Journal of Soft Computing and Information Technology (JSCIT)

Babol Noshirvani University of Technology, Babol, Iran “
Journal Homepage: jscit.nit.ac.ir |
Volume 11, Number 2, Summer 2022, pp. 26-40 s

Received: 10/18/2021, Revised: 05/02/2022, Accepted: 05/11/2022 J SO

Journal of Soft Computing and Information Technology

A Condition-based Grey Wolf Optimizer Algorithm
for Global Optimization Problems

Safora Akhavan-Nasab! and Zahra Beheshti?*"

1- Faculty of Computer Engineering, Najafabad Branch, Islamic Azad University, Najafabad, Iran.
2*- Faculty of Computer Engineering, Najafabad Branch, Islamic Azad University, Najafabad, Iran.
3*- Big Data Research Center, Najafabad Branch, Islamic Azad University, Najafabad, Iran.
!safora_akhavannasab@sco.iaun.ac.ir and 23"z-beheshti@iaun.ac.ir

*Corresponding author’s address: Zahra Beheshti, Faculty of Computer Engineering, Najafabad Branch,
Islamic Azad University, Najafabad, Iran.

Abstract- Many real-world optimization problems are complex and high-dimensional problems. In the
problems, the search space grows exponentially as the problem dimension increases. Therefore, exact
algorithms are not able to find the best solution in a reasonable time. As a result, approximate algorithms are
applied to solve these problems. Among these algorithms, meta-heuristic algorithms have been shown a good
performance in solving these problems. The Grey Wolf Optimizer (GWO) algorithm is one of the meta-
heuristic algorithms. However, the structure of the algorithm limits its exploration capability and it may fall in
local optima. In this case, the diversity of the population gradually decreases and sometimes, the algorithm is
not able to escape from the local optima. To enhance the performance of GWO, an improved GWO algorithm
called Condition-based Gray Wolf Optimization (Cb-GWO) algorithm is proposed in this study. In Cb-GWO,
the exploration phase has been separated from the exploitation one and also some mechanisms have been
considered to achieve better positions per iteration. Moreover, the balance between exploration and exploitation
has been improved. The performance of proposed algorithm has been compared with several improved GWO
algorithms, as well as Particle Swarm Optimization (PSO), Spotted Hyena Optimizer (SHO), Harris Hawk
Optimization (HHO), Wild Horse Optimizer (WHO), Aquila Optimizer (AO), African Vultures Optimization
Algorithm (AVOA), which are among the newest meta-heuristic algorithms. These algorithms have been
evaluated by CEC2018 benchmark optimization functions and the pressure vessel design to find the best

results. The experimental results showed the significant improvement of efficiency of the proposed algorithm
compared with other competitor algorithms.

Keywords- Meta-heuristic Algorithm, Gray Wolf Optimizer (GWO), Exploration, Exploitation, Local
Optimum, Global Optimum.
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Pseudocode of Condition-based Gray Wolf Optimizer (Cb-GWO)

1. Input: Max_lter, n, D, Xpin, Xmax

2. Output: Alpha

3. Initializing grey wolf positions: Pos; (i=1,2,....,n)

4. | Computing CC by Eq. (9)

5. For lter=1 to Max_lter Do

6. Calculating fitness functions of population

7. Replacing new positions, If new fitness functions
are better than the previous ones

8. Selecting three best of population as Alpha, Beta,
Delta

9. If CC(lter) = 0.7 Then

10. Computing positions by Eq. (10)

11. Else

12. Dividing the population into two sub-

populations:

13. For i=1 to n/2 Do

14. Computing positions by Eq. (12)

15. End For

16. For i= n/2+1 to n Do

17. Computing positions by Eq. (13)

18. End For

19. End If

20. Calculating fitness functions of population

21 Replacing new positions, If new fitness functions
are better than the previous ones

22. Selecting three best of population as Alpha, Beta,
Delta

23. Computing Positions by Eq. (14)

24. | End For

25. | Return Alpha
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Algorithm | Parameters
GWO a=[2to 0]
EEGWO b1 =0.1, b, =0.9, mo = 1.5, @jnitial = 2, &finat = 0
PSO C,=C,=2,w=0.9-0.4
AO a=0.1,6 =0.1,w = 0.005,
@1 =2"u=00265,r0 = 10
AVOA pi=0.6, p;=0.4, ps=0.6
a=088=02y=25
HHO B=15
WHO PS=0.2, PC=0.13
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Pos + rand(Pos(random permutation)

