RMS Reconfiguration  
Process Via Petri Net 

2.1 Description of the Problem 

Cost-effective is one of the most important characters of 
RMS, whereby, the reconfiguration cost has become a 
significant factor to evaluate the performance of RMS. 
However, there is not a unified definition of the recon-
figuration cost up to now. Some researchers only con-
sider the cost of one time for system reconfiguration. So 
the configuration cost is composed of physical recon-
figuration cost and logical reconfiguration cost [14]. The 
others, such as Liang, pointed that reconfiguration cost 
includes initial investment, adjustment cost and salvage 
during the whole life-cycle [15]. As we know, the logical 
reconfiguration cost can not be defined quantitatively. So, 
in this paper, we only consider manufacturing system 
physical reconfiguration cost, which refers to the cost 
which results from rearranging the facilities in shop 
floors. We assume that the physical reconfiguration cost 
only include the cost factors which are produced by add-
ing, eliminating and re-arranging facilities in shop floors. 

RMS is a typical Distributed Events Dynamic System 
(DEDS). As DEDS process modelling tool, Petri Net can 
describe parallel, sequential, synchronized and con-
flictive process structures precisely, which is popularly 
used to model manufacturing systems. In this section, we 
take advantages of Petri Net to build up the reconfigura-
tion cost model in order to provide support for system 
reconfiguration solution evaluation.  

Combination with the Petri Net model in which cost is 
introduced, the reconfiguration cost will be calculated by 
comparing changes occur on modelling elements in the 
reconfiguration process. The paper has an instruction 
function to optimize RMS reconfiguration solution, be-
sides it can provide reconfiguration cost data to support 
appraisement of RMS as well. 

2.2 Definition of the Petri Net Model 

Firstly, we define a Petri Net, which consists of 6 ele-
ments. It can be expressed as PN = (P,T,O,I,CA,CR), 
where: 

1) P = {p1,...,pn} is a finite place set, corresponding to 
the equipment set of manufacturing system. T={t1,...,tn}is 
a finite transition set, corresponding to the process set of 
manufacturing system. Conditions  and P T  P T   
should be satisfied. 

2) O is the output function, corresponding to output 
place set of every transition. I is the input function, ele-
ment of which is a set either, corresponding to input 
place set of every transition. 

3) CA represents average cost to install new equipment, 
while CR indicates disassemble it. 

2.3 Assumed Conditions 

The model using Petri Net to describe reconfiguration 
process of RMS is based on hypothesis as follows: 

1) Each stage of the production process corresponds to 
only one equipment or machine. It shows that the stage 
of the process is executed by the designated equipment.  

2) There is only one immediate successor activity for 
each stage of the production process.  

3) A virtual output port of the production process act 
as the immediate successor activity of the last working 
procedure should be added to the model.  

4) The production process carries out strictly in accor-
dance with the work procedure order. 

5) Only equipment installation, disassembly and rear-
range to the original equipment will be involved in the 
reconfiguration process. The equipment rearrangement 
can be viewed as remove original equipment then install 
it according to new logic relationship. 

2.4 The Principle to Generate Basic Petri Net 
from Production Process 

According to the characterization of RMS and Petri Net 
modelling method, we formulate the principles which 
can be used to generate a basic Petri Net from production 
process of manufacturing system. They can be concluded 
as follows: 

1) Use conjunction matrix to denote production proc-
ess. 

Assume that the production process of manufacturing 
system is denoted by directed graph G (M,R), among 
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which M is the vertex set and R is the edge set. M = 
{m1,…,mn} represents the production stage in the process 
where n is a sum of procedure. R represents the conjunc-
tion relationship of all the working procedure in M. Then 
n-order phalanx ,( ) ( )i jA G a  is called the conjunction 

matrix of G. Matrix can be used to describe above di-
rected graph, a matrix must correspond to a directed 
graph where node number has been marked up. Where 

,

1 int
0

i j
i j

m po to m
a

others
 


. 

2) Establish a mapping relationship f from vertex set M 
of G to transition set T of PN, as . 1 2( ) { , ,..., }nT f M t t t 

3) Establish a mapping relationship O from transition 
set T of PN to place set P, as for ,we have 

 and . 

t T 
( )ip O t i  1( ) , , nP O T p p  

4) Sort the output function  in accor-

dance with the process order in set M to form a row vec-
tor . Each element of the set O, 

is a set either, means the output place set of transi-

tion , which refers to equipment. 

( ),O t t T

 1 2( ), ( ),..., ( )nO O t O t O t

( )iO t

it

5) According to the formula I O A 
,..., ( )nI t

, an n-dimen-

sional row vector  can be derived. 

Each element of the set I, 

 1 2( ), ( )I I t I t

( )i


I t

it

,

 is a set either, means the 

input place set of transition . As for , we 

can define 

( )iI t  
( )iI t p p P  v, then deposit it into place 

set as an input port of the system. 
6) List the cost of adding new equipment and remove 

an original one of all the equipment in accordance with 
the process order in set M as  and 

1 2 . These two vectors represent the 

cost of installing and disassembling equipment respec-
tively corresponding to the production process. 

1 2( , ,..., nCA CA CA CA )

)

)

( , ,..., )nCR CR CR CR

2.5 Reconfiguration Rules of the Basic Petri Net 
Model 

RMS is able to manufacture the part families at the same 
time, which is configured to produce each family at dif-
ferent volume to satisfy customer demands. 

The manufacturing system Sa produces part family “a” 
before reconfiguration, while Sb produce part family “b” 
after reconfiguration. The work flow chart of Sa can be 
expressed as , the conjunction matrix is Aa 

and the Petri Net model is . 

Correspondingly, the work flow chart of Sb is , 

the conjunction matrix is Ab and the Petri Net model of Sb 
is . Suppose that the map-

ping relationship from production process set M to tran-

sition set T is f, which can be expressed as 

( ,a a aG M R

, , , ,b b b bO I CA

( , , , , , )a a a a a a aPN P T O I CA CR

( ,b b bG M R

)bCR( ,b bPN P T

( )T f M , 

another mapping relationship O is from transition set to 
output place set O(T). 

Based on the symbol definitions above, we may for-
mulate the reconfiguration rules from system Sa to Sb as 
follows: 

1) Divide the process set before and after reconfigura-
tion. 

Assumed that the set 0
a bM M M   (the set size is u) 

represents process set which haven’t been adjusted. The 
set 0

bM M M  

0
a

 (the set size is v) represents process set 

added in the reconfiguration process. The set 
M M M 

0 0( )T f M



a

 (the set size is w) represents process set 

removed in the reconfiguration process. Then 
 represents transition set in correspond with 

process set which haven’t been adjusted and  

represents the output place in correspond to . 

0 0( )a aP O T
0

aT

0 0
b aT

2) PNb inherits the transition set and input, output pla- 
ce set of PNa, then delete the input place of the system. 

Suppose  is the transition set of M0 accordingly, as 

for  we may haveT f , assume 

that  is the output place of accordingly, then we 

have 

0
bT

0M

0
b bP O

m 
0

bP

0 ( )M
0

bT
0( )T P0

a  . 

With regard to 0
bt T  , we have . ( )O t  ( )b aO t

At the same time, regarding , because of the 

one-to-one mapping relationship between process m and 
transition t, we can determine a unique process 

 by t. 

0
bt T 

1( )m f t
Define a column vector V of which the row is the set 

of M0 and the column is m determined by t in the con-
junction matrix A(G), expressed as follows. 

 , 0
( )

( ),b
a

V is a vecto
I t

I t


others
r

. 

3) Add the transition set and input place of M+ into 
PNa 

Suppose bT   is the transition set of M+, that is 

b (T f )M  , based on the definition of M+ and the 

one-to-one mapping relationship f between process and 
transition set, we have b aT T   

0
b b bT T T  

, so we can come to 

the conclusion that . 

Suppose bP is the output place of T+, that is 

b b(P O T )  , on the basis of the definition of bT   and 

the one-to-one mapping relationship O between transi-
tion set and output place set, we have , so 

we can come to the conclusion that 
b aP P  

0



( ) (b bP O T )bO T   . 

Copyright © 2009 SciRes                                                                                 JSEA 



Reconfiguration Cost Analysis Based on PetriNet for Manufacturing System 364 

4) Adjust the input place in accordance with the transi-
tion set of PNb. Then regenerate a new input port of the 
system. 

