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Abstract—For a class of complex production processes, based on 
the actual running status data, a new modeling approach based 
on moving pattern is presented by constructing pattern moving 
space and defining moving variable-pattern class variable in it. 
The dynamics of a class of complex production processes is 
characterized by the movement of pattern class variable in 
pattern moving space. For characterizing pattern class variable 
quantitatively , in this paper,  interval number is used as its 
metric form, and our previous proposed interval T-S fuzzy 
model (ITSFM) is adapted to  model its movement in pattern 
moving space. Experimental results are then presented that 
indicate the validity and applicability of the proposed approach. 
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I.  INTRODUCTION  
In real world, there are many complex production processes 

in metallurgy, chemical industry and building materials etc
e.g. blast furnace, sintering machine, cement rotary kiln and 

so on. For this class of production processes, there are the 
same characteristics as follows[1]. Therein, there is a series of 
physical chemistry reactions of  heat transfer and matter 
transfer, burning thermodynamics and chemistry reaction 
dynamics, moving boundary, hydrodynamics and 
aerodynamics. It is difficult to characterize the dynamics. In 
addition, the mapping relationships between inputs and 
outputs can’t be described by classic Newton's laws of 
mechanics, but be described only by statistics. For example, 
even under the same experimental conditions, the obtained 
data usually differ from one to another. Thus, the traditional 
modeling approach based on input/output data characterized 
in  Euclidean space is not appropriate for modeling the 
relationship between inputs and outputs of a complex 
industrial process. 

For this class of complex production process systems, there 
is lack of effective dynamics description methods. We try to 
give a new method to describe the movement law obeying 
statistics by using statistical principal, pattern recognition and 
control theory. 

For modeling of complex dynamical systems, an pattern-
based process identification approach emulating human in 
dealing with process response was originally introduced in [2]. 

Generally, the existing methods for pattern-based process 
identification can be divided into four classes [3], namely the 
key-values approach [4][5], the qualitative evaluation 
approach [6], the elementary pattern recognition approach [7], 
and the cure fitting approach [8] [9]. In these methods, Pattern 
recognition is mainly used to solve system model 
identification or system state estimation problems. After that, 
the design of control law is still based on the time-domain 
model. Here pattern is not considered as a moving variable.  

In this paper, in contrast to traditional modeling approach 
to characterizing dynamical systems in Euclidean space, the 
dynamics of complex production processes is characterized by 
the moving of running status patttern from one pattern class to 
another in pattern moving space. First, the collected multi-
dimensional actual running status data of complex production 
processes are reduced to one dimensional data . Then, the one 
dimensional data are partitioned into C pattern classes 
constructing the pattern moving space, and pattern class 
variable is defined in it. Each pattern class represented  by an 
interval number can be considered as a scale value of pattern 
moving space. The pattern samples belonging to the same 
pattern class have the same scale value in pattern moving 
space, and are represented by the same interval number. That 
is, we view the considered systems at the level of pattern class 
and capature only the dominant characteristics of the process. 
We are not concerned about the exact value of the running 
status data of the complex production processes, but 
concerned about the pattern classes which the running status 
data of complex production processes belong to. After pattern 
moving space is constructed and pattern class variable is 
defined in this space, the prediction model is built as follows: 
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Where )(kdx is pattern class variable, )(⋅F denotes 
classification, )(~ kxd is the initial prediction output of pattern 
class variable and )()(~ ⋅= fkxd  is a kind of initial prediction 
model. This is a prediction process including two steps. The 
first step is to obtain the initial prediction output )(~ kxd  based 
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on the initial prediction model )()(~ ⋅= fkxd  modeled by our 
previous proposed interval T-S fuzzy model (ITSFM). The 
second step is to obtain the finial output pattern class 
variable )(kdx  by classifying the initial prediction output 

)(~ kxd .  
This paper is organized as follows. After the introduction 

the preliminary knowledege about interval arithmetic is 
presented in Section II. In Section III, moving pattern-based 
modeling approach of a class of complex production process is 
proposed. In Section IV, the example is considered to 
demonstrate the validity and applicability of the proposed 
approach. Finally, Section V concludes this paper. 

