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Abstract：An optimization algorithm desi based on chaotic variable is proposed for multilayer fuzzy neural network．o 

lme optimization uses chaos@otithm and chaos variables are applied to search for network structure and parameters，in which the 

network is in dyna~ c cha os state．An approximate optimal network structure and pazameters are found from dynamic network 

according to performance index．On-hne optimization uses gradient descent algorithm and the initial values of gradient descent 

searching are parameters approximately global optimal values from chaos searching．the parameters of fuzzy neural network are r_ 

ther adjusted．The global optimal values of network are searched quickly by means of combination of chaos global searching and gra—- 

dient descent local searching．Fmally．second order dehy system is simulated．and the results show that the chaos optmaal con~ol is of 

high precision，small ovemhoot，fast response and good robustness． 
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模糊神经网络的混沌优化算法设计 
邹 恩l’ ，李祥飞 ，张泰山 

(1株洲工学院 电气工程系，湖南 株洲 412008；2．中南大学 信息科学与工程学院，湖南 长沙 410083) 

摘要：提出了一种基于混沌变量的多层模糊神经网络优化算法设计．离线优化部分采用混沌算法 ，将混沌变量 

引入到模糊神经网络结构和参数的优化搜索中，使整个网络处于动态混沌状态，根据性能指标在动态模糊神经网 

络中寻找较优的网络结构和参数 ．在线优化部分采用梯度下降法 ，把混沌搜索后得到的参数全局次优值作为梯度 

下降搜索的初始值，进一步调整模糊神经网络的参数，实现混沌粗搜索和梯度下降细搜索相结合的优化目的，能较 

快地找到全局最优解．最后对二阶延迟系统进行仿真，结果表明混沌优化方法控制精度高、超调小 、响应快和鲁棒 

性强 ． 

关键词：模糊神经网络；优化；混沌变量；梯度下降法 

1 Introducl=ion 

Fuzzy neural networks(FNN)have integrated fuzzy 

logic inference capability of fuzzy systems and adaptive 

capability of neural netw orks，it inherits the advantages of 

both and has drawn the attention and wide research of 

many researchers[ ， 
． To seek an optimal FNN ．a nuHlber 

of exact methods have been proposed so far to deal with 

the combinatorial optimization problems，such as BP 

algorithm ，gradient descent method，and so on，but they 

have disadvantages of slow convergence and the tendency 

to become trapped in local minimum if initial values are 

not suitably selected．Simulate annealing method has been 

wi dely appfied to various optimization problems  tool引
， 

but it requires subtle adjusnnent of parameters in the 

annealing schedule such as the size of the temperature steps 

during annealing，the temperature range，the number of 

re—starts and re-direction of the search，etc．It is very 

difficult to design a detailed optimal FNN system wi th the 

methods mentioned above． 

Chaos optimization method has nmny advantages．It can 

search approximate global optimal solution ，but if chaos 

optimization is adopted solely，the learning speed from 

approximate global optimal solution to global optimal 

solution is slow as compared wi th gradient descent 

method．In view of convergence rate an d convergence 

accuracy ，a tw o-phase optimization scheme is proposed in 

the paper．In phase one，chaos off-fine optimization 

scheme is used for global optimization parameters of 

membership function and weights as well as the structure 

ofFNN，and gets an approximate global optimal FNN．In 

phase tw o，gradient descent on-line optimization scheme is 

used to locally adjusting FNN’s parameters for desired 

outputs，which can converge quickly to global optimal 

Received出te：2OO2—12—03；P．evised date：2004—12—08 

Foundation item：supported by Hunan Province Natural Science Foundation(01~Y3029)；China National Packaging Corporation Science and Technology 