Select specific row and column from Aa to construct a 
vector Ca and Cb as 

0

0 00

0

( )
( )

a
a

a

M

A M MM
C

M A M M 

 
   

 

0

0 0 00

0

( ) (
( ) (

b b
b

b b

M M

A M M A M MM
C

M A M M A M M





   

  
   

)
)

2





 

Define 

1a a a aA E C E                     (1) 

b b bA E C                         (2) 

Assumed that the row of ( b a )A A   correspond to 

process mi while the column of it correspond to process 
mj. We can see from the rules of matrix operation that 

there are only 3 elements {-1, 0, 1} in matrix ( b a )A A  , 

in which 1 stands for cancelling the conjunction from mi 
to mj, that is disassemble the equipment corresponding 
with process mi, 0 means there are no change between mi 
and mj, 1 represents add a new connection from mi to mj, 

that is install new equipment corresponding with process 
mi. 
Where  

1

0
0 0
0

u u w

a v u v w

w u w

E
E

E



 



 
 
 
  

, , . 2 0a u uE E   v  

( )0
u v

b
w u v

E
E 

 


  
 

Eu is a u-dimensional unit matrix, Ev is a v-dimensional 
unit matrix, Ew is a w-dimensional unit matrix, 0 is a zero 
matrix, the subscript of which is the dimension of it. 

Assumed that the row vector O and I1 are,  

 0( ), ( ), ( )a b aO O T O T O T         (3) 

0

1 ( ), ,...,b

M w

I I t

 

  




               (4) 

Where ( )bI t

( )b

is a u-dimensional row vector obtained by 

sorting I t
0

bT

 according to the process order in M0 

for t . Each element in the set  ( )bI t  is a set and 

there are w empty sets in it. 
From the Formula (1), (2), (3) and (4) 
We may know that 2 1 ( b a )I I O A A     . Assign the 

value of I2 to Ib(t) which is the place set corresponding 
with transition set in Tb by turns. As for , if bt T 

( )bI t   , we define ( ) { }bI t p  ( , the input 

port of the system), then keep it in the place set. 
ap P

3. Calculation of the Reconfiguration Cost 

The RMS reconfiguration process can be realized by 
equipment rearrangement and reuse or update system and 
subsystem configuration in the original scope of design. 
According to the definition of Petri Net and hypothesis to 
the model, each equipment has its installation cost CA 
and disassemble cost CR (cost of the system output port 
is 0). From the definition of the elements of above matrix 
( b a )A A  , we may see which processes would be rear-

ranged, added and deleted, similarly, we can see which 
equipment would be installed and disassembled. 

Suppose  is the total cost of equipment installa-

tion in the reconfiguration process, initialize
ATC

0ATC  . 

Make  be the installation cost of ith equipment. 

Search the processes in accordance with ith equipment in 
the matrix 

iCA

( b )aA A  , if met with 1, let , 

we may get the total cost of equipment installation by 
traversing all the elements of 

iCAAT AT

( )

C C

b aA A  . 

Similarly, suppose RTC  is the total cost of equipment 

disassemble in the reconfiguration process, initial-
ize 0RTC  . Make  be the disassemble cost of ith 

equipment. Search the processes in accordance with ith 
equipment in the matrix 

iCR

( b a )A A  , if met with -1, let 

iCRCC  总总 RR

( )b a

, we may get the total cost of equip-

ment disassemble by traversing all the elements of 
A A   

Thus, the total cost in the reconfiguration process 
based on the hypothesis above is:  T ATC C RC T

We can calculate CT by following steps: 
1) Define a (u+ v+ w)-by-(u+ v) matrix I, elements of 

which are the square of elements in the matrix ( )b aA A   

2) Suppose 
2

i iCR
i

CA
p  , and 

2
i iCA CR

iq  , 

sort pi and qi by the below order to form vector G and H 
respectively. 

1
0

1

1

...

...

...

u

u

u v

u v

u v w

p
M

p

p
G

p

p
M

p






 

M



 

    
     
     

     

1
0

1

1

...

...

...

u

u

u v

u v

u v w

q
M

q

q
H M

q

q

q





 

M





 











 
 
 
 
 
 
 
 
 
 
 
  

  

3) Suppose ones(x, y) is a 2-dimensional matrix, row 
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i

and column number of which is x and y respectively. The 
elements of ones(x, y) are 1. Define the matrix operator 
“.*” as multiply the elements in the same position of 2 
matrix with the same rank. 

4) Finally, we can obtain the total cost as: 

,
1 1

u v w u w

T RA
i j

C C C J
  

 

    总 总 j  

(5) 
Where,  

( ) / 2* (1, ).*( ( , ).* )
( ) / 2* (1, ).*( )b a

J G H ones u v ones u v w u v I
G H ones u v A A
     

      

,i jJ is the ith row and jth column element of matrix J . 

4. An Example Application 

A high-tech company which produces aluminium clad/ 
unclad strip and sheet for heat exchanger in automotive 
industry is investigated here. The corporation, a typical 
make-to-order enterprise, would adjust its process set and 
process order according to different customer require-
ments. The main equipment of the company could be 
summarized below: melting furnace, caster machine, 
homogenizing furnace, saw machine, scalper machine, 
polish machine, cladding line, preheating furnace, 
hot-mill, and cold-mill, annealing furnace, stretch level 
machine, high-gauge slitter and cut-to-length machine. 
Aided-equipment provides cycle water, electricity and 

gas for the entire process, which we won’t take into ac-
count in this case. 

Suppose the current production specification is S-type 
heat-sink, the work flow chart is shown as Figure 1. 

There are 13 procedures and 9 stages in that produc-
tion process, and the process is reflected by the equip-
ment name in the work flow chart. It should be noted that 
a virtual work procedure “system output” was involved 
in the production process as the last stage according to 
the hypothesis. The stage 9 has no corresponding equip-
ment and the installation and disassemble cost are 0 as 
well. 

When the requirements of order change to T-type 
heat-sink, the production process must be geared on the 
basis of the original process, such as add/remove some 
processes and alter the process order that wouldn’t been 
adjusted. It is just like the reconfiguration process of 
RMS. There are 2 alternate solutions that can fully sat-
isfy the needs to the T-type heat-sink of the new order. 
Yet the cost of the 2 solutions are so different from each 
other, we should consider how to get cost data using the 
model above precisely and then compare the 2 solutions 
to select a economical one. 

Solution 1 adds some new processes to the original 
process like annealing furnace, cold mill2 and cut-to- 
length machine. Polish machine, cladding line and high- 
gauge slitter are removed. There is some adjustment to the 
position of the homogenizing furnace either. The work 
flow chart of solution 1 can be described in Figure 2. 

 

 

Figure 1. Work flow chart of the original system configuration 

 

 

Figure 2. Work flow chart of the Solution 1 
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Figure 3. Work flow chart of the Solution 2 

 
Table 1. Codes of each process 

m1 Melting furnace m2 Caster machine m3 Homogenizing furnace 

m4 Saw machine m5 Scalper machine m6 Polish machine 

m7 Cladding line m8 Pre-heating furnace m9 Hot-mill 

m10 Cold-mill1 m11 Stretch Level m12 High-gauge slitter 

m13 System Output m14 Annealing furnace m15 Cold-mill 2 

m16 Cut-to-length     

 

 

Figure 4. Conjunction matrix of the original manufacturing 
system 

 
Process set 

Ma 
m1 m2 m3 m4 m5 m6 m7

T=f(Ma) t1 t2 t3 t4 t5 t6 t7

O(Ta) p1 p2 p3 p4 p5 p6 p7

I(Ta) {pi1} {p1} {pi2} {p2, p3} {p4} {pi3} {p6}

 

Process set 
Ma 

m8 m9 m10 m11 m12 m13  

T=f(Ma) t8 t9 t10 t11 t12 t13  

O(Ta) p8 p9 p10 p11 p12 p13  

I(Ta) {p5, p7} {p8} {p9} {pi4} {p10,p11} {p10}  

Figure 5. Conjunction matrix of the solution 1 

 
What solution 2 adds to the original process is just the 

same as solution 1. Processes like scalper machine, cold 
mill 1 and high-gauge slitter are removed in the solution 

2. There is some adjustment to the position of the polish 
machine as well. We can see the work flow chart in Fig-
ure 3. 

We can model the reconfiguration process from the 
original manufacturing system to the solution 1 using the 
method introduced in Section 2. Assumed that the origi-
nal manufacturing system is a, and solution 1 is b. The 
codes of each process are summarized in Table 1. 

