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ABSTRACT Steel dome structures, with their striking structural forms, take a place among the impressive and
aesthetic load bearing systems featuring large internal spaces without internal columns. In this paper, the seismic design
optimization of spatial steel dome structures is achieved through three recent metaheuristic algorithms that are water
strider (WS), grey wolf (GW), and brain storm optimization (BSO). The structural elements of the domes are treated as
design variables collected in member groups. The structural stress and stability limitations are enforced by ASD-AISC
provisions. Also, the displacement restrictions are considered in design procedure. The metaheuristic algorithms are
encoded in MATLAB interacting with SAP2000 for gathering structural reactions through open application
programming interface (OAPI). The optimum spatial steel dome designs achieved by proposed WS, GW, and BSO
algorithms are compared with respect to solution accuracy, convergence rates, and reliability, utilizing three real-size
design examples for considering both the previously reported optimum design results obtained by classical metaheuristic

algorithms and a gradient descent-based hyperband optimization (HBO) algorithm.
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1 Introduction

Throughout history, engineers and designers have always
paid special attention to structural systems that allow
covering large spaces without any internal support. The
issue of how spacious structures can be built has been an
influential concept in the development of structural
engineering. Additionally, with the increase in demand
for structures where activities will take place in parallel
with rising population, the need for structural engineering
solutions that respond to both aesthetic and economic
concerns have arisen. Stadiums, meeting halls, exhibition
areas, swimming pools, shopping malls and industrial
buildings are typical examples of the structures that
demand open and wide spaces and require minimal
support inside. As a result of the developments in
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material and building technologies, steel dome structures
have offered advantageous tools in terms of lightness,
economy and stability to the structural opportunities
available to engineers and designers.

Since steel dome structures are light, rigid and have a
high degree of indeterminacy, the structure is not affected
as a whole in terms of rupturing under the tension or
buckling under the compression that may occur in any
bar element in the structural system. Having a high
degree of indeterminacy gives advantage to steel dome
structures in terms of ensuring a continuous load
distribution within the structure. Structural elements of a
steel dome are exposed to both axial forces and bending
moments that directly affect their axial stiffness due to
slenderness [1,2].

A number of recent studies are available in the
literature investigating the structural characteristics of
steel dome structures from different technical points of
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views [3-9]. Also, latterly there have been a variety of
attempts made to investigate and examine the optimum
design of steel dome structures via metaheuristic
algorithms from different aspects [10-20]. Additionally,
various studies regarding the analysis of steel dome
structures under seismic effects have been conducted
[21-30].

As can be seen in the recent studies mentioned above,
the optimum designs of steel domes using metaheuristic
methods and the analysis of their structural behavior
under seismic effects have been carried out separately,
covering many distinct perspectives. However, as a result
of detailed searches in the literature, no study and/or
paper has been found to achieve the structural provision-
based optimum designs of spatial steel dome structures
under consideration of seismic load effects with new
generation nature-inspired metaheuristic algorithms.
Thus, the principal goal of this paper is to optimally
design the spatial steel dome structures under conside-
ration of seismic load effects utilizing three nature-
inspired metaheuristic algorithms. So, it is a promoter
study and a pioneer in literature in this respect. The stress
and stability design constraints are implemented from
ASD-AISC (Allowable Stress Design Code of American
Institute of Steel Institution) [31] practice code provi-
sions, and also the displacement constraints are engaged.
As optimizer tools, the standard water strider (WS) [32],
grey wolf (GW) [33], and brain storm optimization
(BSO) [34] algorithms are used to accomplish the
solution of optimum steel dome design problems.
Furthermore, the optimization process needs seismic
responses from structural analysis under external loading
conditions which is enabled by open application
programming (OAPI) ability of MATLAB [35] through
the agency of SAP2000 [36]. Three design examples as of
real-size steel dome structures to be designed for
minimum weight are considered in order to exhibit the
algorithmic performance ability of the proposed
metaheuristic algorithms in solving seismic design
optimization spatial steel dome problems. More than that,
the obtained optimal spatial steel dome structures with
minimum design weights via proposed novel WS, GW,
and BSO metaheuristic algorithms are compared and
evaluated with those that have already been reported in
the literature for so-called classical old-fashioned metaheu-
ristic algorithms such as HS, GA, SA and also a gradient
descent-based hyperband optimization (HBO) algorithm.

The rest of the sections in this paper are coordinated as
the following. Section 2 contains the ASD-AISC
provisions based on mathematical expression of design
problems for the steel domes. Section 3 surveys the
utilization of novel WS, GW, and BSO algorithms. The
seismic loading and OAPI are defined in Section 4. And,
the achieved optimum structural designs are discussed
and explained in Section 5 throughout the design

examples. Finally, Section 6 is devoted to the concluding
remarks.

2 Design optimization problem definitions
and mathematical statements of steel
domes structures according to ASD-AISC

In order to minimize the structural weight of the spatial
steel dome structures, the design optimization problem
can be defined as the following:

ng nk
min W = ZAkZp,»L,-, (1)
k=1 i=1
where W denotes bridge weight, 4, represents the areas of
cross-sections in the kth member group, density and
length of a member i are identified by p, and L,
respectively, the total numbers of member group is ng,
and the total number of members in kth group is nk.

¢(x) = W(x)(l * PZci], )

i=1

where the penalty constant is P, the penalized objective
function is ¢(x), and the violated constraint is ¢, The
violated constraint can be calculated as follows:

>0 - ¢ = gi(x),
<0-¢=0.

g (] )
The steel dome structures treated as design examples in
this study are exposed to the traditional stress and
displacement constraints applied in regard to practice
codes of ASD-AISC [31] specifications.
The stress constraints are described as the following:

m

O mall

gn=—-1.0<00,m=1,...,ne, “

where o, and o, ,; are the calculated and the permitted
axial stress values for mth structural element of a steel
dome.

The stress constraints for members in tension and
compression taken from AISC-AISC are indicated, as the
following.

i) The permitted stress is defined for members in
tension,

O—[,all = O.6Fy, (5)
where the yield stress is denoted as F,.

i1) The permitted stress is expressed for the members in
compression,
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where 4, = (KL, )r, for m = 1,...,ne and C, =
[(27:2E)/Fy]” 2, A4,, exhibits the slenderness ratio, K, is the
effective length factor and taken as 1.0 for structural
elements of a steel dome, the 7, is minimal value of radii
of gyration, and C, is parameter of crucial slenderness
ratio.

Additionally, the displacement constraints can be stated
as the following:

S,
g =—L-10<00, j=1,....n, )
O
where 6, is displacement of jth degree of freedom, ¢, is
upper limit of displacement, n is number of limited
displacements.

3 Metaheuristic algorithms

For years, the engineers, researchers, and practitioners
have sought creative optimization techniques to
investigate the optimum solutions of complicated design
problems in various engineering branches including
structural and civil engineering problems [37-42]. For
decreasing the computational cost of the optimum design
procedures, some surrogate models integrated with recent
optimization algorithms have also been proposed and
improved by the researchers and applied to broad range
of engineering fields [43—47].