—Pos(random permutiation)) if rand > 0.1

Pos =

Pos + CC(Iter) (Xmm +rand (Xpax — mm)) Otherwise
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. . Dimension=10 Dimension=30
Function | Algorithm - -
Min Mean STD Min Mean STD
GWO 4.0740E+03 | 2.2821E+07 | 7.8175E+07 | 5.9091E+07 | 6.9614E+08 | 5.7333E+08
Ch-GWO | 4.2518E-03 | 1.3198E-02 | 6.9397E-03 | 5.3838E-02 | 1.6101E-01 | 9.4585E-02
F1 EEGWO 8.3374E+09 | 1.2182E+10 | 2.3949E+09 | 5.0176E+10 | 5.8512E+10 | 5.5034E+09
AGWO 4.7659E+07 | 1.1111E+08 | 8.5340E+07 | 1.6116E+09 | 2.9500E+09 | 9.5932E+08
1-GWO 8.4527E+03 | 1.4540E+04 | 5.0219E+03 | 2.0178E+04 | 4.1670E+04 | 1.6411E+04
EGWO 6.1704E+00 | 2.8981E+03 | 3.1328E+03 | 9.0782E-02 | 4.9511E+03 | 5.1139E+03
GWO 4.2056E+01 | 2.2295E+02 | 3.1530E+02 | 1.0290E+04 | 2.8259E+04 | 1.1611E+04
Ch-GWO | 5.1697E-08 | 1.6548E-07 | 1.2068E-07 § 1.5523E-06 | 3.2020E-06 | 1.6832E-06
F3 EEGWO 5.4427E+03 | 1.3033E+04 | 3.5756E+03 | 8.3406E+04 | 9.0438E+04 | 2.5251E+03
AGWO 7.8441E+01 | 2.8451E+02 | 4.0490E+02 | 1.0125E+04 | 2.2987E+04 | 6.9636E+03
1-GWO 3.9021E-03 | 3.0719E-02 2.3526E-02 | 1.8605E+01 | 8.6257E+02 | 1.0842E+03
EGWO 0.0000E+00 | 3.4106E-14 | 3.8685E-14 | 3.5811E-12 | 2.4290E-05 | 1.0630E-04
GWO 2.3951E+00 | 1.0906E+01 | 8.2583E+00 | 9.3535E+01 | 1.4863E+02 | 3.6393E+01
Ch-GWO 1.4545E-04 | 8.1610E-04 | 5.8826E-04 | 1.9255E+01 | 5.7325E+01 | 1.5522E+01
F4 EEGWO 4.3294E+02 | 1.2321E+03 | 3.8254E+02 | 1.3181E+04 | 1.8864E+04 | 2.8834E+03
AGWO 9.3036E+00 | 1.4003E+01 | 7.4405E+00 | 1.7476E+02 | 2.4502E+02 | 6.4660E+01
1-GWO 4.3925E-01 | 1.0563E+00 | 5.9278E-01 J 6.8042E+01 | 8.6775E+01 | 4.4722E+00
EGWO 1.0152E-01 | 5.1475E-01 1.3448E-01 § 4.4220E+00 | 7.3084E+01 | 2.1589E+01
GWO 3.9866E+00 | 8.9421E+00 | 4.5364E+00 | 5.6806E+01 | 7.7408E+01 | 1.5997E+01
Ch-GWO 2.0450E+00 | 6.1720E+00 | 2.0106E+00 j 2.9317E+01 | 4.0812E+01 | 8.0389E+00
5 EEGWO 9.1391E+01 | 1.2768E+02 | 1.6629E+01 | 4.1547E+02 | 4.6748E+02 | 2.4469E+01
AGWO 2.1790E+01 | 3.1666E+01 | 6.3635E+00 | 1.8152E+02 | 2.0996E+02 | 1.7798E+01
1-GWO 2.9895E+00 | 7.3582E+00 | 5.3962E+00 | 2.3957E+01 | 6.1025E+01 | 4.5431E+01
EGWO 2.9849E+00 | 1.2430E+01 | 7.4145E+00 | 3.0844E+01 | 5.4613E+01 | 1.5311E+01
GWO 49787E-02 | 4.1163E-01 | 4.7802E-01 | 1.6968E+00 | 4.1357E+00 | 1.5890E+00
Ch-GWO 1.1287E-01 | 1.9050E-01 6.7089E-02 | 1.0258E+00 | 2.0321E+00 | 5.5671E-01
6 EEGWO 4.5888E+01 | 6.7632E+01 | 7.8200E+00 | 9.0233E+01 | 1.0487E+02 | 4.5890E+00
AGWO 4.4261E+00 | 6.3760E+00 | 1.5584E+00 | 1.7236E+01 | 2.5608E+01 | 4.0888E+00
1-GWO 3.1615E-02 | 4.8469E-02 1.3056E-02 | 5.6003E-02 | 9.2223E-02 2.1065E-02
EGWO 0.0000E+00 | 1.0232E-13 | 3.4992E-14 | 2.2737E-13 | 1.9529E-03 | 8.7338E-03
GWO 1.3492E+01 | 2.6038E+01 | 1.2567E+01 | 7.4749E+01 | 1.3534E+02 | 4.1458E+01
Ch-GWO 1.1716E+01 | 1.7117E+01 | 3.6783E+00 § 6.2269E+01 | 8.1498E+01 | 9.4200E+00
F7 EEGWO 1.1980E+02 | 1.3863E+02 | 9.4232E+00 | 6.6242E+02 | 7.5507E+02 | 4.5596E+01
AGWO 3.6537E+01 | 4.5925E+01 | 4.9920E+00 | 2.3454E+02 | 2.7711E+02 | 2.4368E+01
1-GWO 1.1934E+01 | 2.2191E+01 | 7.8148E+00 § 4.8404E+01 | 8.3008E+01 | 4.6731E+01
EGWO 1.0580E+01 | 2.1233E+01 | 5.1146E+00 | 6.7149E+01 | 9.4482E+01 | 1.7873E+01
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Function | Algorithm _ Dimension=10 _ Dimension=30
Min Mean STD Min Mean STD

