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DAMAGE PREDICTION OF 2D/3D TRUSS STRUCTURES USING
THE BLACK WIDOW OPTIMIZATION ALGORITHM

Abstract. Because of their simplicity and adaptability, nature-inspired optimization
algorithms can handle a variety of technical and scientific challenges. Metaheuristic
algorithms have recently emerged as effective techniques for resolving structural issues. The
Black Widow Optimization Algorithm (BWOA), a metaheuristic algorithm, is used in this
research to predict damage of 2D/3D truss structures. Cannibalism was one of the exclusive
stages of this approach. Due to this stage, species with inappropriate fitness were omitted
from the circle, thus leading to early convergence. Moreover, by using natural frequencies
from finite element analysis for truss structure to set up the objective function, the final
outcomes prove the effectiveness of this algorithm in solving real-world issues with unknown
and challenging spaces.

Keywords: damage prediction, 2D/3D truss structure, finite element analysis, natural
frequency, black widow optimization.
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Introduction. Physical-based, swarm-based, and evolutionary-based
approaches are the three categories into which metaheuristic techniques fall. Physics
principles like electromagnetic force, inertia force, gravitational force, and so on are
the fundamental source of inspiration for physics-based algorithms. The algorithms’
search agents interact and navigate the search space while taking these rules into
account. The collective behavior of social beings, that is, how individuals of a swarm
interact with their surroundings, inspires the algorithms in the second group, which
are swarm-based. The algorithms in the final group, such as selection, reproduction,
combination, and mutation, are primarily influenced by biological evolution and
nature. Figure 1 shows how the metaheuristic algorithm branches out. Another
optimization algorithm in group two, entitled BWOA, which imitates the strange
mating behavior of the black widow spiders, was introduced by [1-8]. A poisonous
spider species, the western black widow spider is distributed from southern Mexico
to western Canada. A strong neurotoxin that is effective against a variety of animals
is found in the venom of female black widows. Furthermore, because a single bite
might result in death, the aforementioned venom is among the most deadly to
humans. These spiders live in forests and marshes, construct their webs in trees, and
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eat insects, including cockroaches, beetles, and butterflies. Because females may
engage in cannibalistic behavior, males, who utilize sex pheromones to determine a
female's mating status, are known to have little interest in mating with malnourished
and famished females. Additional information regarding the behavior of black
widow spiders can be found in [9].

Metaheuristic Algorithm

Physical-based Swarm-based
algorithm algorithm
- Gravitational Search - Particle Swarm - Evolution Strategy
Algorithm (GSA) [1] Optimization (PSO) [3] (ES) [5]
- Galaxy-based Search | Cuckoo Search (CS) [4] - Genetic Algorithm

Algorithm (GbSA) [2] (GA) [6]

Fig. 1. Branches of the metaheuristic algorithm

When it comes to the exploration and exploitation stages of the searching
process, which are two essential components of an algorithm, the majority of
population-based algorithms, independent of the algorithm's structure, generally
exhibit a similar trait. Metaheuristic algorithms should maintain equilibrium between
the exploration and exploitation phases of the search space to achieve high
efficiency.

—— Linear movement
—— Spiral movement

Fig. 2. Black widow spider [8]

The algorithm has the chance to examine several possible regions of the search
space during the exploration phase and provide fresh solutions to get out of the local
optima dilemma. The capacity of an algorithm to converge close to the obtained
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expected solutions during the exploration stage is referred to as exploitation.
Therefore, avoiding local optima and achieving good convergence are guaranteed by
effective exploration and exploitation, respectively. Nature-inspired algorithms have
seen tremendous advancements in the industrial sector in recent years, where it has
been demonstrated that they are highly beneficial in resolving practical optimization
issues. In this study, damage to truss structures is predicted using the Black Widow
Optimization Algorithm (BWOA), which was inspired by the life cycle of black
widow spiders and their peculiar mating behavior (Fig. 2). It would be remiss not to
mention some information about finding the natural frequencies of a structural
system based on finite element analysis, as in the documents [10-12].

