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ABSTRACT: In this study, a new method is presented to solve the geometry and sizing optimization
problems of truss structures using an effective hybrid of cellular automata (CA) and gravitational search
algorithm (GSA), which is named the CA-GSA method. The basic of the GSA is the Newtonian Gravity
and Motion laws. Due to the direct effect of all objects on each other and the lack of attention to elitist
selection, this algorithm converges to a local optimum point. In this study, with the help of the CA
method, masses are distributed in a finite cellular network, and each cell is only related to its neighbors.
In the CA-GSA method, the laws of gravity and motion of masses in the GSA method are defined
as the relationship factor of each cell to its neighboring ones. Therefore, the applied force on each
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mass is obtained from the resultant force of its top neighboring masses. The definition of these top
. . . . " . Truss Structures
neighboring masses and their applied force on the central mass add memory and elitist selection to the S
GSA algorithm, respectively. Another advantage of the new method is to update the cellular network Optimization

after any local evolution, which makes it possible to achieve the optimal point using fewer analyzes. To ~ Gravitational Search Algorithm
investigate the usefulness of the proposed method, the CA-GSA method was used to solve the geometry

and sizing optimization problems of four benchmark truss structures. The results of CA-GSA show the

Hybrid Optimization Methods.

superiority and power of this algorithm in comparison with the methods introduced in the literature.

1- Introduction

In this study, a new algorithm is presented using a hybrid
of cellular automata (CA) and gravitational search algorithms
(GSA). In which, by simulating each vector (representing an
answer in the optimization problem) as a cell and defining
the intercellular rules equivalent to the rules of the search
algorithm, the advantages of the CA method have been
exploited in the GSA algorithm. The CA method was first
proposed by Wolfram in 1986 [1,2], which is derived from
the process of repairing damaged bones. The GSA algorithm
[3,4] is one of the algorithms that simulate a physical
phenomenon in the world. To evaluate the usefulness of the
proposed method, the CA-GSA method has been used to
solve four benchmark size and geometry optimization of truss
structures problems. The results of the numerical examples
show the superiority and strength of the CA-GSA algorithm
over other methods compared in this paper.
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where w is the weight of the truss structure; X is
the vector of design variables; p;, 4, and go are the
material density, cross-sectional area, and length of the ith
member, respectively; g7 is the stress constraint; g is the
displacement constraint of the jth node of the structure.

3- Modified cellular automata

According to the definitions provided, a set of
<Z",A,Y , o) 1s called cellular automata in which [5,6]:

The first’ element (Z"), represents the number and the
arrangement of the cells to each other. The second element
(A), is the value or the content within each cell. The third
element of (Y), is the arrangement of neighboring cells. For
example, Fig. 1 shows the neighboring cells of each cell from
the square grid and in the Moore neighborhood model.

The fourth element in CA is the rules for updating the
internal values of cells or o, which is a function of local
transmission.

2- Geometry and size optimization problems formulation
Geometry and size optimization of truss structures is
defined as follows [5]:

Minimize :w (X ;,,X ;) :zp[Aill I

i=1
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Fig. 2. (a) Neighborhood cell lattice with radius 1, (b) hows neighboring cells affect the central cell

4- A hybrid of cellular automata method with the laws of
gravitational search algorithm (CA-GSA)

In the CA-GSA method, each cell is considered as a mass
that is only affected by its neighboring cells (objects). Fig.
2 shows a random central mass and neighboring objects
where arrows represent the effect of neighboring objects
on the central mass. Fig. 2b shows the central mass and its
neighboring objects among all the objects in the search space.
The new position of the central cell mass is based on the
resultant vector of the forces coming from all neighboring
objects.

At the rth time, the force applied to the /th central cell by
its 8 neighbors is defined as follows:

8 X
F()=G()x Y| 5, x rand, %

n=1

CHORE (z))} (3)

where M, is the active gravitational mass of the
neighboring cells, M is the inactive gravitational mass of
the Ith central cell, 5, 1s the assigned index to each cell (good
or bad), G(t) is the constant of gravity, € is a small fixed
number and F is the Euclidean distance between the /th and
the nth particles [4].
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The velocity and location of each particle are obtained as
follows [4]:

v vgw (¢ +1) =rand, xv{' (¢ +1) +af (¢) 4)
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Vi) - Vi DL O(x{ vy € +D) S OE @)
l vf (t),otherwise, (6)

w01y =4 Koo @D @ (3 (D) <0 1)

x,d (1), otherwise, (7

In these relations, rand, is a random number with a
uniform distribution in the range [1 and 0].