1) From the work flow chart, we get the conjunction 
matrix Ga and Gb , Where Ga  is that of the original 
manufacturing system (See Figure 4), and Gb is the con-
junction matrix of the reconfigured manufacturing sys-
tem according the solution 1 (See Figure 5). 

2) The Petri Net model data of the manufacturing sys-
tem before reconfiguration can be seen in Table 2. 

 
Table 2. Data of the Petri Net before reconfiguration 

Process set 
Ma 

m1 m2 m3 m4 m5 m6 m7 

T=f(Ma) t1 t2 t3 t4 t5 t6 t7 

O(Ta) p1 p2 p3 p4 p5 p6 p7 

I(Ta) {pi1} {p1} {pi2} {p2,p3} {p4} {pi3} {p6}

Process set 
Ma 

m8 m9 m10 m11 m12 m13  

T=f(Ma) t8 t9 t10 t11 t12 t13  

O(Ta) p8 p9 p10 p11 p12 p13  

I(Ta) {p5,p7} {p8} {p9} {pi4} {p10,p11} {p10}  
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1t1ip 1p
2t 2p

2ip
3t 3p

4t 4p 5t 5p

4ip 11t 11p
7t 7p

8t 8p
9t 9p

10t 10p 12t 12p
13t 13p

3ip
6t 6p

 

Figure 6. The Petri Net model before reconfiguration 

 
Table 3. Data of the Petri Net after reconfiguration as per solution 1 

Process set 
Ma 

m1 m2 m3 m4 m5 m8 m9

T=f(Ma) t1 t2 t3 t4 t5 t8 t9 

O(Ta) p1 p2 p3 p4 p5 p8 p9

I(Ta) {pi1} {p1} {pi2} {p2} {p3,p4} {p5} {p8}
 

Process set 
Ma 

m10 m11 m13 m14 m15 m16  

T=f(Ma) t10 t11 t13 t14 t15 t16  

O(Ta) p10 p11 p13 p14 p15 p16  

I(Ta) {p9} {pi3} {p16} {pi4} {p10,p14} {p11,p15}  

 

1t1ip 1p
2t 2p

2ip
3t 3p

4t 4p 5t 5p

3ip 11t 11p

8t 8p
9t 9p

10t 10p
15t 15p

13t 13p

4ip
14t 14p

16t 16p

 

Figure 7. The Petri Net model after reconfiguration as per solution 1 

 

 

Figure 8. Matrix ( b a )A A   obtained by simulation 

 
The basic Petri Net graph is shown as Figure 6 (See 

Figure 6). 
In the Figure 6, pi1, pi2, pi3, pi4 are the input places of 

the system, there are no limit to the capacity of them. 

That indicates there could not be any downtime to the 
production line caused by insufficient raw materials sup-
plement. P13 is the output place of the system. Under 
some specific rules the transitions in the figure above can 
be broken down into several sub-Petri-Nets, which can 
be integrated to other Petri Net model of manufacturing 
system. 

3) Compare the two process set before and after recon-
figuration, we may know that  

0
1 2 3 4 5 8 9 10 11 13{ , , , , , , , , , }M m m m m m m m m m m , 

14 15 16{ , , }M m m m  , 6 7 13{ , , }M m m m  . 

According to the reconfiguration rules, the Petri Net 
model data of the manufacturing system after reconfigu-
ration as per solution 1 can be seen in Table 3 as follows: 

The basic Petri Net graph is shown as Figure 7 (See 
Figure 7). 

4) The matrix ( b a )A A   is available from Matlab 

simulation (See Figure 8). 
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Table 4. Installation and disassemble cost in accordance 
with production process 

 Process set M Installation cost Disassemble cost

m1 61.0944 28.5939 

m2 7.1168 39.4128 

m3 31.428 50.3014 

m4 60.8384 72.198 

m5 17.502 30.6209 

m8 62.1027 11.2164 

m9 24.596 44.329 

m10 58.7358 46.6763 

m11 50.6053 1.4669 

M0 

m13 0 0 

m14 54.1419 72.4062 

m15 94.2327 28.1634 M+ 

m16 34.1759 26.1819 

m6 40.1804 70.8471 

m7 30.7688 78.3859 M- 

m12 41.1568 98.6158 

 
5) By generating random numbers for simulation, we 

can get equipment installation and disassemble cost in 
above case which is shown in Table 4 (Equipment codes 
are represented by process codes). 

Matrix J defined in Section 2.5 was calculated in the 
simulation procedure as shown in Figure 9. 

In the end, by Equation (5), we may know that the re-
configuration cost in the reconfiguration process from the 
original manufacturing system to solution 1 is 550.6627; 
and in the same way, we can get the reconfiguration cost 

of solution 2 is 558.8544. Comparing the two results, we 
know that solution 1 is better. 

5. Conclusions 

Cost-effective is one of the most important characters of 
RMS. In this paper, a model included with reconfigura-
tion cost is constructed to RMS by utilizing DEDS mod-
elling method Petri Net in this paper. By emphasizing 
differences in the process set before and after reconfigu-
ration, a desirable reconfiguration rule has been proposed 
to describe the process of the manufacturing system re-
configuration. According to the method proposed in our 
study, we take use of Petri Net to simulate and calculate 
the physical reconfiguration cost more detail and exactly 
according to concrete reconfiguration solution, rather 
than just giving the estimated value or qualitative value. 
And this point is one of the most important differences 
from the other researches. 

In our current study, we omit an important factor i.e. 
the reconfiguration time. As we know, the reconfigura-
tion time should not be calculated simply by summing 
the cost of install and disassemble equipment in the re-
configuration process like reconfiguration cost. And in 
some cases, synchronized structure in the reconfiguration 
process must be taken into account. 

For the future research, it is suggested that the ad-
vanced Petri Net should be taken into account to col-
oured tokens in the model. Then probability value is 
needed to be the standard for a work procedure to choose 
the next procedure in accordance with the production 
process. As for reconfiguration time of the consecutive 
structure, we may compute it just like the reconfiguration 
cost, nevertheless, the total time delay as a result of cho- 
ices and synchronization structure in the reconfiguration 

 

 

Figure 9. Matrix J obtained by Matlab simulation 
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process need further study to elaborate how to involve 
reconfiguration time into the model and calculate it. 
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ABSTRACT 

In order to solve the premature convergence problem of the basic Ant Colony Optimization algorithm, a promising 
modification with changing index was proposed. The main idea of the modification is to measure the uncertainty of the 
path selection and evolution by using the average information entropy self-adaptively. Simulation study and perform-
ance comparison on Traveling Salesman Problem show that the improved algorithm can converge at the global opti-
mum with a high probability. The work provides a new approach for solving the combinatorial optimization problems, 
especially the NP-hard combinatorial optimization problems. 
 
Keywords: ACO, Modification, Average Entropy, TSP 
 
1. Introduction 

Ant System (AS) algorithm proposed by Italy scholars 
Dorigo, Mahiezzo and Colorni in 1991 [1,2] is a new 
novel population-based meta-heuristic for solving the 
NP-hard combinatorial optimization problems. It belongs 
to the Ant Colony Optimization (ACO) which is a group 
of different ant-based approaches with different transi-
tion and pheromone updating rules. They combine dis-
tributed computation, autocatalysis (positive feedback) 
and constructive greedy heuristic in finding optimal solu-
tions, and they are promising methods for solving the 
combinatorial optimization problems. 

ACO has been successfully applied to the most com-
binatorial optimization problems, e.g. TSP (Traveling 
Salesman Problem) [3], JSP (Job-shop Scheduling Prob-
lem) [4], QAP (Quadratic Assignment Problem) [5,6] 
and so on [7–10]. Yet, because the ACO is still very 
young, it has many shortcomings, especially its prema-
ture convergence. 

To break through this limitation, an improved ant col-
ony algorithm based on the average information entropy 
is proposed here. The information entropy is used to 
judge the stability of the subspace of solutions repre-
sented at the given stage of algorithm’s evolution and 
then it is applied to control the parameter of the algo-
rithm. In some degrees, this work can solve the prema-
ture convergence of the basic ACO. 

The rest of the paper is organized as follows. In Sec-
tion 2, the theory and models of the basic ACO algorithm 
were introduced. In Section 3, attention was paid to the 
modification of the algorithm based on average entropy 

after brief introduction of the entropy. In the following 
part, simulation study and performance comparison with 
other ACO algorithms on the TSP were done and the 
direction of future research was pointed out. 

