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A method for global simultaneous optimization of oil, hysteretic and inertial dampers is
proposed for building structures using a real-valued genetic algorithm and local search. Oil
dampers has the property that they can reduce both displacement and acceleration
without significant change of natural frequencies and hysteretic dampers possess the
characteristic that they can absorb energy efficiently and reduce displacement effectively in
compensation for the increase of acceleration. On the other hand, inertial dampers can
change (prolong) the natural periods with negative stiffness and reduce the effective input
and the maximum acceleration in compensation for the increase of deformation. By using
the proposed simultaneous optimization method, structural designers can select the best
choice of these three dampers from the viewpoints of cost and performance indices
(displacement, acceleration). For attaining the global optimal solution which cannot be
attained by the conventional sensitivity-based approach, a method including a real-valued
genetic algorithm and local search is devised. In the first stage, a real-valued genetic
algorithm is used for searching an approximate global optimal solution. Then a local search
procedure is activated for enhancing the optimal character of the solutions by reducing the
total quantity of three types of dampers. It is demonstrated that a better design from the
viewpoint of global optimality can be obtained by the proposedmethod and the preference
of damper selection strongly depends on the design target (displacement, acceleration).
Finally, a multi-objective optimization for the minimum deformation and acceleration is
investigated.

Keywords: oil damper, hysteretic damper, inertial damper, local search, real-valued genetic algorithm

1 INTRODUCTION

Passive dampers are becoming innovative and inevitable technologies for reducing the vibration of
structures and infrastructure against natural disturbances, e.g. earthquakes, strong winds. In
particular, large-scale structures, e.g. high-rise buildings, cannot be designed in earthquake-
prone or hurricane (typhoon)-prone countries without passive dampers. Varieties of passive
dampers have been developed worldwide and respective dampers have been used in view of
their advantageous features and costs. The historical sketch can be found in some monographs
(Soong and Dargush 1997; Srinivasan and McFarland 2000; Hanson and Soong 2001; Christopoulos
and Filiatrault 2006; Takewaki 2009) and review articles (Uetani et al., 2003; Palermo et al., 2017;
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Wang and Mahin 2018; De Domenico et al., 2019; Saeed et al.,
2021; Takewaki and Akehashi 2021). Recent developments can be
found in some papers (Cunico and Cavalheiro, 2019; Chitra and
Rugmini, 2020; Elias et al., 2021; Saeed et al., 2021; Narayan and
Pathak 2022).

The problem of damper optimization has been investigated
extensively since the milestone research due to Zhang and Soong
(1992) where a sensitivity-based approach (or sequential
allocation approach) was developed by including a simple
sequential algorithm of damper allocation. The approach uses
a response index obtained by the response analysis and allocates
the next-step damper to the most effective position. The
sensitivity-based approach was advanced afterward for elastic
building structures with linear oil dampers by incorporating the
mathematical and mechanics-based backgrounds (Takewaki
1997; Takewaki et al., 1999). Then, Adachi et al. (2013)
extended this approach to the optimal allocation of nonlinear
oil dampers.

Although the optimal damper problem has been widely
studied in the literature, there are still gaps in the global
optimization of these different types of dampers. The hybrid
use of several passive dampers is a unique and smart attempt to
enhance the ability of respective dampers to the maximum level.
Simultaneous use of multiple kinds of passive dampers provides
robustness and redundancy for main building structures because
the uncertainty levels in passive dampers are larger than those in
main building structures. Another merit of the use of different
types of dampers is the introduction of mechanical properties
with different phase properties. For example, while the variability
of mechanical properties of hysteretic dampers (buckling-
restrained braces etc) are rather small, those of oil dampers
and inertial dampers are large. In addition, the dependences of
those dampers on frequency, temperature and amplitude are
completely different. Moreover, the over use of single-type
dampers sometimes increases the acceleration. The use of
multiple types of dampers with different phase properties can
overcome this issue. Murakami et al. (2013) tackled this hybrid
use design problem and developed a new sensitivity-based
approach for attaining the minimum deformation of building
structures under earthquake ground motions with a constant
total cost. Although the approach due toMurakami et al. (2013) is
pioneering, the issues of straying into to the local minimum and
unstable sensitivities encountered in hysteretic materials (sudden
change of stiffness) and random earthquake inputs posed a new
problem to be overcome.

Compared to the sensitivity-based approach, another
possibility is a meta-heuristic approach, e.g. genetic
algorithms, etc. (Singh and Moreschi 2000, Wongprasert and
Symans 2004, Liu et al., 2005, Movaffaghi and Friberg 2006,
Lavan and Dargush 2009, Akehashi and Takewaki 2021a, b). It is
well known that most of meta-heuristic approaches are often
time-consuming. By overcoming the issue of the computational
cost efficiency, e.g. a partial use of those approaches during the
overall optimization process, the meta-heuristic approach can
substitute the sensitivity-based approach even partially and
provide the global optimal solution which is not expected by
the sensitivity-based approach.

