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Optimal Sensor Placement using Genetic Algorithm and Hybrid Crossover Operator
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ABSTRACT: In this study, optimal sensor placement (OSP) which plays a key role in the health
monitoring of large-scale structures, is investigated using the genetic algorithm (GA). The OSP is among
permutation problems that it’s challenging to define the crossover operator in this kind of problem. In
this study, a new hybrid crossover operator is proposed to find the optimal location for sensors and two
different strategies are investigated for selecting members to form the next generation population. Also,
the two-structure coding method has been used instead of the typical binary coding method to create
the chromosomes of the population members. The objective function and fitness is defined based on the
modal assurance criterion (MAC) matrix that is calculated with identified mode shapes and analytical
mode shapes. The efficiency of the proposed method was investigated on a high-rise structure. The results
show that the mode shapes identified by the optimal placement obtained from the proposed method are
identical to the analytical mode shapes of the finite element model. Also, the comparison between the
sensor locations obtained by conventional operators and the proposed operator shows that the proposed
hybrid crossover operator outperforms other operators in terms of accuracy and convergence speed.
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1- Introduction

Sensordeploymentisafundamental process in constructing
a sensor network for structural health monitoring[1]. Various
techniques for optimal sensor placement have been developed,
including heuristic, exploratory, and systematic optimization
methods[2-5]. The GA uses the theory of biological evolution
and has shown promising results. However, the problem of
optimal sensor placement is complex due to its permutation
nature, requiring a suitable crossover operator for GAs. The
crossover operator must align with the permutation solution
space, avoiding invalid solutions and preserving good parts
of parent solutions. This article proposes a new combined
crossover operator for GAs to address optimal sensor
placement. It describes the problem, and evaluation criteria,
presents an optimization algorithm, and applies the method
to a representative structure. During sensor placement, an
appropriate objective function is required. Based on the
reviewed studies on OSP, only a few evaluation criteria exist.
Among them is the modal assurance criterion (MAC), which
is used in this study, and generally determines the largest
off-diagonal values in the MAC matrix as the objective
function[6-7].

2- Methodology
Since the primary objective of OSP is to determine
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the suitable degree of freedom for sensor installation, the
optimization of sensor placement can be summarized as
follows: Given a set of n candidate positions, find m positions
such that m < n and maximize or minimize the objective
function for sensor configuration. Therefore, the problem
of OSP becomes a permutation optimization problem. The
total number of potential sensor configurations containing
m sensors is equal to n!/(m!x(n-m)!). In summary, the
evolutionary process of the GA involves the following steps:
selection of two parents — crossover — mutation — selection
of the best individuals — next generation. Crossover is a
process in which new chromosomes are generated by cutting
the old chromosomes at a randomly selected crossover point
and replacing parts of one string with another string. In this
article, three different crossover operators are used. 1) Single-
point crossover. 2) OX crossover. 3) Combined crossover:
Firstly, with a probability of one-third, one of the single-point
crossover operators is randomly selected, and two random
points are used. Then, it is examined if there are duplicate
elements, and if so, the first occurrence of each duplicate
element is replaced with non-existing elements. The process
of the proposed crossover operator is shown in Figure 1.

The proposed method was implemented on the reduced-
order model ofanew television tower in Guangzhou (GNTVT)
[9-10], stimulated by white noise. Then, using simulated data

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
o NG is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

273



T. Taghikhany and S. Kord, Amirkabir J. Civil. Eng., 55(6) (2023) 273-276, DOI: 10.22060/ceej.2023.21682.7797

‘3 ‘1 4 ‘ 6 ‘ 2 ‘ 5 Single point crossover 3 ‘ 1‘
[ —

DODDBDEOE

‘3 l] 4 ‘ 6 | 2]s ‘Do\ll)]apnimﬂnsm\tr 3 ‘ 1‘
[——

‘6{5 1‘[ 24‘ [5‘5

‘3|1‘4‘6‘2‘5 Uniform crossover 6‘1‘

5<‘3‘1‘2‘4‘ ‘3]5‘

Fig. 1. Proposed combined crossover operator.
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Fig. 2. GA History using crossover methods for the first PSC (a), and second PSC (b).

generated by state-space modeling, modal identification
was performed using the frequency domain decomposition
method, and the frequencies were also calculated. Next, the
MAC matrix between the mode shapes of the identified modal
shapes and the mode shapes of the analytical finite element
model was computed. This process continued until achieving
orthogonal and consistent mode shapes.