2. General Knowledge of Basic ACO 

As the other stimulated evolutionary algorithms, ACO is 
a family of meta-heuristics stochastic explorative algo-
rithms inspired by real ants. It finds the best solution of 
optimization problem using the evolutionary procedure. 
As shown in [11], ACO is based on the following ideas. 
1) From a starting point to an ending point, each path is 
associated with a candidate solution to a given problem. 
2) The amount of pheromone deposited on each edge of 
the path followed by one ant is proportional to the quality 
of the corresponding candidate solution. 3) The edge 
with a larger amount of pheromone is chosen with higher 
probability. As a result, the ants eventually converge to a 
short path, hopefully the optimum or a near-optimum 
solution to the target problem. 

The general framework of the ACO systems is: 

Initialization 
Repeat /*each iteration at this level is called acycle*/ 
Each ant is positioned on an arbitrary starting node 
Repeat/*each iteration at this level is called a step*/ 

Each ant moves to next node according to the state tran-
sition rule 

Until all ants have completed their tours 
Apply the global pheromone updating rule 

Until end condition 

As the basic ACO, Ant system (AS) uses the following 
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analogies: artificial ants searching the solution space 
correspond to real ants searching their environment for 
food, the objective values are equivalent to the food 
sources quality and an adaptive memory represents the 
pheromone trails. The artificial ants are additionally 
equipped with a local heuristic function to guide their 
search through the set of feasible solutions. It was first 
applied to the several TSP problems of moderately 
smaller sizes (smaller than 75 cities).  

The AS in Pseudo Code is: 

Initialize 
For t = 1 to number of iterations do 

For k = 1 to m do 
Repeat until ant k has completed a tour 

Select the city j to be visited next with probability given 

by equation of 
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Calculate the length of tour generated by ant k 
Update the trail levels on all edges according to equation 

   ij ij jt n t       

End 

Where ij  is the intensity of trail between cities i and j , 

  and   are two adjustable parameters that control 

the relative weight of trail intensity and desirability, ij  

is the visibility of city j from city i and 
1

ij
ijd

  ,  is 

set of cities that have not been visited yet, and  

kw

 0,1    is the evaporation factor, j  is the change 

of trail level on edge (i, j) caused by ant k. According to 
the different forms of j , M. Dorigo proposed three 

variants of its implementation: ant-cycle system, ant- 
quantity system and ant-density system. 

The framework of the basic ACO can be shown in 
Figure 1. 

In [12], the model of basic ACO was introduced. 
Herein they will not be repeated. 

The ACO has been successfully applied to the most 
combinatorial optimization problems. Yet it has many 
shortcomings, especially its premature convergence. 

With the attention and efforts of researchers in corre-
sponding fields, AS algorithm is improved and expanded 
based on the initial model, such as the Ant System with 
elitist strategy (AS elite), Rank-Based Ant Systems (AS 
rank), Ant Colony System (ACS), MAX-MIN Ant Sys-
tem (MMAS) [13], Best-Worst Ant System, Graph-based 
Ant System, the candidate set strategies ACO, Ant-Q 
system [14], HC-ACO and so on. All of these were 
summarized in [12]. However, we still have a long way 

to process. 

3. Modification of the Basic ACO 

3.1 Analysis of the Algorithm 

There are four main parts in basic ACO: selection strat-
egy, local pheromone updating, local searching algorithm, 
and global pheromone updating. Herein, the positive 
feedback theory in the selection strategy is to reinforce 
the better solution, but it causes the stagnation behavior. 
This is the key to its shortage. In ACO,   and   are 

two important adjustable parameters that control the rela-
tive weight of trail intensity and desirability. If   is big, 
the ant will seek for other routes. If   is big, the ant 

will follow the shortest route found now, which will 
cause the premature. Usually,   and   are constant, 

which influence the performance of the algorithm. Here, 
an algorithm with changing index will be proposed. 

The average information entropy was introduced to 
measure the uncertainty of the selection. As a physical 
concept, entropy was first proposed by Clausius to de-
scribe the confusion or “disorder” of the system [15]. 
Then it was introduced into many fields and many con-
cepts of entropy were presented, e.g. L. Boltzman En-
tropy, Information Entropy, Probability Entropy, and 
Topological Entropy and so on. In 1948, Shannon de-
fined the concept of information entropy to weigh the 
uncertainty of the information and selection. It is an im-
portant concept and has been widely used to weigh the 
uncertainty of the system.  
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Figure 1. Framwork of basic ACO 
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For the discrete stochastic variables, the information 
entropy is: 

1

ln
n

i
i

S k p p


   i                (1) 

Where is the probability of the state, and  

. And  is a constant weight, and .  

ip

1

0,ip 

0
1

n

i
i

p


 k k 

The information entropy has the following characteris-

tics: 

1) Symmetrical characteristic: the value of the infor-

mation does not rely on the order of : ip

   1 2 1 1, , , , , ,n n nS p p p S p p p        (2) 

2) Additive characteristic: the sum of the independent 
state’s information entropy is equal to the total state’s 
information entropy. 

3) Extreme property characteristic. When 
1

ip
n

 , the 

information entropy reaches its biggest value . ln n

4) Nonnegative characteristic. .  1 2, , , 0nS p p p 
The basic ACO has a vital limitation: premature con-

vergence. The key to the shortage is the positive feed-
back theory in the selection strategy. So we can control 
  and   to avoid the premature convergence. 

Define the selection probability is , using the 

formula of entropy, , and then every 

ant will have a entropy . And the average entropy 

 k
ijp t

ip
1

ln
n

i
i

S k p


  
( )i tS

S
S

m
  can be used to define the uncertainty of selec-

tion: 

   t tA S S                    (3) 

   t B S S   （ t）                (4) 

Where A  and  are constant weight, and simulation 
experiment shows that when 

B
2A  , , the algo-

rithm performs best. 
10B 

Therefore, we can control the entropy to ensure that at 
the beginning of the algorithm,  t  is small, and at the 

last,  t  increases. At the same time,  t  is biggest at 

early stage in order to make the algorithm find the opti-
mal route and later it becomes smaller to reinforce the 
function of random operation. By controlling the value of 
information entropy, we can control the route selection 
and the proportion of the stochastic local, and avoid the 
perturbation behavior. 

For the terminal principle, the general algorithms usu-
ally use the maximum iteration time. Herein we employ 
the information entropy as the termination constraint 
because, in some cases, it is very difficult to decide the 
maximum iterative time for the complicated problems. 
We define when the information entropy is smaller than a 
given value (such as 0.01), the algorithm terminates and 
the solution is obtained. 

3.2 Frame of the Improved Algorithm Proposed 
Here 

The procedure of the modification we proposed is shown 
in Figure 2. 

4. Performance Comparison 

To validate the efficiency of the modification proposed, 
we compared its performance with other ACO algorithms 
and various heuristic and meta-heuristic search tech-
niques including similar methods in other strategies. All 
algorithms were benchmarked on TSP of variable sizes 
with known optimal solutions. 
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Figure 2. The procedure of the modification 
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Table 1. The results of different algorithms 

 optimum Algorithm proposed here Ant System Ant Colony Algorithm Rank Ant System 

TSP-50 425 424.7 427.3 425.3 425.9 

TSP-198 15780 15807.2 16702.1 16540.4 15960.4 

TSP-442 50778 51002.8 54310.3 51691.2 51228.5 

TSP-657 48912 49309.8 52124.7 51197.3 49382.1 

TSP-1577 22249 22257.3 26063.7 23163.2 22340.8 

 
The choice of TSP for the performance comparison is 

explained as: 1) this is the first combinatorial problem 
that was solved by ant algorithms; 2) this is a traditional 
benchmark problem for combinatorial optimization me- 
thods. There is a big library of test traveling sales-man 
problems and methods of their solution, which makes it 
possible to compare the efficiency of the ant algorithms 
with other optimization approaches; 3) the NP-hard 
problem can conveniently be interpreted in terms of the 
ant behavior. 

Herein, terminal constraint of the algorithm proposed 
here is H (t) < 0.01, the reason for these choices were 
because previous tests indicated they were enough to 
achieve good solutions on the questions used. Table 1 
summarizes the results of the study. 

Using the method above, we finished the safety as-
sessment of a jacket installation procedure of an offshore 
oil field in South China Sea. The installation procedure 
contains the lifting installation, jacket launch and upend-
ing operations. The scores of every factor given by the 
specialists are listed in Table 1. 