In this paper, a global simultaneous optimization technique
of oil, hysteretic and inertial dampers is proposed for building
structures using a real-valued genetic algorithm (Eshelman
and Schaffer 1993) and local search (Akehashi and Takewaki
2021a, b). While most of the previous papers dealt with the
optimization of single-type passive dampers even in the recent
work using a real-valued genetic algorithm and local search
(Akehashi and Takewaki 2021a, b), the present paper tackles
simultaneous optimization of three kinds of passive dampers.
Furthermore, the minimization of absolute accelerations is
investigated by taking full advantage of mechanical
characteristics of respective dampers. This minimization of
accelerations was not performed in the previous works
(Murakami et al., 2013, Akehashi and Takewaki 2021a, b).
From the viewpoint of ‘resilience’, both performances of
deformation and acceleration are critically important for
reducing the risk of structural damage (related to
deformation) and non-structural damage (related to
acceleration). Oil dampers has the property that they can
reduce both displacement and acceleration without change
of natural frequencies and hysteretic dampers possess the
characteristic that they can absorb energy efficiently and
reduce displacement effectively. On the other hand, inertial
dampers can change (prolong) the natural periods with
negative stiffness and reduce the effective input and the
maximum acceleration. By using the proposed simultaneous
optimization method, structural designers can select the best
choice of these three dampers from the viewpoints of cost and
performance indices (displacement, acceleration). For
attaining global optimal solution, a method including a
real-valued genetic algorithm and local search is devised. In

FIGURE 1 | Shear building model with three types of dampers
(Murakami et al., 2013).
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the first stage, a real-valued genetic algorithm is used for
searching an approximate global optimal solution. Then a
local search procedure is activated for enhancing the
optimal character of the solutions. A ten-story shear
building model under two recorded ground motions is used
to present the effectiveness of the proposed approach and
reveal the best allocation properties of three types of dampers.

2 MODELING OF OIL, HYSTERETIC AND
INERTIAL DAMPERS AND THEIR
PROPERTIES IN RESPONSE REDUCTION
Consider a shear building model, as shown in Figure 1, including
oil, hysteretic and inertial dampers in parallel. In practice, it is not
usual to use all these three types of dampers in the same story.
Since the preference of use of selected dampers is investigated in
this paper, the possibility of placement of three types of dampers
in the same story is provided.

Let kj, cj, ω
(1)
ND, hS denote the jth story stiffness, the jth story

structural viscous damping coefficient, the undamped fundamental
natural circular frequency and the structural damping ratio of the
shear building model without dampers. The jth story structural
viscous damping coefficient can be expressed by

cj � 2hS
ω(1)
ND

kj (1)

Letmj denote the jth floor mass and cdj, Rj, kdj, zj denote the
damping coefficient of the jth story oil damper (c1j, c2j are used
later for the first and second-branch coefficients), the relief force
of the jth story oil damper, the elastic stiffness of the jth story
hysteretic damper and the coefficient of the jth story inertial
damper.

2.1 Oil Damper
Consider a nonlinear oil damper whose mechanical properties are
shown in Figure 2 in comparison with a linear oil damper (Adachi
et al., 2013; Noshi et al., 2013). The first and second-branch
damping coefficients of the jth story oil damper are denoted by
c1j, c2j and their ratio c is given by

c � c2j/c1j (2)

The maximum allowable force fCRj of the jth story oil damper
is related to the relief force with a given parameter �α

fCRj � �αRj (3)

In oil dampers, the ratio rjmax � (maximum damping force/ Rj)
must be smaller than �α, i.e. the maximum damping force must be

FIGURE 2 | Mechanical properties of linear and nonlinear oil dampers, (A) Damping force-velocity relation (linear oil damper), (B) Damping force-velocity relation
(nonlinear oil damper), (C) Damping force-deformation relation (linear oil damper), (D) Damping force-deformation relation (nonlinear oil damper).
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smaller than fCRj. The design variables for oil dampers are
{c1j} and {Rj}.

2.2 Hysteretic Damper
Consider a hysteretic damper which has an elastic-perfectly plastic
restoring-force characteristic as shown inFigure 3. Let uy denote the
specified yield deformation of the hysteretic damper. The yield story
shear force Qyj in the jth story can be expressed by

Qyj � (kj + kdj)uy (4)

The design variables of hysteretic dampers are {kdj}.

2.3 Inertial Damper
Consider an inertial damper whose mechanism is shown in
Figure 4A. The force-deformation relation of the inertial damper

is illustrated inFigure 4B in comparisonwith those of viscous (linear
oil) and hysteretic dampers. Assume that the inertial dampers are
installed here in a linear shear building model with linear structural
viscous damping. Let €ug denote the input base acceleration and let zj
denote the coefficient of the inertial damper (inertial mass) in the jth
story. When zj is multiplied by the corresponding relative
acceleration, it gives a force related to the inertial damper. Using
themass, structural damping, stiffness, inertial dampermatrices [M],
[C], [K], [Z], the relative displacement {x} and the influence
coefficient vector {1}, the equations of motion for the models
without and with inertial dampers can be expressed respectively by

[M]{€x} + [C]{ _x} + [K]{x} � −[M]{1}€ug (5)

([M] + [Z]){€x} + [C]{ _x} + [K]{x} � −[M]{1}€ug (6)

FIGURE 3 | Restoring-force characteristic of frame and hysteretic damper, (A) Monotonic loading case, (B) Cyclic loading case (frame with hysteretic damper).