3- Results and Discussion

Calculations were performed for 2 population selection
cases (PSCs). Figure 2(a) demonstrates that the new operator
used in this article (Operator 3) provides significantly better
results in terms of convergence speed and cost function
value compared to the other two operators for the first PSC.
Although the cost function of Operator 1 is slightly higher
and approximately equal to Operator 3, it exhibits a greater
difference in convergence speed. According to the graph,
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Operator 2, which is the well-known OX operator, does
not yield satisfactory results in the OSP problem. Figure
2(b) illustrates that the difference in convergence speed
between Operators 1 and 3 is almost similar for the second
PSC. However, the final cost function value is still lower for
Operator 3.

It can be observed that the performance of the optimization
algorithm in minimizing off-diagonal values of the MAC
matrix is highly suitable and remarkable. Finally, for better
visualization, out of the 32 identified vibration modes using
the obtained optimal arrangement, the first 6 modes are
shown alongside the first 6 modes of the finite element model
in Figure 3. As observed, the mode shapes are perfectly
matched, and the obtained optimal arrangement is capable of
accurately capturing the mode shapes of the structure and,
consequently, other dynamic characteristics for subsequent
health monitoring stages.
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Fig. 3. The first 6 mode shapes were identified using the optimal arrangement with the mode shapes of
the FE model.

4- Conclusion

This study implements a GA for the optimal placement
of a predefined number of sensors. A combined approach
for the crossover operator is proposed and it is compared
with commonly used crossover operators. Additionally,
two different strategies for creating the next generation are
compared. In the first one next generation formation is only
based on the merit of candidates, while in the second one,
a pre-defined quota for parents, offspring, and mutants is
considered. The proposed method is implemented on the
television tower in Guangzhou (GNTVT) structure and the
results show that the proposed operator achieves higher
speed and accuracy in OSP problems compared to the other
commonly used operators. Furthermore, it is revealed that
selecting candidates based on merit without considering
specific quotas for parents, offspring, and mutants has a
positive impact on the results. Ultimately, the results obtained
using the crossover operator 3 and selecting candidates based
on merit (first approach) yield highly desirable outcomes,
where the identified mode shapes using the optimized
arrangement perfectly match the analytical mode shapes of
the finite element model.
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Table 1. Two-structure coding method.

S(n) S(2)

S(1)

xs(n)

Xs(2)

Xs() wznsS

(S B Lo 93 (5 1SS (g 5 (Sleiges ¥ Jga

Table 2. An example of the two-structure coding method.

4o Jlail e 2950 arslone pigag S L iy ol (SWjl b
) py8 a5 " plosdyy QLl daly 31k 35800 03 arass sas

__ B
P B e max(f")
i Npop _ ﬂf/ (\"')

Z e M)
j=l

¥ oahal, gib Cumes pl1 g lp Bun @b ude [, o 2 &S

e S L oS Canl 0 d)lg Cas opl 4 die Ceodle it (]
ol gy o b jlaie oyt MAX(F) sl po a2lgo (53l Jilo
S aS a8 0 SaS il Jloy cpl sl 0id ssaliie Cumas > &S
5 ad obal 5wl uw cob jlde S Jo auie gl jolis
a3 b s s ol 4 g el Ol Jlis jal)l 55 f 0 pS ©jee
il Oglir aie @bl ] gds plo b ggae ST a8 9000
ol obal Jlaas! (1L oy plo 51 jieS Hlas o] ane @b)asl awsl
bl )Lid el jlade 39 (¢S g plimdg5 ol Sam jl g 298 Jrass
23,5 o 03938] 1 0o > VB 50 1S5 8 13 g b O agl Hlade b