GWO 4.9827E+00 | 1.1673E+01 | 4.0885E+00 | 4.7410E+01 | 8.3485E+01 | 3.1883E+01
Cbh-GWO 3.9901E+00 | 6.4492E+00 | 1.3424E+00 | 3.3251E+01 | 4.2984E+01 | 6.3249E+00

8 EEGWO 5.0361E+01 | 6.9400E+01 | 7.5499E+00 § 3.3958E+02 | 3.8013E+02 | 1.9102E+01
AGWO 1.2464E+01 | 2.2620E+01 | 4.4350E+00 | 1.5495E+02 | 1.8863E+02 | 2.2827E+01

I-GWO 9.9619E-01 | 4.8845E+00 | 3.9544E+00 § 1.6983E+01 | 5.0869E+01 | 4.1769E+01

EGWO 4.9748E+00 | 1.1492E+01 | 5.5582E+00 | 3.7808E+01 | 5.8553E+01 | 1.1967E+01

GWO 8.3208E-02 8.4726E-01 1.7133E+00 | 1.0347E+02 | 4.8551E+02 | 2.9621E+02
Ch-GWO | 5.1448E-03 | 1.7537E-02 | 7.6633E-03 J 1.0803E+00 | 7.7851E+00 | 8.0899E+00

9 EEGWO 4.0751E+02 | 9.8237E+02 | 2.4894E+02 | 1.0749E+04 | 1.3135E+04 | 1.1852E+03
AGWO 2.8461E+00 | 1.6116E+01 | 1.6668E+01 | 8.1439E+02 | 1.6879E+03 | 5.4010E+02

I-GWO 4.5861E-04 | 1.7117E-03 | 1.0611E-03 | 2.3593E-02 | 1.1157E-01 | 6.2917E-02

EGWO 0.0000E+00 | 2.0981E-01 5.3489E-01 | 4.3575E+00 | 1.2039E+02 | 2.2674E+02

GWO 5.6863E+01 | 5.7306E+02 | 2.8183E+02 | 1.8461E+03 | 2.9281E+03 | 5.1891E+02
Ch-GWO | 1.4508E+02 | 2.8707E+02 | 8.5659E+01 | 2.0566E+03 | 2.8606E+03 | 3.9169E+02

F10 EEGWO 1.8227E+03 | 2.2428E+03 | 2.0929E+02 | 7.4319E+03 | 8.4328E+03 | 4.1558E+02
AGWO 2.5512E+02 | 8.6939E+02 | 3.0660E+02 | 3.8077E+03 | 6.0277E+03 | 8.1940E+02

I-GWO 2.3316E-01 | 3.1700E+02 | 3.3823E+02 | 1.4298E+03 | 4.2593E+03 | 2.2066E+03

EGWO 2.8471E+01 | 4.4893E+02 | 2.5990E+02 | 2.1035E+03 | 2.8694E+03 | 4.9354E+02

GWO 3.8590E+00 | 2.9913E+01 | 3.7349E+01 | 1.6622E+02 | 3.6159E+02 | 5.4810E+02
Ch-GWO | 5.3282E-01 | 2.0924E+00 | 9.5607E-01 § 1.7057E+01 | 3.6387E+01 | 1.1624E+01

F11 EEGWO 1.4516E+03 | 4.1177E+03 | 2.0349E+03 | 5.2902E+03 | 1.0975E+04 | 2.7123E+03
AGWO 1.7116E+01 | 3.3339E+01 | 9.5967E+00 | 2.7173E+02 | 4.9108E+02 | 2.5296E+02

1-GWO 1.8610E-01 | 2.2906E+00 | 1.7480E+00 | 4.6147E+00 | 3.7708E+01 | 2.8114E+01

EGWO 9.9496E-01 | 4.1374E+00 | 2.7225E+00 | 1.6567E+01 | 6.8740E+01 | 4.2737E+01

GWO 1.7162E+04 | 6.4052E+05 | 7.8360E+05 | 1.9310E+06 | 3.3584E+07 | 3.5276E+07
Ch-GWO | 1.7237E+01 | 8.1008E+01 | 2.9813E+01 | 5.2344E+02 | 8.9914E+02 | 2.3220E+02