In this study, the standard versions of WS [32], GW
[33], BSO [34] algorithms, which are recent vintage
metaheuristic algorithms, are introduced to seismic
design optimization of spatial steel dome structures. The
main reason for choosing these three algorithms as
optimizer tools is that all three algorithms have very easy
and practical solution improvisation functions. Moreover,
they have few algorithmic parameters and thus all of
them have fast convergence rate. Besides, as well as
having simple principles, the rapid search space, the
search accuracy, and the ease of application to practical
engineering design problems are the common advantages
of WS, GW, and BSO algorithms. Also, the implemen-
tation of these algorithms to the structural design
optimization problems such as spatial steel dome designs
is scarce in the literature.

3.1 Water strider algorithm

One of the contemporary nature-inspired metaheuristic
algorithms imitating the coupling, social life and
characteristics of water strider aquatic insects is so-called
WS algorithm [32]. The prominent feature that makes the
WS algorithm stand out is its influential exploitation and
exploration phases. The chief algorithm steps may briefly
be marked in following.

1) Initialization. The eggs are stocked by a female
water strider from two to twenty days. The water striders
lay away their eggs on water sports or on undersea rocks
by surrounding them with a very gelatinous-like content.
All feasible designs (solutions) are assumed as to be
randomly scattered in search space in this algorithm.
Thereby, the population can be initially generated by

Eq. (9).

WS = I+ rand « (U, — Ly) (i = 1,2,...,nws),  (9)

where the ith water strider primal position is identified by
WS mtland the lower and the upper bounds of the design
variables are represented by L, and U,, respectively. An
arbitrary random number produced as to be uniformly
distributed between [0,1] is rand. The nws stands for the
water strider number. If the amount of available food
(water striders’ position fitness) is high, then, after
generating an initial population from a design pool,
obtaining a potentially better objective function is within
the bounds of possibility.

2) Establishment of territories. The water striders settle
and protect a particular territory where it is admissible to
mate and reach an available source of food. For
establishing nt territories, the water striders are sorted
according to their fitness values in the standard WS
algorithm. Then, nws/nt numbers of territory groups are
created. Also, the water strider numbers surviving in a
territory are kept unchanged and thus every territory is
gathered by selecting an individual (water strider) from
each group.

3) Mating attitude. In order to provoke the desire for
mating, the water is gently ruffled to move a male water
strider towards a female. It is not possible to predict
how the female water strider reacts to this demand, a
‘p probability’ that equals 0.5 is identified so that there is
an equal chance of acceptance or rejection. So, in
standard WS algorithm the Eq. (10) is used to update the
male water strider position.

if mating accepted (with p = 0.5),
WS = WS + rand - R,
WS = WS + (rand + 1) - R,

(10)

else

where the male water strider’s initial location is WS
and an arbitrary number generated between [0,1] is rand.
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The ruffle wave radius, R, presented in Eq. (11) can be
expressed as distance from a male water strider’s initial
position (WS¢™") to the female water strider’s position
(WS ¢ty in same territory.

R = WSlc:urrent_WS?urrem‘ (11)

4) Foraging strategy. The male water strider consumes
excessive energy whether mating or not. Thus, at the
novel position the male water strider looks for nutrient to
satisfy the demand for energy. For this purpose, the
existence of nutrient resources should be specified via
objective function evaluation. The objective function
fitness has to be preferable than the former one so that the
male water strider can obtain a source of food at his novel
position. The mathematical expression of this situation is
given in Eq. (12).

WS =

S?urrent + 2 . rand . (WS ]C;erem _ WS fun’enl)’ (12)

where the WS ;™" denotes the best water strider position
with optimal objective function.

5) Ending of survive and replacement. When a male
water strider cannot detect any source of food at his novel
position, his life is terminated and he is replaced with a
novel one by the aid of formulation given in Eq. (13).

WS :new — L:‘:urrenl + rand % (U:urrent _ Lz:urrent)’ (13)
J J j

where the L™ and U™ *"present the lower and upper

positions of the water strider in the jth territory.

6) Termination. The algorithm is ended when the
predefined termination criterion is reached, signifying the
optimum solution. Otherwise, it loops again from the
third step and proceeds again for a novel search.

3.2 Grey wolf algorithm

The so-called GW algorithm was originated by imitating
community living and hunting strategies of grey wolves
in nature [33]. Concerning the community hierarchy of
grey wolves, they can be categorized as « (alpha),
(beta), 6 (delta), and w (omega). The wolf community has
a dominant alpha and the others obey its rules. Beta is a
subordinate individual in the group helping the alpha one
in decision making. Delta is the least significant character
in the group of grey wolves. Additionally, if any wolf is
indefinable as a, B, and/or § in the group, this individual
is titled as omega. The grey wolves conspiratorially
interact with each other while they are hunting. The chief
algorithm steps are defined below with their fundamental
features [33,48].

1) Social hierarchy. The community hierarchy of a wolf
group is taken into account to configure the candidate
solutions. The obtained solutions are respectively
categorized as a, B, 6, and w wolves in terms of their

fitness values from best to worst.

2) Surrounding prey. The fact that grey wolves
surround a prey while hunting can be expressed
mathematically as in following Egs. (14) and (15).

B=|C X, - X, (14)

Xt+1)=X,()-A-D, (15)

where current iteration is ¢, the coefficient vectors are A
and C, and the vector of prey position is )_('p. The A and €
can be calculated by following Eq. (16).

-

A

C=2
where the vector @ components are linearly declined from
2 to 0 in duration of iterations. The random 7, and 7,
vectors are produced interim of [0,1].

3) Hunting. The a, B8, and ¢ individuals in a grey wolf
group have specific data on the prey’s current position.
Hence, the best three of the solutions acquired are
registered so that the others in the group can update their
positions accordingly. Mathematically, the Egs. (17)—(19)
are utilized to model this logic.

QU

’ (16)

2.d-7—
-
1.

()

-

ssD)a = |C1 -fa—f|, D_)ﬁz

-

Cz' )?ﬁ—X)

)?1 :Ya_xl 'ﬁlr’ }?2 =fp_xz'ﬁﬂ, )?3 z}?é_A: 'ﬁ&» (18)

X+ % +X,
3 .

4) Lunge to prey. In this step, since the @ vector value
is reduced, the variation range of the vector A is also
reduced. If the A vector is randomly decided between
[-1,1], the following search agent position falls anywhere
between its own current position and prey position. In
other words, if |4| < 1, the prey is lunged by grey wolf.

5) Seeking for prey. The positions of «, B, and &
individuals in a group of grey wolves are related to
usefulness for seeking a prey. The group individuals
disperse to seek a prey and gather again to lunge when
they detect a prey. The dispersion of the wolves can be
modelled mathematically according to fitness of the A
vector that is randomly set as greater than 1 or less than
—1. So, when |4] > 1 then grey wolves are permitted to
walk away from prey to search for a more advantageous
one. This strategy further advances the widescale search
ability of GW algorithm.

6) Stopping. If the predefined criterion of termination is
reached, the running of the GW algorithm ceases.

Xit+1)= (19)
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3.3 Brain storm optimization algorithm

The so-called BSO algorithm is a nature-inspired
metaheuristic algorithm propounded by simulating a
human group activity of brain storming to bring forth
enormous ideas for optimal solutions to design problems.
In BSO algorithm, the humans possessing various
knowledge and experiences gather to constitute a group
for discussing the ideas [34]. The humans share their
particular ideas to create an idea database. Those ideas
are valued with respect to their scale and then clustered in
subgroups. Afterwards, novel ideas are reproduced
utilizing basic idea database and the experienced
information. Those processes proceed till the most
acceptable ideas are identified [49]. The fundamental
steps of BSO algorithm steps are defined as follows
[50-52].

