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Abstract: For the problem of optimal sensor placement (OSP), this paper introduces immune genetic algorithm 
(IGA), which combines the advantages of genetic algorithm (GA) and immune algorithm (IA), to minimize 
sensors placed in the structure and to obtain more information of structural characteristics. The OSP mode is 
formulated and integer coding method is proposed to code an antibody to reduce the computational complexity 
of affinity. Additionally, taking an arch bridge as an example, the results indicate that the problem can be 
achieved based on IGA method, and IGA has the ability to guarantee the higher calculation accuracy, compared 
with genetic algorithm (GA). Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 

 

Large-scale civil infrastructures may cause 
damage during long service period, extreme loads, 
harsh environment or natural calamities, such as 
winds and earthquakes. In severe cases, these factors 
can lead to major accident and have disastrous effects 
on human life [1]. In order to guarantee the safety, 
integrity and durability of structures, effective 
methods employed to monitor the security situation. 
Structural health monitoring (SHM) system is 
developed to detect anomalies in loading and 
response, and possible damage at an early stage, to 
provide the real-time information for safety 
assessment, in the long term, to obtain the massive 
amount data for the leading edge research in structure 
engineering guide for future similar structures [2]. 

A typical SHM system includes three major 
components: a sensor system, a data processing 
system (including the data acquisition, transmission, 
and storage), and a health evaluation system [3]. The 

health status of structures can be surveilled, 
evaluated, assessed by the overall system. Sensor 
system plays a key part in the SHM system. Owing to 
the limitation of financial conditions, it is impossible 
to place sensors in all candidate positions. Deploying 
fewer sensors on the bridge structures and acquiring 
more health information is the focus of the study. 
How to place sensors reasonably has become one of 
the most importantly problems, which is known as 
optimal sensor placement (OSP). Kammer developed 
the effective independence (EFI) method which 
played close attention to the contribution of each 
sensor position to the linear independence of the 
identified modes [4]. Lim employed the method 
based on a given rank for the system observability 
matrix that satisfy modal test constraints to determine 
sensor locations [5]. Carne and Dohmann [6] 
proposed to use modal assurance criterion (MAC) 
matrix as a measure of the utility of a sensor 
configuration. Heo and Wang presented the modal 
kinetic energy (MKE) method and optimized the 
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transducer placement of a long span bridge for 
identification and control purposes [7]. Miller 
introduced an approach to compute a Gaussian 
quadrature formula to give the optimal locations for 
sensors, and to illustrate the approach by a slewing 
beam [8]. Park et al. utilized modal controllability 
and observability defined in balanced coordinate 
system to select the location s of sensors and 
actuators [9]. Meo and Zumpano modified the EFI 
method, and posed the effective independence 
driving-point residue (EFI-DPR) method for OSP to 
identify the vibration characteristics of the bridge 
[10]. Li et al. combined the EFI method and MKE 
method, raised a quick EFI method through QR 
decomposition, and demonstrated the connections 
between EFI and MKE on the I-40 Bridge [11]. With 
the development of intelligence algorithms, some 
approaches rely on intelligence algorithms, such as 
genetic algorithm (GA), were used to solve the OSP. 
For the modal identification of a large space 
structure, Yao et al. took the GA to place sensors, the 
simulated results more accurately than EFI method 
[12]. Guo et al. presented some strategies (crossover 
based on identification code, mutation based on two 
gene bits) to improve the convergence speed of 
simple GA [13]. Work by Liu et al. [14] introduced a 
method based on GA to find the optimal placement of 
sensors, used the decimal two-dimension array 
coding method to overcome the low computational 
efficiency of traditional approaches. Another 
improved genetic algorithm called generalized 
genetic algorithm (GGA) is adopt to get the optimal 
placement of sensors. The placement scheme 
obtained by the GGA showed better feasibility and 

effectiveness compared with exiting genetic 
algorithm [15]. GA is a great method to optimization 
problems like OSP, but some faults, for instance 
degenerative phenomena, need to be improved 
further [16]. In the later research, virus evolutionary 
theory was emerged into GA to enhance the speed of 
convergence [17]. Especially, in recent years, the 
successful application of the new intelligence 
algorithms in combinatorial optimization problems, 
such as traveling salesman problem (TSP), knapsack 
problem (KP) [18-19], bring fresh ideas to the 
problem of OSP. Immune algorithm (IA) to solve 
these problems is also illustrated in some case studies 
[20]. On this base, a study based on immunity for 
OSP is presented. 

