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In the semiconductor industry, the vulnerability of high-tech facilities installed on platforms to ground excitations induced by
nearby traffic is significantly pronounced, primarily due to their small-scale dimensions. Consequently, it is imperative to design a
smart control technique by effectively utilizing model-free controllers. Recently, adaptive intelligent control algorithms have
emerged as a viable alternative to conventional model-based control algorithms. To address this issue, this study meticulously
designed a hybrid platform using the adaptive intelligent controller known as the brain emotional learning-based intelligent
controller, along with a Sugano fuzzy inference system to effectively optimize the controller’s learning parameters. These learning
and intelligent-based algorithms offer notable advantages, including the ability to handle nonlinearity, uncertainty, and training
capabilities within the control systems. To assess the effectiveness of the proposed controller in mitigating vibrations induced by
traffic on high-tech facilities, a three degree-of-freedom structure is employed along with the hybrid platform. Finally, the
performance of the hybrid platform in terms of microvibration control levels is meticulously validated using the Bolt Beranek
Newman vibration criteria. Simulation results unequivocally demonstrate that the proposed controller outperforms both an
uncontrolled system and a traditional linear quadratic regulator controller in terms of reducing the traffic-induced response of
the hybrid platform and second floor, respectively. Through the integration of learning and intelligent-based controllers, the
velocity levels of both the hybrid platform and the second floor are reduced to approximately 49.02% and remain well within the
acceptable standard criteria curves.

1. Introduction

The high-precision machinery installed on the building floors
is considerably affected by natural disasters and even mild
ground vibrations due to traffic or high-speed rail operations
because of its small dimensions and high sensitivity. For the
past three decades, civil and structural engineers have increas-
ingly explored how structures and equipment can be con-
trolled to protect them against natural hazards. Generally,
the semiconductormanufacturing industry and high-precision
manufacturing firms establish their high-tech facilities on
building floors by using passive isolation systems. These sys-
tems face challenges in adequately mitigating equipment vibra-
tion and achieving sufficient response reduction, primarily due

to the absence of stiffness isolation devices and the limita-
tions of passive systems. The utilization of building floors
and passive isolation systems falls short in providing effec-
tive protection and vibration minimization, thereby posing a
significant hurdle for these manufacturing firms. Therefore,
it is imperative for the semiconductor industry to prioritize
the mitigation of microlevel vibrations to protect their valu-
able and expensive high-precision equipment housed within
the buildings. The present study investigation involves the
utilization of hybrid control system that integrates passive
mounts and active actuators. This novel approach effectively
addresses aforementioned challenges, thereby ensuring the
safeguarding of precision equipment.
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Two types of smart control techniques can be applied.
The first comprises the application of a model-based control
algorithm, which uses appropriate mathematical statements
and can be applied to both linear and nonlinear control
systems. The second comprises the use of a model-free con-
troller, which does not use mathematical models but can
resolve various complex dynamic problems and uncertain-
ties [1]. The model-free system identification and smart con-
trol of the structures are attractive solutions for control
engineers because of the many advantages of model-free
control. Additionally, various model-free smart control tech-
niques have been developed by refining the soft computing
methods. The development of these control algorithms has
been based on the biologically inspired intelligent control
models, which replicate the key characteristics of intelligent
biological systems [2, 3].

A control schema can be organized during the imple-
mentation of a structural system under active or hybrid con-
trol; this implementation method ensures that a structure
responds in a clear and unambiguous manner. The accuracy
and appropriateness of a hybrid or active control system are
mostly dependent on the control algorithms that are used;
such algorithm require precise and suitable control gains to
calculate actuator control forces [4–6]. In the semiconductor
industry, optical microscopes, and integrated circuits, the
rapid development of high-precision machinery has consid-
erably increased the demand for efficient microvibration
control [7, 8]. Thus, the microvibration attenuation of high-
tech machinery platforms that are exposed to ground vibra-
tions due to traffic and floor vibrations must be considered.
Amiri and Bagheri [9] and Rofooei et al. [10] employed wave-
let analysis and nonstationary Kanai–Tajimi spectrummodels
to generate artificial acceleration time histories and traffic-
induced ground motion. Various simulation experiments
have been conducted to derive nonstationary traffic driven
ground motions [11], and their results indicated that traffic-
induced ground motion have a dominant frequency range,
which varies depending on the distance between a source
and a facility, the nearby soil conditions, and the type of
seismic waves that are present. Furthermore, Rao and Sivasu-
bramanian [12] used a fuzzy controller in conjunction with
the self-configurable multiobjective particle swarm optimiza-
tion (PSO) technique to attenuate the response of seismically
excited buildings. The proposed controller optimizes both
ideal parameters and actuator positions. Chen et al. [13],
developed a backpropagation-through-time neural controller
(BTTNC) to provide active control for civil engineering struc-
tures under dynamic loading conditions. The controller has
two types of applications; an emulator network that specifies
the dynamic behavior of a structure, and an action network
that produces the control forces for training an ideal design
system. Their investigation revealed positive results for the
proposed neural network controller with respect to the
response reduction of a building in San Jose. Xie and Aly
[14] developed a smart passive and semiactive vibration con-
trol system for wind turbines that are susceptible to mechani-
cal vibrations and multihazard dynamic loading. Additionally,

they proposed a clearly defined solution for complex problems
relating to the structural control of wind turbines; the solution
involved the use of a controller that can reduce the shear and
overturning moment of turbines.

