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Abstract — We examine robust optimization problems subject to uncertainty factors in product quality and implicit performance 
functions, and find the accuracy of the meta-model is crucial to the success of the application of robust optimization of 
computationally intensive simulation models. We present a new robust optimization methodology based on support vector machine 
(SVM) and particle swarm algorithm (PSO) for problems that involve high dimensionality. The methodology combines 
experimental design theories, SVM approximation model and PSO. The applicability of the algorithm is demonstrated by using a 
two-bar structure system study, the performances of SVM were compared with those of polynomial regression (PR), Kriging and 
back-propagation neural networks (BPNN). The results showed that the prediction accuracy of SVM model was higher than those 
of others meta-models, and is found to be accurate and efficient for robust optimization. The optimization methodology was 
effectively utilized to achieve a potential performance improvement. 
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I. INTRODUCTION  

There are a lot of uncertainty factors that affected the 
quality of products in practical engineering, such as 
geometry size of product, manufacturing tolerance, ect. In 
order to reduce the influence of uncertain factors for product 
performance, robust design is a kind of effective method. It 
is a kind of engineering design method which can make the 
designed product keep stable product performance when the 
parameter produce variation in manufacture or product 
produce maturing and deterioration within the specified life. 
However, for most of complex products, the relationship 
between the uncertainty factors and the quality of  products 
is more complex, which often doesn’t have explicit function 
relationship, the efficiency of numeration based on numerical 
simulation such as the finite element method is low, the 
effective way for solve that is to  usually adopt robust design 
method based on meta-model [1-2]. 

Many scholars at home and abroad made a lot of research 
on the robust optimization problem based on meta-models. 
LEE K. H, etc [3-4] proposed robust optimization framework 
based on meta-model, which adopt the response surface 
method to solve the practical engineering problems and 
reduced amount of calculation. In the meantime, the Kriging 
was adopted to establish the mean value and standard 
deviation model of goal performance, and realized the robust 
optimization of micro gyroscope. Viana F.A.C, etc  [5] put 
forward to using combinative meta-model that was 
established with different meta-model to realize the 
uncertainty optimization and obtain  good effect. R.JIN, etc 
[6].proceeded comparative study on the approximation 
precision for the common meta-models under the uncertain 

condition, and pointed out the advantages and shortcomings 
of each model, some useful conclusions were given. Tiezhu 
Li etc [7] proposed the robust design method based on 
Kriging model and Monte Carlo simulation technique, and  
drastically improved the quality of vehicle occupant restraint 
system. Jianjun Wu, etc [8] used the response surface 
method to solve the problem of micro and nano mechanism’s 
multi-response design, and obtained  satisfactory robust 
optimization design project of compliant mechanisms under 
the restriction of multi-response flexibility. Li Kai, etc [9] 
comprehensively considered the influence of meta-model’s 
uncertainty and design parameters’ uncertainty and proposed 
a  robust optimization design method that is applied to 
stamping forming, and improved reliability of product. All of 
the above research have the problem that it need a lot of 
sample points to ensure the accuracy of meta-model. 

Support vector machine (SVM) is a kind of effective 
method that is established on the basis of statistics VC 
dimension theory and structural risk minimum principle to 
solve nonparametric regression modelling problems such as 
small sample, strong nonlinear, high dimension and local 
minimum point, etc [10]. It has very strong generalization 
ability. Most of examples indicated that the support vector 
machine (SVM) has better regression performance than the 
meta-model, such as response surface, Kriging model and 
neural network model. 

This paper presented a kind of robust optimization 
method that the support vector machine (SVM) is used to 
replace the mean value and standard deviation of goal 
performance and the related constraint model, and using 
particle swarm optimization (PSO) algorithm to solve 
problem. The validity of the method was verified by the 
typical two-bar problems. 
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II. SUPPORT VECTOR MACHINE (SVM) MODEL 

 
     Consider a given sample set: 
 

{( , ) | 1, 2, , }i iD x y i l= = L ,  

 

where n
ix RÎ is   n dimensional input sample, 

iy RÎ is output sample. According to the basic theory of 

support vector machine, it uses regression function 
( )f x w x b= × + to fit the relationship between input 

sample and output sample. 

   We introduce nonnegative relaxation factor *,i ix x , the 

fitting problem of function is transformed following 
optimization problem. 
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0e > is fitting precision, which relates to noise level. 