In this paper, Immune genetic algorithm (IGA) is 
used to determine the location and the quantity of 
sensors. The mathematic mode of OSP is established, 
and an arch bridge is presented to verify the 
effectiveness of the algorithm.  

 
 

2. Arch Bridge Structure 
 

2.1. Description of Arch Bridge 
 
Fig. 1 shows the diagram of an arch bridge. The 

main span is 3350.98 cm. And two side spans are 
both 2113.34 cm. The main structure is composed of 
beams and plate materials. Elastic modulus of bridge 
floor is 5E 1.6 10 MPa= × . Poisson ration is 0.35. 
Elastic modulus of materials for other beams is 

5E 2.06 10 MPa= × .  
 
 

 
 

Fig. 1. Diagram of bridge structure (unit: cm). 
 
 

2.2. Finite Element Model of the Bridge 
 

To obtain input data for OSP problem, a finite 
element (FE) model of the arch bridge is built by 
software ANSYS (ANSYS, Pittsburgh, PA, USA) 
[21]. The truss and the deck are simulated using 
beam elements and shell elements in the ANSYS 
element library. The model has 12631 frame 
elements and 11332 node elements. The three-
dimension FE model developed is shown in Fig. 2. 

A modal analysis is performed to gain the 
vibration properties. Considering the low order 
modal has greater participation coefficient, the first 6 
modal frequency of arch bridge is calculated. The 
frequencies are given in Table 1. 

 
 

Fig. 2. FE model of arch bridge. 
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Table 1. The first 6 modal frequency of arch bridge. 
 
Order number 1 2 3 
Frequency/Hz 0.0568 0.1545 0.1789 
Order number 4 5 6 
Frequency/Hz 0.2240 0.2283 0.2290 
 
 

2.3. Mathematic Model of OSP 
 

A matrix n l×Φ  is defined as the modal matrix 

which is made of the data from modal analysis, 
where n  is the degrees of freedom (DOFs), namely, 
DOFs of candidate sensor positions (every node has 
2 DOFs, translation x, y, z and rotation Ux , Uy , 

Uz ); l  denotes the order number of modal. We need 
select m  DOFs from the n  DOFs as the final sensor 
locations. In order to guarantee the linear 
independency of the measured modal vectors, modal 
assurance criterion (MAC) is applied to distinguish 
measured modal vectors [6]. The mathematic mode 
can be expressed as 

 

{ }
. .

ij
i j

min max MAC

s t m n

≠



<
, (1) 
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i i j j

MAC
ϕ ϕ

ϕ ϕ ϕ ϕ
= , iφ  and jφ  are the 

ith and jth column vectors in matrix Φ , respectively, 
and the superscript T denotes the transpose of the 
vector. In Equation (1), if the element values of 
MAC  tend to zero, it indicates that there is little 
correlation between the off-diagonal element ijMAC  

( )i j≠ , that is to say, the modal vector can be 

distinguished easily. Otherwise the modal vector 
fairly to be identified. In this paper, the fitness 
function is established according to the mathematic 
mode and OSP intelligence methods. 
 
 
3. Description of Algorithms 
 
3.1. Immune Genetic Algorithm 
 

Generally, Immune genetic algorithm (IGA) is 
regarded as a modified immune algorithm that 
combines the advantages of IA and GA. IA is a kind 
of population-based algorithm inspired by biological 
immune system. IGA is a heuristic search and 
optimization technique combined genetic operator 
(selection, crossover and mutation operators) and 
immune system. Immunity-based algorithm was 
widely applied in many fields, such as fault detection 
[22], pattern recognition [23], shop scheduling [24] 
and other engineering problems [25-26]. 