Al oo Camex ol 3 N

B pg> ) 3 9 Mg (Blal oo N b+ ez S Sy
sl ) Jado 5 (abl b jguias dlasd gl b ) Slaw)agd o0 00l
» ol () glaSles (g)ldlo 93 ()5S 3 &5 L e
S35 i3 ples sl pod )y g WS I (VL e S ()
09 b yguiw e &S Gl me ol cpl sl ol w36 ol e
loggo (B s
g 2l oo A L S g bl Al S Jle lyie &
RIE UV SO I S| NIt G PRESSCIPRWICRLISL RS PWRIIR T §
Sow o jblie polie Cal D A E A X Y N K F Cuvgn S B3l
2o Lo 5 jguin Jblie cunz iy ojled ) & WSk gl pgd
B o 5 i 93 (gl epgus (3131 o s 5 gt ¥ Jg Jto

555l

ablis plos (gl el sl -Y —v
biso ol bl oo gl Cumon St S5 w550 3 25 (0l
Sl 9 @ld lalos 5l (o 05 (o0 ©yp0 bl 4l Lae]
o3lizl 5 e ) 3 o S5 e 5o e A5 g Ll Ul
Jl.o.ab‘ 5)§,Lo$— u:l ).) ..))I.) Pl) <(\CAJ9) C)> ul?b)]» L)»9) sw‘ oS
calite Jro a3 ) ()5 <8 1 (sl pgigeg)S b aldy S Sl

2 Boltzmann Selection

YA

1 Roulette-Wheel Selection



‘3‘1 4‘6‘2‘5 Single point crossover 3|1‘3‘1‘2‘4

e ¥
KAENERRREIES L[ [a e =]
e felsfz]spmmmmmela]r]s [ ]2 ]

£ [l

el el T (o] IelalEl
‘3‘1‘4‘6|2‘5‘Unifonncrossover 6|1‘4‘1‘2‘4‘

—_—) p=1/3
Lo e 214 5[5 5

$bey (o5 55 @b ;o .Y JSUS

Fig. 2. Proposed hybrid crossover operator.
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Fig. 3. Guangzhou New TV Tower (GNTVT)[11].

GNTVT (eooae Jso =Y -¥
OS> (6558 (o3l dx y3 2lawi by ool dwssin 45 clojlu ¢lp
S digte holSe dlis o gl S 5 (g0l ,S0g) S
GNTVT 5l Syp ol p otz ojle & lyp sl S
b a4zl (oolil 4y Jlia e canl (Sen ol D9 clipl Jao oS
o] )3 Sus o (glaoS Glo (gl a8 5 Silotas 3,505, S
ol (&5kw odlo Jio 5l allie () 10 .ol 5L5 550 Wige yatue Jlo5 ol

I sl 00 odlizsl JSio ol U (sl

dgize (glinl ol Jao =Y -
(@)Y IS5 )5 &8 polailen ((Bly ojlu )8, (3.3 1,85 glaie &
GNT- jl )b cam dw 39050 glinl Joo 6 conl oss o3l )l
asle "oLKen 5 5 bwg ANSYS 58l o5 5 eslazl L VT
0,5 AFYV- cgae WYYFVE Jols JolS (cam ¥ Jso [Vl ons
BEAM44 , PIPE16 «Jss p) 5 .ol (oolj] asyd 0-0V5F 4

(GNTVT aile) aily sloojlo o2 42 o st (sloosls

Colis jl b oled ciiwa wlus ' Bolay Sliles )| ply 3059 4
a il Hloxl wile (ool sla)l L 2L ok lagys obj (e
» Golod slacdyty ) pliime GNTVT Lol [l jghaio
Sy ool sl oM as 31 .ales 7 olaiw] pwdige calises (gladii,
sk 32y ol b sl 488 plosl GNTVT (o Sy 29
SIS g ol 3,8dos gm0 41 poxie (dame 2o 53 L 0)lge (nl (IS
Gl (50,95 cgmgpe loj Ode Job 5> s e ojlu &l iy
S 2,8kes Jls5 5 ] gos sl il Gl ol (Saus
23 1) ojle Cuglie cudls bl Clial b 4 393 Jelse ]
oilo CuSd b (oBlgyd 4 oie Sl (S (g 3o iR L
ol oM (aly s Sy 3L nlply 295 BaS o)l cow
5 Sl 5 wpe Bluws 1 (o sl (6590 5l S GNTVT (4
Bl o955 GNTVT 3 05l coods il Sige i S5 ly]