As shown in Table 1, AS performed well for small 
problems(less than 75 cities), but its performance was not 
good for larger problems. Rank Ant System was the sec-
ond best. Ant Colony Algorithm performed better than 
all algorithms. The algorithm proposed here could find 
results which are at least as good as, and often better than 
those found by the other ACO algorithms, especially for 
the big problem (larger than 442). It was the best per-
former. This is mainly contributed to the good explora-
tion and intensification by using the parameters using the 
information average entropy. 

5. Conclusions 

One of the most common problems encountered by the 
ACO algorithms is the premature deficiency. The main 
contribution of this paper is a study of the avoidance of 
stagnation behavior by using the average entropy. The 
simulation study and performance comparison with other 
algorithms showed that the algorithm proposed here is a 
good and promising idea. The work gives rise to the 

ACO algorithms. 
The study of ACO is in constant development, and 

there is still a wealth of discoveries to be made. 
Simulation study demonstrates that different values of 

parameters in one algorithm provides different results, 
more experiments need to be done in this area and more 
complete evidence about the comparative results should 
be given in the future. 
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ABSTRACT 
In the automotive electronics industry, demand for low-cost, high strength-to in-service performance for electronic 
components continues to drive the development of vehicles’ door Wiring Harness (W/H) system for new applications. 
The problem of the fatigue strength estimation of materials or components containing natural defects, inclusions or in 
homogeneities is of great importance from both a scientific and industrial point of view. This article gives some insight 
into the dimensioning process, with special focusing on fatigue analysis of W/H in a vehicle’s door structures. An en-
durance life prediction of door W/H was calculated using finite element analyses. Endurance test data for slim test 
specimens were compared with the predicted fatigue life for verification. The final life expectancy of the component 
combines the effects of these microstructural features with the complex stress state arising from the combined service 
loading and residual stresses. 
 
Keywords: Endurance, Wiring Harness System, Finite Element Analysis 
 
1. Introduction 
An automotive electronic system must be able to antici-
pate the need for reliable and cost effective connection 
systems. A vehicle’s Wiring Harness (W/H) system 
keeps everything else going, powering every component, 
every switch, and every device. It’s the vehicle’s central 
nervous system. It must work every time and all the time. 
Without the connection system, no system will work; it 
will play a vital role in any industry, not only the auto-
motive. The main function of the door connection system 
is to distribute the power supply from one system to an-
other system. In automotive cars, it requires a lot of wir-
ing harness systems to distribute the power from one 
system to another. Any wiring harness should have suffi-
cient strength to withstand any abrupt situations without 
affecting the performance of the total system. Figure 1 
shows the typical wiring harness system of the front por-
tion of the car. 

In a vehicle’s door Wiring Harness (W/H) system, it is 
more preferred to arranging a passenger compartment 
than a hinge and a weatherstrip. An opening/closing 
member is attached to a vehicle by a hinge enabling easy 
opening and closing of the different moving member. 
Such members include doors, such as side-doors and rear 
doors, and other opening/closing members, such as trunk 

lids. A guide member made of an elastic material has an 
accurate portion which can extend and contract while 
twisting. The problem of the fatigue strength estimation 
of materials or components containing natural defects, 
inclusions or inhomogeneities is of great importance 
from both scientific and industrial point of view in Figure 
1. Automotive Wiring Harness (W/H) system is arranged 
between a door and a body of the vehicle after being 
mounted on the guide members, and the opposite ends of 
the guide members are fixed to both the door and the 
body, so that the movements of the guide member and 
the wiring harness can follow the opening and closing 

 
 

1. ENG JB-ENG 

2. RLY BOX-ENG 

3. Front Door Grommet 

4. Rear Door Grommet 

5.Under Steering Column 

6. Trunk Read 

7. Under Seat  
Figure 1. Automotive Wiring Harness (W/H) system 
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Figure 2. Diagram for analysis procedure 

 
movements of the door. The wiring harness system must 
not only conform to such mechanical performance re-
quirements; like strength, engage force, mating force, 
durability, but also to electrical performance require-
ments like low level termination resistance, voltage drop, 
isolation resistance, and temperature rise. Further, com-
pliance is also required in environmental performance 
requirements, like voltage and temperature range, ther-
mal cycling, temperature /humidity cycling, mechanical 
shock, vibration, salt fog immersion, and fatigue com-
patibility. 

However, when following the above-noted open-
ing/closing operation, W/H system was a problem of the 
fatigue, where a tube, grommet, copper etc after 1 or 5 
x105 cycle. This paper gives some insight into the di-
mensioning process, with special focusing on fatigue 

analysis of W/H in vehicle’s door structures [3]. An en-
durance life prediction of door W/H used finite element 
analyses and slim tester (Figure 2). 

2. Endurance Analysis of Flexible Bending 
2.1 Definition of Model 
The large deflection problem considered in this study is 
the behaviour of front door due to the physical JIG de-
sign for test results performance, reliability data for 
analysis. Figure 1 shows extracted from the body and 
door structure of the wire line as a reference guide to use 
sweep capabilities to create a solid model. The scope of 
this work into develops a slam tester method. The slam 
tester is designed by Packard Korea in collaboration with 
GM-Daewoo. An endurance life prediction of door W/H 
is used finite element analyses and slim tester [4]. In 
automotive industry a long development period is neces-
sary to secure the safety and the reliability of the vehicle 
within acceptable fatigue and durability parameters. 

2.2 FEM Modeling for W/H 
Each of the finite element models created for the differ-
ent test configurations in this work was developed with a 
computer-aided design pre-processor. The W/H front 
door finite element models had the same cable bundle 
configuration as the samples used in the experimental 
tests. Some geometrical assumptions were used to repre-
sent the W/H and to simplify the 3D model. We estimate 
that the stiffeners of the outside tape are negligible. Fig-
ure 3(a) shows the 3D model of the bundle composed of 
19 wires of 0.19 mm diameter. The deformed configura-
tion of the cables is presented in Figure 3(b). Each time 
the door is opened or closed the W/H is subjected to 
combined tension/bending loading. Hence a nonlinear 
large deflection analysis needs to be performed to find 
out the resulting plastic deformation after the towing 
loads are removed. 

 
 

 
(a) Number of cable 19 with 0.19 mm                                  (b) Wire twist with contact 

Figure 3. FE 3D Model for wire harness and cable with boundary condition 
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Table 1. Specification of W/H type by Standard AVSS series (unit:mm) 

Outside Diameter 
Section Cable bundle /diameter Wire Diameter Thickness of Cable 

Standard Max 
Resistance 

0.3 7/0.26 0.8 0.3 1.4 1.6 50.2 

0.5 7/0.32 1.0 0.3 1.6 1.7 32.7 

0.85 19/0.24 1.2 0.3 1.8 1.9 21.7 

1.25 19/0.29 1.5 0.3 2.1 2.2 14.9 

20. 37/0.26 1.8 0.4 2.6 2.7 9.5 

 
Table 2. Non linear analysis each case 

Standard Cable Bundle /Diameter Difference depth with door body Case 

AVSS 7/0.32 
50 mm 

50+50 mm 
50+50+50 mm 

Case 1 
Case 2 
Case 3 

AVSS 19/0.19 
50 mm 

50+50 mm 
50+50+50 mm 

Case 4 
Case 5 
Case 6 

 
2.3 Non-Linear Analysis for Residual Stress 
The contacts interactions were between the cables. To 
avoid the out of plane deformation of the 19 wires, they 
were enveloped by a tube represented by a shell 0.15 mm 
thickness. The tube material is supposed to be the same 
as the wires one. The wire material is copper alloy their 
properties are given by Packard Korea. A rotation is im-
posed to the bundle, and represents the opening of the 
door by 75. This rotation induced two bending/torsion 
moments of the wires considered. Table 2 shows the dif-
ferent configurations corresponding to depth with the 
door body. ABAQUS v6.6 [5,6] is used to perform the 
non linear analysis on an IBM A-Pro(dual CPU 2GHz). 

The Abaqus explicit dynamics procedure performs a 
large number of small time increments efficiently. An 
explicit central-difference time integration rule is used; 
each increment is relatively inexpensive (compared to the 
direct-integration dynamic analysis procedure available 
in Abaqus/Standard) because there is no solution for a set 
of simultaneous equations. The explicit dynamics analy-
sis procedure is based upon the implementation of an 
explicit integration rule together with the use of diagonal 
(“lumped”) element mass matrices [7–10]. 