In summary, the CA-GSA optimization process includes
the following steps:
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Fig. 3. Schematic view of the 47-member truss structure

1- Creating a cellular lattice with L? dimensions

2- Random selection of the object’s position in the search
space with number L?

3- Putting the position of the created objects in the cellular
lattice

4- Determine the fitness of each particle based on its position

5- For each cell of the lattice:

- Selecting the /th central cell and its neighboring ones as N
particles

- Appling the force of the neighbor’s superior objects to the
central cell

6- Determining the acceleration, velocity, and new location of
the cell and its fitness

7- Repeating Steps 5-6 until the stopping criterion is satisfied.

5- Geometry and size optimization of the 47 member truss
structure (example 4 of the main article)

The test problem is the layout optimization of the 47-bar
tower for which Fig. 3 shows the initial configuration.
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Fig. 4. Diagram of the convergence history of the 47-member

Fig. 5. The optimal 47-member truss

The tower is subject to the three independent loading
conditions, and elements are grouped into 27 independent
size variables [5,7]. The material density is 0.3 1b/in® and the
modulus of elasticity is 3x10* ksi. Other specifications of this
example can be found in the mentioned references.

The results of the CA-GSA algorithm for the 47-member
truss structure including optimal final vector, structural
weight, average weight of 20 different executions, error
limiting range, and the number of structural analyzes required
to achieve the best weight among 20 executions, are shown in
Table 1. Among the various dimensions selected for the grid,
the best dimension is L=7 with the best weight of 1862.9602

" Figs. 4 and 5 show the diagram of the convergence history
of the CA-GSA algorithm for the various values of the lattice
dimensions and the optimal structure, respectively.
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6- Conclusion

In this paper, a new hybrid optimization method (CA-
GSA) is presented using the integration of the cellular
automata method and GSA gravitational rules for geometry
and size optimization of truss structures. To achieve this
aim, after creating the initial random population in GSA,
these primary objects are located in the CA grid, and to
calculate the new position, each object is absorbed only by its
neighboring ones in the CA lattice. To compare the efficiency
of the CA-GSA, four benchmark optimization problems are
presented and the results of three GSA, CA, and CA-GSA
optimization methods are compared. The CA-GSA method
uses different cellular lattices. To better compare the results
the number of structural analyzes in each lattice is considered
the same. From comparing their results, it is clear that the
CA-GSA algorithm has converged to better answers in terms
of minimum weights and their average. It also has a higher
convergence rate than that of other optimization methods
discussed in this paper. Also, the results of solved numerical
examples show that in geometry and size optimizing of
truss structures, values 5, 6, and 7 are suitable numbers for
allocation to the L parameter.
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Table 1. Results of CA-GSA method with different lattic dimensions for 18-member truss truss structure

Variable Design 3x3 4x4 5x5 6x6 %7
Al 12.25 12.50 12.50 12.25 12.25
A 18.00 17.75 17.50 18.25 17.75
As 5.00 5.50 5.750 4.75 5.75
A4 4.25 3.75 3.75 425 425
X3 915.3707 fAM909.8 9072575 917.5886  916.0971
3 188.9379 183.9786  180.0774 1923487  187.6958
X5 649.1492 641.1704  636.8017  654.0984  647.1392
ys 150.4545 146.1138  141.5724  156.5499  143.3235
X7 418.7312 4119397  407.8225 4237356 414.6495
y7 99.4075 98.14167  94.1691 102.5717 95.5247
X9 205.016 2013729 1987679 207.7262  202.3598
¥9 273392 299998 29.50714  28.66023 2646177
Weight (Ib) 4528.839 4519426 4512211 4538411 455275
Mean (Ib) 4691.028 4559.851 4547114 4574467  4702.633
Constraint Violation 0 0 0 0
No. of analyses 4239 4033 4336 4404 4101

aidS o gy b seas VA b s3> ol CA-GSA g GSAC CA by ig) guli auwslio ¥ Jouo
Table 2. Comparison of the results of GSA, CA and CA-GSA methods for 18-member truss structure with previous