FIGURE 4 | Mechanism of inertial damper and restoring-force characteristics of three dampers (oil, hysteretic and inertial), (A) Mechanism of inertial damper, (B)
restoring-force characteristics of three dampers (oil, hysteretic and inertial) (Takewaki et al., 2012).

Frontiers in Built Environment | www.frontiersin.org December 2021 | Volume 7 | Article 7955774

Uemura et al. Global Simultaneous Multiple Damper Optimization

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


where

[M] �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
m1 0 / 0
0 1 1 «
« 1 1 0
0 / 0 mN

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (7)

[Z] �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

z1 + z2 −z2 0 / / 0
−z2 z2 + z3 −z3 1 «
0 −z3 1 1 1 «
« 1 1 1 −zN−1 0
« 1 −zN−1 zN−1 + zN −zN
0 / / 0 −zN zN

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(8)

[C] �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

c1 + c2 −c2 0 / / 0
−c2 c2 + c3 −c3 1 «
0 −c3 1 1 1 «
« 1 1 1 −cN−1 0
« 1 −cN−1 cN−1 + cN −cN
0 / / 0 −cN cN

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(9)

[K] �

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

k1 + k2 −k2 0 / / 0
−k2 k2 + k3 −k3 1 «
0 −k3 1 1 1 «
« 1 1 1 −kN−1 0
« 1 −kN−1 kN−1 + kN −kN
0 / / 0 −kN kN

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(10)

{x} � {x1, x2,/, xN}T (11)

Introduce the input reduction coefficient vector {η} (Takewaki
et al., 2012).

{η} � ([M] + [Z])−1[M]{1} (12)

Then, Eq. 6 can be reduced to

([M] + [Z]){€x} + [C]{ _x} + [K]{x} � −([M] + [Z]){η}€ug (13)

Equation 13 indicates that the effect of the input acceleration
is reduced.

The design variables of inertial dampers are {zj}.

2.4 Properties of Three Types of Dampers in
Response Reduction
In this section, the properties of three types of dampers are
investigated from the viewpoint of the response reduction.
Consider a ten-story shear building model with a realistic

distribution of story stiffnesses and constant floor mass 1.0 ×
106[kg] which corresponds to the 30 × 30 [m] plan building
(Murakami et al., 2013). The story stiffnesses of the model are
shown in Table 1. The fundamental natural period is 1.05 [s] and
the structural damping ratio is hS � 0.02.

In using different types of dampers, the cost of dampers is
important. Murakami et al. (2013) introduced the cost ratio for
different types of dampers. They considered the stiffness in [N/
m] for hysteretic dampers, the limiting force in [N] for oil
dampers, the unit capacity per unit mass in [kg] for inertial
dampers as their reference quantities. For these reference
quantities, the damper cost ratios are given by YK: YC: YZ.
We assume that the used inertial damper (size) is fixed and the
inertance (upper limit) is fixed. Then, multiple inertial
dampers with the same size are introduced and the damper
capacity is assumed to be proportional to the number of such
fixed inertial dampers. In such circumstance, the cost of
inertial dampers is proportional to the inertance. When only
one inertial damper is used and the capacity (size) of the
inertial damper is changed, another formulation (cost is
proportional to the allowable force) may be possible (for
example, see Nakaminami et al., 2017; Taflanidis et al.,
2019; Pietrosanti et al., 2021). This treatment will be
discussed in the future.

Figure 5 shows the damper forces for specifying damper costs.
Let uy, Qdy, fCR, Qzy, g denote the yield deformation and
strength of hysteretic dampers, the maximum allowable force
of oil dampers, the maximum burden force of inertial dampers
and acceleration of gravity, respectively.

From the cost investigation of hysteretic dampers and oil
dampers, the following relation is derived.

Q

uy
· YK:

Q

�α
· YC � 1: 2, (14)

where Q is the common force (Qdy or fCR). For another cost
investigation of oil dampers and inertial dampers, the following
relation is also derived.

Q

�α
· YC:

Q

g
· YZ � 3: 4, (15)

TABLE 1 | Story stiffness of building model.

Story Story
stiffness × 108 [N/m]

Story Story
stiffness × 108 [N/m]

1 15.13 6 7.31
2 9.96 7 6.25
3 9.42 8 5.92
4 9.19 9 5.55
5 8.87 10 4.50

FIGURE 5 | Damper forces specifying damper costs (Murakami et al.,
2013).
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where Q is the common force (fCR or Qzy). From Eqs 14 and 15,
the following cost relation is obtained.

YK: YC: YZ � 3uy: 6�α: 8g (16)

In the present investigation, the cost parameters are set as
YK � 0.001538 [JPY · m/N], YC � 0.667 [JPY/N], YZ � 8
[JPY/kg]. The total cost of dampers is set as 1.23 × 108 [JPY]
following Murakami et al. (2013). The dampers are designed by
solving the following problems where �Cd is the total damper cost.