II. PRELIMINARY KNOWLEDGE 
In this section, we briefly look at some important 

formulations in interval arithmetic[10] . 

A. Interval arithmetic 
An interval number can be represented by its lower and 

upper bounds as ],[ UL aaA = , or, equivalently, by its 

midpoint and radius as ),( RC aaA = , where 

2/)( ULC aaa +=  and 2/)( LUR aaa −= . Let A  and B  
be two intervals represented by its lower and upper bounds, 
the operations defined on the interval numbers are, 
respectively. 

A + B = [ UULL baba ++ , ]                       (2)  
A - B = [ LUUL baba −− , ]                        (3) 

],[ UL aaA ⋅⋅=⋅ λλλ                                (4) 
Where λ  is a constant and λ >0. 
If the interval number A  and B are represented by its 

midpoint and radius, the operations defined on the interval 
numbers are respectively:  

A + B = ( CC ba + , RR ba + )                       (5)                                                                                                                               
A - B = ( CC ba − , RR ba + )                        (6) 

),( RC aaA ⋅⋅=⋅ λλλ                                 (7) 

B. Hausdorff distance 
  The Hausdorff distance is often used to measure the distance 
between two interval data. The concept of Hausdorff distance 
is stated as follows. Assume that two interval numbers 1X  
and 2X , 1X =( 1a , 1c ), 2X =( 2a , 2c ), 1a  and 1c  are the 
center and radius of interval number 1X , respectively, 2a  
and  2c  are the center and radius of  interval number 2X , 
respectively. The distance between 1X and 2X  is defined as: 
                        ||||),( 212121 ccaaXXD −+−=     

III. MODELING OF COMPLEX PRODUCTION PROCESSES 
BASED ON MOVING PATTERN 

In this paper, the dynamics of complex production 
processes is characterized by the move of operating condition 

patterns in pattern moving space. So, we need to construct 
pattern moving space firstly. 

A. Construction of  pattern moving space  
Firstly, the multi-dimensional running status data are 

reduced to one dimensional data using principal component 
analysis. This can be considered as a process of feature 
extraction. Then, by fuzzy c-mean (FCM) clustering 
algorithm, the one-dimensional running status samples are 
partitioned into C pattern classes, that is, CPPP ,,, 21 . The 
collection of those classes forms pattern moving space which 
corresponds to the considered complex production process. 
An explanatory example for demonstrating the constructed 
pattern moving space is shown in Fig.1. Each pattern class in 
pattern moving space can be considered as a qualitative 
“scale”. The pattern samples belonging to the same pattern 
class have same “scale” value in pattern moving space 

 If the data is collected in a long enough period of time, the 
pattern moving space constructed based on these actual 
running status data can be considered as the running subspace 
of the system. Dynamics description and control problems can 
be discussed in this space. When the actual running status 
sample is out of the pattern moving space, the pattern moving 
space can be expanded by using the following method. 

When a new pattern sample is classified into its belonging 
class, the distance between the pattern sample and this class 
center is calculated. If this distance is more than the class 
radius, then a new pattern class generates. In this paper, the 
new pattern sample is used as a new class center and the 
membership function can be computed for the new pattern 
class. 

 
Fig.1 Pattern moving space composed of six pattern classes. The horizontal 
axis denotes the values of dimension reduced running status samples, and 
vertical axis denotes membership function values corresponding to dimension 
reduced running status samples. 

B. The representation of pattern classes 
In fact, each pattern class obtained in the above section is a 

qualitative description about pattern. In order to characterize 
quantitatively the dynamics of complex production processes 
in pattern moving space, each pattern class must be 
represented quantitatively. In this paper, we adopt interval 
numbers to represent pattern classes. 

First, finding the maximum U
iI  and minimum L

iI among 
the samples belonging to the same pattern class iP , 

Ci ,,1= , where C is the number of pattern classes 
constructing the pattern moving space. Then, the maximum 

U
iI  and minimum L

iI are used to construct an interval number 
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],[ U
i

L
ii III = . Thus, ],[ U

i
L
ii III =  is the interval number 

characterizing pattern class iP  quantitatively. Let 
},,,{ 21 CIIII = , it is the quantitative pattern moving space 

corresponding to pattern moving space P defined in above 
section. Here, quantified pattern classes are ordered from 
small to big in terms of the center values of iI s. That is, 

Caaa <<< 21 , where 
2

U
i

L
i

i
II

a
+

= , Ci ,,1= .  