F12 EEGWO 2.0546E+08 | 7.8793E+08 | 3.3686E+08 | 1.0326E+10 | 1.5648E+10 | 3.0287E+09
AGWO 8.7631E+04 | 1.6263E+06 | 1.4682E+06 | 1.0404E+08 | 1.9997E+08 | 6.8033E+07

I-GWO 2.3816E+03 | 1.6220E+04 | 1.4993E+04 | 2.3449E+05 | 6.9581E+05 | 4.2482E+05

EGWO 5.5463E+02 | 1.7352E+04 | 1.4218E+04 | 2.5628E+04 | 5.7936E+04 | 2.7915E+04

GWO 1.9271E+03 | 8.9335E+03 | 6.4633E+03 | 3.2080E+04 | 8.0122E+06 | 2.9858E+07
Ch-GWO 5.9911E+00 | 1.0604E+01 | 1.9793E+00 | 5.7307E+01 | 7.4553E+01 | 1.4246E+01

F13 EEGWO 4.7668E+04 | 3.3581E+07 | 3.1409E+07 | 1.0987E+10 | 1.7441E+10 | 4.0471E+09
AGWO 2.1315E+03 | 1.0232E+04 | 8.0543E+03 | 8.3430E+06 | 5.6544E+07 | 2.6607E+07

I-GWO 1.5272E+02 | 3.8515E+02 | 1.7553E+02 | 2.1898E+04 | 7.3112E+04 | 3.3265E+04

EGWO 1.8403E+01 | 7.3397E+03 | 8.9387E+03 | 3.8755E+02 | 1.5698E+04 | 1.1869E+04

GWO 5.3296E+01 | 7.6418E+02 | 1.4115E+03 | 2.8490E+02 | 1.5068E+05 | 2.8167E+05
Ch-GWO 4.6023E+00 | 9.8731E+00 | 3.5325E+00 | 3.4181E+01 | 4.3056E+01 | 4.6373E+00

F14 EEGWO 5.8896E+03 | 2.3991E+05 | 3.5276E+05 | 3.8991E+06 | 1.4080E+07 | 8.5527E+06
AGWO 6.4112E+01 | 1.1768E+02 | 2.8580E+01 | 2.2918E+04 | 8.3940E+04 | 8.9973E+04

1-GWO 1.8747E+01 | 4.4301E+01 | 1.0411E+01 § 2.9250E+02 | 1.9769E+03 | 2.3187E+03

EGWO 1.9199E+01 | 1.7052E+03 | 1.8967E+03 | 1.3578E+03 | 9.6077E+03 | 4.7280E+03

GWO 2.4403E+01 | 1.7180E+03 | 1.9146E+03 | 9.4231E+03 | 4.5884E+05 | 9.4577E+05
Ch-GWO 1.3222E+00 | 2.0302E+00 | 5.1342E-01 1.1569E+01 | 3.1510E+01 | 9.7742E+00

Fi5 EEGWO 1.2102E+04 | 5.4856E+04 | 3.7445E+04 | 1.7009E+08 | 8.5980E+08 | 3.6926E+08
AGWO 4.9906E+01 | 4.1897E+02 | 8.2553E+02 | 1.9417E+05 | 1.3196E+06 | 1.0305E+06

I-GWO 7.5884E+00 | 2.1372E+01 | 1.0896E+01 | 1.0387E+03 | 7.2198E+03 | 1.0217E+04

EGWO 1.3638E+01 | 4.1934E+03 | 4.6145E+03 | 4.1226E+01 | 7.5293E+03 | 8.7051E+03

GWO 6.4575E+00 | 6.2114E+01 | 5.0889E+01 | 2.8996E+02 | 6.9024E+02 | 2.4355E+02
Ch-GWO 1.5382E+00 | 2.5390E+00 | 7.8286E-01 | 2.0705E+02 | 4.7780E+02 | 1.5527E+02

F16 EEGWO 4.4811E+02 | 7.7158E+02 | 1.2220E+02 | 4.3355E+03 | 5.6245E+03 | 7.3684E+02
AGWO 2.1918E+01 | 5.9707E+01 | 5.2955E+01 | 5.4416E+02 | 1.0489E+03 | 2.5891E+02

1-GWO 1.5299E+00 | 3.2644E+00 | 1.4287E+00 | 7.5742E+00 | 1.8811E+02 | 2.0447E+02

EGWO 2.4994E-01 | 6.3195E+01 | 1.0127E+02 | 1.5281E+02 | 7.8759E+02 | 3.0702E+02

GWO 2.3619E+01 | 5.2095E+01 | 2.5305E+01 | 8.8559E+01 | 2.6922E+02 | 1.1877E+02
Ch-GWO 2.2101E+01 | 2.6007E+01 | 3.1956E+00 | 5.7075E+01 | 9.5935E+01 | 2.4786E+01