For hysteretic dampers,

minimize f � D̂max({kdj}), (or f � Âmax({kdj})) (17)

subject to YK∑N
j�1

kdj � �Cd (18)

For oil dampers,

minimize f � D̂max({Rj}), (or f � Âmax({Rj})) (19)

FIGURE 6 |Maximum interstory drifts andmaximum absolute acceleration (Total cost: 1.23 × 108 [JPY]), (A)Optimization for interstory drift (hysteretic damper), (B)
Optimization for acceleration (hysteretic damper), (C) Optimization for interstory drift (oil damper), (D) Optimization for acceleration (oil damper), (E) Optimization for
interstory drift (inertial damper), (F) Optimization for acceleration (inertial damper).
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subject to YC∑N
j�1

Rj � �Cd (20)

r̂jmax ≤ �α (j � 1, 2,/, N), (r̂jmax � maximum damping force/Rj)
(21)

For inertial dampers,

minimize f � D̂max({zj}), (or f � Âmax({zj})) (22)

subject to YZ∑N
j�1

zj � �Cd (23)

Figure 6 shows the maximum interstory drifts and maximum
absolute accelerations for each objective function optimization
problem (D̂max or Âmax). Two ground motions were used as in
Section 5, El Centro NS (1940) and Hachinohe NS (1968) whose
PGV � 0.50 [m/s]. The envelope value of the responses to these two
input ground motions is employed as the response value. The
method explained in Section 4 is used for the damper optimization
although a single type of dampers is used. It is noted that, while the
damper optimization is conducted for varied total damper cost �Cd

in Section 4 for the comparison with the sensitivity-based
approach, a single quantity is used in this section.

The following results are derived from Figure 6.

1) While the hysteretic dampers can reduce the maximum
interstory drift in the minimization problem of
deformation, the maximum acceleration becomes larger.
For the reduction of the maximum acceleration, the parallel
use of another type of dampers is desired.

2) As for hysteretic dampers, the minimization problem of the
maximum acceleration does not cause the increase of the
maximum acceleration. But the maximum interstory drift
becomes larger.

3) Oil dampers are effective both for the reduction of the
maximum interstory drift and the maximum acceleration.

4) The effectiveness of oil dampers in the reduction of the
maximum interstory drift is almost equivalent to hysteretic
dampers. The use of both dampers seems to depend on
other design factors.

5) Although inertial dampers are effective for the reduction of the
maximum acceleration, they may increase the maximum
interstory drift. For the reduction of the maximum interstory
drift, the parallel use of another type of dampers is desired.

3 PROBLEM OF SIMULTANEOUS OPTIMAL
DESIGN OF OIL, HYSTERETIC AND
INERTIAL DAMPERS

3.1 Optimal Design Problem
The optimal design problem of three types of dampers can be
described as follows.

minimize f � D̂max({Rj}, {cdj}, {kdj}, {zj}) (24)

subject to YC∑N
j�1

Rj + YK∑N
j�1

kdj + YZ∑N
j�1

zj � �Cd (25)

r̂jmax ≤ �α (j � 1, 2,/, N) (26)

In Eq. 26, rjmax � (maximum damping force/ Rj) as explained
before.

3.2 Design Variables of Three Dampers
As stated in Section 2, the design variables for oil dampers are
{c1j} and {Rj}, those for hysteretic dampers are {kdj}, and those
for inertial dampers are {zj}.

It should be remarked that for oil dampers, the relief forces
{Rj} are directly related to the cost of oil dampers because the
response forces are related to the size of dampers. However,
since Eq. 26 has to be satisfied for oil dampers, the damping
coefficients {c1j} are used as sub parameters. If a candidate
design which does not satisfy Eq. 26 appears, the design
modification is made by changing {c1j} to keep the cost
constant.

4 OPTIMAL DESIGN PROCEDURE USING
REAL-VALUED GENETIC ALGORITHM AND
LOCAL SEARCH
In this section, the solution algorithm for the above-mentioned
optimization problem is presented. The proposed method
consists of the real-valued genetic algorithm (GA) and local
search. Although a gene is expressed by the binary form (0 or
1) in the conventional GA, design variable vectors are directly
treated to create new individuals in the real-valued GA. In the
application of the proposed crossover procedure in the real-
valued GA, the total costs of the added dampers are kept
constant. This leads to an efficient search of the solutions. A
local search is conducted for high accuracy after the search by the
real-valued GA. In Section 4.1, the difference between the
conventional GA and the real-valued GA is explained briefly.
In Section 4.2, the solution algorithm combining the real-valued
GA and local search is explained.

4.1 Real-Valued Genetic Algorithm and
Conventional Genetic Algorithm
Figures 7A,B show the overview of the conventional GA and the
real-valued GA. In the conventional GA, the binary expression
(0 or 1) of the design variables is required. Although the
conventional GA is one of the famous metaheuristics, it is not
easy for inexperienced users to employ this. The success of the
optimization largely depends on whether the design variables are
transformed into the binary expression effectively or not. On the
other hand, design variable vectors are directly treated to create
new individuals in the real-valued GA. Although the binary
expression is not required, a suitable crossover method for the
problem should be selected for the successful search.
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It is noted that the real-valued GA is adopted in this paper
because the sensitivity-based approach will not work effectively
for the simultaneous optimization of oil, hysteretic and inertial
dampers. Although the objective function has multiple peaks due
to the nonlinearity of the hysteretic dampers and the oil dampers,
the real-valued GA will work effectively.

4.2 Optimal Design Procedure Using
Real-Valued Genetic Algorithm and Local
Search
The solution algorithm may be described as follows.