In the natural immune system, the lymphocytes 
recognize invading antigens and produce antibodies 

to exclude the foreign antigens [27]. Relevantly, the 
antigen is equivalent to the optimization problem, 
after making a detailed analysis of the problem, the 
objective function is established, and the antibody is 
the feasible solution of the problem in the artificial 
immune system. In coping with real optimization 
problem, variable is coded into a string as an 
antibody which is similar to a chromosome in GA, 
which is a globally optimal method. Variable 
parameters are coded into a genetic string called a 
chromosome (individual). Different antibody 
composes a population which produces new 
individuals by selection, crossover and mutation 
operators, and the better antibodies are stored in 
memory bank to maintain the superiority of 
population, the fitness antibody corresponds to 
optimal value. The main components of an IGA are 
calculation of affinity and genetic operators, thus, to 
increase the diversity of antibody population and to 
prevent the premature convergence the algorithm. 

 
 
3.2. Coding Method 

 
The first important problem to be solved in IGA 

is coding, taking the OSP problem into account, the 
result is the locations of sensors, that is, the number 
of nodes on the FE modal. The integer coding 
method is adopted to overcome the difficulty from 
binary coding. For instance, the candidate sensor 
positions are coded as an antibody (1, 2, 3, 4, 5, 6, 7, 
8, 9, 10). That denotes that sensors are placed on 
these nodes. The method avoids decoding of binary 
variables and enhances efficiency to some  
degree [28]. 

 
 

3.3. Fitness Function 
 
On the basis of IGA and OSP problem, the fitness 

function is defined as  
 

{ }( ) 1 ij
i j

f s max MAC
≠

= − , (2) 

 
where s  means an antibody. In the problem of OSP, 
demanding the largest value of off-diagonal element 
in the MAC  matrix is to be minimum run up to zero, 
and the variable parameters in the antibody are as 
less as possible.  

 
 

3.4. Affinity Calculation 
 

In consideration of IGA and fitness function, the 
affinity between antigens and antibodies is defined as  

 

{ }( ) 1V ij
i j

A f s max MAC
≠

= = − , (3) 

 

where ( )f s  is fitness function. VA  expresses the 

identification degree of the antibody to the antigen. 
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3.5. Antibody Concentration 
 

The concentration of antibody can be  
calculated by 

 

,

1
V V SC S

N
=  , (4) 

 

where N is the number of antibody; ,V SS  is the 

affinity between antibody and antibody, which 
reflects the similarity between antibodies; 

,
,

1,

0,
V S

V S

S T
S
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>
= 


. T is the certain threshold,  

here, 0.2T = . 
 
 
3.6. Selection Probability 
 

In the IGA, the selection probability can be 
calculated according to the following equation 

 

( )1V V

V V

A C
P

A C
α α= + −
 

, (5) 

 
where VA  and VC are given in Equation (3) and (4), 

respectively. α represents diversity evaluation 
parameters, 0 1α≤ ≤ . Adjust VA  and VC  to ensure 

the diversity of population. Here, α is set to 0.98. 
From the Equation (5), it can be noticed that the 
antibody with high value is more likely to be selected. 
 
 
3.7. Genetic Operator 

 
By calculating the fitness of each individual, the 

fittest antibodies pass to successive generation. 
Selection probability can be used to implement the 
selection procedure in accordance with Equation (5), 
the individual with higher fitness value have the 
greater probability to be selected. Then the crossover 
operator is employed to produce new individuals by 
exchanging some bits in antibodies, randomly. 

In this work, take two-point crossover to choose 
new offspring. The two parent individuals are 
divided into three parts by the cutting, and swapping 
the middle part to generate two offspring. Assuming 
the cutting position chosen at random are 4 and 7, the 
two-point crossover operation is shown. 

9 5 1 3 7 4 2 10 8 6

10 5 4 6 3 8 7 2 1 9
 

After cross 
9 5 1 6 3 8 7 10 * *

10 5 * 3 8 4 2 * 1 9
 

The number in the individual may repeat (the 
positions are showed with *). By now, keep the no 
repeat figures, and use part mapping method to 
eliminate the conflict position. 