1) Very similarly to formerly described metaheuristics,
the initial design generation and the evaluation (numbers
of individuals NI) are executed at the first step via Eq. (20).

X, =X, +rand-(Xy-X) (i=1,2,...,NI),  (20)

where the X{; and X are the maximum and minimum
limits of design variables.

2) The initial attained designs are clustered in
subgroups by aid of a K-means technique. Then, the
attained designs in every cluster are assorted in a
descending order in terms of their fitness and the cluster
center is interpreted as the best designs in each cluster.

3) The cluster centers are randomly variated according
to pre-detected probability that is called P,. And then, on
the basis of NI (numbers of individual in clusters), the
cluster selection probability is computed by Eq. (21).

NI; .
PCLi =— (i=12,..,Nq),

NI (21)
where the cluster selection probability is denoted as Pg;
for cluster 7, and its cluster number is N.

4) In this step the generation of candidate designs is
performed. This process is split into two forms. In the
first, one cluster is utilized to generate candidate designs.
In the latter, two clusters are utilized to generate
candidate designs. Which of these forms is used is
decided by the following criteria:

If (rnd < Ps,,) Then

The candidate design is produced utilizing one cluster.

Else

The candidate design is produced utilizing two clusters.

Endif

(22)

where the Ps,, is previously detected probability utilized
for choosing a cluster to produce novel design.

In the lead form, a cluster is randomly chosen in a

group. If the P, is lower than rnd random value, the
cluster is eliminated and then a novel cluster is arbitrarily
chosen. After cluster choice, the generation of candidate
designs is performed as the following:

Randomly select one cluster j
If (rnd < Ps,,) Then

cand __

x" = Center;; k=1,2,...,ng

Else (23)
Select any individual (j1) from the cluster j
X=X, k=1,2,...,ng

Endif

where the Ps,, is chosen cluster’s utilized probability and
the ng is the number of members of the group.

In the latter form, the two clusters are randomly chosen
from the group. Then, the generation of candidate designs
is performed as the following:

Randomly select two cluster j1 and j2
If (rnd < Ps,,) Then

xja“d =rnd - Center; ; + (1 —rnd) = Center j;
k=1,2,...,ng
Else (24)

Select any individual (i1) from the cluster j1

Select any individual (i2) from the cluster j2

X = rnd * X+ (L= rnd) * Xy k=1,2,...,ng

Endif

5) In this step, in order to augment diversity, the
generation of candidate designs is specified. For this
purpose, the step length of SL is added to candidate
designs. Computation of SL and candidate design
updating process are expressed as the following:

S L =logsig((0.51tery,, —iter) /20) - rand, (25)

X = yerdamn 4 6. S L (rand —3).

After adding SL, the greedy selection process by which
if new design is better than the previous in terms of
design fitness, the previous one is replaced by the new
design.

6) The algorithm steps from 2 to 5 are reiterated till a
preassigned maximum iteration number is reached.

(26)

4 Seismic loading and open application
programming interface

In this study, the response spectrum data and graph
automatically generated by SAP2000 [36] are demon-
strated in Table 1 and Fig. 1, respectively, where the site
class C as stated in AASHTO-Table 3.10.3.1-1 [53] is
selected for seismic loading for all design examples.
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Table 1 Response spectrum data generated by SAP2000

period (s) acceleration
0 0.954
0.032888 1.399333
0.065776 1.844667
0.098664 2.29
0.493319 2.29
0.6 1.882833
0.8 1.412125
1 11.297
1.2 0.941417
1.4 0.806929
1.6 0.706063
1.8 0.627611
2 0.56485
2.5 0.45188
3 0.376567
3.5 0.322771
4 0.282425
4.5 0.251044
5 0.22594
5.5 0.2054
6 0.188283
6.5 0.1738
7 0.161386
7.5 0.150627
8 0.141213
8.5 0.132906
9 0.125522
9.5 0.118916
10 0.11297
2.5

< 2.0

§ 1.5

510

e 0.5

% 2 10

4 6
period (s)

Fig. 1 Response spectrum graph automatically generated by
SAP2000.

As stated above, in order to execute the seismic effect
and obtain the response spectrum for the dome structures
the AASHTO-LRFD practice seismic code provisions are
selected. The chief logic to prefer AASHTO LRFD as
the specification of seismic provisions in this study is that

automatic description of response spectrum and site class
is possible for AASHTO specification without any
manual input using SAP2000 software within the policy
of OAPI for integration with MATLAB.

Also, in this study, in addition to the load combinations
present in the loading conditions of the design examples,
a new load combination containing the seismic load effect
is added to loading conditions of all design examples as
D+ 0.7E in which D denotes dead load and E| stands for
earthquake load (seismic effect) on global x-direction. In
order to obtain the E_ seismic load effect according to
AASHTO-LRFD specifications, the detail seismic
response spectrum data (Table 2) automatically generated
from SAP2000 is utilized basically in accordance with
Table 1 and Fig. 1.

Moreover, the structural response of a spatial steel
dome structure is needed under external loading
conditions including seismic load effect when the cross-
sectional features are chosen from the design pool by a
metaheuristic algorithm. The SAP2000 structural analysis
program is utilized to create structural responses
containing a response spectrum for seismic effect and
make them available to users by allowing admission
through inbuilt functions. These functions, so-called
OAPI functions, are in conformity with various coding
languages, one of which is MATLAB. The OAPI
functions create an interface so that any modelling and
analyzing value obtained from one software can be used
by any other software. Thus, in this study, the OAPI
functions pertaining to the SAP2000 are utilized to create
an interface to the optimization algorithms encoded with
MATLAB in order to establish the structural responses of
steel dome structures to be used in the optimization
process. So, thanks to the OAPI, data is transferred
between SAP2000 and MATLAB in a safe and accurate
manner. The optimum design algorithm encoded in
MATLAB begins designating various steel sections for
the dome elements in the structural model and then this
data is conveyed to SAP2000 via OAPI in order to
analyze the steel dome structure under the identified
loading combinations. Then, the structural analysis
responses, namely internal forces, displacements,
stresses, etc., are input into the optimization algorithm to
control whether a feasible structure can be established by
the designated sections or not. This reciprocal data
transferring process is repeated until the predefined
termination criterion of the optimization algorithm is
reached. The flowchart that summarizes the methodology
is demonstrated in Fig. 2.