By contrast, Lara et al. [15] used a fuzzy controller and an
artificial neural network (ANN) controller (i.e., a nonlinear
autoregressive exogenous model) to determine the structural
control strategy for a two-story building frame. For both of
these controllers, the ANN model outperformed other fuzzy
controllers by achieving a response reduction of up to 83%.
Zabihi-Samani and Ghanooni-Bagha [16] introduced an
adjustable cuckoo search wavelet-based fuzzy controller
(ACSWBFLC) to reduce the excessive responses of a three-
story benchmark building with MR dampers. In their experi-
ments, a discrete wavelet-based transform controller was
used to determine the local energy distribution of seismic
forces throughout various frequency bands. Their results
releveled that the ACSWBFLC was more effective than
traditional fuzzy controllers in suppressing the excessive
responses of the benchmark building. Azizi et al. [17, 18]
explored the effectiveness of optimized fuzzy controllers for
seismically agitated tall buildings by applying an enhanced
whale optimization algorithm, a hybrid optimization tech-
nique (i.e., ant lion optimizer), and the Jaya algorithm. In
their numerical findings, the response reductions that they
achieved were considerably more effective for a 20-story
building than for a 3-story building. In another study, Azizi
et al. [19] examined the effectiveness of a multiverse optimizer
based enhanced fuzzy controller for suppressing nonlinear
structural responses, and they demonstrated that their pro-
posed algorithm could produce competitive results. Marinaki
et al. [20] used a multiobjective differential evolution algo-
rithm and genetic algorithm [21] to determine the optimal
parameters for a fuzzy controller that was used to suppress the
vibration of beams, measured with piezoelectric sensors and
actuators and they reported favorable outcomes for the sinu-
soidal excitation.

In pursuit, Azizi et al. [22] proposed an upgraded gray
wolf optimizer (UGWO) that improved the performance of
the standard gray wolf optimizer with respect to the seismic
control of vibration in nonlinear structures. Their compar-
isons revealed that the UGWO outperformed other optimi-
zers and resulted in less damage to the benchmark structures.
In addition to performing an experimental verification, Lin
et al. [23] conducted a feed-forward predictive earthquake
energy analysis to determine the characteristics of an earth-
quake (i.e., whether it exhibited near-fault or far-field ground
motion) and to suppress isolated stiffness variable structural
responses. Their results indicated that the proposed novel
controller can be used for unanticipated far-field and near-
fault earthquake excitations. In another study, Lin et al. [24]
developed a smart isolation system by employing a leverage-
type stiffness-controllable isolation system and a simple
fuzzy controller to reduce the near-fault seismic vibration
of two-story isolated buildings. Chen and Chien [25] com-
bined a symbiotic organism search algorithm with a multi-
layer perception model and an autoregressive exogenous
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input model to determine the optimal control force pro-
duced by a conventional linear quadratic regulator (LQR)
controller. A series of numerical simulations involving a
10-story benchmark building revealed that a machine learn-
ing (ML) model can be effectively used to emulate the LQR
control force without needing the state variables estimated in
practical applications. García-Gutiérrez et al. [26] performed
fuzzy control optimization for a magnetic levitation system
by applying a metaheuristic algorithm, that is, the cuckoo
search algorithm. Their comparative numerical results
revealed that fuzzy logic control systems can be employed
when fuzzy control methods are necessary and that such sys-
tems require less computational time than do trial-and-error
processes. Zelleke and Matasagar [27] proposed a semiactive
control strategy for mitigating the wind response of a 76-story
benchmark building; this strategy incorporates the application
of an energy-based predictive algorithm and tuned mass dam-
pers. They reported that their proposed algorithm produced
more robust results than other algorithms in terms of response
reduction while reducing the mechanical energy of the tested
building. Furthermore, numerous researchers [28–30] have
employed fuzzy controllers to improve the seismic perfor-
mance of real building structures and tall buildings during
wind and earthquake excitations. These researchers have
reported that fuzzy controllers outperform traditional control-
lers for seismic mitigation and that a reasonable tradeoff exists
between using a traditional controller and performing quick
evaluations to obtain the optimal control force.

Recent literature findings reveal increasing interest in the
application of adaptive intelligent controllers in civil struc-
tures and smart control systems designed to cope with natu-
ral hazards. Panda et al. [31] developed a robust H1- based
servo-mechanism controller for better control of seismic
responses by taking target tracking problems into account.
Their findings show that the developed adaptive controller
has a significant potential for reducing interstory drift in
both SDOF and MDOF systems. In addition, a brain emo-
tional learning-based intelligent controller (BELBIC) con-
trollers, which are a type of adaptive intelligent controllers,
have become an extensively discussed topic in the field of
neurology and considerable advancements have been achieved
in the past 10 years in the field of civil smart structures [32]. In
their study, MR dampers were used to reduce the response of
a single degree-of-freedom (DOF) structure and a trial-and-
errormethodwas employed to determine the controller learn-
ing rate parameters required to achieve the optimal control
force, but this method requires a considerable amount of
calculation time. In other studies, Cesar et al. [33, 34]
employed a BELBIC in conjunction with an evolutionary
algorithm (i.e., PSO) to reduce the vibration control of non-
collocated buildings with a single degree of freedom and
three-story buildings with MR dampers. Their simulation
results indicated that the proposed controller outperformed
the trial-and-error method for both single and three-story
buildings, achieving seismic response reductions of up
to 60%. The aforementioned literature findings reveal

satisfactory results with respect to the seismic attenuation of
civil structures with the aid of adaptive intelligent controllers;
however, the satisfactory smart control of buildings has yet
to be achieved, and no optimally equipped structures with
BEL controllers have been reported [34]. Furthermore, most
studies have focused on minimizing structural responses to
natural hazards, and few have examined the vibrations of
high-precision machinery caused by traffic-induced ground
motion.