After this, mutation operator is executed with a 
small probability, here, two bits are chosen from the 
antibody at random, then exchange the two bits. For 
an antibody (9 , 5 ,1, 6 , 3, 8 , 7 ,1 0 , 4 , 2 ) , for the 

case of the two bits are 4 and 7, respectively. 
9 5 1 6 3 8 7 10 4 2  

Then the antibody is changed into 
9 5 1 7 3 8 6 10 4 2  

That is the basic theory (selection, crossover and 
mutation operators) of genetic operation. 
 
 
3.8. Steps of IGA Methods 

 
The whole process of IGA for OSP of the arch 

bridge is summarized as following steps:  
Step 1. Initialize the antibody population 

randomly, set related parameters, population  
size 1N , memory capacity 2N , the number of 

iterations M, crossover probability cp
 and mutation  

probability mp . 
Step 2. Antibody evaluation, calculate the 

selection probability values of the antibodies in the 
population using Equation (5). 

Step 3. Generate parent population, and descend 
sort the values calculated in Step 2, and then select 

1N  antibodies to form parent population the 
individuals. The elitist strategy is used to update 
memory, the antibody with high affinity VA  and 
selection probability P  are stored in memory bank.  

Step 4. Genetic operators, apply the crossover 
operation by two-point crossover, and execute the 
mutation operation using two bits mutation method, 
and then take out the antibody in the memory bank to 
make up new antibodies group. 

Step 5. Repeat Step 2 to Step 4 until meeting the 
maximum iterations. 

The flowchart of IGA for OSP is shown in Fig. 3. 
 
 
4. OSP for Arch Bridge 
 
4.1. OSP Based on IGA 
 

Considering the symmetry of the arch bridge, 
only a quarter of bridge structure is selected as the 
research object to achieve OSP. A number of  
78 translational DOFs in 26 nodes are possible sensor 
installation in the case. The candidate nodes are 
shown in Fig. 4. 

The flowchart for OSP shows in Fig. 3 can be 
implemented with the software MATLAB. The 
relative parameters are listed in Table 2. The change 
curve of the maximum off-diagonal element of the 
MAC  matrix is showed in Fig. 5.  

From Fig. 5, it can be easily found that when the 
sensor number is set between 1 and 5, the maximum 
value of the off-diagonal elements in the MAC  
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matrix decreases rapidly with sensor added, and the 
sensor number is set to 10, the maximum value of the 
off-diagonal elements reaches its minimum, then the 
values increase slowly. Obviously, to select 10 DOFs 
as the sensor quantity, the final sensor placement 
result of the arch bridge is given in Table 3. 
 
 

 
 

Fig. 3. Flowchart of the IGA for OSP. 
 
 

 
 

Fig. 4. Diagram of sensor candidate nodes. 
 
 

 
Fig. 5. The change curve of the maximum off-diagonal 

element of the MAC  matrix. 

4.2. Comparison of the Methods 
 

To show the effectiveness performance of IGA 
for OSP, GA and IGA are carried out to compare 
their performances. The parameters (Population size, 
Iterations, Crossover probability and Mutation 
probability) of GA are the same as IGA. 

As shown in Fig. 6, maximum fitness values of 
IGA and GA tend to 1, thus, both methods are 
effective to OSP of bridge, but fitness value by the 
IGA is larger than that by GA, the value by IGA is 
0.972, that means, the maximum value of the off-
diagonal elements in the MAC  matrix obtained by 
IGA is 0.028, and from Fig. 6, the convergence speed 
of the IGA is also higher than that of GA method.  
 
 

Table 2. Parameters of IGA for OSP. 
 

Parameters Values 
Population size 90 
Memory capacity 30 
Iterations 100 
Crossover probability 0.99 
Mutation probability 0.4 

 
 

Table 3. Sensor placement of the arch bridge. 
 