5 Design examples

The principle aim of this study is to accomplish the
optimum design of spatial steel dome structures with
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Table 2 Detail data on response spectrum used for generation of seismic load effect

FuncDamp Ss S1 PGA

SiteClass F, F, Fle

SDS SD1

0.05 2.29 0.869

0.954 C

2.29 1.1297

start with
MATLAB programming

in MATLAB

read required initial information
of structural problem

create randomly first population

to solve the structural
optimization problem

interation = 1

decode each solution vector in the
population

transfer the required information
from MATLAB to SAP2000 software

® (alculate penalized objective

in SAP2000

Select appropriate profles from
the prepared profile list
Analyze the structural model
corresponding to each solution
vector in the population
Calculate axial forces,
displacements and other values
Transfer these results from
SAP2000 to MATLAB

function values of each solution

vector in the population

iteration =
iteration + 1

determine the next population with updated

Was the criterion of convergence
provided?

write results

procedures of the algorithm method

run the next iteration

Fig.2 The flowchart of the methodology.

minimum design weights under seismic load. To do so,
the areas of cross-sections of structural elements are
handled as design variables selected within allowable
range and collected in member groups. For this purpose,
three different real-size spatial steel dome structures are
employed as design examples of this study. These are
120-bar spatial steel dome, 130-bar spatial steel dome,
and 354-bar spatial steel dome structures. All of these
have previously been optimally designed without seismic
load effect via so-called classical metaheuristic
algorithms such as harmony search (HS), genetic
algorithm (GA), cascade optimization (CO) for 120-bar
spatial steel dome [54-56], simulated annealing (SA),
evolutionary strategies (ESs), particle swarm optimization
(PSO), tabu search (TS), ant colony optimization (ACO),

standard genetic algorithm (SGA) for 130-bar [57] and
354-bar spatial steel dome structures [58]. Besides, the
354-bar spatial steel dome structure has already been
optimally designed via the big bang-big crunch (BB-BC)
algorithm [59]. However, in design examples, only the
results of the methods that produced the best dome design
among the classical metaheuristic techniques mentioned
above are presented and discussed in order to avoid
repetition. For conducting a fair comparison and
evaluation on the algorithmic performances (such as
convergence rate and accuracy of the proposed
contemporary WS algorithm, GW algorithm, and BSO
algorithm) all design examples under loading conditions
with and without considering seismic load effect are also
optimally designed by using HBO algorithm [60]. This is
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one of the most up to date gradient descent-based
optimization algorithms that iteratively allocate resources
to a set of random configurations.

In this study, as stated before, the brand-new WS, GW,
and BSO algorithms are utilized as optimizers for
achieving the seismic design optimization of steel dome
structures considering the displacement constraints as
well as the ASD-AISC [31] practice code provisions for
stress and stability constraints. Each design example is
engaged and interpreted separately whether or not extra
load combination containing the seismic (earthquake)
effect (D + 0.7E,) is added to the existing loading
conditions.

As tabulated in Table 3, the parameter sets considered
in the WS, GW, and BSO algorithms are selected
conformably with offered values in former resource
studies [32—34] in addition to comprehensively operated
numerical examinations. Nevertheless, it is well-known
that metaheuristic  algorithms are sensitive to
characteristics of optimum design problem tried to be
solved. Thus, it is almost impossible to certainly tune
each optimization technique to perform with its best
capacity for all design examples taken into account in this
study. Every design example that is considered is
separately resolved several times (more than 10 times)
with each proposed optimization method, ending with
dissimilar optimum designs after each execution owing to
the probabilistic nature of those optimization methods.
Also, the previously described maximum  structural
analysis number varies for each algorithm utilized in
every design example: 200 for 120-bar spatial steel dome,
300 for 130-bar spatial steel dome and 700 for 354-bar
spatial steel dome structure. So, the maximum number of
iterations, considered as termination criteria of all
solution algorithms, is equal to multiplication of the
population size and the maximum structural analysis
number for each algorithm.

5.1 120-bar spatial steel dome structure

The 120-bar spatial steel dome structure illustrated in
Fig. 3 is treated as the first design problem in this study.
The 120 bars are collected into seven member groups
(Fig. 3(a)), due to the structural symmetry. Modulus of
elasticity (E£) is 210 GPa and the material density (p) is
7971.810 kg/m’ for all structural members. The yield
stress of steel (Fy) is taken as 400 MPa. This spatial steel
dome structure was initially examined by Soh and Yang
[61] to acquire the optimal sizing and configuration

Table 3 Set of parameters for each metaheuristic algorithm

algorithm parameters set

WS p: 0.5, pop. size: 20

GW a: (linearly decline 2 to 0), 7 and 7: [0, 1], pop. size: 20
BSO Ngp: 20, Pg;. 0.2, Pg, 12 0.8, Pgy 52 0.4, pop. size: 20

variables, such as the structural
optimization.

But, in this study, in order to reach the minimum design
weight of the dome, only the design variables that are the
steel bars assigned to the member groups are optimized.
The loading of the dome is considered to be such that
vertical loading acts at all the unsupported joints. These
loads are taken as —60 kN at node 1, —30 kN at nodes 2
through 13, and —10 kN at all the other nodes. This is the
first loading case in which the seismic effect is not taken
into consideration. In this study, +0.7E, seismic load
effect is applied to all unsupported nodes in addition to
the just defined dead loads (D), which is described as the
second loading case (D + 0.7E,) taken into consideration
the seismic effect. The cross-sectional areas of the steel
bars designated to the members in the groups are selected
among 1 to 129.3 cm? so that a section list containing a
total number of 119 steel pipe sections is created as a
design pool [56]. Beside the stress and stability
constraints adopted from ASD-AISC specifications, all
nodes of the dome are subjected to the displacement
limitation of £0.5 ¢cm in x-, y-, and z-directions.
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Fig.3 120-bar spatial steel dome structure. (a) 3D view and (b)
plan and elevation views.
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For this design example, optimum steel profile areas
assigned to the member groups via all solution algorithms
are presented in Table 4. Additionally, the optimal steel
dome designs with minimum design weights for all
solution algorithms and the maximum displacements,
maximum stress ratios, and the necessary structural
analyses under both loading cases, with and without
considering seismic effect for WS, GW, and BSO
metaheuristic algorithms and gradient descent-based
HBO algorithm, are presented in Table 5. Also, from
these tables the currently achieved optimal dome designs
with novel metaheuristic and gradient descent-based
algorithms are compared with those formerly announced
in the literature based on so-called old-fashioned classical
metaheuristics for load case where the seismic load effect
is not involved.

If the load case without seismic effect is considered, the
steel pipe sections acquired via GW algorithm, which is
preceded among all other algorithms, yield the lightest
dome structures for this design example. The WS and
BSO algorithms obtained the second and the third
optimum design weight for the same loading conditions
as 85.19 and 85.32 kN, respectively. All steel dome
structures with novel GW, WS, and BSO algorithms are
lighter than those already reported in literature obtained
through GA, CO, and HS algorithms [54-56].

Furthermore, the gradient descent-based HBO algorithm
yielded the heaviest dome designs for this design example
under loading condition without seismic load effect. The
GW algorithm generates the optimum design weight of
84.43 kN which is the lightest design for 120-bar spatial
steel dome structure and the GW algorithm needs only
126 structural analyses out of 200. The gradient descent-
based HBO algorithm yields the optimum dome design at
196 structural analysis that is very close to the maximum
number of iterations of 200.