The equations of motion for the body are integrated 
using the explicit central-difference integration rule [6]. 

( 1) ( )
( 1/ 2) ( 1/2) ( )

( 1) ( ) ( 1) ( 1/ 2)

2
i iN N N

i i i

N N N
i i i i

t t
u u u

u u t u

+
+ −

+ + +

∆ + ∆
= +

= + ∆

& & &&

&
         (1) 

where uNN is a degree of freedom and the subscript i refers 
to the increment number in an explicit dynamics step. 

The central-difference integration operator is explicit in 
the sense that the kinematic state is advanced using 
known values of N

iu )2/1( −&  and N
iu )(&&  from the previous 

increment. The explicit integration rule is quite simple 
but by itself does not provide the computational effi-
ciency associated with the explicit dynamics procedure. 
The key to the computational efficiency of the explicit 
procedure is the use of diagonal element mass matrices 
because the accelerations at the beginning of the incre-
ment are computed by 

1
( ) ( ) ( )( ) ( )N NJ J J
i i iu M P I−= + −&&           (2) 

where NJM is the mass matrix, NJP  is the applied load 

vector, and NJI  is the internal force vector. A lumped 
mass matrix was used because its inverse is simple to 
compute and because the vector multiplication of the 
mass inverse by the inertial force requires only n opera-
tions, where n is the number of degrees of freedom in the 
model. The explicit procedure requires no iterations and 
no tangent stiffness matrix. 

2.4 Material Properties 
The tube material is supposed to be the same as for the 
wires. The wire material is copper alloy their properties 
are given by Packard Korea [3,4]. The characteristics of 
the W/H are presented in Table 1. Several factors are 
very important in the test, but this study was difficult to 
implement as it did not fit the exclusion, and environ-
mental, tolerance criteria of the cable as shown in Table 
1. The material properties are used for the W/H is 
Elasto-Plastic materials. 
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(a) Stresses distribution                                       (b) Maximum deflection of cable wire 

Figure 4. Non linear analysis with stress distribution and deflection in case2 (ABAQUS) 

 

   
(a) Stresses distribution                                        (b) Maximum deflection of cable wire 
Figure 5. Non linear analysis with stress distribution and deflection in case 5 (ABAQUS) 

 
Figures 4 and 5 show the difference of depth with 

front door body. This means that a larger number of ca-
bles with wire are not less than the variation mode then it 
is a lot of more flexible and also stresses that the work 
can be seen. In addition, if the same contribute with cable 
larger depth with door body stresses that the work can be 
found in Table 4. 

2.5 Durability Analysis with Flexible Bending 
The history of cycle loading can be considered as a sine 
curve and corresponding to opening/closing of the door 
by 75. Figures 6 and 7 present the damage criteria over 
the wires. A value of 1 for these criteria indicates that a 
crack has occurred. The life cycle obtained by the ex-
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periments (300,000) is 3 times higher than the 100,000- 
cycle service life usually used. The static and cyclic 
stress-strain curves are modified by the local plastic 
strain as an effect of material hardening. Specifically, 
analytical expressions to describe material behavior have 
been adapted for the implementation into the software 
FEMFAT v4.6 where local SN-curves are used for linear 
 
 

Most Damaged Area 

Approximated endurance Life = 
300,000/0.0094 = 319X106 cycle 

Max. Damage Value → 0.009 

 
Figure 6. Damage criteria and endurance life cycle (En-
durance analysis for case 2) 

 

 

Approximated endurance Life = 
300,000/0.616 = 487,000 cycle 

Most Damaged Area 

Max. Damage Value → 0.616 

 
Figure 7. Damage criteria and endurance life cycle (En-
durance analysis for case 5) 

damage accumulation according Palmgren-Miner’s rule. 
The estimate the simulation number of cycles, We used 
FEMFAT v4.6 with a Haigh diagram –admissible ampli-
tude by given mean for high cycle fatigue with bending 
influence relative stress gradient (bending χ´=2/b). 

( )
( )

'/ 1
1

2 /
altben altTC

genDurancef
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σ σ
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= +        (3) 

Haigh diagram calculates the fatigue life of a part un-
der constant amplitude oscillatory loading assuming the 
stress range controls fatigue life. The Stress-Life method 
is the Wohler, or S-N diagram, where a suitable struc-
tural stress, S (or strain or stress intensity factor) shown 
schematically for two materials. The S-N diagram plots 
nominal stress amplitude S versus cycles to failure N. 
Rainflow cycle counting is used with Palmgren-Miner’s 
accumulated damage rule to process variable amplitude 
loading. In this model it is assumed that the damage on 
the structures per load cycle is both constant at a given 
stress range and equal. The total damage accumulated 
during N cycles of amplitude 

iaS is given by: 

1
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The accumulated damage dδ is independent of the 
sequence in which stress will occur. According to 
Miner’s rule, fatigue failure occurs if total damage 

iaS > dδ , where dδ  is the critical cumulative damage, 
which is often taken as 1. Letting

iaS = dδ , the basic 
damage expression of equation can be expressed in terms 
of time to failure. 

Figure 8 shows the influence of the depth with door 
body, and therefore it is feasible to see that endurance 
life can be durable. 

3. Slam Test 
3.1 Type of Failure Analysis 
A W/H failure was observed in December 2004 on the 
vehicle “R” of company “D” near the driver front side 
door and between the floor and the connector, inside the 
70~90mm grommet. The 4 failures observed are due to 
cyclic fatigue. This is a plane by SEM. 

The slam test is necessary to extend these investiga-
tions to the W/H while the door is opened and closed. 
The cause of W/H failure was analyzed by the slam tester. 
Each time the door is opened or closed the W/H was 
subjected to combined tension/bending loading. The 
W/H failure by the crack is estimated to occur in the 
passed-up elastic tube, and in the inner copper cable. 
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This failure can be considered in this kind of problem: 
number of bundles in a wire, cable diameter, clearance, 
elasticity of the tube, etc. The slam tester design cause 
failure analysis to be presented through the design guide 
line, but all car manufacturers have their own unique 
features and systems design expertise [11]. 

3.2 Slam Test Results and Analysis 
Bending tests for the durability of the wiring harness: A 
sample wire “W” of Company D of front door of the ve-
hicle were used, the characteristics of the wire are pre-
sented in Table 1. 

The test equipment is configured such as the door 
opened/closed 10 times/min, the resistance of the each 
wire is measured every 10,000 cycle beyond the 50,000 
cycle to 350,000 cycles in Figure 9 [13–15]. Actual vehi-
cle front door W/H mainly applies 7 cable bundles and 
19 cable bundles. In Table 3 we easily identify the dam-
age of the wire. For the 7 cable bundle cable, with a 
depth of 50 mm and wires length of 600 mm, the resis 
tance value changes of the 350,000 cycles, as shown in 
Table 3 (sample 14). This result is confirmed by the 
X-ray observations as shown in Figure 10. The results of 
SEM analysis by Standard AVSS 0.5SQ sample 14 dis-
covered optical form are shown in Figure 10. 

4. Results and Conclusions 
The numerical and experimental results obtained for 7 
wires and 19 wires bundles are presented and compared 
in Table 4, for the 50 mm depth case. The numerical re-
sult seems to be supported by the experimental tests. 

 
(a) Haigh diagram for case 2 

 

 
(b) Haigh diagram for case 5 

Figure 8. Haigh diagram in each case 

 

Lift Gate 

            

Hinged Door 

 
(a) Front door part slam test                                       (b) L/Gate part slam test 

Figure 9. Slam tester setting with door and L/Gate for cycle analysis 
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(a) Microscopic SEM analysis                                   (b) X-Ray of the 7 cable bundle 

Figure 10. Microscopic analysis by SEM (a) Microscopic SEM analysis 

 
Table 3. Difference resistance and after high cycle test 

 Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9 Test 10 

Cycle 10,000 20,000 30,000 40,000 50,000 100,000 150,000 200,000 250,000 353,054 
Sample 1 82.10 81.63 80.02 81.23 81.58 79.68 79.94 81.86 82.75 78.15 
Sample 2 77.62 78.52 77.38 78.53 79.12 76.59 77.02 78.72 78.85 77.06 
Sample 13 51.99 51.22 51.98 51.63 51.22 51.42 50.68 51.98 53.13 52.04 
Sample 14 49.23 50.06 50.42 49.85 48.52 49.22 50.02 49.41 50.61 262.78 
Sample 15 51.58 50.98 51.29 50.47 50.95 50.51 50.97 50.81 50.99 50.30 

 
Table 4. Results of maximum stresses and endurance life cycles for the different cases (unit N/mm2) 

Non linear Max. Stress 7.26 
Case 1 (Depth 50mm) 

Endurance Cycle 487,000 
Non linear Max. Stress 6.87 

Case 2 (Depth 100mm) 
Endurance Cycle 518,000 
Non linear Max. Stress 3.04 

Cable No/Diameter 
(7/0.32mm) 

Case 3 (Depth 150mm) 
Endurance Cycle 600,000 
Non linear Max. Stress 3.78 

Case 4 (Depth 50mm) 
Endurance Cycle Infinite 
Non linear Max. Stress 3.62 

Case 5 (Depth 100mm) 
Endurance Cycle Infinite 
Non linear Max. Stress 1.60 

Cable No/ Diameter 
(19/0.19mm) 

Case 6 (Depth 150mm) 
Endurance Cycle Infinite 

 
Through comparison above, the method of endurance 

analysis and results of wire harness for the endurance of 
flexible bending can secure the trust were shown in Table 
5. The endurance life cycle is improved when the number 
of cables with the same time as a big different depth is 
changed. 