Sensor number Node Direction 
1 4300 z 
2 619 x 
3 588 y 
4 9985 x 
5 588 x 
6 10075 z 
7 9953 y 
8 4652 x 
9 9953 x 
10 939 x 

 
 

 
 

Fig. 6. Comparison of convergence curve  
between IGA and GA. 

 
 

5. Conclusions 
 

In this paper, IGA is outlined for OSP of arch 
bridge SHM sensor system. To solve the problem of 
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OSP, integrating the advantages of GA and IA to 
increase the diversity of population and the speed of 
convergence, and combing the characteristic of the 
mathematic mode of OSP and IGA to establish the 
fitness function to make the solution more perfect. 
And, in order to reduce the complexity of the 
algorithm, integer coding method is used in the 
calculation. Finally, by the analysis of OSP for an 
arch bridge, results suggest compared with GA, the 
IGA method can better solve the problem, and has an 
advantage of high-precision. 
 
 
Acknowledgements  
 

This research is supported by National Natural 
Science Foundation of China (No. 61463028), 
Fundamental Research Funds for Colleges and 
Universities in Gansu Province (No. 213054), and 
Research Project of Gansu Education Department 
(No. 213027). 
 
  

References 
 
[1]. B. Li, D. Li, X. Zhao, et al., Optimal sensor 

placement in health monitoring of suspension bridge, 
Science China Technological Sciences, Vol. 55,  
Issue 12, 2012, pp. 2039-2047. 

[2]. J. M. Ko, Y. Q. Ni, Technology developments in 
structural health monitoring of large-scale bridges, 
Engineering Structures, Vol. 27, Issue 12, 2005,  
pp. 1715-1725. 

[3]. G. W. Housner, L. A. Bergman, T. K. Caughey, et al., 
Structural control: past, present, and future, Journal 
of Engineering Mechanics, Vol. 123, Issue 9, 1997, 
pp. 897-971. 

[4]. D. C. Kammer, Sensor placement for on-orbit modal 
identification and correlation of large space 
structures, Journal of Guidance, Control and 
Dynamics, Vol. 14, Issue 2, 1991, pp. 251-259.  

[5]. K. B. Kim, Method for optimal actuator and sensor 
placement for large flexible structures, Journal of 
Guidance, Control and Dynamics, Vol. 15, Issue 1, 
1992, pp. 49-57. 

[6]. G. C. Thomas, R. D. Clark, A modal test design 
strategy for modal correlation, in Proceedings of the 
13th International Modal Analysis Conference,  
Nashville, Tennessee, 1995, pp. 927-933. 

[7]. G. Heo, M. L. Wang, D. Satpathi, Optimal transducer 
placement for health monitoring of long span bridge, 
Soil Dynamics and Earthquake Engineering, Vol. 16, 
Issue 7, 1997, pp. 495-502. 

[8]. R. E. Miller, Optimal sensor placement via Gaussian 
quadrature, Applied Mathematics and Computation, 
Vol. 97, Issue 1, 1998, pp. 71-79. 

[9]. U. S. Park, J. W. Choi, W.-S. Yoo, Optimal 
placement of sensors and actuators using measures of 
modal controllability and observability in a balanced 
coordinate, Journal of Mechanical Science and 
Technology, Vol. 17, Issue 1, 2003, pp. 11-22. 

[10]. M. Meo, G. Zumpano, On the optimal sensor 
placement techniques for a bridge structure, 
Engineering Structures, Vol. 27, Issue 10, 2005, 
pp. 1488-1497. 

[11]. D. Li, H. Li, C. P. Fritzen, The connection between 
effective independence and modal kinetic energy 
methods for sensor placement, Journal of Sound and 
Vibration, Vol. 305, Issue 4-5, 2007, pp. 945-955. 

[12]. Y. Yao, W. A. Sethares, D. C. Kammer, Sensor 
placement for on-orbit modal identification via 
genetic algorithm, American Institute of Aeronautics 
and Astronautics, Vol. 1, Issue 10, 1993, 
pp. 1922-1928. 

[13]. H. Guo, L. hang, L. Zhang, et al., Optimal placement 
of sensors for structural health monitoring using 
improved genetic algorithms, Smart Materials and 
Structures, Vol. 13, Issue 3, 2004, pp. 528-534. 