Lol G‘Lo.o‘ ))'.oli dh&gﬁ}a )’l dld.c%zm )’l )iuo d[mo&n

2 Nietal.

IARY

1 Random Vibrations



o (65w 83lw Jao (63131 Ol 4> (60 0 ko ¥ Joux

Table 3. Numbering of the simplified model's degrees of freedom.
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Table 4. Frequency comparison of different numerical models[12].

(/)odlzs| oah o5l oo Sl Joe sge S
e R A )
e 04 o] \
e CIYEY AIYEY Y
e YA AI¥SA ¥
AY0 .1¥aq -If o
AIYY -I$8 -5 5
e <IFAD <[FAD v
e “IVYA “IVYA A
e Ca-Y NI q
e <123y NIV V.
e VYA V- YA 3
e VAYY VAYY \Y
e \IYFE \/YFE Wy
e VoY VoY \F
e \IVYF \IVY$ \0
US55 ol b el )b (g pmple S W T o oS
X = Ax+Bu (v) _
dad gl y5e colps s oS Jlwyjey 4 5 sl D50 033k 350
IS5 93 9 gl (e 350 S5 ez slp V0 plp (RO) lauls 3
y =Cx+Du ") 0 (e phed 390 S5 ez lp Ve plp (RP) o) iy 25

s B A X o 085 anlis clbs dbles slsis LY by, oS

JEsl g lo 5 (298 pmple 29 iy 4Dy Cy o p s
S g dmlna)+ 58 gy 3o Dy C B A (gl le 2t o

nxn nxn nxn

c-|[-M7k],,

yyay

Jre a8 olool jbilons wudas <Y 500 YL ded D90 gy sl g
Sn 4T 350 S5 sl 5 sl i 13 (s0b5 csloo S Joli LIS
68,5 5 > 0l 5 390 S ol kil gl K08, b ol
bld al ials Jao ;o Blis 0,5 350 JSib ddlge e 4y 9 B
0l plol o 031> s gl Mgy b ol odle Jao (Slwyjem les Luas
ol odkw g JolS” Juo i odel Cuwd 4y Seolind ldasuin & cwl

DIV]cw! ons 03)91 ¥ JgA? 5 l@] s slallas ol)o.e(g

Seidj ok oV gl @l -0
dad 4 5l 0dd oS ojlu ly (iledings Wl pbol cus
$lad s S bul S8 4 ol (pl & il oo ojle ol (g3l
By b s 5 e lugna 3 i €55 S¥olas o (sl s

) 00 pl?u’l/\ 5V



38

N W s L O 9 00 O

YA s FAE o )5 15 Olilad )l g5 05101 g 5 51,5 33 03l S o0 Silows .F S0

Fig. 4. Schematic of structure excitation at the base level and measurement of vibrations at nodes 4, 9, 6, and 38.
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Fig. 5. MAC matrix corresponding to a random sensor arrangement.
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Fig. 6. History of the best result of the genetic algorithm using three crossover operators for the first approach
of next generation formation.
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Fig. 7. History of the best result of the genetic algorithm using three crossover operators for the second approach
of next generation formation.
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Fig. 9. Visualization of MAC matrix between identified and finite element model mode shapes.
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Fig. 10. Visualization of the MAC matrix calculated using only the mode shapes of the finite element model.
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Table 5. Position of the sensors and value of the cost function in the optimal arrangement obtained from

the genetic algorithm.
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Fig. 11. Comparison of the first 6 mode shapes identified using the obtained optimal arrangement with

150

the mode shapes of the finite element model.
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