The results obtained for the 6 cases of the Table 4 and 
Table 5 show that: 

- The 19-wire bundle is more flexible than the 7-wire 
bundle.  

- The maximum stress level is higher in the 7-wire 
bundle.  

- The stress level is higher for the 50 mm depth cases 
in Table 4. 

The FE analysis results indicate that the results are 
well within the design standards. By adopting FE analy-
sis using ABAQUS and FEMFAT, it not only saves time, 
money & slam testing but also guides the product engin- 
eer for further improvement and modification of the W/H 
system. The biggest challenges of such analyses are: 
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Table 5. Compare with slam test results and endurance analysis 

Evaluation No of cable /Diameter Standard FE Analysis Result Test Result 

7/0.32mm 100,000 487,000 353,054 Endurance Life Cycle 
(Depth 50mm) 19/0.19mm 100,000 Infinite life Infinite life 

 
FE modeling of the wiring hardness with analytical rigid 
surfaces and dealing with convergence issues due to 
large deformation of the elements. From this research to 
improve the endurance life of W/H required for the life 
cycle design, analysis and testing for the integration of 
these technologies and secure source technology to de-
rive prototype, the following useful results were obtained. 
The slam tester, designed and built by the vehicle’s test 
was able to reduce the time and cost. The endurance life 
cycle how to establish durable, and is designed to help 
improve productivity, and to be tested. Through com-
parison of the test results and analysis, a vehicle’s W/H 
of the results for the endurance can secure the trust wires, 
depth due to the number of design guidelines to provide 
for the endurance life efficiency. 
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ABSTRACT 

For realizing of long text information hiding and covert communication, a binary watermark sequence was obtained 
firstly from a text file and encoded by a redundant encoding method. Then, two neighboring blocks were selected at 
each time from the Hilbert scanning sequence of carrier image blocks, and transformed by 1-level discrete wavelet 
transformation (DWT). And then the double block based JNDs (just noticeable difference) were calculated with a visual 
model. According to the different codes of each two watermark bits, the average values of two corresponding detail 
sub-bands were modified by using one of JNDs to hide information into carrier image. The experimental results show 
that the hidden information is invisible to human eyes, and the algorithm is robust to some common image processing 
operations. The conclusion is that the algorithm is effective and practical. 
 
Keywords: Sub-Band Feature Encoding, Redundant Encoding, Visual Model, Discrete Wavelet Transformation,  
Information Hiding 
 
1. Introduction 

With the development of information technology, people 
have paid more and more attention to the information 
security. Information hiding in a digital image has be-
come the focus of the information security research. For 
an effective information hiding scheme, three basic re-
quirements should be satisfied: transparency, robustness 
and security. The former two are in conflict with each 
other. To dissolve this conflict availably, we can consider 
using the masking characteristic of human visual system 
(HVS) [1]. Duo to its good time-frequency localization 
function is similar to the visual masking of HVS, the 
DWT has been used widely in the field of information 
hiding [2]. A good hiding technique should also extract 
the hidden information from stego-image blindly. 

In recent years, many algorithms based on HVS and 
DWT had been proposed for information hiding [1–6]. 
And some [1–3] of them also had implemented the blind 
extraction of hidden information. But those algorithms 
are mostly armed at binary iconic watermark. So they are 
unsuitable for hiding the text information and covert 
communication. The reference [5] proposed a robust en-
cryption technique for text information. Though the 
transparency, robustness and security of that algorithm 
were all good, the embedded capacity was restricted due 
to only one bit watermark can be hidden in two blocks, 
whose sizes were settled as 8×8. 

Use for reference [5] in watermark embedding, we 
propose an adaptive information hiding method based on 
average value relation of corresponding DWT sub-bands 
of two neighboring blocks with double JND thresholds 
and adjustable block size. As mentioned previously, in 
order to adjust the input image for transparent water-
marks, we employ a visual model [2,5] to calculate the 
different double block based JND thresholds for deter-
mining the intensity of watermarking at the different lo-
cation of image. We also give a redundant encoding 
method for robustness. 

This paper is organized as follows. In Section 2, we 
give the JND threshold calculation equation for control-
ling the embedding intensity. Section 3 presents the in-
formation hiding algorithm and its extraction in detail. 
Section 4 examines the performance of proposed algo-
rithm, and shows that the proposed scheme yields more 
effective and better performance, both in terms of trans-
parency and robustness through simulation. Section 5 
gives the conclusion of this paper. 

2. JND Threshold Calculation 

2.1 Visual Model 

Under the background gray f, the human eyes relative 
sensitivity to gray change (f)=f/f, which is a non-linear 
function of f, can be approximated by the equation as 
follows [5]: 
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where e is the base of natural logarithm. In experiment, 
we can use the gray mean of K×K image block Buv lo-
cated at (u, v) as the background gray f, i.e. f=mean (Buv). 

2.2 JND Calculation 

To ensure the watermark has good transparency and ro-
bustness, we can use JND to adjust the intensity of wa-
termark-embedding [2,4,5]. The image block Buv is 
DWT-transformed into an approximate image and three 
detail sub-band images ( s HH,∈  HL, LH, represent 

the three detail sub-bands of diagonal, horizontal and 
vertical directions respectively). The JNDs of three detail 
sub-bands are represented as follows: 

s
uvD

suv
s
uv FTJ                    (2) 

where  is the normalized value of 
uvT   uvuv ff ET   at 

the range [a,b], while Euv is the normalized entropy of 
Buv. When s HH, ∈ Fs  equals 2 , otherwise it is 1 [4]. 

3. Adaptive Information Hiding Scheme 

3.1 Watermark Embedding 

Let W represents a watermark sequence, Buv1 and Buv2 are 
two neighboring image blocks and their DWT-trans- 
formed detail sub-bands are  and  (simply 

marked by D1 and D2, or by a universal symbol Dt, t {1, ∈
2}). Now we can define the admissible distortion factor 
of sub-band coefficients of DWT as follows: 

s
uv1D s

uv2D

 2} {1,      
) mean( t
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D

D
λ           (3) 

where is a positive number, which is an effect factor of 
absolute values of detail sub-band coefficients to embed-
ding intensity. When the block size is 2×2, whatever the 
value of is, the Equation (3) is constant and can be 
simplified to . 1tλ

We assume that  is the mean value of JNDs of two 
neighboring blocks. It is represented by equation as fol-
lows: 

 s
uv

s
uv 212

1
JJ                  (4) 

If the crytic normalized range of [a,b] in Equation (2) 
is set by two different un-overlapped ascend ranges [a0,b0] 
and [a1,b1], such as [1,2] and [6,7], then we can get two 
different from Equations (2) and (4). They can be rep-
resented by 0and 1, or by a universal symbol r, 
r∈{0,1}. 