Step 1. Put iC → 1, icr → 1. Randomly generate M1(≥ 3N)
individuals with constant total costs �Cd,iC (�
YC∑N

j�1Rj+YK∑N
j�1kdj+YZ∑N

j�1zj) of the dampers
(Akehashi and Takewaki (2021a, b)).

Step 2. Obtain 3ncrN models by the crossover operator (the
details of the crossover operator are explained below).

Step 3. Choose M2 models among all the individuals by the elitist
selection, and randomly create M3 models. Then choose
(M1 −M2 −M3)models among the remaining individuals
by the roulette wheel selection. If icr � Icr, go to Step 4.
Otherwise, put icr → icr + 1 and return to Step 2.

Step 4. Apply the local search operator (nls → nls,1) to the lastly
chosen M2 individuals (the details of the local search
operator are explained below). Select the individual with
the minimum value of the objective function.

Step 5. Multiply ({Rj}, {cdj}, {kdj}, {zj}) of the obtained individual
by (�Cd,iC+1/�Cd,iC) to create the new individuals with �Cd,iC+1.

Step 6. Apply the local search operator (nls → nls,2) to the obtained
individual. If iC < IC, put iC → iC + 1 and return to Step 5.
If iC � IC, then finalize the process.

[Crossover operator]
Choose 3N individuals among the obtained ones by

the roulette wheel selection. Let Yi �
(YCR1, ..., YCRN, YKkd1, ..., YKkdN, YZz1, ..., YZzN)T denote the

FIGURE 7 | Overview of conventional GA and real-valued GA, (A) Conventional GA, (B) Comparison between conventional GA and real-valued GA (proposed
method).
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FIGURE 8 |Overview of proposedmethod, (A)Optimization algorithm of proposedmethod, (B)Overview of proposedmethod combining real-valued GA and local
search.
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cost vector by the dampers of the ith individual (i � 1, . . . , 3N).
Obtain 3N individuals from

Yi′ � Yi +∑3N

j�1,j ≠ i
εj(Yj − Yi), (27)

where εj is a uniform random number. When any value of the
components in Yi′ becomes negative, change the value of the
corresponding component into zero, and then multiply a
constant on Yi′ so that the constraint on the total costs of the
dampers is continued to be satisfied. When fmax >fCR (fmax:
maximum damping force of oil damper), modify the values of the
added viscous damping coefficients so that fmax ≤fCR is satisfied
(Noshi et al., 2013).
[Local search operator]

Calculate ΔY by

ΔY � s
⎧⎪⎨⎪⎩∑3N−1

k�1
xk�������������

x2
1 +/ + x2

3N−1
√ ik

⎫⎪⎬⎪⎭, (28)

where i1, ..., i3N−1 is an orthonormal set of the hyperplane
ΔYT · 1 � 0. xk is a standard normal random number, and
xk, xj are independent each other when k ≠ j. s is a random
number whose probability distribution is given by

f(s) � 3N − 1
S3N−1 s3N−2(0≤ s≤ S) (29)

When fmax >fCR, modify the values of the added viscous
damping coefficients so that fmax ≤fCR is satisfied. If the design
with Y + ΔY is superior to the design with Y, update
Y → Y + ΔY. Repeat these procedures nls times.

Figure 8 shows the overview of the proposed method. Figure 8A
presents the optimization algorithm of the proposed method and
Figure 8B illustrates the overview of the proposedmethod combining
the real-valued GA and the local search. The procedures in Steps 1–4
explained above correspond to the search of the optimal design with
the total costs �Cd,1 and the procedures in Steps 6 correspond to the
search of the optimal design with the total costs �Cd,2, ..., �Cd,IC. The
total costs are changed only by the procedures in Step 5. It is noted
that the application of the crossover operator does not change the
total cost since YT

1 · 1 � ... � YT
3N · 1 (const.).

Figure 9A presents an example of the application of the
crossover operator. In that case, only the oil dampers are treated.
The limitation of the search range by the crossover operator leads to
an efficient search of the optimal solution because the number of the
dimensions of the search range decreases from 3N to (3N-1) and the
multimodality of the objective function is greatly weakened.

Figure 9B shows an example of the application of the local
search operator. The crossover operator dynamically searches the
optimal solution, and then the local search operator is used to
search around the obtained solution for the improvement. The
likelihood of ΔY is uniform in the internal domain of the
hypersphere with the radius S, whose center is located at the
origin of ΔYT · 1 � 0 (Muller 1959). It is noted that the value of s
can be calculated by the inverse transform sampling such as

s � F1/(3N−1)S, (30)

where F � Unif[0, 1]. An example of i1, ..., i3N−1 is expressed as
follows.

i1 � 1�
2

√

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1

−1
0

«

0

0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, i2 � 1�

6
√

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1

1

−2
0

«

0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, i3 � 1��

12
√

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1

1

1

−3
«

0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
,/,

i3N−1 � 1����������
3N(3N − 1)√

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1

1

«

1

1

−(3N − 1)

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(31)

5 DESIGN EXAMPLES

Consider a 10-story shear building model as used in Section
2.1. The story stiffnesses of the shear building model are shown
in Table 1. The common floor mass is 1.0 × 106 [kg]. In this

FIGURE 9 | Crossover operator and search domain in local search for 3-story model, (A) Crossover operator, (B) Search domain in local search.
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section, the total damper cost �Cd is decreased from the initial
value to compare with the sensitivity-based design (Murakami
et al., 2013). Other parameters are: initial value of total cost,
1.23 × 108 [JPY], decrement of total cost: 2.0 × 105 [JPY]
(Ic � 600), YC: 0.667 [JPY/N], YK: 0.001538 [JPY · m/N],:
YZ: 8 [JPY/kg], story height: 3.5 [m], ncr: 2, Icr [100, 300,
450, 600], number of application of local search operator nls,1:
100, nls,2: 40, S: 0.03 × �Cd, initial produced number of
individuals M1: 65 (� 6N +M3), elite selection number of
individuals M2: 1, number of mutation individuals M3:
5 (� N/2).