[14]. W. Liu, W. Gao, Y. Sun, et al., Optimal sensor 
placement for spatial lattice structure based on 
genetic algorithms, Journal of Sound and Vibration, 
Vol. 317, Issue 1-2, 2008, pp. 175-189. 

[15]. T. Yi, H. Li, M. Gu, Optimal sensor placement for 
health monitoring of high-rise structure based on 
genetic algorithm, Mathematical Problems in 
Engineering, Vol. 2011, 2011, pp. 1-12. 

[16]. L. Jiao, L. Wang, A novel genetic algorithm based on 
immunity, IEEE Transactions on System, Man and 
Cybernetics. Part A: System and Humans, Vol. 30, 
Issue 5, 2000, pp. 552-561. 

[17]. F. Kang, J. Liu, Q. Xu, Virus coevolution partheno-
genetic algorithms for optimal sensor placement, 
Advanced Engineering Informatics, Vol. 22, Issue 3, 
2008, pp. 362-370. 

[18]. Y. Liao Y, D. Yau, C. Chen, Evolutionary algorithm 
to travelling salesman problems, Computers & 
Mathematics with Applications, Vol. 64, Issue 5, 
2012, pp. 788-797. 

[19]. C. B. Jagdish, D. Kusum, A modified binary particle 
swarm optimization for knapsack problems, Applied 
Mathematics and Computation, Vol. 218, Issue 22, 
2012, pp. 11042-11061. 

[20]. Z. Jun, Q. Liu, W. Wang, et al., A parallel immune 
algorithm for traveling salesman problem and its 
application on cold rolling scheduling, Information 
Sciences, Vol. 181, Issue 7, 2011, pp. 1212-1223. 

[21]. ANSYS, ANSYS, Inc. Pittsburgh, PA, USA 
(http://www.ansys.com). 

[22]. D. Bradley, A. Tyrell, Immunotronics: Hardware 
fault tolerance inspired by the immune system, in 
Proceedings of the 3rd International Conference on 
Evolvable Systems: From Biology to Hardware 
(ICES2000), Springer, 2000, pp. 11-20. 

[23]. W. Wang, S. Gao, Z. Tang, Improved pattern 
recognition with complex artificial immune system, 
Soft Computing: A Fusion of Foundations, 
Methodologies and Applications, Vol. 13, Issue 12, 
2009, pp. 1209-1217. 

[24]. B. Naderi, M. Mousakhani, M. Khalili, Scheduling 
multi-objective open shop scheduling using a hybrid 
immune algorithm, The International Journal of 
Advanced Manufacturing Technology, Vol. 66,  
Issue 5-8, 2013, pp. 895-905. 

[25]. Y. C. Wong Eugene, Y. K. Lau Henry, K. L. Mark, 
Immunity-based evolutionary algorithm for optimal 
global container repositioning in liner shipping, OR 
Spectrum, Vol. 32, Issue 3, 2010, pp. 739-763. 

[26]. C. Chen, D. Pi, Z. Fang, Artificial immune algorithm 
applied to short-term prediction for mobile object 
location, Electronics Letters, Vol. 48, Issue 17, 2012, 
pp. 1061-1062. 

[27]. J. Farmer, N. Packard, A. Perelson, The immune 
system, adaptation and machine learning, Physica. D: 



Sensors & Transducers, Vol. 180, Issue 10, October 2014, pp. 37-43 

 43

Nonlinear Phenomena, Vol. 22, Issue 1-3, 1986,  
pp. 187-204. 

[28]. H. Guo, L. Zhang, L. Zhang, et al., Optimal 
placement of sensors for structural health monitoring 

using improved genetic algorithms, Smart Materials 
and Structures, Vol. 13, Issue 3, 2004, pp. 528-534. 

 

___________________ 
 

2014 Copyright ©, International Frequency Sensor Association (IFSA) Publishing, S. L. All rights reserved. 
(http://www.sensorsportal.com) 
 
 
 

 

http://imtc.ieee-ims.org/