We also assume that d is the corresponding DWT 
detail sub-band coefficients difference of two neighbor-

ing blocks at same direction, and is the adjustment 
intensity matrix of detail sub-bands coefficients. They 
are represented by equations as follows respectively: 

   )mean()mean(Sign 12 DDW    kd          (5) 
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where Sign(·) is a sign function, it is defined as follows: 
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Wk is the k-th element of binary watermark sequence W. 
If the DWT detail sub-band features of two neighbor-

ing blocks after embedded should satisfy the relationship 
with the consecutive two bits Wk and Wk+1 of watermark 
sequence as shown in Table 1. We can prove that the 
watermark embedding rule is as follows: 
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From the embedding rule, we know that each couple 
corresponding detail sub-bands of two neighboring 
blocks can be embedded 2 watermark bits. And the two 
neighboring blocks have three couple corresponding de-
tail sub-bands. So, if the size of carrier image is M×N, 
the information hiding capacity of this algorithm can 
reach to the value of (3MN)/(K2) bits. It is double than 
that of [5]. For example, if the size of carrier image is 
512×512 and the block size is 2×2, then the full informa-
tion hiding capacity is 196608 bits or 24576 bytes. It is 
large enough to hide information. If applied to hide short 
text information into a carrier image, this method can 
bring an enough redundancy to ensure its robustness. 

3.2 Watermark Extraction 

Being the same with watermark embedding, we should 
select two neighboring blocks B′uv1 and B′uv2 each time 
from Hilbert scanning sequence of stego-image blocks, 
and a couple of their DWT detail sub-bands 

1D̂  and 
2D̂ . 

d set th=(b0+a1)/2. Then, we can prove that the wa-
termark extraction rule is as follows: 
An

 
Table 1. The relationship between watermark codes and the 
DWT detail sub-band features of two neighboring blocks 

Wk and Wk+1 
The size relationship of corresponding 
DWT detail sub-bands 

00 012 )mean()mean(  DD  

01 112 )mean()mean(  DD  

10 012 )mean()mean(  DD  

11 112 )mean()mean(  DD  
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where  is the k-th element of watermark sequence 

, which is extracted from stego-image blindly. From 
Equation (9), we know that the anti-interference ability 
of this algorithm lies on the interval value between b0 and 
a1. The larger interval value is, and the better anti-inter-
ference ability is. 

kŴ

Ŵ

3.3 Information Hiding Algorithm 

Step 1: Read a text file and convert it into a bit stream W, 
which is called the original watermark. 

Step 2: In order to enable that the length of original 
watermark W is just equal to 3 times of total blocks 
number of carrier image, some zeros can be appended to 
the end of it. 

Step 3: For improving the robustness of watermarking, 
the redundancy of embedded watermarks should be en-
sured. So the original watermark W should be extended 
periodically as follows: 

  1,0,1,1;,0,1, ;   ex  LlCrnlLnml
m WW

(9) 
where Wex is the extended watermark,  represents its 

m-th element, Cr is the extended factor. 

m
exW

Step 4: In order to improve the security of water-
marking, Wex should be scrambled randomly. 

Step 5: In order to keep the relativity of two neighbor-
ing image blocks, we can scan the original carrier image 
by Hilbert scanning to obtain a Hilbert scanning se-
quence. 

Step 6: Select two neighboring image blocks Buv1 and 
Buv2 each time from the Hilbert scanning sequence, and 
embed the watermark according to the method as men-
tioned in Section 3 until all DWT detail sub-bands of all 
blocks have been processed. 

Step 7: After applied the inverse DWT for all water-
mark embedded blocks, we can get a stego-image I′. 

3.4 Information Recovering Algorithm 

Step 1: Scan the stego-image I′ by Hilbert scanning with 
the same order as that in information hiding. 

Step 2: Select two neighboring image blocks B′uv1 and 
B′uv2 each time from the Hilbert scanning sequence, and 
extract the watermark according to the method as men-
tioned in Section 3 until all DWT detail sub-bands of all 
blocks have been processed. 

Step 3: After that, we can get a watermark sequence 
 exŴ , which involves the Cr copies of original watermark. 

Step 4: If there was a scrambling when watermark was 
embedded, here we should do unscrambling to  exŴ . 

Step 5: The final watermark can be obtained from 
 exŴ  as follows: 

 

else    ,0

2
 if    , 1

1

0
ex









 





Cr

n

lLn

l

Crˆ
ˆ W

W           (10) 

Step 6: The binary watermark sequence  should 
be converted back into a text file. 

 Ŵ

4. Experimental Results 

The peak signal-to-noise ratio (PSNR) is employed to 
evaluate the quality of stego-image, meanwhile the bit 
error rate (BER) is employed to evaluate the quality of 
recovered secret information. 

In the experiment, the proposed algorithm was evalu-
ated on the gray image “Lena” (512×512×8). The block 
size K can be 8, 4 or 2. In order to ensure the algorithm’s 
anti-interference ability is good, [a0,b0] should be set 
smaller and [a1,b1] should be set bigger. So we set 
[a0,b0]=[1,2]. Figure 1 is the relationship between PSNR 
of stego-image and the effect factor  at different block 
sizes. Figure 2 is the relationship between BER of the 
recovered secret bits and the effect factor  Figure 3 is 
the relationship between PSNR and the JND normalized 
range [a1,b1] at full capacity embedding. 
 

 

Figure 1. Relationship between PSNR and 


 

Figure 2. Relationship between BER and  
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Figure 3. Relationship between PSNR and a1 ([a0,b0]=[1,2], 
b1=a1+1) 
 

As shown in Figure 1, the PSNRs of stego-image are 
constant when K =2, but when K >2, the bigger  is, the 
higher PSNRs are. But as known in Section 3, the bigger 
 will bring down on the embedding intensity, it leads 
that the performance of recovering algorithm will be 
worse, especially when K =8, the BERs will be higher. 
As shown in Figure 2, we know that BERs are always 
zeros when ≤1, and whatever the K is. So we set the 
=1 in the following experiments. As shown in Figure 3, 
the PSNRs are almost in inverse proportion to [a1,b1]. 
The smaller [a1,b1] is, the higher PSNRs are, and the bet-
ter imperceptibility of hidden information is. So that an 
appropriate [a1,b1] is better. Here, we set [a1,b1]=[6,7]. 
As shown in Table 2, the algorithm’s full hiding capaci-
ties in various block sizes and their performances are 
good enough to hide information. 

Figure 4(a) is the original images of “Lena”. Figure 
4(b) and 4(c) are the stego-image hidden with 768 bytes 
text when K=8 and the difference images between the 
original image and stego-image on the condition of mag-
nifying 30 times. Figure 4(d) and 4(e) are the results 
when K=4. Figure 4(f) and 4(g) are the results when K=2. 
As shown in Table 2 and Figure 4, considering the visual 
perception in the algorithm, the hidden information in 
“Lena” gray image is invisible though the PSNR is a 
little low. The algorithm can fully recover the hidden 
information from the stego-image. 
 

             
(a)                   (b)                    (c) 

 
(d)            (e)            (f)            (g) 

Figure 4. The information hidden results of “Lena” 

Table 2. The full capacities in differenct block sizes and 
their PSNRs and BERs 

Block size Capacity and Per-
formances 8×8(K=8) 4×4(K=4) 2×2(K=2)

Hiding capacity (bit) 12288 49152 196608 

Hiding capacity (byte) 1536 6144 24576 

PSNR (dB) 37.21 36.44 34.95 

BER (%) 0 0 0 

 
Table 3. The zero BER attack defense tests of short text 
information hiding 

Attack items Performance under zero BER 

Cropping in central region 258×258 

Brightness enhancement 69% 

Contrast enhancement 33% 

 
In the experiment, we also did some attacking tests to 

the algorithm on the condition of K=4 and 768 bytes text 
with 8 redundant copies. As shown in Table 3, we found 
that the algorithm was robust to central region cropping, 
brightness enhancement and contrast enhancement. 

5. Conclusions 

This paper presented a new scheme of information hiding 
in gray images based on DWT for long text information 
hiding or covert communication. In our approach, the 
comparability of corresponding DWT detail sub-bands of 
two neighboring image blocks was considered, and in 
order to improve the transparency of information hiding, 
the visual model was also used for calculating the double 
block based JNDs to determine the embedding intensity 
at different locations of image. The block DWT sub-band 
feature encoding technique increased the embedding ca-
pacity double than that of [5]. The adjustable block size 
gave facilities for various applications. If you request the 
algorithm to have a better transparency, you should select 
bigger block size. Or if you request that it has a larger 
embedding capacity, you should select smaller block size. 
In addition, in order to improve the algorithm’s robust-
ness and ability of defense some general image process-
ing attacks, such as cropping, brightness enhancement 
and contrast enhancement, the redundant encoding was 
given for increasing the embedded copies of watermark. 
The experiment results demonstrate that the proposed 
algorithm yields the acceptable performance for trans-
parency and robustness, and also increases the embed-
ding capacity for information hiding. 
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