Foundation(05ZBKJA003)． 

维普资讯 http://www.cqvip.com 

http://www.cqvip.com


No．4 ZOU En et ahChaos optimization algorithm design for fuzzy lleura]network 579 

value 

2 Fuzzy neural network controller 

First，an initial form of the FNN is constructed，for 

simpliciw，we suppose that the network has four layers，the 

structure ofFNN is shown in Fig．1． 

卜】g．1 Structure of fuzzy neural network 

Layer I一Ⅲ realize“if-then”rule offuzzy contro1．the 

LayerⅣ realizes defuzzification computation．each layer 

performing one stage of the fuzzy inference process is 

described as follows：． 

Layer_【is the input layer in which the nodes transmit 

input values directly to the corresponding nodes of the 

next layer without any computation．The number ofnodes 

in Layer I equals that ofthe normalized input variables， 

the input and output ale shown  as follows ： 

D：̈ =托=e or ec， ∈[一1，1]，i：1，2． 

(2．1) 

Layer 11 is membership function layer in which each 

node represents a fuzzy subset of variables T( )(i： 

1，2)，i．e．NL，Z or PS，the total number ofnodes in this 

layer is S： T( 1)+ T( 2)，the output of each node 

simulates Gaussian fimction as membership function as 

follows ： 

Dj = ，= 

唧 卜 p【一—— ～ J 
唧 [_ ] 1,2,---,S, 2 

where 00 and ale center and wi dth of the membership 

fimction of the jth term in the ith input，respectively， 

while(一1<0<1)，(0< < 1)． 

Layer IH is fuzzy rule layer in which the links ale used 

for performing antecedent matching of触zzy logic rules． 

Th e total number ofnodes in Layer HI equals the number 

offuzzy control regulation，i．e．F = T(X1)x T(x2)， 

each node represents a fuzzy logic rule as follows ： 

0I3 ：11 0 ： 
i= l 

， (X1)。 ，(x2)，k=1，2，⋯，F． (2．3) 

LayerⅣ is defuzzification layer in which all ofthe rule 

nodes ale linked、 山 output．the num ber of nodes equal 

the number of output variables that have been 

normalized，and they ale represented as follows： 

D(4】： ： 

∑ I} 0I3 

∑op) 一 

∑ I} (1I ，( )) 
—  —  — — —  ．  — — — — — — — — — — _L——————— ——————一

— —  

∑(】I ，(xi)) 一 
f i V 

c 唧(_xi- Oij) ) 

c 唧(一(X,i⋯--Oij] ) 
( ∈ [一1，1]，l：1， 

(2．4) 

the link weights equal to 1 except for layer(Ⅳ)． 

3 Optimization design method of FNN 

Th e process of optimal design consists of chaos off-line 

opdnfization and gradient descent on-line optimization， 

which is discussed in the following section． 

3．1 Chaos off．1ine optimize Stl-'Ucture and 

parameters of the networks 

From Fig．1，the FNN structure discussed above shows 

that the parameters of FNN will realize optimization after 

modification ofthe centers and widths ofLayer 11 and the 

link weights of LayerⅣ．Th e total number of parameters 

ofcenters 0 and widths in Layer 11 ale2S，and that of 

weights parameters of LayerⅣ ale F，therefore，the total 

num ber of parameters to be optimized should be 

M = 2s + F = 

2(T( 1)+T( 2))+T( 1)x T( 2)．(3．1) 

0， and w could satisfy constraint condilion 

— l<0，w <l and 0< <1． (3．2) 

Because the hnk weights at LayerⅣ represent the 
existence strength of the corresponding mle，the structure 

optimization modifies the links betw een the rule nodes 

and output nodes，and the number of rule nodes．The 

greatest number of rule nodes should be 

nla]【 = F = T( 1)x T( 2)． (3．3) 

As the link of rule node with weight of LayerⅣ is 

one-one correspondences，pruning method，that is called 

destructive method，is adopted to structure optimization
． 

Some weights ofthis initial network decrease little by little 
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and tends to the neighborhood of zero during the learT1iI1g 

of weight parameters，the corresponding links are deleted 
step by step since it does not affect the outputs，and 

redundant nodes are deleted tooL 
． 

W hen the etacient nodes are searched out from the all 

of nile nodes in Eq．(3．1)，redundant nodes are 

eliminated but precision of system must be assured．In 

view of the precision of control and simple property of 

structure，the penalty factor expressing the complexity of 

network structure is brought forward in performance index 

as follows： ． 

J，=rain(E+2C)， (3．4) 

where 

and 

(3．5) 

