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ABSTRACT 
 
     This paper presents a novel finite element model updating (FEMU) to obtain an 
optimal FE model among competing candidates of the FE model. Various modeling 
techniques can be employed for the existing structures, so that model-form uncertainty 
(i.e., modeling uncertainty) inherently exists. Although quantities of interest (e.g., 
dynamic or static responses) vary by modeling techniques, this issue has gained less 
attention in FEMU. Conventionally, a trial-and-error approach for FEMU has been 
iteratively employed using different FE model one at a time until a model gives 
adequate predictions for the experimental data. This iterative process for FEMU is the 
time-consuming and resource-intensive work, so that it is not effective to deal with the 
modeling uncertainty in FEMU. Unlike most existing techniques of FEMU, the proposed 
method is performed by formulating and solving a mixed integer nonlinear programming 
(MINLP) problem that assigns an integer code for model choice with the continuous 
real variables for the model parameters of being updated. The numerical experiments 
were performed and the results reveal that the proposed method can achieve the 
optimally updated FE model among competing model candidates with much less 
computational effort against the conventional method. 
 
1. INTRODUCTION 
 
    Finite element (FE) model is a numerical model for simulating any given physical 
process using finite element method. In structural engineering, FE model has been 
widely used to evaluate structural conditions of existing structures under adverse 
conditions (e.g., earthquake) (Jin et al., 2014). Current design and assessment 
procedures do not have any linkage to actual condition of the existing structures, so 
that it is necessary to associate FE model (or numerical model) with a corresponding 
existing structure (Jin and Jung, 2016). 
 
    Finite element model updating (FEMU) is such a process to update an initial FE 
model based on experimental data (Friswell and Mottershead, 1995). FEMU is 
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performed by inverse problems, which identify the updating parameters such as 
material properties and boundary conditions to minimize a given objective function 
(Wan and Ren, 2015). The objective function is formulated in terms of the residuals 
between measured and simulated reference properties. To estimate the point estimates, 
an iterative optimization scheme is employed by minimizing the objective function by 
adjusting the model parameters. 
 

One of the most important tasks in FE model updating is to minimize the systematic 
error (bias) in the FE model updating. The systematic error may arise from measured 
quantities and modeling. As computational capabilities become more advanced, there 
are many modeling approached ranging from simple one to much more sophisticated 
model (Catbas and Kijewski-Correa, 2013). Consequently, model-form uncertainty 
inevitably arises. Although various FE models can be constructed, no one can 
guarantee that a certain modeling approach is always best. 
    

Although dynamic or static responses vary by the modeling approach, this issue has 
gained less attention in FEMU. FEMU requires an iterative cycle for a numerical model 
development, until an updated FE model gives a best match for the experimental data 
(i.e., both calibration and validation data). In this context, a trial-and-error approach for 
FEMU has been iteratively employed using different FE model one at a time. This 
iterative process for FEMU is the time-consuming and resource-intensive work, so that 
it is not effective to deal with the modeling uncertainty (model-form uncertainty) in 
FEMU. 

 
To deal with the modeling issues in FEMU, we propose an FEMU using mixed-

integer non-linear programming. The proposed method formulates FEMU as a mixed 
integer nonlinear programming (MINLP) problem with competing FE models that 
assigns an integer code for model choice with the continuous real variables for the 
model parameters of being updated. The numerical experiments were performed and 
the results reveal that the proposed method can achieve the optimally updated FE 
model among competing model candidates with much less computational effort against 
the conventional method. 
 
 
2. FINITE ELEMENT MODEL UPDATING USING MIXED INTEGER NONLINEAR 
PROGRAMMING 
      

The FE model updating can be formulated as an optimization problem to find an 
updated FE model corresponding to global minimum in the objective function space. 
For the conventional FEMU, a typical objective function using dynamic responses is 
formulated as given in Eq. (1). 
 

min   
𝑓𝑖
𝐹𝐸𝑀 𝑿 − 𝑓𝑖

𝐸𝑋𝑃

𝑓𝑖
𝐸𝑋𝑃  
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(1) 
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where 𝑿 is candidate for updating parameters taking continuous values (real variable); 

𝑁𝑚  is total number of the used modes for FEMU; 𝑓𝑖
𝐹𝐸𝑀 𝑋  and 𝑓𝑖

𝐸𝑋𝑃  are the i-th 

natural frequencies from FE model and experiments, respectively; 𝑀𝐴𝐶𝑖 𝑋  is the 
modal assurance criterion (MAC) value between the i-th mode shapes from FE model 

and experiments; and 𝑿𝒍𝒃 and 𝑿𝒖𝒃 are lower and upper constraints of the design 
variables, respectively. 
 