If the seismic load effect is regarded for this design
example, once again the GW algorithm outperforms BSO
and WS algorithms with design weight of 84.89 kN. But,
at this loading condition the second design weight is
produced by BSO as 85.42 kN. The WS algorithm
accomplishes the design optimization weight of 86.08 kN
when seismic load is considered. It is interesting that the
optimal steel dome designs achieved by GW, BSO, and
WS algorithms under effect of seismic loading are all
lighter than those design weight yielded by GA, CO, and
HS algorithms where the seismic load effect is not
considered. For this loading condition, once again the
gradient descent-based HBO algorithm achieved the
worst design with the heaviest dome design weight. For
this loading condition, it is also worth stating that
although the BSO algorithm achieved the second best

Table 4 Optimally selected cross-sectional areas of steel pipe profiles assigned to member groups via solution algorithms for 120-bar spatial

steel dome structure

previously reported studies (cm?)

this study (em?)

group no.
HS [54] GA [55] CO [56] BSO GW WS HBO
I I I I I I I I II I I

1 21.27 19.48 19.85 2124 2124 2124 2124 2124 2265 2628 2832
2 17.99 17.29 40.02 1445 1445 1405 13.77 1405 1332 1377 1445
3 24.98 10.97 11.48 1209 12.09 15.61 13.32 1490 12.09 1377 1445
4 16.58 19.48 21.58 1839  18.97 1839  18.97 1897 1897 1897 1897
5 7.41 9.55 10.14 8.63 10.52 8.08 8.29 749 1052 13.32 8.63
6 21.49 14.52 12.53 1897 1377 1377 14.05 1405 15.61 1710 16.52
7 17.94 23.74 15.01 2265 2326 2265 2343 2326 2265 2326 2476

Notes: I: without seismic load effect, II: with seismic load effect, HS: harmony search, GA: genetic algorithm, CO: cascade optimization, BSO: brain storm
optimization, GW: grey wolf, WS: water strider, HBO: hyperband optimization.

Table 5 Obtained optimum designs via solution algorithms for 120-bar spatial steel dome structure

optimum design solutions previously reported studies (sz) this study (sz)

HS [54] GA [55] CO [56] BSO GW WS HBO
1 1 1 1 1T 1 1T 1 1T 1 1I
weight (kN) 88.52 86.83 87.24 8532 8542 84.43  84.89 85.19  86.08 9249  93.19
max. disp. (cm) - - - 0.08 0.06 0.1 0.1 0.1 0.12 0.14 0.15
max. stress ratio - - - 0.99 0.99 0.99 0.99 0.99 0.99 0.88 0.88
needed structural analyses - - - 175 131 126 196 135 175 196 197

Notes: I: without seismic load effect, II: with seismic load effect, HS: harmony search, GA: genetic algorithm, CO: cascade optimization, BSO: brain storm
optimization, GW: grey wolf, WS: water strider, HBO: hyperband optimization.
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optimum dome weight, after the GW algorithm, it
outperformed all other algorithms in terms of
computational effort with 131 structural analyses out of
200, while the GW algorithm yielded the optimal dome
after 196 structural analyses. Similarly, when the seismic
load is considered, the gradient descent-based HBO
algorithm demonstrates relatively poor computational
effort since it reached the optimum dome design after 197
structural analyses.

Also, for both load cases with and without considering
seismic effect, it is apparent from Table 5 that while the
displacement constraints achieved with GW, WS, and
BSO algorithms are far from its limit value of 0.5 cm, the
stress constraints that dominate the optimization process
are almost at its upper bound of 1.0. From the same table,
however, when the displacement and stress constraints
are examined for the gradient descent-based HBO
algorithm, it is noticed that the obtained displacement
constraint values are far from the limit value in both
loading conditions, as is the case for the three proposed
metaheuristic algorithms, but the stress constraints do not
dominate the optimization process as much.

It can be also ensured from the design history curves
exhibited in Figs. 4(a) and 4(b) that the variations of
minimum dome weight with iterations carried out by the
GW algorithm are less than with WS, BSO, and HBO
algorithms for both load cases (without and with seismic
load effect). Also, the computational efforts of the all-
solution algorithms can easily be observed from these
figures for both loading conditions.

In order to illustrate the distribution of optimal designs
obtained from novel GW, WS, and BSO algorithms as
well as gradient descent-based HBO algorithm, the box
plots of each algorithm under consideration, with and
without seismic load effect, are depicted in Fig. 5. It is
evident from this plot that while the BSO algorithm
performs in a very narrow range, the GW, WS, and HBO
algorithms perform in wider ranges.

5.2 130-bar spatial steel dome structure

The second design example of this study is conducted as
a real size 130-bar spatial steel dome structure. Figure 6
presents 3D, top, and elevation views, of this steel dome
having a base diameter of 20 m and a total height of 4 m.
This design example comprising 51 nodes and 130
structural members are sorted into 8 groups which are
treated as the design variables. The design variables are
chosen from an available pipe section list consisting of 37
circular hollow steel sections itemized in ASD-AISC. The
stress and stability limitations of the structural members
are computed according to the provisions of ASD-AISC,
as defined in Section 2. Furthermore, all structural
members are restricted in terms of slenderness (1) where
A < 300 for members in tension and 4 < 200 for
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Fig. 4 Design history graphs for 120-bar spatial steel dome
structures. (a) Without seismic load effect; (b) with seismic load
effect.
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Fig. 5 The box plot of the optimum designs for 120-bar spatial
steel dome structure. o: solutions without seismic effect, x:
solutions with seismic effect.

members in compression. Also, the maximum
displacement value of the nodes in the dome is limited
with 2.62 c¢cm in any direction. The modulus of elasticity
(E) is taken as 200 GPa and the yield stress () is taken
as 250 MPa [57].

For the design purpose as the first load case, where the
seismic effect is not considered in the load conditions, the
dome is exposed to a total of eight loading combinations
as: () DL + SLB, (ii) DL + TP, (iii) DL + TN, (iv) DL +
WEP + WIP, (v) DL + WEP + WIN, (vi) DL+ 0.75 (WEP +
WIP) + 0.75SLB, (vii) DL + 0.75 (WEP + WIN) +
0.75SLB, (viii) DL + 0.75TN + 0.75SLB where dead load
(DL) is 200 Pa, balanced snow load (SLB) is 830 Pa, wind
load with positive internal pressure (WIP) is 200 Pa, wind
load with negative internal pressure (WIN) is 200 Pa. In
order to apply the wind load with external pressure
(WEP) to the dome, it is divided into three parts as a
windward quarter, a center half and a leeward quarter so
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that WEP values on each part are 10, 859, and 473 Pa,
respectively. The positive temperature change (7P) and
negative temperature change (7N) are calculated for £20°
change in temperature of entire dome structure. More
detailed definitions of the loading conditions of this
design example can be found in the source paper reported
in literature [57]. Moreover, consistent with the primary
aim of this study, when the seismic effect is considered in
the loading conditions as a second load case, a ninth
loading combination of (DL + 0.7E)) is added to the
existing abovementioned eight ones.

In Table 6, the optimally selected steel pipe profiles
assigned to member groups via solution algorithms for
this design example is tabulated. In the same table, for the
load case where the seismic effect is not considered, the
optimum dome design previously achieved by the SA
algorithm is also presented for a fair evaluation of the
algorithmic performances of the proposed novel
algorithms. For this purpose, the optimal designs acquired
by previously reported SA algorithm and the novel WS,
GW, and BSO metaheuristic algorithms and gradient
descent-based HBO algorithm for either load cases with
and without considering seismic load effect is displayed
in Table 7. For the load case where the seismic effect is
not considered, the WS, GW, and BSO metaheuristic
algorithms and the gradient descent-based HBO
algorithm generated the same optimum solution with
design weight of 24.2 kN. That is exactly the same as for
the design previously reported for the SA algorithm [57].
This solution is displayed in Table 7 and yields the

i

©

\"‘-\‘_ 7 4

130-bar spatial steel dome structure. (a) 3D view and member grouping; (b) top view; (c) elevation view.