C. The definition of pattern class variable  
In order to describe the movement of system in pattern 

moving space, a variable called pattern class variable is 
defined. 

Assuming that { })(ksx and { })(kmx denotes measurement 
sample time series and pattern sample time series, 
respectively. Then pattern class variable must satisfy the 
following transformation: 

                     ))(()( ksxTkmx =                                            (8) 
                    ))(()( kmxFkdx =                                             (9) 
Where )(⋅T and )(⋅F denote feature extraction and 

classification, respectively, )(kdx is the pattern class variable. 

Obviously, pattern class variable has two main 
characteristics:  

(i) It is a variable over time. 

(ii) It has the class attribute.  
Pattern class variable is used to describe the variation of 

pattern class to which running status data belong over time in 
pattern moving space. And it together with pattern moving 
space forms the basis of the proposed modeling approach. The 
pattern class variable’s metric form is not unique. In this 
paper, interval number is used as its metric form. That is, 
given at time instant t, )(kmx is classified into pattern class i , 

and then let ],[)( U
i

L
ii IIItdx == . Thus, a pattern sample time 

series in Euclidean space is transformed into a pattern class 
variable time series in pattern moving space. 

D. Modeling of Complex Production Processes based 
on moving pattern  
In this paper, as interval numbers is used as the pattern 

class variable’s metric form, so, in fact pattern class variable 
time series is an interval number time series. The dynamics of 
complex production processes is characterized by the 
transition of pattern class variable )(kdx  in pattern moving 
space. The dynamic model based on moving pattern is as 
follows: 
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         (10) 

ym  and um , the orders of the considered dynamic systems; in 

this paper, ym  and um  are assumed to be known priorly. 

)(tdx is the pattern class variable, )(⋅F denotes classification, 
)(~ txd is the initial prediction output of pattern class variable 

and )()(~ ⋅= ftxd  is a kind of initial prediction model. )(ku  is 
general system input represented by crisp real numbers, 

Rku ∈)( .  
The proposed moving pattern based modeling approach is 

composed of two steps. 
1) Constructing the initial prediction model using the 

adapted  interval T-S fuzzy model (ITSFM).   
For modeling the moving of pattern class variable in 
pattern moving space, our previous proposed interval T-
S fuzzy model (ITSFM) [11] is adapted and applied to 
moving pattern based modeling of complex production 
processes. The adapted ITSFM used to model of 
complex production complex in pattern moving space is 
as follows: 

  iR : If )1( −kdxc  is iA1  and )2( −kdxc  is iA2

)( yc mkdx −  is i
my

A and )1( −ku  is iB1 , and 

)2( −ku is iB2 ,…, )( umku −  is i
mu

B  
then  

           )()1()( 10 yc
i
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y
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i

mm mku
uy

−+ +θ                            (11)  

         Where i
jA , i

qB  are the corresponding fuzzy sets. 

)( jkdxc −  represents the center of pattern class variable 
)( jkdx −  at time instant jk − , that is,  if the value of  

)( jkdx −  is equal to ],[ U
i

L
ii III =  at time instant jk − , 

then )( jkdxc −  is equal to  
2

U
i

L
i II +

.  ),( i
l

i
l

i
l ca=θ  is 

an interval number, i
la  and i

lc  are the center and radius 

of i
lθ , respectively. The membership grade 

))(( jkdxA c
i
j −  and ))(( qkuBi

q −  are obtained by fuzzy 

c-means clustering algorithm in this paper, 
uy mml += ,,2,1,0 , ymj ,,2,1= , umq ,,2,1= , 

ri ,,2,1= , r denotes the number of rules. 
The predicted interval output of the improved ITSFM, 
that is, )(~ kxd  is inferred as 

=
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Furthermore, )(ˆ kp  can be expressed as 

)(~ kxd =( )(~),(~ kkt xCxA t )                        (14) 