Hasancebi Present work
No. Design and Rahamiet  Gholizadeh  Gholizadeh
Variable al [43] CPSO[35] SCPSO [35] GSA CA CA-GSA
Erbatur[44]

1 Ay 12.25 12.75 12.00 12.50 12.00 12.25 12.50

2 Az 17.50 18.50 17.50 17.50 19.50 19.00 17.50

3 As 5.75 4.75 6.25 5.75 4.75 4.75 5.75

4 A4 4.25 3.25 4.75 3.75 4.50 4.25 3.75
5 X3 910.0 917.4475 902.9141 907.2491 943.9585 930.5115 907.2575
6 y3 179.0 193.7899 174.7201 179.8671 211.3102 203.3202 180.0774
Xs 638.0 3299.654 632.7129 636.7873 690.9398 671.2556  636.8017
ys 141.0 159.9436 141.2965 141.8271 172.6934 167.4273 141.5724
9 X7 408.0 424.4821 407.1323 407.9442 451.0854 436.132 407.8225

10 y7 91.0 108.5779 85.9332 94.0559 108.6894 106.6878 94.1691
11 X9 198.0 208.4691 197.6720 198.7897 222.1625 211.1368 198.7679
12 y9 24.0 37.6349 19.8093 29.5157 29.7745 30.00 29.50714
Weight (Ib) 4533.24 4530.68 4561.131 4512.365 4682.127 4624.362 4512.211
Constraint
Violation 0.0 4.17e-05 0.0 0.0 0.0 0.0 0.0
No. of analyses - 80000 4500 4500 7992 7526 4336
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Table 3. Results of the CA-GSA method with different lattic dimensions for the 15-member truss truss structure

Design Variable 3x3 4x4 5x5 6x6 7x7
Al 1.1740 0.9540 0.9540 0.954 0.9540
Az 0.9540 0.5390 0.5390 0.539 0.5390
As 0.1110 0.3470 0.2870 0.27 0.2200
A4 1.1740 1.0810 0.9540 0.954 0.9540
A 0.9540 0.5390 0.5390 0,539 0.5390
A 0.4400 0.1110 0.1410 0.174 0.2200
VA 0.2200 0.1110 0.1110 0111 0.1110
A 0.2200 0.1110 0.1110 0.111 0.1110
A 0.1110 0.3470 0.2870 0.954 0.1740
VA 0.1110 0.5390 0.3470 0347 0.4400
nA 0.1110 0.4400 0.4400 0.347 0.4400
WA 0.5390 0.2200 0.2200 022 0.2200
wA 0.4400 0.2200 0.2200 0.22 0.2700
A 0.4400 0.1110 0.1410 0.174 0.2700
WA 0.1110 0.3470 0.3470 027 0.2200
X2 140.00 100.00 128.7110  135.4206 100.00
X3 220.00 221.7869 255.7602 257.5838  234.3238
y2 100.00 133.6518 131.3165 122.1976 134.1024
y3 114.5599 128.3277 125.2737 109.6448 122.4022
V4 59.9757 55.0498 70.4619 54.3285 69.7919
\G 20.00 -20.00 -4.1737 -7.7 -18.0829
y7 5.4775 -10.3060 12.6584 1.5781 -16.0465
y8 60.00 55.0541 60.00 53.7112 32.5123
Weight (Ib) 85.3813 76.2082 74.4055 72.3591 75.7359
traint
Constrain 0.0 0.0 0.0 0.0 0.0
Violation
Mean (Ib) 120.486 842.368 80.0482 8.-774 79.5362
No. of analyses 4453 4461 4412 4418 4469
Layout variables : aw ol osle ojlal g avae (gileaig :Jle rogew -V-0
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x8 =x9 =—x7=-x10;

Sl 0als oals isled O Jgaz 0 ojlw a5 004l sla,b oS
y3=y4=-y5=-y6; (Y0)
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z3=74=725= z6.

kit « T aaN) Jodw g o/ IB/in®Y ol Alas jogase (59
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Table 4. Comparison of GSA, CA and CA-GSA results for the 15-member truss with previous methods