Table 6 Optimally selected steel pipe profiles assigned to member
groups via solution algorithms for 130-bar spatial steel dome structure

gy this study
SA [57] BSO GW WS HBO
1 1 11 1 11 1 11 1 11

1 P2.5 P25 P25 P25 P25 P25 P2.5 P25 P25
2 P2 P2 P2 P2 P2 P2 P2 P2 P2
3 P2 P2 P2 P2 P2 P2 P2 P2 P2
4 P2 P2 P2 P2 P2 P2 P2 P2 P2
5 P2 P2 P2 P2 P2 P2 P2 P2 PX2
6 P2 P2 P2 P2 P2 P2 P2 P2 P2
7 P2 P2 P2 P2 P2 P2 P2 P2 PX2
8 P1.5 P1.5 PX1.5 Pl.5 P1.5 Pl1.5 P1.5 Pl.5 Pl.5

Notes: I: without seismic load effect, II: with seismic load effect, SA:
simulated annealing, BSO: brain storm optimization, GW: grey wolf, WS:
water strider, HBO: hyperband optimization.

optimal dome design for this design example. For the
second load case where the seismic effect is considered,
while GW and WS algorithms located the same optimal
design as in the first load case, the BSO and HBO
algorithms generated heavier dome designs. The dome
design produced by BSO and HBO algorithms are 0.83%
and 4.55% heavier than those obtained from GW and WS
algorithms. For the BSO algorithm the difference is only
caused by the steel pipe designation to the eighth member
group. For the HBO algorithm, in addition to eighth
member group, the steel pipe designations differ also in
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Table 7 Obtained optimum designs via solution algorithms for 130-bar spatial steel dome structure

optimum design solutions reggiggusstlgdy this study
SA [57] BSO GW WS HBO
I 1 I I I I I I I

weight (kN) 242 24.2 24.4 242 242 242 242 242 253
max. disp. (cm) - 0.60  0.53 0.60  0.60 0.60  0.60 0.6 0.67
max. stress ratio - 0.76 0.75 0.76 0.76 0.76 0.76 0.76 0.76
hox. (sf‘(fr“td:nr:lf;frf;‘i)/ 200 (for comp. mem.); - 098 098 098 098 098 098 098 098
needed structural analyses - 218 139 208 159 195 164 291 283

Notes: I: without seismic load effect, II: with seismic load effect, SA: simulated annealing, BSO: brain storm optimization, GW: grey wolf, WS: water

strider, HBO: hyperband optimization.

the fifth and the seventh members groups. While the GW
and WS algorithms assign P1.5 steel pipe section to the
eighth element group and P2 steel pipe section to the fifth
and seventh element groups, the BSO and HBO
algorithms assign a slightly heavier PX1.5 steel pipe
section to the eighth element group and the HBO
algorithm assign heavier PX2 steel pipe section to the
fifth and the seventh element groups when the seismic
load is included in the loading conditions.

It is worth mentioning that, there is a solution in this
table on obtained constraint values. Although, both the
displacement and stress ratio constraints are far from their
mentioned upper bounds the slenderness ratio constraints
are almost at their upper bound of 1.0 for both load cases
and all metaheuristic and gradient descent-based
algorithms. Nevertheless, the slenderness ratio constraint
controls the optimization process in all solution
algorithms, and the stress ratio constraint also moderately
affects the optimization process. Yet, the displacement
constraint has hardly any impact on optimization for any
algorithm as seen in Table 7. Furthermore, one of the
striking results shown from this table concerns the needed
structural analyses that show the computational efforts of
the proposed solution algorithms. The point to be noted
here is that the computational efforts of all solution
algorithms under the loading condition, where the seismic
effect is not considered, are higher than the load case
where the seismic effect is considered. By the way, the
worst computational effort is displayed by gradient
descent-based HBO algorithm for both loading conditions
which are very close to the maximum iteration number of
300 for this design example.

The design history curves of this design example are
plotted as shown in Fig. 7 with and without seismic load
effect displaying the improvisation of the best feasible
dome design based on search operation to identify
optimal algorithmic performances of all solution
algorithms. From Fig. 7(a) for load case without seismic
effect, it can be seen that amongst the solution algorithms
the optimum design is converged at nearly similar phases
of optimization process by WS and GW; however, the
BSO and HBO algorithms identify the optimal dome
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Fig.7 Design history graphs for 130-bar spatial steel dome
structures. (a) Without seismic load effect; (b) with seismic load
effect.

design relatively slowly. As can be understood from
Fig. 7(b) for load case with seismic load effect, even the
BSO shows a rapid convergence in the direction of the
optimal design especially in early phases of optimum
search; it identifies the optimum design later than WS and
GW metaheuristic algorithms with a slightly heavier
design weight. From the same figure, it can be deduced
that the gradient descent-based HBO algorithm presents
course convergence rates in the path of optimum design
process and identifies the optimal design very slowly.

The box plots of WS, GW, and BSO metaheuristic
algorithms and HBO gradient descent-based algorithm
are portrayed in Fig. 8 to show the separation of achieved
optimal designs for load cases with and without
consideration of seismic load effect. It is evident from the
figure that WS and GW algorithms have exactly identical
optimum designs for both load cases, exhibiting steady
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search features of the algorithms. It can also be noticed
that the BSO algorithm has a very narrow range between
optimal designs attained for the either load cases. But the
HBO algorithm has wider range between obtained
optimum designs for both load cases.

5.3  354-bar spatial steel dome structure

The last and the more extreme design example of this
study is a 354-bar spatial steel dome structure whose 3D,
plan, and elevation views are shown in Fig. 9. This dome
structure has 40 m diameter, 8.28 m height, 127 nodes,
and 354 structural members. The structural members,
namely 354 steel bars, are sorted into 22 independent
design variables as member groups. These are chosen
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Fig. 8 The box plot of the optimum designs for 130-bar spatial
steel dome structure. o: solutions without seismic effect, x:
solutions with seismic effect.
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from a ready list including 37 circular hollow sections
tabulated ASD-AISC. For the load case without
considering seismic effect, the dome is structurally
analyzed under three different loading cases created as
the combinations of dead (D), snow (S) and wind (W)
loads and computed in accordance with ASCE 7-10 [62].
The loading combinations acting on the dome are i) D +
S, i1) D + § +W (with negative internal pressure), and iii)
D + S +W (with positive internal pressure). In order to
prevent the extra computational demand, the unbalanced
snow loads are ignored. So, in this study, it is presumed
that while dead and snow loads act on the projected area,
the wind load acts on the curved surface area. Dead load
pressure is taken as 200 Pa. The design snow load P, is
calculated as 830 Pa. For calculating the design load of
wind, the velocity pressure is computed as 1115 Pa and
then the design wind pressure is calculated as a combined
effect of internal and external pressures acting on the
roof. The dome is split up as three fields, windward
quarter, center half, and leeward quarter, so that the
external wind pressure can be calculated. The final
pressure acting on different zones of the dome is achieved
by conjoining the internal and external wind pressures as
described exhaustively in reference source study [58]. For
the second load case, considering seismic effect in load
combinations, an additive fourth load combination is
acted on the dome structure as D + 0.7E,. The stress and