With the objective of achieving adequate response con-
trol over passive platforms for high-tech facilities within a
building, a BELBIC was developed in the present study. Fur-
thermore, a fuzzy inference system (FIS) was employed that
incorporates BEL to tune the weighing parameters of input
signals and the learning rates of amygdale (AM) and orbito-
frontal cortex (OC) processing units to compensate for each
other’s inadequacies. With the integration of learning-based
controller (i.e., BELBIC) and reasoning-system (i.e., FIS), this
investigation accomplishes the optimal controlling system
that results in the minimization of microvibration and veloc-
ity levels for high-precision machinery. The remainder of the
present paper is structured as follows. Section 2 comprehen-
sively describes how the governing equation of motion of a
hybrid platform and the corresponding building floor were
derived. In Section 3, the input excitations derived from a
modified Kanai–Tajimi power spectrum and Bolt Beranek
Newman-vibration criteria (BBN-VC) curves are defined
for a hybrid platform. Section 4 describes the implementa-
tion of the proposed BELBIC and FIS for enhancing the
performance of a primary controller. In Section 5, the results
of the numerical simulations of the second floor and hybrid
platform including their microvibration velocities are dis-
cussed, and these results are compared with BBN-VC speci-
fications. Finally, the conclusions are drawn in Section 6.

2. Analytical Model of Hybrid Platform

2.1. Modeling of Building and Hybrid Platform Structure. The
performance of the proposed control system was assessed by
examining a three-story building and a hybrid platform posi-
tioned on the second floor of the building, as illustrated in
Figure 1 [35]. Vibrations from nearby machinery, traffic, and
other sources pose a significant risk to the machinery, par-
ticularly on lower floors. Conversely, higher floors offer a
quieter and more stable environment, minimizing the poten-
tial disruptions that may impact equipment performance. As
a result, the implementation of a hybrid platform on the top
floor was considered, which can avoid most of the traffic-
induced vibration. These building and hybrid platform were
tracked using a hybrid control system (comprising active
control and passive mounts with leaf springs) that was influ-
enced by traffic-induced ground motion excitations pro-
duced by the Kanai–Tajimi spectrum. The equation of
motion of the building coupled with the hybrid platform
under the control of the active actuator control system can
be obtained through Equation (1) as follows:
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ẋp

8>>>><
>>>>:

9>>>>=
>>>>;

þ

k11 k12 k13 0

k21 k22 þ kp k23 −kp

k31 k32 k33 0

0 −kp 0 kp

2
66664

3
77775 

x1

x2

x3

xp

8>>>><
>>>>:

9>>>>=
>>>>;

¼

0

−fc

0

fc

8>>>><
>>>>:

9>>>>=
>>>>;

þ

m1

0

0

0

8>>>><
>>>>:

9>>>>=
>>>>;
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where mi, kij, and cij (i, j= 1, 2, and 3) are the ith floor’s mass,
stiffness coefficient, and damping coefficient, respectively;
xi(i= 1, 2, and 3) is the displacement of the ith floor; ẍ tg is
the acceleration of traffic-induced ground motion;mp, kp, and
cp are the hybrid platform’s mass, stiffness coefficient, and
damping coefficient, respectively; xp, ẋp, and ẍp are the hybrid

platform’s displacement, velocity and acceleration, respec-
tively; and fc is the control force generated by the BELBIC.

2.2. Equation of Motion in State–Space. The state-space
equation of motion of the coupled building and hybrid plat-
form system, derived from Equation (1), is expressed in
Equation (2). In regions where heavy traffic-flow vibrations
are more likely to occur near the surface or within a specific
depth range, it is advisable to concentrate on the first floor
when assessing the building’s response to traffic-induced
ground motion. This approach provides a more accurate
representation of the effects of localized vibration sources.
By evaluating the state–space model under the influence of
traffic-induced ground motion, the responses of the uncon-
trolled hybrid platform and second floor can be clarified.
Focusing on the lower peak ground values of the traffic-
induced ground motion and microvibration control sce-
nario, the applied excitation is only considered at lumped
mass m1 as opposed to each mass individually. Application
of ground motion at mass m1 ensures that the structure can
withstand the most severe ground motions and provides a
conservative estimate of its response performance under the
traffic-induced vibration.

żf g ¼ A½ � zf g þ B½ � fc þ E½ � ẍ tg; ð2Þ

where zf g¼ x1x2x3xpẋ1ẋ2ẋ3ẋp
È É

T is the state vector of the
coupled building and hybrid platform system; A is the system
matrix; B and E are the input matrices for control force and
external excitation, expressed as follows:

A¼ 0 I

−M−1 K −M−1C

" #
; B¼ 0

B2M−1

" #
; E ¼ 0

E2M−1

" #
;

ð3Þ

B2 ¼ 0 − 101f gT ; E2 ¼ 1; 000f gT ; ð4Þ

where M, K, and C are the building and hybrid platform’s
collective mass, stiffness, and damping coefficient matrixes,
respectively, and B2 is the placement of the control force. The
structural parameters of the building are expressed as follows:
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100:7 0 0 0

0 100:7 0 0

0 0 100:7 0

0 0 0 20:5

2
66664

3
77775 kgð Þ; ð5Þ

C½ � ¼

95:26 −32:74 5:75 0

−32:74 286:8 −28:57 −190:11

5:75 −28:57 64:37 0

0 −190:11 0 190:11

2
66664

3
77775 N sm−1ð Þ;

ð6Þ

m3

Actuator K3

Hybird-platform

Leaf-spring

C3

C2

C1

m1

K2

K1

Z

X Xtg (t)

Y

m2

Cp Kp

mp

:

FIGURE 1: Configuration of model building and hybrid platform.
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The stiffness and damping matrices of the building can
be identified based on the three natural frequencies, normal-
ized model shapes, and model damping ratios of the building
without the platform. The hybrid platform’s mass was
assumed to be 20.5 kg, equal to 25% of the weight of the
second floor. Furthermore, the stiffness kP and damping
coefficient cp of the hybrid platform were obtained as follows:
fP ¼ kp=mp

À Á
1=2=2π; ξp ¼ cp= 4πmpkp

À Á
, where fP is the hybrid

platform’s frequency and ξp is its damping ratio.