No Design Tang et Rahami  Gholizadeh ~ Gholizadeh Present work
' Variable al. [45] etal[43] CPSO[35] SCPSO [35] W
GSA CA CA-GSA
1 A, 1.081 1.0810 1.174 0.954 0.9540 0.9540 0.954
2 Ay 0.539 0.5390 0.539 0.539 0.5390 0.5390 0.539
3 Ay 0.287 0.2870 0.347 0.270 0.2700 0.2700 0.270
4 Ax 0.954 0.9540 0.954 0.954 0.9540 1.0810 0.954
5 Ay 0.954 0.5390 0.954 0.539 0.5390 0.9540 0.539
6 A, 0.220 0.1410 0.141 0.174 0.2200 0.1410 0.174
7 Ay 0.111 0.1110 0.141 0.111 0.1110 0.1110 0.111
8 Ay 0.111 0.1110 0.111 0.111 0.1110 0.1410 0.111
9 Aq 0.287 0.5390 1.174 0.287 0.3470 0.2870 0.954
10 A, 0.220 0.4400 0.141 0.347 0.4400 0.3470 0.347
11 Ay 0.440 0.5390 0.440 0.347 0.3470 0.1740 0.347
12 Ay 0.440 0.2700 0.440 0.220 0.2200 0.4400 0.22
13 Ay 0.111 0.2200 0.141 0.220 0.2200 0.2700 0.22
14 Ay 0.220 0.1410 0.141 0.174 0.2200 0.1410 0.174
15 Ay, 0.347 0.2870 0.347 0.270 0.2200 0.2700 0.27
16 X2 133.612  101.5775 102.2873 137.2216 134.8444  134.0407  135.4206
17 X3 234752 2279112  240.5050 259.9093 254.0367  250.0108  257.5838
18 y2 100.449  134.7986  112.5840 123.5006 128.4780  105.7870  122.1976
19 y3 104.738  128.2206 108.0428 110.0020 114.5932  127.4565  109.6448
20 v4 73.762  54.86300 57.7952 59.9356 50.1835 59.8786 54.3285
21 Y6 -10.067  -16.4484 -6.4299 -5.1799 -6.8203 -5.2458 -1.7
22 y7 -1.339 -13.3007 -1.8006 42193 3.5519 1.9836 1.5781
23 ys8 50.402 54.8572 57.7987 57.8829 50.6653 59.6178 53.7112
Weight (Ib) 79.820 76.6854 77.6153 72.5143 74.7563 79.1710 72.3591
Max. stress (ksi) 25.0222 249992 24.9909 24.9912 25.0234  25.04160  24.9954
Constraint 0.0 0.0 99e7 9376 0.0
Violation
No. of analyses 8000 8000 4500 4500 5931 5806 4418

S YO (b )5 o5l (5,105, bl pd B Jgur
Table 5. Loading conditions of the 25-member truss structure

Node F (kips) F) (kips) F: (kips)
1 1.0 -10.0 -10.0
2 0.0 -10.0 -10.0
3 0.5 0.0 0.0
6 0.6 0.0 0.0
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Fig. 13. Schematic view of the 25-member truss structure
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Table 6. Results of the CA-GSA method with different lattice dimensions for the 25-member truss structure

Design Variable 3x3 4x4 5x§ 6x6 7x7
Ay 0.1 0.1 0.1 0.1 0.1
Az 0.1 0.1 0.1 0.1 0.1
A¢ 1.1 0.9 1.0 1.0 0.9
Ao 0.1 0.1 0.1 0.1 0.1
A 0.1 0.1 0.1 0.1 0.1
As 0.1 0.1 0.1 0.1 0.1
Ais 0.1 0.1 0.1 0.1 0.1
A 0.9 1.0 0.9 0.9 1.0
Xa 37.379 36.8138 37.5548 37.4770 37.4046
Ya 52.8421 64.6913 54.7139 54.59999 53.3787
Z4 129.9886  114.1883 130.00 129.9851 129.7851
X4 51.2317 47.7661 51.8755 51.8714 50.9033
ys8 135.5252  138.2589 139.4676 139.5210 136.0110
Weight (1b) 119.5311  118.9605 117.2655 117.2603 118.8375
Mean (1b) 149.2461  144.8023 129.7190 120.5514 136.7548
Constraint Violation 0.0 0.0 0.0 0.0 0.0
No. of analyses 3556 3574 3579 3596 3901

ol duty sac YO ojlw NF JSCo
Fig. 14. The optimized 25-member structure
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Table 7. Comparison of GSA, CA and CA-GSA results for the 25-member truss with those of previous methods