(3．6) 

is punish item，0．15 > 0／≥ 0，0．5 > > 0． 

In the learning process，if l wi l≤ 0／，then the node 
connecting w and wi itseK are deleted，otherwise，the node 

and w are retained． 

Consider the famous Logistic mapping 

+l=40 (1一 )，n=0，1，2，⋯，Ⅳ，00 E (0，1)， 

(3．7) 

where Q = (gl，n，g2，n，⋯ ，gL，n)are the numbers of 

chaotic variables，L = M ，N is the frequency of chaos 

learT1iI1g．In order that each chaos variable can map to itself 

interval，ma pping of chaos variables can be described as 

follows ： 

g = 2qi
， 

一 1 

(i= 1，2，⋯，S，⋯，S+F，n=1，2，⋯ ，N)， 

(3．8) 

qj , = ， ( = i+1，⋯，M，n= 1，2，⋯ ，Ⅳ)， 

(3．9) 

where qi ,n are parameters of membership fimction’s 

weights and center，the equation’(3．8) can ensure 
一 1<(w，0)<1，qj , are parameters of membership 

fimction’s width，the equation(3．9)can ensure 0< 

< 1． Then，the chaos variables of ma pping are 

carried-wave and iterated respectively，the algorithm is as 

follows ： 

1)Th e M different initial values are sampled at random 

in (0，1)interval and are substituted in Eq．(3．7)，each 

parameter corresponds to a chaos variable． 

2)Assume each variable satisfies constraint condition 

(3．2)，the 2S chaos variables are substituted in Eq．(3．8) 

and the F chaos variables are substituted in Eq．(3．9)． 

3) The M chaotic variables are substituted in 

Eqs．(2．1)～(2．4) and start to search for global 
approximate optimal values 0一 ， 一 ，w一 ． 

4)If the nodes are found out to be conn ecting th 

l l≤ ，i E[1，n ax]，then the nodes and wi— 
itseIf are deleted altogether，0一 ， and residual w 

are reserved． 

5) According to Eqs．(3．4)～(3．6) compute 

performance index Jl，ifit coincides with the requirement 

condition，iteration is stopped and results are output， 

otherwise，Step 3)is repeated． 

Th e FNN is connected wjth system when training is 

finished． 

3．2 Gradient descent on-line optimization algo- 

rithm 

Chaotic motion has features of ergo dicity，but it 

requires a long time to reach the global optima1．Wh en 

global approximate optimal values have searched out th 

chaotic optimization method，the network enters the 

second learning phase to on—line adjust parameters wjth 
gradient descent algo rithm ，the approximate global optimal 

values of chaos searching are the initial values of gradient 

descent searching，the system can reach global optimum  

solutions quickly． 

Th e performance index of gradient descent optimization 

is as follows ： 

．，2= 1(r(￡)一y(￡)) = 1 e(￡) ，(3
． 10) 

where e(t)is the system error． 

In Eq．(2．4)，let 

』。= 2 p(、一、Xi -- 00"，] )， 3． 
【6= 。，c= 。， =詈． 

According to Eq．(3．10)and Eq．(3．11) 

3J2
： e(￡) ： 

t 

Wkl

⋯ ㈩  
t Wkl

=  

口 U u 

_e(c)．y2(c)． = 

一

e(￡)·y2(￡)．1
c
·。， (3．12) 

3J2_ e(t) 
⋯ (f) = 

t 一 ㈩  ㈩ · cga,
=  

c)． c)( )0( )： 

一  ) (f)( )( )， (3．13) 