Materials and methods. The BWOA began with an initial population of
spiders so that each spider represented a possible solution, just like other
evolutionary algorithms. These first spiders attempt to procreate in pairs. During or
after mating, the black widow female consumed the male. She then discharged the
sperm that had been held in her sperm thecae into egg sacs. Spiderlings emerged
from the egg sacs as early as 11 days after they were placed. Sibling cannibalism
occurred while the spiderlings lived together on the maternal web for a few days to
a week. Then the wind took them away. A Black Widow spider was thought to be a
potential solution to each problem in the BWOA. The values of the problem
variables were displayed by each Black Widow spider. An initial population of
spiders was used to create a candidate widow matrix of size Ny, X Ny, in order to
initiate the optimization method. Noted that N,,, was dimensional optimization
problem and

widow = [xl,xz,...,wa ] and fitness = f(xl,xz,...,me ) (1)

Next, pairs of parents were chosen at random to carry out the procreating stage
by mating, where the female black widow ate the male either during or after the
mating process. Now, in order to reproduce, an array named o must also be
generated, provided that it was present in the widow array with random numbers.
Offspring were then made using a and Equation (2), where x; and x, were parents
and y; and y, were offspring.

y,=axx; +(1-a)xx, @
y, =aXx,+(1l-a)Xx,

There were three types of cannibalism. The first was sexual cannibalism,
where a black widow ate her spouse either during or after mating. Sibling
cannibalism, in which the stronger spiderlings devoured their weaker siblings, was
another type. The third type of cannibalism, in which the young spiders devoured
their mother, was occasionally seen. They are coded algorithmically through their
fitness values. The Mutepop number in the mutation was chosen at random from the
population. Two elements in the array were switched at random by each of the
selected solutions. The mutation rate was used to compute Mutepop. Lastly, three
stop conditions could be taken into consideration, similar to previous evolutionary
algorithms: (a) a predetermined iteration count; (b) the best widow’s fitness value
remained constant throughout multiple iterations; (c) achieving the required degree
of precision. Last but not least, the qualitative analysis results of the BWOA
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approach in tackling several common optimization functions are shown in Figure 3.
In [4-7], these functions are explained in detail.
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Fig. 3. Qualitative results for BWOA

Research results and discussion. In this section two truss structures with 16
bars and 21 bars are considered as in Figures 4 and Tables 1 and 2.

Fig. 4. 16-bar truss and 21-bar truss
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Fig. 6. The first six mode shapes of 21-bar truss structure
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Table 1
Properties of bar
A E P
0,000707 m? 205e9 N/m? 7833 kg/m®
Table 2
Coordinates of nodes
16-bar truss 21-bar truss
Node x(m) y(m) Node x(m) y(m) z(m)
1 0 0 1 0 0 0
2 2 0 2 1 0 0
3 4 0 3 2 0 0
4 0 1 4 0 1 0
5 4 1 5 1 1 0
6 0 2 6 2 1 0
7 2 2 7 0 0,5 \3/2
8 4 2 8 1 0,5 \3/2
9 2 3 9 2 0,5 \3/2

An objective function is defined as the difference in natural frequencies
between the finite element model and true measurements. Thereby, the severity and
location of damage will be predicted. The definition of damages in which a decrease
in the member’s modulus of elasticity is crucial is demonstrated by Equation (3):

E,=(1-¢&)E, 0<£<1 ®3)
where, in which & is the variable showing the damage severity of each bar. The

location and severity of the damage(s) can then be easily ascertained by minimizing
the following objective function:

OzJi(ff VI @

where 6 is the number of considered frequencies, and (a) and (fe) indicate the
“actual” and “finite element” cases, respectively. Figures 5 and 6 depict the first six
mode shapes of the 16-bar and 21-bar truss structures.

Table 3
The damage situations of 16-bar truss
Situations Damage bar(s) Severity of damage
The first situation Bar 9 35%
S Bar 7 40%
The second situation Bar 11 30%
Bar 1 30%
The third situation Bar 11 25%
Bar 13 20%
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Table 4
The damage situations of 21-bar truss
Situations Damage bar(s) Severity of damage
The first situation Bar 13 35%
N Bar 6 40%
The second situation Bar 16 30%
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Fig. 8. The convergence for the damage situations of 21-bar truss

Tables 3 and 4 provide some damage situations to verify the accuracy. The
findings show that BWOA vyields the expected outcomes for damage structure
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prediction, which are detailed in Figures 7 to 8. Additionally, it is evident that the
BWOA requires only 50-150 iterations to achieve the desired outcomes.

Conclusion. This article presents how to use the Black Widow Optimization
Algorithm (BWOA) to detect damage in 2D/3D truss structures. A number of
situations, from simple to complex, are given to evaluate this algorithm's
performance. The outcomes demonstrate how well the BWOA predicts the location
and magnitude of damage.
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H.L. Ton-That
YHusepcumem apxumexkmypesi Xo LLlu MuHa, XowumuH, BeemHam