No Design  Tanget Rahamiet Gholizadeh Gholizadeh Degertekin Present work
* Variable al. [45] al [43] CPSO [35] SCPSOJ35] et al [46] GSA CA CA-GSA
1 Al 0.1 0.1 0.3 0.1 0.1 0.1 0.1 0.1
2 Az 0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.1
3 As 1.1 1.1 1.0 1.0 1.0 0.9 0.8 1.0
4 Ao 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
5 A2 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1
6 Ais 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1
7 Alg 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1
8 Ax 0.7 0.8 0.9 0.9 0.9 1.0 1.0 0.9
9 X4 35.47 33.0487 33.4976 36.9520 37.107 37.1744 26.4792 37.4740
10 y4 60.37 53.5663 62.3735 54.5786 54.255 54.8990 71.4385 54.5999
11 74 129.07 129.9092 114.5945 129.9758 129.998 126.5000 104.4128 129.9851
12 X8 45.06 43.7826 40.0531 51.7317 52.008 50.7708 42.4374 51.7814
13 y8 137.04 136.8381 133.6695 139.5316 140.00 137.1810  137.1325 139.5210
Weight (1b) 124.943 120.115 123.451 117.227 117.320 119.0001  125.4976 117.2603
Constraint g 0o 05 848e-07  1.89E-06 0.0059 0.0 478¢-04 00115 0
Violation
Max1mum 0.350028  0.3500003 0.350476 0.351846 0.34969 0.35017 0.35403 0.34999
displacement
No. of analyses 6000 10000 4500 4500 3795 5906 5498 3596
183
173
163 || — L3
=~ —L4
E« 153 Ls
= 143 e
S —1L7
133
123 ‘“_R_
g
113
0 50 100 150 200 250 300 350 400
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Fig. 15. The convergence history of the 25-member truss structure
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Fig. 16. Schematic view of the 47-member truss structure
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Table 8. Loading conditions of the 47-member truss structure

Case Node F. (kips) F, (kips)

1 17 and 22 6.0 -14.0

2 17 6.0 -14.0

3 22 6.0 -14.0
Ay=AjA, =AyA =AgA; au )b ol Sho 4o sl sad 00,9] 4t slal calie SV o
Ay =Agi A3 A = A3 A, = Okl Saioyse 0o ysSl At ja 0 BT YR Sl ey ol Sen
A A=A A=A Ay = ol asil
R B ol ojle o)l g awdin gjludings iplez Jlo —O-F

. _ . . A S LS 9 S 2 e JBe 0

Ay = A Agg = Agsi Ay A (¥A) ‘ ‘ ‘ ’
Ay =ApiAy =AyAL A = el 0l ooy HLas VE S jo aS sl (sgas
Ay Ase = Ay Asg Ay = A A dgsz Gllas o2 5l Jiws Jb oS5 d o5 b5 0l
Ay =ApiAs V| Jgdo o o/ /Yl dlas pgase (y59 0,0 5,3
Ags =Auihgs =Ay 15l oy (g diwd 09,5 YV jo ol ol (slacl .ol oY) - “ksi
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Table 9. Results of the CA-GSA method with different lattice dimensions for the 47-member truss structure

Design Variable 5%5 6%6 77 8x8
As 2.80 2.70 2.70 2.90
A4 2.60 2.60 2.60 2.80
As 0.70 0.80 0.80 0.70
A7 0.10 0.10 0.10 0.10
As 1.00 0.90 0.90 0.80
Ao 1.30 1.00 1.00 1.40
An 1.90 1.80 1.80 1.90
Aus 0.70 0.70 0.70 0.80
Ais 0.80 0.90 0.90 1.00
Aig 1.30 1.40 1.40 1.50
Ao 0.30 0.40 0.40 0.30
A 1.10 1.10 1.10 0.90
Ans 1.00 1.10 1.00 1.20
As 1.00 0.90 0.90 1.10
Ay 1.50 2.20 0.80 2.90
Aog 0.10 0.10 0.10 0.10
Aso 2.80 2.70 2.70 2.80
Az 0.90 0.80 0.80 0.90
Ass 0.10 0.10 0.10 0.10
Ass 3.10 2.90 2.90 3.10
Ase 0.90 0.90 0.90 0.80
Asg 0.10 0.10 0.10 0.10
A4 3.20 3.10 3.10 3.30
Aq 1.00 1.10 1.10 1.10
Ass 0.10 0.10 0.10 0.10
Aus 3.30 3.20 3.20 3.40
Ass 1.10 1.10 1.10 1.10