C>0 is used to controls punishment degree of sample of 
exceeding error .We used optimization duality principle to 
convert the problem to be following form: 
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The support vector machine (SVM) fitting function can 

be obtained by Eq.(4): 
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where, ( , ) ( ) ( )i j i jK x x x xf f= is kernel function, in 

high-dimensional feature space it use inner product operation 
of kernel to solve nonlinear regression problem.   

    The precision evaluation of support vector machine 
(SVM) model often adopt three targets which are root-mean-
square error(RMSE),sample determination coefficient（R2
） and relative maximize absolute error (RMAE) to 
comprehensively measure, it is respectively as follows: 
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    Where, n is amount of test sample point. if is truth-

value of actual model which is located in ith test sample 

point. ˆ
if is predicted value of model which is located in ith 

test sample point. 
     RMSE measures global error. The RMSE is smaller, 

the precision of model is higher.R2 measures global error, its 
value is within section [0,1].The value of R2 more approach 
1,which indicated the global approximate effect of model is 
better. RMAE measures local error of model, its value is 
smaller, the precision of model is higher. 
 

III. PARTICLE SWARM OPTIMIZATION ALGORITHM (PSO) 

 
Particle swarm optimization algorithm (PSO) is a kind of 

evolutionary computation technology, it has proven to be a 
kind of good optimization method, in the terms of coding 
and optimization strategy, PSO is more simple and effective 
than genetic algorithm.  

When PSO is applied to optimizing of optimization 
problem, the solution is corresponding to the position of 
particle of search space. Each particle’s state is described by 
two quantities including current position and flight speed, 
they are respectively 1 2( , , ) i i i imX x x x and 

1 2( , , ) i i i imV v v v . Each particle has an adaptive value 

that is determined by optimization objective function. For ith 
particle, the best historical position that the particle has 
passed is denoted by 1 2( , , ) i i i imP p p p ,the best 

position that all the particles of group found is denoted by 

1 2( , , ) j mg g g g ,particle continuous update own 

position and speed according to the two best position. The 
evolutionary function of particle swarm algorithm can be 
described as :  
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Where 1, 2, , i n ,n is amount of particle, 

1, 2, , j m ,m is dimension of particle, k is the kth 
iteration, w is weight factor,c1,c2 is study factor ,r1,r2 is 
random number within [0,1]. 

 

IV. ROBUST OPTIMIZATION BASED ON SVM-PSO 

 
In engineering design, when the design variables and the 

design parameters need to consider uncertainty factors, the 
mathematical model of robust optimization expressed as 
follows: 
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Where, controllable factor design variable vector 
x=[x1,…, xn]T consist of n variables. Uncontrollable factor 
design variable vector q=[q1,…, qm]T consist of n variables. 

,L Ux x are respectively upper limit and lower limit of design 

variable. ig  is ith  inequality constraint, jh  is jth equality 

constraint. Poi is the probability that satisfy ith constraint. 
( ( )L f x,q) is quality loss function. If inequality constraint 

probability of above equation satisfy normal distribution, it 
can be converted as follows: 

0 giigi k                                                             (11) 

where, gim
and gis

 are respectively mean value and 
standard deviation of ith inequality constraint function. 

1( )i oik P-= F , ( )F · is cumulative distribution function of 

standard normal distribution. By introducing weight 
coefficient, the multi-objective optimization problem is 
converted to one objective optimization problem, Eq.(10) 
can be expressed as following robust optimization 
mathematical model.  
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where, fm and are respectively mean value and standard 

deviation of objective function (f x,q) . *
fm and *

fs  are 

respectively ideal optimization values when mean value and 
standard deviation are used to be objective function. l  is 
weight coefficient. 

When the mean value and standard deviation of the 
objective function or constraints don’t have explicit function 
expression, it generally adopt   to approximate, the 
mathematical model of robust optimization based on meta-
model is expressed as 

min  
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s.t  oiir PgP  ]0q)(x,ˆ[  or 0ˆˆ  gjjgj k   

    where, ˆ fm and ˆ fs are respectively mean value and 

standard deviation of meta-model. ˆ (x,q)ig , ˆgjm and ˆgj  

are respectively meta-model of the ith  constraint function, 
mean value and standard deviation of  constraint function. 

Fig.1 show the process of robust optimization based on 
support vector machine (SVM) meta-model, including the 
design of experiment, the establishment of the support vector 
machine (SVM) meta-model, solving optimization problem  
and verification of optimization results. 