(©)

Fig. 9 354-bar spatial steel dome structure. (a) 3D view; (b) top view and member grouping; (c) elevation view.
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stability restrictions of structural elements are employed
in accordance with the specifications of ASD-AISC. The
upper bound of the displacements of all joints is restricted
to 11.1 cm in each direction. Moreover, as for the
previous design example, all structural members are
restrained with respect to slenderness (1) so that upper
value of 4 < 300 for members in tension and 4 < 200 for
members in compression. The modulus of elasticity (E) is
taken as 200 GPa, the yield stress (Fy) is considered as
250 MPa, and the tensile stress (F,) is taken as 310 MPa.
While the optimum section designations selected to be
assigned to member groups via both previously reported
SA and BB-BC algorithms and those selected through
GW, WS, and BSO metaheuristic algorithms and HBO
gradient descent-based algorithm are presented in Table 8.
Moreover, the obtained optimum designs through all
solution algorithms are tabulated in Table 9. It is apparent
from these tables, for load case without seismic effect that
the GW algorithm produces the lightest dome design of
144.54 kN. This best feasible dome design is chased by
those generated from BSO and WS algorithms having

design weight of 147.74 and 152.08 kN, respectively, and
the heaviest dome is designed by gradient descent-based
HBO algorithm with a 162.42 kN design weight. For this
load case it should be underlined that the optimal dome
design obtained from the GW algorithm is slightly lighter
(0.18%) than the dome design obtained from the SA
algorithm, but slightly heavier (0.21%) than the BB-BC
algorithm currently available in the literature [58,59].
Similarly, when comparing the dome designs obtained
with the BSO and WS algorithms and the already
announced dome designs obtained with the SA and BB-
BC algorithms, the dome produced by the BSO algorithm
is 1.99% and 2.37% heavier than those of the SA and BB-
BC algorithms, respectively. Also, the dome design
generated by the WS algorithm is 5.02% heavier than
those of the SA algorithm and 5.15% heavier than those
of the BB-BC algorithm. Finally, the HBO algorithm also
produced 12.17% and 12.60% heavier domes than SA
and BB-BC algorithms, respectively. Also, for this
loading case (without seismic load effect) when only the
obtained dome designs via novel proposed solution

Table 8 Optimally selected steel pipe profiles assigned to member groups via solution algorithms for 354-bar spatial steel dome structure

group no. previously reported studies (cm®) this study (cm?)
SA [58] BB-BC [59] BSO GW WS HBO

1 1 1 1I 1 1I I 1I 1 I
1 P2 P2 P3 P3 P3 P3 P3 P3 PX4 PX3.5
2 P3 P3.5 P4 P4 P4 P4 P4 P4 P4 PX3.5
3 P4 P3 P3 P3 P3 P3 P3 P3 P3 PX3
4 P3.5 P3 P3.5 P3.5 P3.5 P3.5 P3.5 P3.5 P3.5 P3.5
5 P3 P3 P3 P3 P3 P3 P3.5 P3.5 P3.5 P3.5
6 P3 P3 P3 P3 P3 P3 P3 P3 P3 P3
7 P3 P3.5 P3 P3 P3 P3 P3 P3 P3 P3.5
8 P2.5 P3 P2.5 P2.5 P2.5 P2.5 P2.5 P2.5 P2.5 P2.5
9 P3 P2.5 P2.5 PXX2 P2.5 P2.5 PX2.5 PX2.5 P2.5 PX2.5
10 P3 P3 P2 P2 P2 P2 P2 P2 P2 P2
11 P2.5 P2.5 P2.5 PX2 PX2 PX2 PX2 PX2 PX2 P2.5
12 P2.5 P2.5 P2.5 P2.5 P2.5 PX2.5 P3 P3 P2.5 PX3
13 P2.5 P2.5 PX2.5 P3 P2.5 P2.5 P3 P3 P2.5 P2.5
14 P2.5 P2.5 PX2.5 PX2.5 P2.5 P2.5 P2.5 P2.5 P2.5 P3
15 P2.5 P2.5 P2.5 P2.5 P2.5 P2.5 P2.5 P2.5 P2.5 PXX2
16 P2.5 P2.5 P2.5 P2.5 P2.5 P2.5 P2.5 P2.5 P2.5 P2.5
17 PX2 PX2 PX2 PX2 PX2 PX2 PX2 PX2 PX2 PX2
18 PX2 PX2 P2 P2.5 P2 P2.5 P2 PX2 P2 P3
19 P2 P2 P2 P2 P2 P2 P2 P2 PX2 PX2
20 P2 P2 P2 P3 P2 PX2 P2 P2 P2 P2
21 P2 P2 P2 P2 P2 P2 P2 P2 P3 PX2
22 P2 P2 P2 P2 P2 P2 P2 P2 P2 PX2

Notes: I: without seismic load effect, II: with seismic load effect, SA: simulated annealing, BB-BC: big bang-big crunch, BSO: brain storm optimization,

GW: grey wolf, WS: water strider, HBO: hyperband optimization.
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Table 9 Obtained optimum designs via solution algorithms for 354-bar spatial steel dome structure

optimum design solutions previously r ep(z)rted studies

this study (cm?)

(cm’)
SA[58]  BB-BC[59] BSO GW WS HBO
1 1 I 1I I I 1 1I I 1I
min. weight (kN) 144.80 144.24 147.74 152.83 14454 146.89 152.08 15244 16242 176.46
max. disp. (cm) - - 1.20 1.17 1.22 1.21 1.18 1.17 0.98 1.08
max. stress ratio - - 0.88 0.91 0.94 0.94 0.94 0.94 0.94 0.99
max ?‘f‘;‘r“ieg‘; . i%%r(sf)or comp. members) - - 100 100 100 100 100 100 100  1.00
needed structural analyses - - 673 637 695 626 669 559 583 641

Notes: I: without seismic load effect, II: with seismic load effect, SA: simulated annealing, BB-BC: big bang-big crunch, BSO: brain storm optimization,

GW: grey wolf, WS: water strider, HBO: hyperband optimization.

algorithms are compared with each other, the GW
algorithm outperforms the BSO, WS, and HBO
algorithms.

From Table 9, for the second load case of this design
example, as stated before when the seismic load effect is
considered among loading combinations, the GW
algorithm produces the lightest dome design with 146.89
kN design weight which is followed by WS algorithm
with a dome design weight of 152.44 kN. For this second
load case, the BSO algorithm produces the dome design
with a 152.83 kN design weight. And, the HBO algorithm
generates the heaviest dome design with a 176.46 kN for
this loading case. Considering these dome designs, the
BSO algorithm produced a dome design that is 2.94%
lighter than the WS algorithm for the first load case,
while the WS algorithm produced a dome design that is
0.26% lighter than the BSO algorithm in the second load
case where the seismic load effect was considered.