F17 EEGWO 1.1060E+02 | 1.9976E+02 | 5.8601E+01 § 1.9468E+03 | 5.1882E+03 | 4.3771E+03
AGWO 4.2138E+01 | 5.5369E+01 | 1.8151E+01 | 1.8283E+02 | 3.6604E+02 | 1.2493E+02

1-GWO 3.6104E+00 | 2.8121E+01 | 8.9457E+00 | 2.6316E+01 | 1.0726E+02 | 9.4388E+01

EGWO 2.4303E+00 | 3.0080E+01 | 3.3469E+01 | 4.0802E+01 | 3.0776E+02 | 2.1650E+02

GWO 1.0572E+03 | 2.3209E+04 | 1.5007E+04 | 3.6159E+04 | 6.0491E+05 | 5.5738E+05
Cbh-GWO 3.6954E+00 | 6.1040E+00 | 1.5124E+00 | 2.8267E+01 | 3.1436E+01 | 2.7843E+00

F18 EEGWO 1.1012E+07 | 2.4454E+08 | 2.1093E+08 § 3.5671E+06 | 1.1091E+08 | 8.3357E+07
AGWO 1.8132E+04 | 3.9053E+04 | 1.4395E+04 | 2.8496E+05 | 8.7611E+05 | 4.5735E+05

I-GWO 4.0735E+02 | 2.3788E+03 | 1.9671E+03 | 3.3376E+04 | 8.7490E+04 | 5.4636E+04

EGWO 4.9151E+02 | 6.6706E+03 | 4.9107E+03 | 1.4098E+04 | 1.7280E+05 | 1.3488E+05
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Dimension=10

Dimension=30

Function | Algorithm .
Min Mean

STD Min Mean STD

GWO 4.8390E+00 | 2.8753E+03

5.0432E+03 | 4.8368E+03 | 3.6741E+05 | 2.9220E+05

Cbh-GWO | 1.5773E+00 | 2.1495E+00

3.8844E-01 | 1.9141E+01 | 2.3403E+01 | 2.1147E+00

EEGWO 5.5301E+05 | 1.1317E+07

1.5339E+07 | 5.1794E+08 | 1.2570E+09 | 4.0082E+08

AGWO 3.5967E+01 | 7.3930E+01

F19 AGWO 3.1396E+01 | 5.3084E+02 | 1.8431E+03 | 1.3263E+06 | 3.5385E+06 | 1.7178E+06
I-GWO 8.6713E+00 | 1.9111E+01 | 6.7819E+00 § 3.0500E+02 | 5.8385E+03 | 7.2343E+03
EGWO 8.8067E+01 | 4.9250E+03 | 6.0626E+03 § 4.6427E+02 | 1.2101E+04 | 1.2099E+04
GwWO 2.4167E+01 | 5.3826E+01 | 3.2440E+01 | 1.3701E+02 | 3.1104E+02 | 9.0763E+01
Ch-GWO | 1.6657E+00 | 1.5029E+01 | 9.4115E+00 J 4.7169E+01 | 8.3048E+01 | 1.9805E+01
F20 EEGWO 2.4035E+02 | 3.4956E+02 | 5.7004E+01 | 1.0051E+03 | 1.3585E+03 | 1.6111E+02