 

Metamodels accurate

PROBLEM DEFINITION 
AND Optimization SETUP

DOE

Construct the metamodels based on 
SVM

Numerical simulation of 
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Y
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Y

N

Optimization  of  SVM

 

Figure 1. The process of robust optimization based on support vector 
machine 

 
1. DOE: at first, it needs to screen significant impact 

factors, including the design variables and the noise factors, 
and we’ll proceed experiment arrangement, which means to 
proceed experiment design of meta-model. The experiment 
design methods have Latin hypercube design, orthogonal 
design, full factorial design, etc. 

2. Establishment of support vector machine (SVM) 
model: it need to adopt experiment and numerical simulation 
calculation method, combine with the DOE to obtain 
learning samples and testing samples, use support vector 
machine (SVM) regression algorithm with the optimal model 
parameters to construct the of support vector machine (SVM) 
regression model, and verify the accuracy of the models on 
the basis of the Eq. (6), (7), (8) method. In order to improve 
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accuracy of model ,it’s supposed to use the optimization 
results to be the new training sample after each iteration, and 
rebuild the support vector machine (SVM) meta-model. 

3. Optimization problem solution: we establish robust 
optimization model based on meta-model and determine 
optimized objective function, constraint condition, etc. 
Optimization model proceed solving by using particle swarm 
optimization algorithm (PSO). 

4. Optimization result verification: robust optimization 
results verification using numerical simulation or 
experimental. 
 

V. NUMERICAL SIMULATION 

 
  Two-bar structure under concentrated load is shown in 

Fig.2,the cross section nominal diameter of pole x1 and 
height of structure x2 are design variables. 

Known: concentrated load F is150 KN, wall thickness is 
2.5mm,elasticity modulus E is 210KN/mm2 ,20mm 
x180mm, 200mm x21000mm, Broadband or span of 
structure B is 750mm,span B exists uncertainty factors and 

Obey the normal distribution, B  =750mm, B =50mm.The 

limit normal stress of pole max=400 N/mm2.Satisfied 
design requirements of the structure are:1)the volume V of 
structure is minimum.2)structure satisfy strength 
requirement.3)structure satisfy stability requirement. 

 

 
Figure 2. Two-bar structure under concentrated load 

 
    According to the principle of mechanics, Normal stress 

and buckling stress of the pole bear are respectively: 
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   The  Volume V of the structure is:  

2
2

2
11 2 xBTxZ                                             （16） 

    When uncertainty factors are considered, the robust 
optimization model of the structure is expressed as: 
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     Design variable diameter x1,x2 and random variable 
B are three factors that have an effect on quality 
characteristic, which are used as input to structure three 
support vector machine (SVM) meta-models Z1、Z2 and 
Z3.We adopt Latin hypercube experimental design and 
produce 64 Latin hypercube experimental design points. 
there is 73 training samples’ data after adding 8 angular point 
and 1 center point. In addition,10000 test samples that is 
randomly generated are used to verify accuracy of the 
support vector machine (SVM) meta-model. 

    It randomly generated 20000 groups data within 
fluctuation range of uncertainty factor B. we use Monte 
Carlo method to calculate, and predict mean value and 
standard deviation of Z1,Z2 and Z3 by support vector 
machine (SVM) meta-model. 

    In order to indicate the accuracy of mean value and 
standard deviation when used the SVM meta-model 
approach, we use the same learning sample to 
structure  response surface, Kriging and BP neural network 
model. the degree of accuracy of all kinds of meta-model are 
shown in Table 1,2,3. 

    From the three tables we can see, the meta-model 
accuracy of Z1 is the highest, the predictive value is very 
close to the ideal value, the second is the Z3 model, 
the meta-model accuracy of Z2 is the worst. This is mainly 
reason is that the nonlinear is low of Z1 and strong nonlinear 
existed in Z2,it indicated high and low of nonlinear have an 
effect on accuracy of meta-model. 