One of the most important tasks for FEMU is modeling a target structures from 
various modeling approaches. As a result, lots of the time for FEMU will be spent for 
trying to iterative model development through different modeling architecture. As shown 
in the left side of Fig. 1, the conventional FEMU has an iterative cycle to perform FEMU 
for each candidate of FE modeling and select the best one by evaluating their results. 
Stated differently, FEMU should be performed for all possible candidates of FE models. 
Since no modeling approach performs best on all situations, this iterative cycle for 
FEMU is a very time-consuming and labor-intensive task due to model-form uncertainty 
in FEMU. 

 

 
Fig. 1 Comparison between conventional and proposed FEMU 

 

   To deal with the model-form uncertainty in FEMU, the proposed FEMU introduces 
Mixed-Integer Nonlinear optimization strategy. The Mixed-Integer Nonlinear 
optimization deals with mathematical problems having two types of variables as: (1) 
Integer variable taking values in a discrete domain; and (2) real variables taking values 



The 2019 World Congress on 
Advances in Structural Engineering and Mechanics (ASEM19)
Jeju Island, Korea, September 17 - 21, 2019

  

in a continuous domain (Amoiralis et al., 2008). The mixed integer optimization is 
suitable with automated model selection we can filter the model space by running all 
possible FE models for selecting the best one that produces lowest objective function. 
In this context, the proposed method is performed by formulating and solving a mixed 
integer nonlinear programming (MINLP) problem that assigns an integer variable for 
model choice with the continuous real variables for the model parameters of being 
updated. As a result, the objective function based MINLP for FEMU is defined by 
 

min   
𝑓𝑖
𝐹𝐸𝑀 𝑿, 𝐼𝑁𝐷 − 𝑓𝑖

𝐸𝑋𝑃

𝑓𝑖
𝐸𝑋𝑃  

2𝑁𝑚
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 1 −  𝑀𝐴𝐶𝑖 𝑿, 𝐼𝑁𝐷  

2

𝑀𝐴𝐶𝑖 𝑿, 𝐼𝑁𝐷 

𝑁𝑚

𝑖=1

  

subject to 𝑿𝒍𝒃 ≤ 𝑿 ≤ 𝑿𝒖𝒃, 𝐼𝑁𝐷 ∈  1,2, … , 𝑁𝐹𝐸  

(2) 

 

where 𝐼𝑁𝐷 is an integer variable for model choice to denote one of the candidate FE 

models; 𝑁𝐹𝐸  is the total number of possible FE models; 𝑓𝑖
𝐹𝐸𝑀 𝑿, 𝐼𝑁𝐷  is the i-th 

natural frequency from the selected FE model by integer variable; and 𝑀𝐴𝐶𝑖 𝑿, 𝐼𝑁𝐷  is 
the MAC value between the i-th mode shapes from selected FE model by integer 
variable and experiments. 
 
 
3. NUMERICAL EXPERIMENT 
 
 
3.1 Preliminary works for FEMU 

A five-story shear building was used to evaluate the performance of the proposed 
FEMU, as shown in Fig. 2. The boundary condition (support) is clamped. The materials 
of each columns and floors are assumed to be steel having 196 GPa of Young’s 
modulus. The mass densities of the column and floor are assumed to be 7992 and 

7845 kg·m-3, respectively. 

 

 
Fig. 2 Five story shear building for numerical experiments 

   In the numerical experiments, five FE models were constructed based on different 
modeling approaches. These models are described in Fig. 3. Based on initial values of 
Young’s modulus and mass density, the simulated modes from each FE models are 
tabulated in Table 1. It is clearly seen that the first five natural frequencies are different 
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depending on each modeling approaches. This indicates that the results of FEMU can 
be varied according to modeling approach. Therefore, model-form uncertainty in FEMU 
cannot be ignorable. 
 