3. Input Excitation and BBN-Vibration Criteria
for Hybrid Platform

3.1. Generation of Traffic-Induced Ground Motion. Although
both buildings and human beings are vulnerable to natural
hazards like earthquakes, traffic, and rail-induced ground
motions can also produce continuous vibrations near build-
ings and affect the high-precision machinery installed within
these buildings. Several factors influence these vibrations,
including the proximity of high-tech facilities to traffic, soil
characteristics, and traffic density. Ground-borne vibrations,
resulting from transient stresses beneath ground, propagate
away from the source and can affect buildings and high-tech
facilities. High-frequency vibrations tend to possess higher
energy but attenuate more quickly compared to low-frequency
vibrations [36]. The dominant frequency of ground motion is
typically between 4 and 30Hz [37], and low-frequencies dom-
inate the spectrum at various distances from the vibration
source. To address the lack of data in seismic-pronemegacities,
various studies have generated artificial acceleration time his-
tories for these urban areas. The scarcity of data in this regard
hampers the development of dynamic responses for existing
structures [38]. Typically, these studies utilize a stationary
Gaussian process, employing envelope and shape functions
to generate nonstationary acceleration time histories.

The objective of this study is to protect and control high-
precision machinery by mitigating the threat of microvibra-
tions, particularly those induced by traffic near industrial
areas. The study utilizes the Kanai–Tajimi spectrum, which
accurately represents the intermittent and random nature of
traffic load, to generate nonstationary accelerations in the
frequency range of 4–30Hz. This spectrum acts as a refer-
ence for generating traffic-induced ground motions, incor-
porating the distinctive characteristics of these vibrations.

Numerous studies have employed nonstationary models
of the Kanai–Tajimi spectrum to create nonstationary
aspects of acceleration time history because of the simplicity
and single dominant frequency of such models [39, 40].
Therefore, the modified Kanai–Tajimi power spectral density

function was employed to simulate a stationary acceleration
time history in the present study. The function is as follows:

SKTxx ωð Þ ¼
1þ 4ξ2g1 ω=ωg1

� �
2

h i
ω=ωg1

� �
2
U2
0

1 − ω=ωg1
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2

h i
2 þ 4ξ2g1 ω=ωg1

� �
2

n o
×

1

1 − ω=ωg2

� �
2

h i
2 þ 4ξ2g2 ω=ωg2

� �
2

n o ;

ð8Þ

where ωg1, ωg2, ξg1, and ξg2 are the parameters of the ground
motion which represents the site frequency and damping
coefficient and U0 is the ground acceleration intensity
selected to emulate the ground acceleration caused by traffic.
When the simulated stationary ground acceleration time his-
tory is multiplied by the envelope function, the modulated
nonstationary ground acceleration can be obtained as follows
Equation (9):

ϕ tð Þ ¼
t2=t210<t ≤ t1

1t1<t ≤ t2

tf − t1
À Á

2= tf − t2
À Á

2t2< t ≤ tf

8><
>: ; ð9Þ

where ϕ tð Þ is the envelop function used to obtain the non-
stationary form of simulated acceleration, tf is the total time
duration of ground acceleration, which was set to 15 s in the
present study. The other parameters in Equations (8) and (9)
were set as follows: ωg1 = 5Hz, ωg2 = 40Hz, ξg1 = 0.58,
ξg2 = 0.45, t1 = 5 s, and t2 = 10 s.

Figure 2 presents the simulated traffic-induced ground
acceleration time history and the corresponding FAS, with a
peak value of 0.05 g. To obtain the displacement and velocity
time histories, the acceleration depicted in Figure 2 was inte-
grated twice because these were the input excitations and not
accelerations. During the integration phase, the acceleration
time history was then processed through a high-pass band
filter to eliminate velocity and displacement shifts.

3.2. BBN-Vibration Criteria. The VC curves are widely used
and regarded as a benchmark for high-precision facilities in
vibration-wired equipment analysis and for constructing
structures that can maintain the stability of vibration-wired
equipment. The performance of hybrid platforms at the
microvibration level can be estimated using the BBN criteria,
which have been widely used in the other studies [41],
including that conducted by Ungar and Gordan [42].
When the BBN criteria were applied in the present study
to assess the microvibration level of complex machinery,
the absolute velocity time history was selected as the primary
estimation parameter instead of the acceleration and dis-
placement. Therefore, in Figure 3 the BBN criteria are repre-
sented as VC curves, and their one-third octave band velocity
spectrum values are labeled VC–A through VC–E, where the
velocity spectra of the hybrid platform and the building floor
are expressed in decibels (dB), referred to as 1 µinch/s.
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The suggestion from the International Standard Organi-
zation regarding how vibrations caused by people in work-
shops, offices, and other residential structures should be
presented were also used as a reference. The most stringent
condition of the BBN-VC is that a one-third octave velocity
must be less than the VE–E level of 3.12 µm/s (125 µinch/s),
and the least stringent VC–A condition is that a velocity that
is less than the VC–A level of 50 µm/s (2,000 µinch/s) must
have a frequency between 8 and 80Hz. The present study
examined the absolute velocity time histories of the hybrid
platform and building floor with and without the use of
control devices; these histories were converted to one-third
octave band plots to assess the microvibration performance
of the control of the hybrid platform. A crucial feature of
one-third band filters are that their bandwidth is almost
equal to 23% of their center frequency. Given that the one-
third octave plots of velocity responses were acquired using
the fast Fourier transform (FFT) of these responses (yielding
X( f )), their approximations were made using the following
equation:

Ẋ1=3 ncð Þ ¼ ∑
1:12nc

0:89nc
Ẋ nð Þ�� ��2Δn

" #1
2

; ð10Þ

where Ẋ 1=3 ncð Þ is the one-third octave band velocity, Δn is
the resolution of the FFT, n is the frequency in Hz, and nc is
the center frequency. The aforementioned equation indicates
that the one-third octave plots of velocity are constant in the
frequency range of 0.89 nc to 1.12 nc. In the BBN-VC, the
Ẋ 1=3 ncð Þ is also expressed in decibels referred to
V0 = 1 µinch/s, which is expressed as follows:

V ncð Þ ¼ 20 log10 Ẋ 1=3 ncð Þ=V0

Â Ã
; ð11Þ

whereV ncð Þ is the one-third octave band velocity with respect
to BBN-VC in dB.

4. Design of BELBIC Control Algorithm

For the analysis of complex and nonlinear dynamic problems,
the applications of bioinspired algorithms (e.g., evolutionary
algorithms) have increasingly been applied in the various
engineering and scientific fields. Notably, the BELBIC pro-
posed by Lucas et al. [43] is a bioinspired technique that is
driven and constructed on the basis of the limbic system of
the human brain; it was designed to emulate human emo-
tions. The BELBIC has been reported to be a robust tool for
investigating problems associated with frequently changing
parameters. Moreover, it exhibits other advantages, such as
flexibility and the ability to overcome challenges related to
performance criteria and uncertainties. The four major
components of the BEL system, which is emulating the
limbic system, are the AM, OC, thalamus, and sensory cor-
tex (SC). Figure 4 illustrates the key structural blocks and
main connections of a controller through the Simulink
block diagram proposed by Coelho et al. [44]. Of the com-
ponents, the thalamus is the first structure to process infor-
mation from sensory or stimuli input signals. After the
preprocessing is completed, the input signals are delivered
to the SC and AM units. The SC is responsible for
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eliminating the course thalamic output. Subsequently, a fil-
tered signal is transmitted to the AM and OCs. The medial
temporal lobe of the brain comprises a small region called
the AM, which is responsible for processing the emotional
content of input signals, and the OC is a prominent com-
ponent of the limbic system that inhibits inappropriate
amygdala reactions.

On the basis of each DOF, the BELBIC internal processing
system can be characterized mathematically as follows [44]:

1. Thalamus: the thalamus functioning as the data trans-
mitter, which transfers the input signal to the SC. The
maximum stimuli signal transmitted from the thalamus
processing unit to the AM unit is expressed as follows:

SItha ¼max SIið Þ; ð12Þ

where SItha represents the sensory or stimuli input signal
from the thalamus processing unit.

2. SC: as depicted in Figure 4, the OC and AM systems
receive the thalamus output after the completion of fil-
tering in the thalamus system. Accordingly, the signal
does not have any impediments. Because the outputs of
the AM and OC system weights can be calculated for
every stimuli signal by applying Equations (13)–(16),
the output of the main controller, Ui (Equation 16) can
be calculated on the basis of the output of the AM and
OC processing units.

AMi ¼ SIiVAM;i; ð13Þ

AMtha ¼ SIthaVtha; ð14Þ

OCi ¼ SIiWOC;i; ð15Þ

Ui ¼ ∑AMi − ∑ OCi þ AMthað Þ; ð16Þ

where AMi, AMtha, and OCi, are the outputs of the AM and
OC processing units for ith input; VAM;i, Vtha, andWOC;i are
the weights of the AM and OC units; Ui is the model output.

3. AM and OC units: the primary learning process is
completed through the AM and OC units; the learning
rates of each unit can be calculated as follows:

ΔVtha ¼ αtha max 0; SIi Rew − ∑AMið Þð Þ½ �ð Þ; ð17Þ

ΔVAM;i ¼ α max 0; SIi Rew − ∑AMið Þð Þ½ �ð Þ; ð18Þ

ΔWO;i ¼ β SIi e∗ − Rewð Þð Þ; ð19Þ

where ΔVtha, ΔVAM;i, and ΔWO;i are the rate of change of
weights in AM and OC processing units and by updating
these weights, the learning rates can be calculated; α, and β
are the learning rates of the AM and OC processing units,
respectively. These rates control the speed at which emo-
tional signals are assimilated into the system output.
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Furthermore, an output curtailment occurs in the OC
unit when the expected signal does not coincide with the
reinforcement signal, as demonstrated by Equation (19).
The procedure for determining the optimal control force
uses the reward or emotional signal (Rew) and stimuli sig-
nals, which are typically defined as arbitrary parameters of
the input signal and the system output. Another advantage of
BELBIC is that it enables researchers to design features that
help them to accomplish essential goals. The performance of
the BELBIC is solely dependent on the stimuli and reward
signals. The relevant equations are as follows:

Rew tð Þ ¼Ɯ1 ⋅ Xd tð Þ þƜ2

Z
t

0
u tð Þdt; ð20Þ

S tð Þ ¼Ɯ3 ⋅ Xd tð Þ þƜ4; ð21Þ

where Rew tð Þ and S tð Þ are the reward and stimuli input
signals to the BELBIC; Ɯi (i= 1, 2, 3, 4) are the weights
that indicate the relative importance of each component,
Xd tð Þ is the relative displacement of each DOF, and u tð Þ is
the anticipated control force or output signal originating
from the BELBIC. The incorporation of integral term in
the generation of reward signal is commonly acknowledged

to enhance the stability of a controller, reduce the steady-
state error, and its leads to achieve the superior controller
performance [45]. It aids in the reduction of steady-state
error by continuously adjusting the control signal, resulting
in a smaller error. In addition, it enhances system stability by
providing damping and preventing excessive oscillation.
Nevertheless, careful parameter tuning is necessary to avoid
instability issues. While the current study focused on reduc-
ing the displacement and velocity responses, the relative dis-
placement Xd tð Þ between each floor is taken into the account
in the generation of reward and stimuli signals.