TABLE I.  RMSE COMPARISON OF DIFFERENT META-MODEL 

 SVM BPNN Kriging RSM 
Z1 6.85e-5 0.0093 8.26e-5 0.0001 
Z2 0.0063 0.0229 0.0093 0.142 
Z3 0.0023 0.0077 0.0033 0.071 

TABLE II.  R2 COMPARISON OF DIFFERENT META-MODEL 

 SVM BPNN Kriging RSM 
Z1 0.9999 0.9981 0.9999 0.9996 
Z2 0.9973 0.9641 0.9885 0.9036 
Z3 0.9997 0.9987 0.9990 0.9812 

TABLE III.  RMAE COMPARISON OF DIFFERENT META-MODEL 

 SVM BPNN Kriging RSM 
Z1 0.0089 0.2668 0.0041 0.0903 
Z2 0.3843 2.7073 0.4488 1.5027 
Z3 0.1126 0.3531 0.1185 0.6063 
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    For Z1 that is close to linear, all meta-models have 
higher approximation precision for mean value or standard 
deviation. the highest accuracy is support vector machine 
(SVM) ,the second is Kriging, the accuracy of BP neural 
network is the worst. For Z2 and Z3 that have higher 
nonlinear degree, all accuracy of meta-models are worse, but 
support vector regression machine and Kriging still obtain 
better accuracy than BP. Especially, when it approach the 
mean value of Z2,some local prediction results has large 
difference from theoretical value, this is mainly reason is the 
amount of learning sample is small. 

     In general, when it used to approach meta-model with 
uncertainty factors, the SVM has good performance no 
matter the sample is small or nonlinear, the predict 
performances of support vector machine (SVM) are very 
good, the second is Kriging, the effect of BP neural network 
and response surface is worse. 

    When we solve optimization model, the parameters of 
particle swarm optimization (PSO) algorithm adopt inertia 
weight decreasing strategy, decease from 0.9 to 0.4. 
Population size number is 30, and it proceeds 100 times 
calculation, the iterations times for the suspensive condition 
of algorithm is 3000, Robust optimization results with 
different method were shown in Table 4. 

TABLE IV.  ROBUST OPTIMIZATION RESULT   UNIT/MM 

Parameters 
Original Function 

Optimization 
SVM  BPNN  

 SQP PSO PSO PSO 
*
1x

 
41.813 41.463 41.487 52.559 

*
2x

 641.10 625.72 627.91 781.39 

*
1z  

64804 63618 63975 87437 

*
1z

 
25437 25279 25306 30692 

f* 2.213 2.187 2.191 3.178 

 

     In this table, *
1x and *

2x are respectively the 

optimization results of two design variables 1x and 2x .The 

mean value of
*

1Z  ,
*

1Z and optimization objective
*f  can 

calculate by the value of 
*
1x and

*
2x .The second series 

express the original function robust optimization result that 
adopted sequential quadratic programming（SQP),the 3th 
series express the original function robust optimization result 
that adopted particle swarm optimization （PSO）,the 4th  
series express the meta-model robust optimization result 
based on SVM with particle swarm optimization （PSO）
,the 5th series express the meta-model robust optimization 
result based on BPNN with particle swarm optimization （
PSO）  

    From Table 4 we can see, the results that adopted 
sequential quadratic programming and PSO are more 
approximate, it indicated that PSO is effective and feasible. 
The robust optimization result based on support vector 

machine (SVM) meta-model is closed to ideal value, but the 
robust optimization result based on BP neural network meta-
model have lager difference with ideal value, this is mainly 
for the lower accuracy of BP neural network meta-model. 
Optimization results sufficiently indicated the effectiveness 
of robust optimization method based on support vector 
regression machine (SVM) meta-model. 

 

VI. CONCLUSIONS 

 
    1) This paper put forward robust optimization method 

based on support vector machine(SVM) and particle swarm 
algorithm(PSO),and gave the algorithm flow of robust 
optimization method including DOE, construct the support 
vector machine (SVM) meta-model, model effectiveness 
verification and optimization problem solution. 

     2) This paper used typical two-bar structure to verify 
presented method, and respectively construct SVM model, 
BPNN model, Kriging model, and response surface model 
between mean value ,standard deviation of product quality 
characteristic and variables(including controllable and 
uncontrollable variable).The result indicated that the effect of 
support vector machine (SVM) is the best when it approach 
meta-model which has uncertainty factors, the second is 
Kriging, BP neural network and response surface are worse. 
And optimization result is also closed to real solution, it 
indicated effectiveness of the method.  

     3) DOE, meta-model structure and optimization 
solution can be parallel running, it obviously improve 
optimization effectiveness. The presented method is 
especially suitable for robust design optimization of 
complicated products. 
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