 
Fig. 3 Five candidates for FE models 

 
Table 1 Comparison of modal analysis results from each FE models 

Unit: Hz # Model 
# Mode 1 2 3 4 5 

1 1.216 1.198 1.202 1.134 1.308 
2 3.411 3.374 3.362 3.283 3.728 
3 5.266 5.222 5.163 5.313 5.832 
4 6.984 6.948 6.801 7.405 7.761 
5 8.247 8.234 7.980 9.136 9.208 

 
   To generate the synthetic data for FEMU, the model #3 is considered as data 
generating model (DGM) to be an adequate modeling approach for the shear-building 
in Fig. 2. As updating parameters for FEMU, Young’s modulus of each column is used. 
The target values of the updating parameters are tabulated in Table 2. To consider the 
noise in measurement, synthetic data was generated 20 times with different random 
seeds by adding Gaussian noise to the first five modes from the model #3 with the 
target values. The generated synthetic data were shown in  
 
 

Table 2 Target values for updating parameters in data generating model (DGM) 

Model #3 E1 E2 E3 E4 E5 

𝑋𝑡𝑎𝑟𝑔𝑒𝑡  0.95*E0 1.05*E0 0.9*E0 0.97*E0 1.12*E0 

where E0=196 GPa 
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Fig. 4 Synthetic data for first five modes (20 sets) 

 
 
3.2 Numerical study #1: FEMU with DGM 

We performed both conventional and proposed FEMU for the situations that the 
DGM is included to the candidates of FE models. As calibration data for FEMU, the first 
five modes were used to find the solutions of FEMU. Genetic algorithm (GA) can be 
applied to both NLP problem (with only real variables for the updating parameters) and 
MINLP (with integer variable for model choice and real variables the updating 
parameters) (Sadatiyan Abkenar et al., 2015). Therefore, GA was implemented as the 
global optimizer to minimize the objective functions in Eq. (1) and (2). 

 
The estimated best FE models from the proposed method (MINLP) are shown in Fig. 

5, while Fig. 6 shows the identified values of the updating parameters from the 
conventional FEMUs (five NLP problems for each FE model) and proposed FEMU (one 
MINLP problems with all FE models). The results shows that (1) the proposed FEMU 
with MINLP can automatically and properly find the DGM (model #3) for all synthetic 
data; (2) the values of the updating parameters are identified around the target values 
(Fig. 6); and (3) the boxplots from the conventional FEMU using the DGM and the 
proposed FEMU are almost similar as shown in Fig. 6. 
 

 
Fig. 5 Estimated best models from proposed method 
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Fig. 6 Results of updating parameters from each FEMU 

 
   Fig. 7 shows the computational efforts using the number of the function evaluations 
(FE analysis). The results indicate that that the proposed method can achieve the 
optimally updated FE model among competing model candidates with much less 
computational effort against the conventional method. 
 

 
Fig. 7 Computational efforts based on number of FE analysis 

 
 
3.3 Numerical study #2: FEMU without DGM 

We also performed a comparative study under the model space without the DGM. 
Due to the limitation of the manuscript, we briefly mentioned that results. The 
experimental results show that the (1) the admissible FE model (herein, model #1) was 
chosen by the proposed method, and the predictions of this model are reasonable to 
represent the true dynamic behavior of the target structure; and (2) the identified values 
of the updating parameters are closed to upper or lower bounds, if there is no 
admissible FE models in the model spaces. More details on the results will be given in 
the presentation of the conference. 
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4. CONCLUSIONS 
 

Since there are various modeling approaches for the existing infrastructures, the 
model-form uncertainty in FEMU always exists even for simple structures. Although the 
each modeling approaches simulate different predictions and this has a significant 
influence on the results of FEMU, this attention for this issue has not been gained. Most 
previous studies perform FEMU via the iterative process of trying out different FE 
models using own modeling approaches. Based the each results of FEMU, the best 
result was chosen. This iterative process for FEMU is the time-consuming and 
resource-intensive work, so that it is not effective to deal with the modeling uncertainty 
in FEMU. 

To deal with the model-form uncertainty in FEMU, this study proposed FEM solving 
MINLP problems that assigns an integer code for model choice with the continuous real 
variables for the model parameters of being updated. The numerical experiments were 
performed to evaluate and compare the proposed method with the conventional 
method. The numerical experiments were performed and the results reveal that the 
proposed method can achieve the optimally updated FE model among competing 
model candidates with much less computational effort against the conventional method. 
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