3.9450E+01 § 2.3625E+02 | 4.2258E+02 | 1.1316E+02

I-GWO 1.0179E+00 | 2.2537E+01

8.5470E+00 | 2.6050E+01 | 1.1477E+02 | 8.9788E+01

EGWO 3.1217E-01 | 2.5788E+01

4.2034E+01 | 3.3437E+01 | 3.1995E+02 | 1.8506E+02
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€ Dimension=30
5 £
& s = S a)
z| g = 2 z
Ch-GWO | 5.3838E-02 | 1.6101E-01 | 9.4585E-02
PSO 5.0195E+00 | 4.6841E+03 | 4.9920E+03
AO 1.4883E+06 | 3.4652E+06 | 9.7066E+05
F1 | AVOA 4.7037E+00 | 3.3987E+03 | 3.4971E+03
HHO 5.4946E+06 | 8.3343E+06 | 2.1060E+06
SHO 5.7295E+10 | 6.6936E+10 | 4.8260E+09
WHO 5.0167E-06 | 3.4293E-03 | 7.0639E-03
Ch-GWO | 1.5523E-06 | 3.2020E-06 | 1.6832E-06
PSO 1.9821E+03 | 4.0039E+03 | 1.4435E+03
AO 25177E+03 | 6.4619E+03 | 2.7148E+03
F3 | AVOA 1.8498E-05 1.0518E+01 | 4.0277E+01
HHO 1.9831E+02 | 6.6153E+02 | 2.1586E+02
SHO 9.0154E+04 | 4.9152E+06 | 1.3615E+07
WHO 8.6157E-05 7.2148E-02 1.5414E-01
Ch-GWO | 1.9255E+01 | 5.7325E+01 | 1.5522E+01
PSO 7.3007E+01 | 1.3441E+02 | 2.9312E+01
AO 7.5381E+01 | 1.2475E+02 | 2.7628E+01
F4 | AVOA 4.7600E+00 | 8.4229E+01 | 2.9690E+01
HHO 7.7279E+01 | 1.0977E+02 | 1.8718E+01
SHO 1.7982E+04 | 2.2651E+04 | 2.7495E+03
WHO 8.6680E-01 | 5.6178E+01 | 3.1985E+01
Ch-GWO | 2.9317E+01 | 4.0812E+01 | 8.0389E+00
PSO 2.9849E+01 | 6.0762E+01 | 1.4587E+01
AO 1.1137E+02 | 1.4393E+02 | 2.8197E+01
F5 | AVOA 1.4327E+02 | 1.9094E+02 | 3.0847E+01
HHO 1.7647E+02 | 2.2117E+02 | 2.8611E+01
SHO 4.5786E+02 | 5.0933E+02 | 3.1248E+01
WHO 3.4824E+01 | 5.1310E+01 | 1.1109E+01
Ch-GWO | 1.0258E+00 | 2.0321E+00 | 5.5671E-01
PSO 1.7664E-05 1.9651E-02 4.2710E-02
AO 2.3235E+01 | 3.7585E+01 | 6.4488E+00
F6 | AVOA 2.2201E+01 | 3.2701E+01 | 7.2330E+00
HHO 4.4423E+01 | 5.8939E+01 | 5.7838E+00
SHO 1.0070E+02 | 1.2381E+02 | 1.2439E+01
WHO 2.1358E-05 2.1348E-01 4.0351E-01
Ch-GWO | 6.2269E+01 | 8.1498E+01 | 9.4200E+00
PSO 4.5590E+01 | 1.1233E+02 | 2.9412E+01
AO 1.4476E+02 | 2.3749E+02 | 4.4911E+01
F7 | AVOA 2.5327E+02 | 3.4196E+02 | 6.0328E+01
HHO 3.4532E+02 | 5.0027E+02 | 6.1152E+01
SHO 7.5111E+02 | 8.0306E+02 | 2.3043E+01
WHO 6.2696E+01 | 9.2422E+01 | 1.2669E+01

\itg

b b ool muyoNl 2Lyl 9 amslio mbs F Jguo
Vo amy 58 cpous 8 (39031 wlel g 55 Bl S Lo 5oS!

s g o o o o
: |2 % s 1z |3 |3
Z © 8 i < = m
F1 37 1 6 4.95 3.35 2
F3 4.4 2 6 46 3 1
F4 4.2 1 6 48 2.9 21
F5 2.8 2.35 6 5 1.85 3
F6 3.4 35 6 5 21 1
F7 3 17 6 4.95 2.75 26
F8 3.45 2.15 6 4.85 1.4 3.15
F9 3.9 2.75 6 5 1.75 16
F10 3.4 2.05 6 45 22 2.85
F11 4.25 2 6 4.7 1.65 2.4
F12 4.05 1 6 4.85 25 2.6
F13 43 1 6 4.2 2.15 3.35
F14 35 1 6 3.9 2.15 4.45
F15 4.05 1 6 3.55 2.05 435
F16 4.15 1.9 6 4.2 2.2 2.55
F17 4.05 1.95 6 45 2.45 2.05
F18 3.95 1 6 48 2.3 2.95
F19 3.4 1 6 38 21 47
F20 4.05 1.9 6 4.65 2.55 1.85
Sum 72 32.25 114 | 868 43.4 50.55
Rank 4 1 6 5 2 3

ple b goleddioy miuyoldl U5yl g amslie @ls b Jou=
o am 50 (o 8 (yg03T oll y1 )5 a8l Sgug s 595!

5 g o o o o
S |2 |3 |3 |2 |3 |2
z © 8 i < s ix
F1 4 1 6 5 3 2
F3 4.65 1.9 6 435 3 1.1
F4 4.05 1.15 6 4.95 2.95 1.9
F5 3.6 1.8 6 5 2.1 25
F6 3.9 3.1 6 5 2 1
F7 3.6 2.2 6 5 1.65 2.55
F8 3.55 1.85 6 4,95 1.65 3
F9 3.95 2.15 6 4.95 1 2.95
F10 2.7 2.25 6 475 3.05 2.25
F11 4.1 1.9 6 4.9 1.7 2.4
F12 4.05 1 6 4.95 3 2
F13 3.7 1 6 49 3.35 2.05
F14 3.9 1 6 4.6 2.1 3.4
F15 4.1 1 6 4.9 2.55 2.45
F16 3.2 2.4 6 455 1.15 3.7
F17 3.55 1.9 6 4.25 1.75 3.55
F18 3.95 1 6 4.75 2.4 2.9
F19 3.95 1 6 5 2.45 2.6
F20 3.6 15 6 4.45 1.85 3.6
Sum 72.1 31.1 114 91.2 42.7 47.9
Rank 4 1 6 5 2 3
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Dimension=30 Dimension=30
s§| £ s§| £