、， 一”厂 

一 ／ 一 
一 

(

一} 

∑ ∑ 

一2 = 

= C 

E 
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3J2 ， 
⋯ ㈩  = 

) 一㈩ ㈩·百3 u(t)舞= 
f)． f)( )= 

一 e( ) ( )( )( 

where 

)， (3．14) 3 ’ ‘ 

=  暑 
(3．15) 

The following equafon shows the parameters 

adjustment by means of gradient descent algorithm 

+1)一 )+Awkt(f)_ [ 】’ 
(3．16) 

(￡+1)= (￡)+AOo(￡)=0o(￡)一rio[3J 2】， 
(3．17) 

(t+1)： (t)+Ao-z／ )= 

where riw，rio， represent the learning rate ofW，0 ，and 

respectively，and 0 < riw，rio， < 1． 

The gradient descent algorithm is as follows： 

1)0一 ． 一 and W— are approximate global optimal 

parameters from chaos searching，they are substituted in 

Eq．(3．11)as the ini6al values ofgradient descent search— 

iI ． 

2)According to Eqs．(3．12)～(3．15)，gradient is 

computed and substituted in Eqs．(3．16)一(3．18)to 

adjust global approximate opfmal values 0一 ． and 

W  ． 

3)Use Eq．(3．10)to calculate performance index J2， 

if it coincides with the requirement condition，the 

iteration stops，otherwise，let 0 = 0 ， = ， 

W一 ： be the initial values for substituting in 

Eq．(3．11)and Step 2)is repeated． 

4 Simulation study 

In system simulation，let T(．151)= T( 2)= 7， 

therefore，the FNN is composed of the 2—14_49—1 

neuron．ControUed plan t is a second order system 、Ⅳjth 

time-delay of the foUowing form 

G㈦ = ． (4． ) 

lnitial values of each chaos variable are sampled at random 

in the(0，1)interval，Jl = 10— ， ： 0．25，a ： 

0．05，N = 10j
． Parameters of the plant are K = 5， 

TI= 4．T2 5．r =0．2．After off-line optimizing wi th 

chaos algorithm ．山e redundant nodes are deleted．the link 

weights Wk—l of LayerⅣ are listed in Tabk 1．“一” 

denotes that correspondent node is nonexistent，the FNN 

is composed ofthe 2—14—4O一1．1 e center parameters 

of Layer 1I are listed in Table 2 and width 

parameters aij are listed in Table 3 

Table 1 Parameters ofweight Wk l 

8  

，  

3  

一 
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The FNN is connected to the system after chaos 

optimization，the above parameters 8 ，o and w kl are 

the initial values for gradient descent on-line searching． 

W e pick parameters = 0．1，and = 0．001， 

0．001， = 10- ．After on-line optimizing with gradient 

descent algorithm，the system Call find out the global 

optimal values．Compare the optimal method of the paper 

F ．2 Output curve of second order dehy system 

with method of rule self-adjusting fuzzy controller in 

literature[6]，the simulation curves of system output is 
shown in Fig．2．W hen random disturbance are added to 

the system，peak value is 0．1，the OUtput curve of system 

after chaos and gradient descent optimization is shown in 

Fig．3．Change the parameters of the controlled plant and 

ke印 other conditions unchanged，the output CUrves ofthe 

system are shown in Fig．4． 

F ．3 Ou tput curve under interference 

Fig．4 Robustness test for second order system  wit}1 time-delay 

血zzy nellral networks with triangular血zzy weigh~[J]．Fuzzy Sets 

and System~，1995，(71)：277—293． 

A new hybrid optimal scheme combining chaos 

algo rithm and gradient descent algo rithm has been 

proposed in this paper．The new scheme comb ines the 

advantages of them，and improves the efficiency of the 

chaos searching process and overcomes the gradient 

descent shortcomings of slow convergence and of easy to 

be trapped in local rnininluln．Th e design of FNN has the 

features of global optimization．Sim ulation results show 

that the hybrid optimal scheme is superior to the method 

in[6 J，and this optimization method is efficient in 

searching for controller parameters． 
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