BLACK WIDOW ONTUMMU3ALIMA AITOPUTMIH KOJILAHY APKbI/1bl 2D/3D
®EPMAJIbIK, KYPbI/IbIMAAPOAFbI 3AKbIMAANYAbl BO/TKAY

AHpartna. KapanambimAbinblfbl MeH OenimpaenriwTiriHi, apKacbliHAa TabufaTTaH
WabbIT anfaH OHTAWNAHABIPY ANTOPUTMAEPI TEXHUKANBIK YKIHE FblIbIMW ecenTepaiH, KeH,
ayKbIMblH Wewyre Kabinetti. COHfbl KblAZAPbl METAa3BPUCTUKA/bIK anroputmaep
KYPbINIbIMAbIK MEXaHMKA MacenenepiH wWwewyaid, Tuimai agictepi peTiHAe KeHiHeH
KongaHbinbin Keneai. byn 3eptreyae 2D/3D pepmanbik KypblibiMaapabiH 3aKbiMAanybiH
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6o/Kay VYWiH meTasBpucTMKanblk Black Widow Optimization Algorithm (BWOA)
KoNZaHblnagbl. KaHHMGanM3m ocCbl aNrOpUTMHIH, epeklue Ke3eHAepiHiH, 6ipi 6onbin
Tabblnaabl. Ocbl KE3eHHIH, HITUXKECIHAE KapamAbl/ibifbl TOMEH AapaKTap NonyaaunanaH
anblHbIN TacTanagbl, 6yn epTe KuWHakTanyfa oKeneadi. CoHbIMEH KaTtap, ¢depmanbiK
KYpblibIMAApFa apHanfaH COHFbl SNEMEHTTEP d4ici apKbl/bl anblHFaH MeHWIiKTI Tepbenic
KMUINIKTEPIH MaKCaTTbIK GYHKUMAHBI KanbiNTacTbipyda KongaHy 6yn anroputmHix, benricis
KOHe Kypaeni isgey KeHicTiri 6ap HaKTbl MHXXEHEepAiK ecenTepai wewyaeri Timainirid
nanenpenai.

Tipek ce3aep: 3akbimaanyabl 6omkay, 2D/3D depmanblK KypbliblM, COHFbI
3NeMeHTTep a4ici, MeHLWIKTi *uinik, black widow ontummsauusacel.

H.L. Ton-That
Xo WWlu MuH ApxumeKkmypa yHusepcumemi, XowumuH, BeemHam

NPOrHO3UPOBAHUE NOBPEXAEHUMA NIOCKMUX U NPOCTPAHCTBEHHBIX ®EPM C
MCNO/Ib30BAHUEM AZITOPUTMA ONTUMMU3ALIUN «YEPHAA BOOBA»

AHHOTauma. bnarogapa csoei NpocToTe 1 afanTUBHOCTU aIFOPUTMbI ONTUMMU3ALUMK,
BAOXHOB/NIEHHbIE MPUPOAON, CNOCOBHbI pewaTb LWMPOKMIA KPYr TEXHUYECKMX U HAYYHbIX
3afay. B nocnegHve rogbl MeTasBpUCTUHECKME aNFOPUTMbl 3apekoMeHaoBanun ceba Kak
3bdeKTUBHbIE METOAbI PelleHUsa 334a4 CTPOUTENbHOM MeXaHUKWU. B gaHHOM paboTe ans
NPOrHO3MPOBaHMA MOBPEXAEHUA MNJIOCKMX U MPOCTPAHCTBEHHBbIX depm ucnosab3yeTca
METa3BPUCTUYECKMIA anropuUTM ONTUMM3aLmMK «YépHana BaoBa» (Black Widow Optimization
Algorithm, BWOA). KaHHub6anusm ABnsetcs OAHWM W3 YHWUKANbHbIX 3TanoB JaHHOro
anroputma. bnaropaps aTomy  3Tany  ocobu c HEey[,0B/IeTBOPUTE/IbHOM
NPUCNOCOBNEHHOCTBIO WCKAOYAKOTCA M3 MONyAAUMKM, YTO MNPUBOAUT K YCKOPEHHOM
cxoaumocTu. Kpome TOro, MCnonb3oBaHME COBCTBEHHbIX YAaCTOT, NOYYEHHbIX HA OCHOBE
KOHEYHO-3/IEMEHTHOMO aHan3a GepMeHHbIX KOHCTPYKLMIA, Npu GOPMUPOBAHUM LLeNeBoM
byHKUMM noaTBepKaaeT aPpPeKTUBHOCTb AaHHOFO aArOPUTMa NPU PeLleHUM NPaAKTUHECKUX
3334 C HEM3BECTHBIMW U C/I0XKHbBIMW MPOCTPAHCTBAMM MOUCKa.

KnioueBble cnoBa: NporHo3npoBaHUe NOBPEXAEHUM, NIOCKAA U NPOCTPAHCTBEHHAA
bepma, KOHEYHO-3NeMEeHTHbIA aHanu3, cobCTBeHHAA 4acToTa, ONTMUMM3aumMA «Y€pHas
BAOBaY».
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