With respect to the control algorithm, the optimal con-
trol force that could minimize the hybrid platform vibration
was obtained using the optimal learning rate parameters of
the AM and OC units. Because of the inherent quality of a
BELBIC, this type of controller is suitable for the training
process but not the reasoning process; therefore, an FIS was
used to tune the reasoning knowledge, which includes the
associated weights of the Rew tð Þ, and S tð Þ signals and the
learning rate parameters of the AM and OC units. The learn-
ing and training process are depicted as a block diagram in
Figure 5. The acceleration of the hybrid platform and relative
displacement Xd tð Þ were regarded as inputs to the FIS, which
was employed to obtain α and β values. These values play a

Traffic induced ground motion
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FIGURE 5: Adaptive BELBIC learning process for microvibration control of high-precision machinery.
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pivotal role in determining the speed at which the controller
learns and updates its internal model based on system inputs
and outputs. A higher learning rate enables quick adaptation
to system changes, albeit with the potential for instability in
certain scenarios. Conversely, a lower learning rate offers
more stability but may result in slower adaptation. In the
context of vibration attenuation, the learning rate parameters
of BELBIC impact the controller’s response to vibrations and
its ability to adjust control actions for reduction. There is no
predefined or fixed set of parameters that can be universally
applied. The optimal values for these parameters must be
determined through experimentation and tuning, consider-
ing the specific dynamics and control objectives of the vibra-
tion attenuation system. With the proposed controller,
finding an ideal value is flexible and straightforward due to
their reward emotional process. Triangular membership
functions (MFs) were used for all these input parameters
and depicted in Figure 6. However, the rule base of the FIS
is presented in Table 1. The subsequent section discusses the
results of numerical simulations of the hybrid platform based
on the proposed controller.

5. Numerical Simulations and Results

5.1. Linear Quadratic Regulator Controller. The LQR con-
troller is commonly employed in the traditional control
domain due to its effectiveness and simplicity of application.
According to this technique, the appropriate feedback gain
matrix was assessed to achieve a controlled force fc tð Þ¼ −

KLQRz tð Þ; by minimizing the cost function J in the following
equation:

J ¼
Z 1

0
z tð ÞTQLQRz tð Þ þ fc tð ÞTRLQRfc tð Þ
Â Ã

dt; ð22Þ

where KLQR is a feedback gain matrix, andQLQR and RLQR are
positive semidefinite matrix and positive scalar vector. It may
be emphasized that the optimal solution or gain matrix gen-
erated by minimizing the cost function may not be the best

solution in all circumstances, due to fact that is determined
by the physical constraints of the physical system [46]. In the
present work, the obtained values for these matrixes were
selected because of better results achieved with their values,
as presented in the following equation.

QLQR ¼ K 0

0 M

" #
; and RLQR ¼ 1 × 10−4: ð23Þ

5.2. Comparison of Control Methods with 0.05 g Ground
Acceleration. To suppress the vibration within a building
caused by traffic-induced ground vibration and that affects
the high-precision machinery installed in the building,
numerical simulations of a three-story building model and
the hybrid platform, which is located on the second floor
of the building were conducted. The structural parameters
of the hybrid platform and building floors are expressed by
Equations (5)–(7) [47]. In ambient vibration, the structure is
more sensitive to velocity response as opposed to accelera-
tion response. Considering this, the present study focused on
the velocity response-based control as opposed to the accel-
eration response. Although acceleration remains a crucial
metric for vibration analysis, employing velocity response
in high-precision machinery vibration control offers a
more precise and dependable measurement for ambient
vibrations. Furthermore, velocity-based control supplies a
more accurate assessment of equipment motion as opposed
to acceleration, and this is vital for evaluating the effects of
low-frequency vibrations on structural integrity.

To facilitate calculations, the consequence function of the
FIS was assumed to be a constant to maximize the efficiency
of the controller and the inference system precision. Figure 7
presents the input and output relationship pertaining to a
Cartesian rule surface during the process of acquiring the
optimal parameters α2 [0, 1] and β2 [0, 0.6]. The precision
of the tested BELBIC was enhanced by selecting the appro-
priate weightsƜi for the input signals such as the stimuli and
emotional (reward) signals. These weights were calculated
using the method that was applied for the FIS; however, their
result function was regarded as constant throughout the
inference reasoning process. The values of these modification
variables were assumed to within Ɯi 2 [0, 6]. To obtain the
associated weights of the input signals for the FIS, two inputs
such as the relative displacement Xd tð Þ between each floor
and integral of control force

R
u tð Þ were considered. Each

input signal value was distributed using the triangular MFs,
and it is depicted in Figure 8 and the rule base is presented in
Table 2. The following optimal learning rates for the BELBIC
were acquired from the FIS: α= 0.6667 and β= 0.0004.