X2 99.16812 105.8578 106.088 97.19482

X4 82.9334 84.95524 85.2445 76.30929

V4 130.0238 133.607 130.6193 135.5009

X6 65.003 66.38294 66.59746 62.64311

v6 245.1653 251.5817 252.1694 247.2437

X8 53.23699 57.04437 56.83037 53.96782

y8 322.0532 338.9891 339.7405 324.7493

X10 46.98738 50.39822 50.06994 45.63698

yio 400.8637 407.968 410.0487 412.3906

X12 42.65287 42.70449 42.68004 39.12888

yi2 464.2354 470.2865 472.0933 472.7948

X4 43.54955 43.69748 43.86904 37.4047

yi4 515.2767 505.3124 507.4253 515.9978

X20 -0.0107 -0.00227 2.133598 0.003041

y20 585.0963 584.7538 587.2228 587.3324

X2l 91.98728 77.11847 80.73014 86.15133

y21 626.9355 627.7105 629.3278 617.8314

Weight (1b) 1871.0929  1864.9704  1862.9602  1893.4737

Mean (Ib) 1980.3647  1921.6372  1888.3078 1901.719
Violated Constraints 0.0 0.0 0.0 0.0

No. of analyses 13996 14192 13867 13974
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Table 10. Comparison of GSA, CA and CA-GSA results for the 47-member truss structure with those of previous

Salajegheh Present work
No Design and Has;:ldcebl Glsl(éli)z;geh Degertekin
" Variable VYanderplaats [46] JA GSA CA CA-GSA
[FAl Erbatur[47] [35]
1 As 2.61 2.50 25 2.7 2.7 2.9 2.7
2 As 2.56 2.50 25 25 2.6 2.5 2.6
3 As 0.69 0.80 0.8 0.7 0.8 0.7 0.8
4 A7 0.47 0.10 0.1 0.1 0.1 0.1 0.1
5 As 0.80 0.70 0.7 0.9 0.9 1.2 0.9
6 Ato 1.13 1.30 1.4 1.1 1.2 1.0 1.0
7 An 1.71 1.80 1.7 1.8 1.9 1.7 1.8
8 Au 0.77 0.70 0.8 0.7 0.7 0.6 0.7
9 Als 1.09 0.90 0.9 0.9 0.9 0.9 0.9
10 Ats 1.34 1.20 1.3 1.3 1.5 1.3 1.4
11 A 0.36 0.40 0.3 0.3 0.4 0.6 0.4
VY A 0.97 1.30 0.9 1.1 1.0 11 11
13 Az 1.00 0.90 1.0 1.0 1.1 1.0 1.0
14 A 1.03 0.90 1.1 0.9 1.1 1.0 0.9
15 Az 0.88 0.70 5.0 0.8 2.7 0.6 0.8
16 Ass 0.55 0.10 0.1 0.1 0.1 0.1 0.1
17 Ao 2.59 2.50 25 2.7 2.6 3.0 2.7
18 Asi 0.84 1.00 1.0 0.8 1.0 1.0 0.8
19 A 0.25 0.10 0.1 0.1 0.1 0.2 0.1
20 Ass 2.86 2.90 2.8 3.0 2.9 3.2 2.9
21 Ass 0.92 0.80 0.9 0.9 1.0 0.9 0.9
22 Ass 0.67 0.10 0.1 0.1 0.1 0.1 0.1
23 Aso 3.06 3.00 3.0 3.2 3.0 3.3 3.1
24 Aai 1.04 1.20 1.0 1.0 1.1 1.0 1.1
25 As 0.10 0.10 0.1 0.1 0.1 0.1 0.1
26 Ass 3.13 3.20 3.2 33 3.1 33 3.2
27 Ass 1.12 1.10 12 1.1 12 1.2 1.1
YA X2 107.76 104.0 101.3393 100249  106.5286  100.6474 00 oo
29 X4 89.15 87.0 85.9111 81.118 90.4625 78.3750 85.2445
30 ya 137.98 128.0 135.9645 138.063 137.8989  144.6895  130.6193
31 X6 66.75 70.0 74.7969 63.520 70.8983 612061  66.59746
32 v6 254.47 259.0 237.7447 249.861 2524235 2504219  252.1694
33 Xs 57.38 62.0 64.3115 54.417 56.3536 46.8156 56.8304
34 ys 342.16 326.0 321.3416 338.356 334.6909  338.0817  339.7405
35 X10 49.85 53.0 53.3345 49238 50.3898 43.5248 50.0699
36 yio 417.17 412.0 4143025 404.395 420.1513  408.6966  410.0487
37 X12 44.66 47.0 46.0277 44.082 41.8832 41.8533 42.6800
38 yi2 475.35 486.0 489.9216 467.812 479.4662  460.6951  472.0933
39 X14 41.09 45.0 41.8353 44534 41.2272 50.8440  43.86904
40 yia 513.15 504.0 522.4161 511.407 513.4638  504.5398  507.4253
41 X20 17.90 2.0 1.0005 3.851 0.0192 5.4776 2.133598
42 y20 597.92 584.0 598.3905 590.619 583.9883  588.5277  587.2228
43 xa1 93.54 89.0 97.8696 84.215 88.0996 91.9636  80.73014
44 yai 623.94 637.0 624.0552 630.355 619.2316  626.8138  629.3278
Weight (Ib) 1900.00 1871.70 1864.10 184521  1903.4279 1922.4188  1862.9602
Violated 0.0 0.0 0.0 7.96e-06 0.0 0.0 0.0
Constraints
No. of analyses 100,000 25000 5545 25063 27336 13867
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Fig. 18. The optimized 47-member truss structure
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Table 11. Results of the CA-GSA method with different lattice dimensions for the 47-member truss structure to compare