S = = S [a) © =S = S [a)

S| 2 s g 5 sl 2 s £ 5
Cb-GWO | 2.0705E+02 | 4.7780E+02 | L5527E+02 Cb-GWO | 3.3251E+01 | 4.2984E+01 | 6.3249E+00
PSO 3.1619E+02 | 7.0887E+02 | 2.6010E+02 PSO 4.0009E+01 | 6.1566E+01 | 1.1808E+01
AO 6.8833E+02 | 1.2186E+03 | 3.3854E+02 AO 8.5575E+01 | 1.0926E+02 | 2.0932E+01
F16 | AVOA | 8.5403E+02 | 1.2609E+03 | 2.3964E+02 F8 [ AVOA | 9.2531E+01 | 1.4374E+02 | 2.4536E+01
HHO 6.0947E+02 | 15562E+03 | 3.7943E+02 HHO 1.0071E+02 | 1.5057E+02 | 1.9540E+01
SHO 3.6030E+03 | 5.3956E+03 | 1.1498E+03 SHO 3.4998E+02 | 4.0037E+02 | 2.2213E+01
WHO 15406E+02 | 5.0301E+02 | 1.7293E+02 WHO 3.4824E+01 | 55429E+01 | 1.1559E+01
Cb-GWO | 5.7075E+01 | 9.5935E+01 | 2.4786E+01 Cb-GWO | 1.0803E+00 | 7.7851E+00 | 8.0899E+00
PSO 45487E+01 | 2.0777E+02 | L.0208E+02 PSO 6.7253E+00 | 7.5515E+01 | 9.4161E+01
AO 1.3199E+02 | 55138E+02 | 2.6997E+02 AO 1.9392E+03 | 3.1661E+03 | 8.9282E+02
F17 [AVOA | 1.9558E+02 | 54331E+02 | 2.2967E+02 F9 [AVOA | 2.4279E+03 | 4.2153E+03 | 9.1910E+02
HHO 3.8074E+02 | 8.1133E+02 | 2.4585E+02 HHO 3.7929E+03 | 4.9362E+03 | 7.5192E+02
SHO 1.8475E+03 | 4.9033E+03 | 1.9202E+03 SHO 1.3261E+04 | 1.9147E+04 | 5.4842E+03
WHO 6.6025E+01 | 1.7384E+02 | 8.1473E+0L WHO 4.6327E+00 | 7.0548E+01 | 6.6713E+0L
Cb-GWO | 2.8267E+0L | 3.1436E+0L | 2.7843E+00 Cb-GWO | 2.0566E+03 | 2.8606E+03 | 3.9169E+02
PSO 8.4604E+03 | 2.7837E+05 | 1.9820E+05 PSO 1.3772E+03 | 2.4357E+03 | 5.5403E+02
AO 51051E+04 | 1.1585E+06 | 1.0312E+06 AO 3.1181E+03 | 3.9825E+03 | 4.3316E+02
F18 [ AVOA | 4.4215E+04 | 1.5058E+05 | 1.0797E+05 F10 [ AVOA | 1.9862E+03 | 3.7497E+03 | 7.1246E+02
HHO 9.7330E+04 | 6.6324E+05 | 1.1553E+06 HHO 3.0476E+03 | 4.4451E+03 | 8.1646E+02
SHO 4.1898E+07 | 1.7388E+08 | 1.3136E+08 SHO 7.9699E+03 | 8.8527E+03 | 5.0453E+02
WHO 6.0295E+03 | 2.9701E+04 | 2.3058E+04 WHO 2.6428E+03 | 3.1400E+03 | 3.8763E+02
Cb-GWO | L.9141E+01 | 2.3403E+0L | 2.1147E+00 Cb-GWO | 1.7057E+0L | 3.6387E+0L | 1.1624E+01
PSO 4.2079E+02 | 2.2861E+04 | 1.7908E+04 PSO 1.8893E+01 | 9.5994E+01 | 4.2043E+01
AO 5.8130E+04 | 2.8352E+05 | 2.0208E+05 AO 1.3212E+02 | 2.3543E+02 | 8.2723E+01
F19 [ AVOA | 2.9553E+02 | 7.9080E+03 | 8.1468E+03 F11 [ AVOA | 52746E+01 | L4199E+02 | 5.2466E+01
HHO 1.0927E+04 | 15773E+05 | 1.2421E+05 HHO 5.0416E+01 | 1.4695E+02 | 5.9622E+01
SHO 9.4379E+08 | 2.7789E+09 | L4550E+09 SHO 1.1035E+04 | 2.6653E+04 | 1.0488E+04
WHO 3.4704E+01 | 1.6002E+02 | L.1100E+02 WHO 14171E+01 | 6.7304E+01 | 4.5225E+01
Cb-GWO | 4.7169E+01 | 8.3048E+01 | L.9805E+01 Cb-GWO | 5.0344E+02 | 8.9914E+02 | 2.3220E+02
PSO 3.5360E+01 | 1.6341E+02 | 1.3028E+02 PSO 2.1327E+04 | 4.4857E+05 | 6.7552E+05