The proposed controller was designed to protect high-
precision machinery from traffic-induced ground vibrations.
Therefore, a hybrid platform was considered in this study,
and it was designed by the passive mounts and active actua-
tors. In addition, the BELBIC examined in the present study
was used to achieve the microvibration control of high-
precision machinery positioned on the hybrid platform,
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FIGURE 6: Triangular input MFs for the acceleration of hybrid plat-
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and the related comprehensive tuning procedure was accom-
plished with the aid of the FIS. Figure 9 presents the opti-
mized input signal weights in the form of a Cartesian surface,
which were acquired from FIS and have the value Ɯi ¼
3.947. The results obtained from the BELBIC integrated with
the FIS for the second floor and hybrid platform are pre-
sented in Figure 10. These results revealed that the displace-
ments of the second floor and hybrid platform were reduced
adequately by the LQR controller; however, the velocity
response, which was the primary variable indicating the
vibration reduction in the present study, was not reduced

sufficiently. Consequently, the BELBIC was developed to
minimize and maintain the zero-velocity response of the
hybrid platform; this was because the high-precision
machinery that could be positioned on this table is fragile
and highly susceptible to damage from minor vibration. The
absolute maximum displacement of the second floor was
1.30, 0.027, and 1.316× 10−3mm for the uncontrolled, LQR,
and BELBIC scenarios, respectively.

Furthermore, the displacement of the hybrid platform for
the uncontrolled, LQR, and BELBIC scenarios, respectively,
was 1.20, 0.067, and 4.579× 10−7mm. The velocity response
of the second floor for the uncontrolled, LQR, and BELBIC
scenarios was 110.90, 59.20, and 18.47mm/s, respectively.
However, the comparable absolute velocity of the hybrid
platform for these three scenarios was 60.00, 60.21, and
1.80mm/s, respectively.

The employed controller also achieved an estimated dis-
placement reduction of 90% for both the second floor and
the hybrid platform. Similarly, the velocity response was
reduced by ∼83.34% and 97% for the second floor and
hybrid platform, respectively. According to the aforemen-
tioned results, the BELBIC controller is noteworthy as it
combines emotional learning mechanisms with intelligent
control algorithms, enabling it to adapt and learn from the
system dynamic behavior. This makes it suitable for handling
nonlinearities, uncertainties, and training requirements in
semiconductor industry control systems, which is not possi-
ble with the LQR controller despite the fact that optimal
weights (i.e., Q and R) are known in advance. The maximum

TABLE 1: FIS rule base for learning rates α and β in the tuning process.

α and β
Acceleration of hybrid platform

VS S MS M MB B VB

Xd tð Þ
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control force delivered to the active actuator, equal to 230N,
was generated by the BELBIC and is illustrated in Figure 11.
This was achieved by integrating a fuzzy system to adapt the
optimal weighing parameters of the BELBIC input signals.
The aforementioned findings indicated that the second floor
was affected by the installation of the platform, as evidenced
by the nonsignificant increase in the velocity response of the
second floor. Therefore, to mitigate the vibration experienced

by use of high-precision machinery, the use of hybrid plat-
forms designed with appropriate parameters will not increase
response of the floor.

5.3. Comparison of Control Methods with 0.01 g Ground
Acceleration. In order to evaluate the performance of the
proposed controller, a numerical example with the traffic-
induced ground acceleration of 0.01 g was also simulated in

TABLE 2: FIS rule base for input signals associated weights.

Weights
Ɯi

R
u tð Þ
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Xd tð Þ
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this study. The learning rate parameters and input signal
weights of the BELBIC controller were assumed to be the
same as those used in the aforementioned simulation
example with a PGA of 0.05 g. The input signal weighs
(Ɯi) were determined as 2.74 for i= 1, 2, 3, and 4 using
the FIS system. Likewise, the learning rate parameters (α
and β) were obtained as 0.56 and 1.242× 10−7, respectively.
By employing these optimal parameters, the BELBIC controller
effectively attenuated the responses of the second floor and
hybrid platform without causing any further increase in the
floor response. These velocity and displacement responses
of the second floor and hybrid platform are presented
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in Figure 12. According to the result, the maximum
absolute displacement of the second floor was 0.25, 0.046,
and 0.00449mm for the uncontrolled, LQR, and BELBIC
techniques, respectively. The corresponding displacement of
the hybrid platform for the uncontrolled, LQR, and BELBIC
techniques, respectively, was 0.27, 0.31, and 0.00623mm.
Similarly, the velocity response of the second floor for the
uncontrolled, LQR, and BELBIC techniques was 19.23, 3.4,
and 0.230mm/s, respectively. However, the comparable
absolute velocity of the hybrid platform for these three
techniques was 13.90, 5.0, and 0.279mm/s, respectively.

Based on the aforementioned outcomes, the BELBIC con-
troller stands out for its integration of emotional learning
mechanisms and intelligent control algorithms. This unique
combination empowers the controller to effectively adjust and

acquire knowledge from the dynamic behavior of the system as
same as 0.05 g simulation example. Consequently, it becomes
well-suited for managing nonlinearities, uncertainties, and train-
ing demands within control systems in semiconductor industry.

In addition to the mitigation of time history responses,
the performance of the proposed BELBIC and velocity levels
of the relevant systems were investigated by applying the
BBN-VC; this aspect of the present study is discussed in
the subsequent subsection.