Where tt
r

tt ),,,( 21 AAAA = , tt
r

tt ),,,( 21 CCCC =  
tt

r
tt kkkk ))(~,)(~,)(~()(~

21 xxxx ωωω=  
tt

r
tt kkkk ))(~,,)(~,)(~()(~

21 xxxx ωωω=  

)(~ kt xA  and )(~ kxCt  are the center and radius of the 

initial predicted interval output )(~ kxd , respectively. 
Different from our previous work [13], the parameters in 

(14) are obtained by minimizing the following objective 
function J  in (15) subject to the constraints 0≥i

jc  as the 

radius of an interval is greater than or equal to zero, 
ri ,,2,1= , uy mmj += ,,2,1,0 . Where )(~ kxd L , 

)(~ kxd U  are the lower and upper bound of the initial 

prediction output )(~ kxd , respectively, )(kdxL , )(kdxU  
are the lower and upper bound of real pattern class variable 

)(kdx  at time instant k , respectively. 
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2) After obtaining the initial prediction output )(~ kxd , the 
finial prediction output )(ˆ kxd can be obtained by classifying 
the initial prediction output )(~ kxd  into the pattern class 
which is nearest to the initial prediction output )(~ kxd by 
calculating the Hausdorff distance between the initial 
prediction output )(~ kxd and each pattern class iI  in pattern 
moving space. That is, if ( ))),(~(minarg

,,2,1
i

Ci
IkxdDj

=
= , then 

the final prediction output )(ˆ kxd  is equal to jI , where 

],[ U
i

L
ii III =  is the quantified value of pattern class i, 

Ci ,,2,1= , C  is the number of pattern class in pattern 
moving space. )),(~( iIkxdD  denotes the Hausdorff distance 
between interval number )(~ kxd  and iI .  

IV. NUMERICAL EXAMPLE 
In this chapter, one practical example- sintering process of 

Anyang (one city of Henan Province of China) iron and steel 
plant is given to verify the validity of the proposed moving 
pattern-based modeling approach. 

In the example, the actual running status data collected 
from sintering process of Anyang (one city of Shandong 
Province of China) iron and steel plant are used. The data 
consist of 864 pairs of input-output samples of a sintering 
process: the input )(ku  is the temperature of ignition  hood 
and the output )(ky  is the first principal component of 
exhaust gas temperatures of three wind boxes, and the 
sampling time is 25s.  In this example, the input and output 
data are normalized by statistical normalization, that 

is,
σ

μ−= XZ , where μ  and σ are the mean and standard 

deviation of X  , respectively. Fig.2 shows the 864 pairs of 
input-output samples. In this example, 864 running status 
samples )(ky  are used to constructing the pattern moving 
space by fuzzy c-means (FCM) clustering algorithm. Here, 
the cluster number is set to 20. The 20 pattern classes iP  
represented by interval numbers are shown in Table I. The 
running status time series )(ky  in Euclidean space and the 
corresponding pattern class variable time series )(~ kp  
characterized by intervals in pattern moving space are shown 
in Fig.3, 100,,2,1=k . From Fig.3, we can see that the 
transition of pattern class variable from one pattern class to 
another in pattern moving space can also characterize change 
of running status )(ky  in general. 

In this example, the first 500 pairs of input-output samples 
are used to train the proposed initial prediction model, the 
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others are used to validate the model. The initial prediction 
model based on ITSFM is as follows: 

iR : If )1( −kdxc  is iA1  and )2( −kdxc is iA2 and 

)3( −kdxc  is iA3  and )4( −kdxc  is iA4  and  )1( −ku  

is iB1  
        Then:  

)1()4()3(

)2()1()(
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kukdxkdx

kdxkdxkdx
i

c
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c
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c
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θθθ
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Where )1( −kdxc  is the center of )1( −kdx . The 

membership grade ))1((1 −kdxA c
i and ))1((1 −kuBi  is 

obtained by fuzzy c-means clustering algorithm which was 
adopted in [12] for determining the premise structure of T-S 
fuzzy model. ],,,,,[ 543210

iiiiiii θθθθθθ=  is the interval 
parameter vector in consequent part of ITSFM. Based on 
formula (15), the interval parameters in the consequent part of 
ITSFM are obtained and shown in Table II. 
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Fig.2 The input and output signals of the sintering process: (a) input )(ku ; 