with [46]

Design Variable 5x5 6x6 7x7 8x8
Az 2.7 2.7 2.7 2.7
A4 2.6 2.5 2.5 2.5
As 0.7 0.7 0.7 0.8
A7 0.1 0.1 0.1 0.3
As 0.9 0.9 0.9 1.0
Aio 1.1 1.1 1.1 1.0
A 1.8 1.8 1.8 1.8
Als 0.8 0.7 0.7 0.7
Ais 1.0 0.9 0.9 0.9
Ais 1.4 1.3 1.3 1.3
Ao 0.3 0.4 0.3 0.3
A» 1.1 1.1 1.1 1.1
Ao 1.0 1.0 1.0 1.0
Az 0.9 0.9 0.9 0.9
Azy 0.8 0.8 0.8 0.8
Ans 0.1 0.1 0.1 0.1
Azo 2.7 2.7 2.7 2.7
As 0.8 0.8 0.8 0.8
Asz3 0.1 0.1 0.1 0.1
Ass 3.0 3.0 3.0 3.0
Ase 0.9 0.9 0.9 0.9
Ass 0.1 0.1 0.1 0.1
Ado 3.2 3.2 3.2 3.2
Ax 1.0 1.0 1.0 1.0
A3 0.1 0.1 0.1 0.1
Ass 33 33 33 33
Ass 1.1 1.1 1.1 1.1
X2 100.0208 100.1714 99.8037 99.9402
X4 81.0130 80.7364 81.2026 80.8956
V4 137.8490 137.6850 137.3511 137.6750
X6 63.3385 63.4959 63.7482 63.4762
G 250.1989 249.7553 249.2955 249.7603
X8 54.1059 54.3986 54.2828 54.4433
y8 339.2340 338.7311 338.6518 338.9597
X10 49.2979 49.3452 49.1830 49.2010
yio 403.8854 404.0356 404.2573 404.8011
X12 43.8674 44.0813 44.0380 43.6005
yi2 467.6784 467.5500 467.5475 468.0548
X14 43.7552 44.3006 44.4605 44.4199
yi4 511.0661 511.8834 511.3081 511.1569
X20 3.4945 4.0906 4.0141 4.1000
y20 591.0061 590.2122 590.5903 590.5660
X21 83.3751 83.9874 84.3733 84.4319
y21 629.7136 630.4107 630.3705 630.4645

Weight (Ib) 1861.03 1849.70 1844.71 1859.60
Violated 7.8967¢-06  7.8535¢-06  7.8409¢-06  7.8548¢-06
Constraints
No. of analyses 5962 6043 5016 5719
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