The input ground accelerations are El Centro NS (1940) and
Hachinohe NS (1968) whose PGV � 0.50 [m/s]. The envelope
value of the responses to these two input ground motions is
employed as the response value for the optimization. The number
of adopted ground motions may cause some issue of
computational cost. The concept of ‘critical double impulse’
may be one possibility to resolve the computational cost issue
(Akehashi and Takewaki 2019; Takewaki and Akehashi 2021).
The critical double impulse is expected to bound the responses
under multiple ground motions in a smart manner.

The optimal design using the proposed method in Section 4 is
presented. The comparison with the result for the sensitivity-
based approach is made.

5.1 Design Problem for Minimizing the
Maximum Interstory Drift
The optimal design problem of dampers for the reduction of
deformation may be stated as follows.

minimize f � D̂max({Rj}, {cdj}, {kdj}, {zj}) (32)

subject to YC∑N
j�1

Rj + YK∑N
j�1

kdj + YZ∑N
j�1

zj � �Cd (33)

r̂jmax ≤ �α (j � 1, 2,/, N) (34)

Figure 10 shows the comparison of the change of themaximum
interstory drifts and the costs of dampers obtained by the proposed
method with the sensitivity-based approach (Murakami et al.,
2013). The horizontal axis indicates the advancement of
computation and each step corresponds to the decrease of the
damper cost by 2.0 × 105 [JPY]. Figure 11 presents the maximum
interstory drift for several cost reduction steps (crossover by 100).
The obtained results can be summarized as follows.

1) The proposed approach provides a smaller value of the
maximum interstory drift than the sensitivity-based
approach as shown in Figures 10(i)A–D. It seems that the
proposed approach including the real-valued GA prevents
from attaining a local minimum which is often reached by the
sensitivity-based approach.

2) When the cost reduction step advances and a certain
amount of dampers are removed from the initial total
value, the sensitivity-based approach will work well
within an allowable accuracy. On the other hand, the

proposed approach can provide a better design even in
the beginning stage as shown in Figures 11A–C. In
addition, it can be understood from Figure 10(ii) that
the proposed approach provides a small amount of
inertial dampers which is thought to be ineffective for
the reduction of the maximum interstory drift from the
beginning stage. On the contrary, it takes a certain amount
of time for inertial dampers to be removed because an
arbitrary allocation of all dampers is made in the
sensitivity-based approach.

3) In the case of reducing the maximum interstory drift, the
effectiveness order is (i) hysteretic dampers, (ii) oil dampers,
(iii) inertial dampers.

It is noted that the required number of time-history response
analyses throughout the proposed approach is approximately equal
to 2 (number of input ground motions) times [{M1 + Icr(3ncrN +
M3)} +M2nls,1 + ICnls,2] ≃ 61300. {M1 + Icr(3ncrN +M3)} is the
required number for the real-valued GA (Steps 1–3 in Section 4.2)
under single ground motion, and (M2nls,1 + Icnls,2) is the required
number for the local search (Steps 4–6 in Section 4.2) under single
ground motion. On the other hand, the required number of time-
history response analyses throughout the sensitivity-based approach is
approximately equal to 2 times 3NIc ≃ 36000 Although the proposed
method requires an about 1.7 times larger number of time-history
response analysis compared to the sensitivity-based algorithm, the
proposed method works better throughout the optimization
procedure than the sensitivity-based algorithm. It is noted that
another aspect can be observed in the multi-objective optimization
for the maximum interstory drift and maximum floor acceleration.
This will be explained in Section 6.2.

It is also pointed out that the required number of time-history
response analyses for the proposedmethod increases linearly with
the initial total cost of dampers, when the decrement of the total
cost is identical. It is reminded that the real-valued GA is applied
only to Cost Reduction Step 1, and the local search is applied from
Cost Reduction Step 2 to Cost Reduction Step IC (final step). The
required number of time-history response analyses for the
sensitivity-based algorithm also increases linearly with the
initial total cost of dampers.

5.2 Design Problem for Minimizing the
Maximum Acceleration
The optimal design problem of dampers for the reduction of
acceleration may be stated as follows.

minimize f � Âmax({kdj}, {Rj}, {cdj}, {zj}) (35)

subject to YK∑N
j�1

kdj + YC∑N
j�1

Rj + YZ∑N
j�1

zj � �Cd (36)

r̂jmax ≤ �α (j � 1, 2,/, N) (37)

Figure 12 shows the comparison of the change of themaximum
absolute acceleration and the costs of dampers obtained by the
proposed method with the sensitivity-based approach (Murakami
et al., 2013). The findings can be summarized as follows.
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1) The proposed approach provides a smaller value of the
maximum acceleration than the sensitivity-based approach as
shown in Figure 12(i). It seems that the proposed approach
works well also for the reduction of the maximum acceleration.