(b) output )(ky  
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Pattern class variable time series in pattern moving space

 
Fig.3 The running status time series )(ky (dots) and the corresponding pattern 
class variable time series )(kdx  (segments) characterized by intervals 
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Fig.4 The initial prediction outputs )(~ kxd  (solid line) obtained by ITSFM 
and the real pattern class variable time series )(kdx (dashed line). 
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Fig.5 The final prediction outputs )(ˆ kxd  (solid line) of the proposed model 
and the real pattern class variable time series )(kdx (dashed line). 

In Fig.4, the solid lines represent the initial prediction 
output )(~ kxd obtained by the ITSFM with 4 fuzzy rules, and 
the dashed lines represent the real pattern class variable time 
series )(kdx  with time from 505 to 600. After the initial 
prediction output )(~ kxd is classified, the final outputs 

)(ˆ kxd of the proposed model are obtained. In Fig.5, the solid 
lines represent the final outputs of the proposed model, the 
dashed lines represent the pattern class variable time series 

)(kdx  with time from 505 to 600. By comparing Fig.4 with 
Fig.5, we can see that the small difference between initial 
prediction output )(~ kxd  and the corresponding real pattern 
class variable time series )(kdx at some time instant (for 
example k=508-515, 530-535, 585-591) is eliminated after 

)(~ kxd  is classified.  

V. CONCLUSION 
In this paper, in contrast to traditional modeling approach to 
characterizing dynamical systems in Euclidean space, the 
dynamics of complex production processes is characterized by  
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movement of pattern class variable in pattern moving space. 
That is, we view the considered complex production the 
processes at the level of pattern class and capture only the 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
dominant characteristics of the process. Each pattern class in 
pattern moving space can be considered as a “scale”.  
Running status patterns belonging to the same pattern class 
are characterized (quantified) by the same pattern class label 
(interval number).  Running status time series in Euclidean 
space is transformed into pattern class time series in pattern 
moving space.  
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TABLE II  
THE IDENTIFIED INTERVAL PARAMETERS IN CONSEQUENT PART OF ITSFM 

 
                       

 Rule i  
 

Interval parameters 

i=1 i=2 i=3 i=4 

i
0θ  (0.1433, 0.0738) (0.0001, 0.1217) (-0.0558, 0.0644) (-0.1388, 0.0373) 

i
1θ  (1.2793, 0.0068) (1.1292, 0.0000) (1.1333, 0.1147) (0.8526, 0.1251) 

i
2θ  (-0.1925, 0.0000) (0.0711,  0.0039) (0.0932, 0.0000) (0.3105, 0.0021) 

i
3θ  (0.0274,0.0000) (-0.0864,0.0000) (0.0757,0.0000) (-0.0547,0.0000) 

i
4θ  (-0.1913,0.0112) (-0.1268, 0.0068) (-0.3706,0.0000) (-0.2143,0.0000) 

i
5θ  (-0.0102,0.0000) (-0.0352, 0.0082) (0.0445,0.0000) (-0.0408, 0.0081) 

               TABLE I 
             REPRESENTION OF PATTERN CLASSES BY INTERVAL NUMBER 

 

iP  ],[ iii III =  

1 [-4.4856, -3.8815] 

2 [-3.6970, -2.9504] 

3 [-2.7281, -1.9855] 

4 [-1.9612, -1.4761] 

5 [-1.4707, -1.0692] 

6 [-1.0535, -0.7335] 

7 [-0.7262, -0.4766] 

8 [-0.4681, -0.2368] 

9 [-0.2304, -0.0229] 

10 [-0.0215,  0.2212] 

11 [0.2330,   0.5212] 

12 [0.5257,   0.8140] 

13 [0.8200,   1.0430] 

14 [1.0558,   1.2733] 

15 [1.2774,   1.5243] 

16 [1.5413,   1.7245] 

17 [1.7445,   1.9327] 

18 [1.9451,   2.1911] 

19 [2.1939,   2.4154] 

20 [2.4309,   2.7607] 
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