For both load cases, if the upper bounds of the design
constraints are examined from Table 9, it is apparent that
the slenderness ratio strongly dominates the optimization
process since its obtained values are at its upper bound of
1.0 for all proposed GW, WS, BSO, and HBO algorithms.
It is apparent from the same table that although the
impact is slightly less than the slenderness ratio
constraint, for all solution algorithms the stress constraint
plays a significant role in managing the optimum design
procedure. It is easily seen from Table9 that the
displacement constraint plays a more passive role in the
optimization process than other constraints in this design
example since its obtained values are very far from the
upper bound for all algorithms.

There is another interesting point that should be seen
from Table 9, that when the seismic load effect is not
considered in the loading combination, although the
gradient descent-based HBO algorithm produced the
heaviest dome design, it achieved this design with the
least computational effort, as 583 out of 700 structural
analyses. Also, it performs with a moderate
computational effort that resembles those of GW, WS,
and BSO metaheuristic algorithms when seismic load
effect is taken in to account in the loading combination.

For both load cases, when the computational efforts
exhibited by all of the solution algorithms are examined,
it is seen that the solution conducted by the GW
algorithm without seismic load effect has the worst effort,
with 695 out of 700 structural analyses.

The algorithmic performance of the GW, WS, BSO
metaheuristic algorithms and HBO gradient descent-
based algorithm to identify the optimum dome designs
under both load cases during optimization process can be
seen from Fig. 10 with respect to with and without
seismic load effect. These graphs depict the convergence
rates over search records representing the variation of the
best feasible attained designs throughout the optimization
procedure with respect to the GW, WS, BSO, and HBO
algorithms under load combinations with and without
considering seismic load effect. For both load cases (with
and without considering seismic effect), while the GW
algorithm demonstrates better convergence and identifies
the optimum designs, the HBO algorithm displays poor
convergence characteristics ending with the worst dome
designs. Interestingly, it can be concluded from Fig. 10
that despite BSO algorithm illustrating relatively fast
convergence performance during early phases of design
optimization, its performance deteriorates in the later
phases and it eventuates in a worse optimal solution.

In Fig. 11, the box plots revealing the distribution of
optimal dome designs of every metaheuristic algorithm
are presented for this design example. It is apparent from
this figure that the WS algorithm has a restricted interim,
showing the constant search features of the algorithm.
Also, it can be seen that the GW algorithm and the BSO
algorithm have wider interims and the gradient descent-
based HBO algorithm has the widest range.

6 Concluding remarks

In this study, the WS algorithm, GW algorithm, and the
BSO algorithm are conducted to achieve seismic design
optimization of steel dome structures. Also, to display the
algorithmic performance capacities of these proposed
metaheuristics, in addition to comparison of the obtained
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Fig. 10 Design history graphs for 354-bar spatial steel dome
structure. (a) Without seismic load effect; (b) with seismic load
effect.
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Fig. 11 The box plot of the optimum designs for 354-bar
spatial steel dome structure. o: solutions without seismic effect,
x: solutions with seismic effect.

dome designs with those previously reported using
classical metaheuristic algorithms, a gradient descent-
based HBO algorithm is executed. As design examples,
three real size spatial steel dome structures are selected
such as a 120-bar spatial steel dome structure, a 130-bar
spatial steel dome structure, and a 354-bar spatial steel
dome structure. In order to mutually transfer the data
attained from the structural responses under external
loadings, the open application interface (OAPI) functions
are used to integrate the MATLAB with SAP2000. For all
design examples both stress and stability constraints are
executed by obeying the provisions of ASD-AISC
practice code. Also, the maximum displacement
constraints restricted the dome nodes. Additionally, in the
second and the third design examples, slenderness ratio
constraint is applied as stated in source studies to make a
fair and accurate assessment. The tables and graphs are
used to express the acquired optimal dome design in all

design examples.

The main significant concluding remarks deducted
from this study are summarized as follows.

1) In 120-bar spatial dome structure, for both load
cases, with and without considering seismic effect, the
GW algorithm designed a lighter dome compared to the
classical HS, GA, and CO algorithms reported in the
literature. Also, the optimally generated dome design via
the GW algorithm is lighter than that generated by the
newly proposed WS and BSO metaheuristic algorithms.
The gradient descent-based HBO algorithm yielded the
heaviest dome designs for both loading cases when
compared with the proposed metaheuristic algorithms. In
this design example, when the newly proposed WS and
BSO algorithms are compared among themselves
according to the load conditions, the WS algorithm
achieves a better dome design in the load case where the
seismic effect is not considered, while BSO algorithm
achieves a better dome design in the load case where the
seismic effect is considered. Although the seismic load
effect caused an increase in structure weights obtained in
optimum dome designs, this raise remained at the level of
0.12% for the BSO algorithm, 0.55% for the GW
algorithm and 1.05% for the WS algorithm.

2) In the 130-bar spatial dome structure, the optimum
dome designs obtained from GW and WS algorithms for
both load cases with and without seismic load effect, and
optimal dome design attained by BSO and HBO
algorithms for load case without seismic load effect are
exactly the same as that accomplished in previously
reported source study. As a matter of fact, if the seismic
load effect is considered in loading cases, the weights of
dome designs achieved by BSO and HBO algorithms
increased slightly by 0.83% and 4.55%, respectively, due
to the change in the steel pipe section assigned to some
element groups. These solutions reveal that the seismic
load effect does not have a significant impact on optimal
designs.

3) In 354-bar spatial dome structure, for the load case
without considering seismic load effect, the GW
algorithm achieved a second lighter dome compared to
the classical metaheuristic algorithms reported in
literature; while the optimum dome designed by GW
algorithm is 0.18% lighter than that generated by the SA
algorithm, it is 0.21% heavier than that resulted from the
BB-BC algorithm. In this example, if the seismic effect is
not considered in loading combinations, the BSO
algorithm and the WS algorithm, respectively, generate
slightly heavier dome designs than conventional
algorithms. For this loading condition the gradient
descent-based HBO algorithm yields the heaviest dome
designs. Taking into consideration of the seismic load
effect in loading condition, the GW algorithm obtained
3.78% and 4.05% lighter dome designs than those from
the WS and BSO metaheuristic algorithms, respectively,



Serdar CARBAS & Musa ARTAR. Comparative seismic design optimization of spatial steel dome structures 73

and obtained 20.13% lighter dome design than that of the
HBO gradient descent-based algorithm. When the
optimum dome designs are evaluated in terms of the
proposed new algorithms, considering the seismic load
effect in the loading, increments of 3.45%, 1.63%, 0.24%,
and 8.64% are observed in the acquired dome design
weights for the BSO, GW, WS, and HBO algorithms,
respectively. These solutions clearly evince that the
seismic load effect does have important impact upon the
BSO metaheuristic algorithm, but has the highest effect
on the gradient descent-based HBO algorithm.

4) In GW, WS, and BSO metaheuristic algorithms and
HBO gradient descent-based algorithm for both load
cases, despite the stress constraint acting as an important
determinant on optimization process in first design
example, the slenderness constraint dominates the
optimum search process in the second and third design
examples. But the displacement constraint does not show
any impact on any of design examples. Also, in the third
design example, the stress constraint has significant effect
on optimization process in addition to slenderness
constraint.

5) All the results ensure the pertinence and the validity
of the proposed OAPI scheme leading reciprocal data
interaction streaming between MATLAB and SAP2000
for seismic design optimization of spatial steel dome
structures.
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