2) As in the reduction of the maximum interstory drift (see
Figure 10), when the step advances and a certain amount of
dampers are removed from the initial total value based on an
appropriate setting of initial designs, the sensitivity-based

FIGURE 10 | Comparison of change of maximum interstory drifts and cost of dampers with sensitivity-based approach (Murakami et al., 2013).
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approach will work well within an allowable accuracy. On the
other hand, the proposed approach can provide a better
design even in the beginning stage.

3) In the case of reducing the maximum acceleration, the
effectiveness order is (i) inertial dampers, (ii) oil dampers,

(iii) hysteretic dampers. This property is a remarkable contrast
to the case of reducing the maximum interstory drifts shown in
Figure 10. Furthermore, it can be seen that the proposed
method can judge quickly that the hysteretic dampers
should be removed in the beginning stage compared to the

FIGURE 11 | Maximum interstory drift for several cost reduction steps (crossover by 100).
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sensitivity-based approach in the case of reducing the
maximum acceleration. It is also understood that the
effectiveness of inertial dampers is reflected in the proposed
method in the case of reducing the maximum acceleration.

6 MULTI-OBJECTIVE OPTIMIZATION
USING THREE TYPES OF DAMPERS

6.1 Multi-Objective Optimization for
Maximum Interstory Drift and Maximum
Absolute Acceleration
Themulti-objective optimization problem using three types of dampers
for a N-story shear building model can be described as follows.

minimize
f1 � D̂max({kdj}, {Rj}, {cdj}, {zj})
f2 � Âmax({kdj}, {Rj}, {cdj}, {zj}) (38)

subject to YC∑N
j�1

Rj + YK∑N
j�1

kdj + YZ∑N
j�1

zj � �Cd (39)

r̂jmax ≤ �α (j � 1, 2,/, N) (40)

The solution algorithm explained in Section 4 is extended to
the multi-objective optimization.

Step 1. Put iC → 1, icr → 1. Randomly generate M1(≥ 3N)
individuals with constant total costs �Cd,iC (�
YC∑N

j�1Rj+YK∑N
j�1kdj+YZ∑N

j�1zj) of the dampers.
Step 2. Obtain 3ncrN models by the crossover operator. The

reciprocal number of the Pareto rank is applied to the
fitness function in the roulette wheel selection (Fonseca
and Fleming 1993).

Step 3. Randomly create M3 models. Then choose (M1 −M3)
models among the remaining (M1 + 3ncrN) individuals
by the roulette wheel selection. These M1 models are
selected as the individuals in the successive generation.

FIGURE 12 |Comparison of change of maximum absolute acceleration and cost of dampers obtained by the proposedmethod with sensitivity-based approach by
Murakami et al. (2013).
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Delete the data of the individuals whose Pareto ranks are
more than one, and save the data of the individuals whose
Pareto ranks are one. If icr � Icr, evaluate the Pareto ranks
of all the saved individuals, and delete the individuals
whose Pareto ranks are more than one, then go to Step 4.
Otherwise, put icr → icr + 1 and return to Step 2.

Step 4. ChooseM4 individuals by the roulette wheel selection and
apply the local search operator to theM4 individuals. Re-
evaluate the Pareto ranks and delete the data of the
individuals, whose Pareto ranks are more than one,
each time when individuals are newly generated.

Step 5. Multiply ({Rj}, {cdj}, {kdj}, {zj}) of the obtained individual
by (�Cd,iC+1/�Cd,iC) to create the new individuals with �Cd,iC+1. If
iC < IC, put iC → iC + 1 and return to Step 4. If iC � IC,
finalize the process.

6.2 Application Example for 10-Story Shear
Building Model
Consider a 10-story shear building model treated in Section 5.
Other parameters are: initial value of total cost: 1.23 × 108 [JPY],
decrement of total cost: 2.0 × 105 [JPY] (IC � 600), YC: 0.667
[JPY/N], YK: 0.001538 [JPY*m/N],: YZ: 8 [JPY/kg], story height:
3.5 [m], ncr: 1, Icr: 600, number of application of local search
operator nls: 100, S: 0.03 × �Cd, initial produced number of
individuals M1: 63 (� 6N +M3), number of mutation
individuals M3: 3, M4: 10 (� N) .

The input ground accelerations are the same as in Section 5, i.e.
El Centro NS (1940) and Hachinohe NS (1968) whose PGV � 0.50
[m/s]. The envelope value of the responses to these two input
ground motions is employed as the response value for the
optimization. Figure 13 shows the result of multi-objective
optimization. Figure 13A presents the maximum interstory
drift versus the maximum absolute acceleration at the 100th step
(total damper cost: 1.03 × 108 [JPY]) and Figure 13B illustrates the
number of time-history response analyses with respect to the step
number for only the real-valued GA and the proposedmethod. The
obtained results can be summarized as follows.

1) Hybrid use of three types of dampers can reduce the maximum
interstory drift and the maximum absolute acceleration
effectively than the case of single type use of dampers.