AO 12170E+02 | 4.2213E+02 | 1.3313E+02 AO 2.8487E+06 | 1.O111E+07 | 8.9430E+06
F20 [AVOA | 1.4654E+02 | 4.7478E+02 | 2.2664E+02 F12 [ AVOA | 3.5681E+05 | 1.3559E+06 | 1.0783E+06
HHO 3.8577E+02 | 6.3367E+02 | 1.7034E+02 HHO 1.7015E+06 | 8.2503E+06 | 4.2319E+06
SHO 1.1350E+03 | 14535E+03 | 1.7572E+02 SHO 1.0531E+10 | 1.8285E+10 | 3.7437E+09
WHO 1.0648E+02 | 2.6469E+02 | 9.3516E+0L WHO 3.5820E+03 | 3.8919E+04 | 9.9017E+04
Cb-GWO | 5.7307E+0L | 7.4553E+01 | LA4246E+0L
PSO 9.0995E+01 | 9.1150E+03 | 1.2533E+04
plod jo solpiing by, g 00 F Jgaz ;0 a5 jsbjles AO 6.8740E+04 | 2.0232E+05 | 8.0580E+04
, . F13 [ AVOA | 9.6469E+03 | 4.1629E+04 | 2.4442E+04
e e plis ) oS gl F g F O w5l e 4 wilgs HHO 8.0888E+04 | 1.7225E+05 | 7.1187E+04
. s e e SHO 7.4355E+09 | 1.7543E+10 | 5.6568E+09
b s @i ooF Sl sty ol o258l & 90 0l WHO 2.2110E+03 | 2.3904E+04 | 2.1276E+04
b=y BB ool eolpiin v, oS Y Al o s o ol Ch-GWO | 3.4181E+01 | 4.3056E+01 | 4.6373E+00
’ i PSO 3.1250E+02 | 1.9537E+04 | 1.4609E+04
055 3l bt ;o8] plu 4 cons S sllas (45500 Caws 4y 50 AO 11167E+04 | L1727E+05 | 1.3903E+05
. . . e F14 [AVOA | 1.0651E+03 | 2.2925E+04 | 1.6940E+04
953l 9 wdboe > ST g 51N @b g @b cal s oo (LA HHO 1.6695E+03 | 2.5303E+04 | 3.3438E+04
I c . - C L T SHO 14829E+06 | 1.7442E+07 | 1.1254E+07
LapssSl lo 99,5 o0 Db, e )55l ()l e LB 0 WHO 14770E+02 | 1.7400E+03 | 3.6197E+03
0,8 les Hleo cwl 5o g Wl b g0 pl yo I, s wls Cb-GWO | 1.1569E+01 | 3.1510E+01 | 9.7742E+00
. . . _ PSO 8.3857E+0L | 9.6100E+03 | 9.2413E+03
el Jams aes 5l Al la LS o5lwaige v, 0N AO 2.1315E+04 | 7.0020E+04 | 3.8822E+04
F15 [ AVOA | 9.4457E+02 | 1.5960E+04 | 1.5622E+04
bl g bl o cole alls wix a5 AN A BT b o HHO 8.0579E+03 | 4.6827E+04 | 3.4322E+04
B j - SHO 74151E+08 | 2.0064E+09 | 1.2626E+09
oloiing w0l Sllg o 5 o anglin lagn )65 Blis] WHO 5.5460E+01 | 9.0948E+03 | 1.3608E+04

350 lapi sl plo 4 cons e loage 3l 18 50
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Consider X = [ %1%, X3 X4], (%)

f(.;c)) - 0.6224x1X3x4 +
1.7781x,x% + 3.1661x%x, +
19.84x%x5,

Minimize

Subject to g1(X) = —x, +
0.0193x; < 0,

92(X) = —x3 +
0.00954x; < 0,

g3(X) = —mxfx, —
“mx3 + 1296000 < 0,

g4(£) = Xg — 240 < O,

Variable
range

0<x <99,
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Optimal values for variables :
Algorithm Op(t:'g;gm
X1 X2 X3 X4
GWO 0.781 | 0.387 | 40.435 | 198.433 | 5892.880
Ch-GWO | 0.778 | 0.385 | 40.320 | 200.000 | 5885.336
EEGWO | 6.014 | 30.921 | 72.878 | 80.991 | 376528.303
AGWO 0.839 | 0.425 | 43.101 | 175.621 | 6171.210
I-GWO 0.778 | 0.385 | 40.332 | 199.865 | 5887.375
EGWO 0.969 | 0.479 | 50.192 | 103.985 | 6332.488
G S A -0
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