5.4. Comparison of One-Third Octave Band Spectra. In order
to assess the microvibration control performance of the pro-
posed BELBIC technique on a hybrid platform designed to
protect high-precision machinery against vibrations caused
by traffic, the controlled velocity levels for both the hybrid

Velocity of second foor
Ve

lo
ci

ty
 (m

/s
)

–0.02
0 2 4 6 8

Time (s)
10 12 14 16

–0.01

0.01

0

0.02

Velocity of platform

Ve
lo

ci
ty

 (m
/s

)

–0.015
0 2 4 6 8

Time (s)
10 12 14 16

–0.01

–0.005

0

0.005

0.015

0.01

Displacement of second foor

D
isp

la
ce

m
en

t (
m

)

–3

–2

–1

0

1

2

3 ×10–4

0 2 4 6 8
Time (s)

10 12 14 16

Displacement of platform
D

isp
la

ce
m

en
t (

m
)

–4

–2

0

2

4 ×10–4

0 2 4 6 8
Time (s)

10 12 14 16

Uncontrolled
LQR, peak: 3.4

BELBIC, peak: 0.230

Uncontrolled
LQR, peak: 5

BELBIC, peak: 0.279 Uncontrolled
LQR, peak: 0.317

BELBIC, peak: 0.0062

Uncontrolled
LQR, peak: 0.046

BELBIC, peak: 0.0049

FIGURE 12: Velocity and displacement responses with the PGA of 0.01 g for second floor and platform.

Advances in Civil Engineering 13



platform and the corresponding second floor were measured
using the VC curves outlined in Section 3.2. The VC curves
were conservative for specific circumstances, particularly for
equipment with well-designed integrated vibration control
systems. Consequently, the microvibration control performance
and velocity levels of high-precision machinery must be
assessed on the basis of established standards.

The absolute velocity time histories of the hybrid plat-
form and second floor were converted into a one-third
octave plot (velocity spectrum) because the purpose of the
study is to design an approach for protecting high-precious
equipment. Prior to conducting an assessment of the plat-
form’s velocity levels, an evaluation was performed on the

velocity spectrum of the second floor to ascertain its suitabil-
ity for the installation of high-precision machinery.

Subsequently, as illustrated in Figure 13, the velocity
spectrum of the second floor and hybrid platform for the
proposed BELBIC was then examined under the PGA value
of 0.05 g and compared with the BBN-VC specifications.
The findings revealed that the maximum velocity level of
the second floor in the absence of a control system was
77.49 dB with reference to 1 µinch/s. The velocity level of
the second floor exceeds the specified BBN standard thresh-
old and is essential for minimizing the vibration of the floor.
Therefore, the BELBIC accounts for the interaction between
the building floor and platform to protect high-precision
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machinery against floor vibration. When the BELBIC control
system was applied, the controlled velocity level of the sec-
ond floor was 43.19 dB, which was between the values for
VC–A and VC–E. Similarly, the velocity level of the hybrid
platform with the control system but without a control mech-
anism was also calculated and depicted in Figure 13(b). The
velocity level of the hybrid platform without a control sys-
tem was 53.59 dB, which also exceeded the standard thresh-
old for high-end manufacturing industries. Thus, velocity
levels must be maintained and high-precision machinery
must be protected from even small floor vibration. The
controlled velocity level of the platform with BELBIC was
27.32 dB, which is below the VC–E curve and meets BBN
criteria standards.

Furthermore, the velocity spectrum of both of entities
were assessed under PGA value of 0.01 g to check the robust-
ness and performance of the BELBIC; and the results are
presented in Figure 14. The examination of numerical exam-
ple with a ground acceleration of 0.01 g revealed that the
BELBIC implementation resulted in velocity levels of 28.78
and 14.12 dB with reference to 1 µinch/s, for the second floor
and hybrid platform, respectively. These findings indicated
that the proposed BELBIC controller effectively attenuated
the velocity level of the high-precision machinery without
causing an additional increase in the corresponding second
floor’s velocity. Additionally, these spectrum values conform
to the velocity level specified by the VC–E curves, demon-
strating compliance with the BBN-criteria standards. Utiliz-
ing BELBIC resulted in notable reduction of one-third octave
band velocity level of the hybrid platform, which was lower
than the VC curves. Furthermore, this level remained below
the threshold VC–E curve.

6. Conclusions

The present study employed a BELBIC algorithm to mitigate
the microvibration of high-precision machinery installed in
buildings that experience traffic-induced ground motion.
This ground motion was generated using the modified
Kanai–Tajimi power spectrum because it can represent the
characteristics of traffic-induced ground motion. The pro-
posed controller was designed to complete two key tasks,
namely, (i) develop a weighing parameter for reward and
stimuli signals and (ii) determine the learning rate parame-
ters of AM and OC processing units. These tasks were
accomplished by integrating two FISs into the employed
controller to empower its performance. To evaluate the per-
formance and robustness of the employed controller, the
achieved results are compared to the uncontrolled response
and a conventional LQR controller. The conclusive findings
of the present investigation are listed as follows:

(i) The present study demonstrated the performance of
model-free controllers by coupling two intelligent
systems, including fuzzy inference and brain emo-
tional learning, that compensate for each other’s
inadequacies.

(ii) The acquired results indicated that, compared to the
LQR, the BELBIC was more effective in mitigating
the responses of the hybrid platform and the second
floor of the building investigated. The employed
controller also achieved an estimated displacement
reduction of 90% for both the second floor and the
hybrid platform. Similarly, the velocity response was
reduced by approximately 83.34% and 97% for the
second floor and hybrid platform, respectively.

(iii) The BBN-VC curves were applied to investigate the
effects of BELBIC on the velocity levels of high-
precision machinery installed on the designed hybrid
platform. When the BELBIC was employed, the one-
third octave band velocity level of the hybrid plat-
form was approximately 49.02% lower than the VC
curves, which was lower than the threshold VC–E
curve.

(iv) In contrast to traditional model-based controllers, the
BELBIC is a novel control tool as well as a data-driven
controller. Furthermore, in future studies, the BELBIC
should be tested under the various ground motion
conditions and experimental investigations to clarify
its adaptability and robustness in the context of the
high-precision machinery manufacturing industry.
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