2) The Pareto solution by the proposed method is almost
equivalent to that by only the real-valued GA. The
proposed method can obtain an accurate solution with a
shorter computational time by decreasing the dimension
for search (without the damper cost as the design variable).
In the present case, the number of time-history response
analyses by the proposed method is one-tenth of that by
only the real-valued GA.

It is noted that, when the sensitivity-based algorithm is applied
to the weighted bi-objective optimization, the required number of
time-history response analyses is NW times as many as that for
the single objective optimization, whereNW denotes the number
of the combination of the weights. For example, when 11
combinations [0,1] [0.1, 0.9], . . . [1,0] are considered for the
weight of the maximum interstory drift and the maximum floor
acceleration, the bi-objective optimization requires the time-
history response analyses 11 times as many as that for the
single objective optimization. On the other hand, the required
number of time-history response analyses for the multi-objective
optimization by the GA-based algorithms including the proposed
approach does not increase much compared with the case of the
single objective optimization. Therefore, the proposed method
can search the Pareto solutions for the multi-objective
optimization more efficiently than the sensitivity-based
algorithm, depending on NW.

7 CONCLUSION

A method for global simultaneous optimization of oil, hysteretic
and inertial dampers was proposed for building structures using a
real-valued genetic algorithm and a local search. Simultaneous
use of multiple kinds of passive dampers is required from the
viewpoint of robustness and redundancy which play an
important role under the circumstances of uncertain
earthquake inputs and variabilities of damper properties. The
conclusions can be summarized as follows.

1) The proposed approach consists of a real-valued GA and a
local search. In the application of the proposed crossover
procedure in the real-valued GA, the total costs of the added
dampers are kept constant. A local search is conducted for

FIGURE 13 |Result of multi-objective optimization, (A)Maximum interstory drift versusmaximum absolute acceleration at 100th step (total damper cost: 1.03 × 108

[JPY]), (B) Number of time-history response analyses with respect to step number for only real-valued GA and proposed method.
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high accuracy after the search by the real-valued GA. The
proposed approach can provide a smaller maximum
interstory drift than the sensitivity-based approach by
Murakami et al. (2013). The proposed approach including
the real-valued GA prevents from attaining a local minimum
which is often reached by the sensitivity-based approach.

2) When the cost reduction step goes forward and a certain
amount of dampers are removed from the initial total value,
the sensitivity-based approach will work well within an
allowable accuracy. On the other hand, the proposed
approach including the real-valued GA can provide a
better design even in the beginning stage

3) The proposed approach provides a small amount of inertial
dampers from the beginning stage which are thought to be
ineffective for the reduction of the maximum interstory drift,
while it takes a certain amount of time for inertial dampers to
be removed in the sensitivity-based approach. This indicates a
clear preference of the proposed approach for the reduction of
the maximum interstory drift over the sensitivity-based
approach.

4) In reducing the maximum interstory drift, the effectiveness
order is (i) hysteretic dampers, (ii) oil dampers, (iii) inertial
dampers. The proposed approach can capture the mechanical
properties of respective passive dampers in an accurate
manner for the reduction of the maximum interstory drift
from the beginning stage.

5) The proposed approach provides a smaller maximum
acceleration than the sensitivity-based approach and
works well also for the reduction of the maximum
acceleration.

6) As in the reduction of themaximum interstory drift (item (2)),
the proposed approach can provide a better design even in the
beginning stage.

7) In reducing the maximum acceleration, the effectiveness
order is (i) inertial dampers, (ii) oil dampers, (iii) hysteretic
dampers. This property is a remarkable contrast to the case of
reducing the maximum interstory drifts (item (4)).

8) A multi-objective optimization for deformation and
acceleration was investigated. The Pareto optimal
solution by the proposed method is almost equivalent
to that by only the real-valued GA. The proposed
method can obtain an accurate solution with a shorter
computational time than the method using only the real-
valued GA.

9) In the case of single objective optimization, the sensitivity-
based algorithm requires a smaller number of time-history
response analyses than the proposed method, although the
latter reduces the objective function more effectively than
the former (global optimality). In the case of multi-

objective optimization, the proposed method requires a
smaller number of time-history response analyses than the
sensitivity-based algorithm, depending on the number of
the combination of the weight coefficients of the objective
functions.

In this paper, the cost ratios among three types of dampers
were determined by the interview around 2012 and recently for
structural engineers in Japan. A slight change of cost ratios may
affect the optimization result, but the principal results on the
preference of dampers will not be changed. The proposed method
can be applied straightforwardly to other cost ratios once the data
are available.

In the current building structural design, the concept of
‘resilience’ plays an important role. This means the preference
of the structural design philosophy that the responses of
buildings (especially tall buildings) under earthquake
ground motions should be limited to the elastic range with
the use of structural control technologies. The main objective
of the present paper is to discuss the preference of different
types of dampers from the viewpoints of structural
performances (deformation and acceleration) and costs.
However, since the investigation on the nonlinear response
of building structures with inertial dampers under large-
amplitude ground motions is of great interest (Patsialis
et al., 2021; Talley et al., 2021), further discussion on the
detailed behaviors of nonlinear building structures with
inertial dampers under unexpected large-amplitude
earthquake ground motions will be made in the future.
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