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ABSTRACT

This thesis proposes a modified marriage in honey-bees optimization with a self-
organizing ability, which is an adaptation of Abbass’s marriage in honey-bee optimization
(MBO), for solving the optimization problems. The proposed algorithm is divided into 2 models
based on the data type of problem; the numerical optimization problem and the combinatorial
optimization problem. The proposed algorithm is an improvement over the original MBO
algorithm in two respects. Firstly, the proposed algorithm divides the problem space into several
colonies, each of which has its own queen. The drones are assigned to the queens’ colonies by
using the fuzzy c-means algorithm. The queen is to mate with some drones from other colonies.
Secondly, all drones have their own life span. The drones that mate with the queen immediately
die whereas the unmated ones stay alive until their life span is reached. The replacements for the
dead drones are randomly selected one by one from broods.

The numerical proposed algorithm has been evaluated by six benchmark functions and
compared with the original MBO algorithm whereas the combinatorial proposed algorithm has
been evaluated by two datasets of the travelling salesman problem and compared with the
Parallelized genetic ant colony systems (PGACS) algorithm. The experimental results show that
both proposed model are very effective in solving the optimization problems as compared with

the other algorithms.
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2.3.2 Honey-bees mating optimization (HBMO) algorithm: a new heuristic
approach for water resources optimization
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2.3.3 Optimal water distribution network design with honey-bee mating
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2.3.4 An intelligent genetic algorithm designed for global optimization of multi-
minima functions
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- Cr, : orthogonal crossover with quantization
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2.3.6 A hybrid genetic algorithm and particle swarm optimization for multimodel
functions
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2.3.7 Integrating particle swarm optimization with genetic algorithms for solving
nonlinear optimization problems
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2.3.9 Parallelized genetic ant colony systems for solving the traveling salesman
problem
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rFuEInsIa Taglamimsnageuiuilyvinisi@umisusmiinauay (travelling salesman

problem) taz lRuSvuiisufumnan1snaaoal 38909 Chen ag Chien [3]
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4.1 Yoyanl¥lumsnaaey

4.1.1 Wanvmnasgamiuilaymesrd i sduay
1) ﬂaﬁ%’u Michalewicz
3 (]
Hansuiiithuilandudmiun1smIA199qa (maximization problem) Mindue

TAu Michalewicz [23] Aaaun151 4.1

f(X)=21.5+x, xsin(4mx; ) +x, xsin(20mx, ) (4.1)

ll
=

é 0 ¥ (] = 1 1 ] o 1 o ar r; c;
e x, 1A0Yluya (3.0, 12.1] wagx, TA19gluyas (4.1, 58] Tavhdadinduiganga

MY 38.850294479  waziifmouivinzqungane x, IA19YITNIN [11.625543700,

¥

11.625545700] Mag x, IAWNIND 5.725044250 nslupearlanduiiuaay a3z 4.1

U 4.1 n3lveailaidy Michalewicz

‘s
2) W9n¥w Rastrigin
o o :ly dor o o ' W % A " a0
HanFuiiifudenFudmsunismaidiaga (minimization problem) Minaue

Tao Tom uaz Zilinskas [29] AITUNITN 4.2

f(i):10m+zm:(xf —lOcos(ani)) (4.2)

i=|

A o ' 1 -] - e d o d’:ll o o ﬁluﬂ
1o x, BAegluye [-5.12, 5.12] uag m Aeduruiavesilym Hansutiimilanduiidings

¥
=)

Wiy 0 uaziidmeviinnnzauiigadie x° 1fu (0,0, ..., 0) nslvesilanduiluaaa dagy)

W

4.2
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100y

311 4.2 n3lveailan i Rastrigin

3) ﬁdﬁ%’ﬂ Rosenbrocks’ valley

HanguiithilandumsmadmaaiiiauoIas De Jong [30] faeunisi 4.3

f(i)zmi[loo(xm ary +(1-x1.)2] (4.3)
1=l

rfi 4 (] [] P 1 aa o o/ dyd [ o o c;u'
110 x, HA19g 11923 [-2.048, 2.048] Lo m ApSINIUNAvEAlyM WanFundiailanduiea

i Y ° 4 § Y hn Y do
Ay 0 uaziiimayMmngauigane X° mnu (1, 1, .., 1) pimvesihnduiinaag

AagInas

31[‘71 4.3 n31ueaNanH Rosenbrocks’ valley



81

4) Vaniu Sphere

Hanguiidluilandumsmmmaainitauo Iag De Jong [30] Aaaun1si 4.4

f(X)= i 7 (4.4)
i=l

L |
L N |

{0 x, finoglueaa [-5.12, 5.12] taz m Aednuiidvesilym Hedduiifisfladdundifiga

Y o 4 4 o Voo g A @
iy 0 naziidmeuiiminzauiigane X Mty (0,0, ..., 0) nslveailsnFuiinan Azl

E)

N4.4
51 4.4 nalvesfladd Sphere
< ars .
5) Wan¥u Weighted sphere
Hansuiliduiladdudmsunismssigainniuaue Iay Pohlheim [31]
AuNITN 4.5

f(X)= i T (4.5)
i=l

1 £ :
e x, In1egluge [-5.12, 5.12] uay m Aedruuinvesilym denduiiismilendundinga

aQ

' 1 ¥
MINY 0 naziiMmeuNmInzauigafe X° A (0,0, ..., 0) nsvesdafFuiinaa dagy

“

n4s
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gﬂ‘ﬁ 4.5 nymlveailaidy Weighted sphere

6) Wan¥u Goldstein-Price
d ar dy o o 9 o 1 t; A X 5
‘Wqﬂmuuzﬂuﬁqnwamsumiwmquﬂwmmuahﬂ Goldstein 1A Price

[32] AAAUNITN 4.6

fF(RY = fi+(x, #x, +[)2(19—]4x1 +3x7 ~14x, +16x,x, +3x§)]><

(4.6)
30+ (2x, -3x2)2(18—32x] 4+ 12X +48x 5 —36%;X, +27x§)

' '
da g & '

1 ¥ 1
o x, uae x, Hmeglues (2.0, 2.0] Henduiindanduidigamim 3 uagiifinoui

= * "o o ar aav o
minzaufigene X oA 0, -1) nsvesilenduiingas aspli 4.6
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v o ar al o = s
4.1.2 yaveyamnasgrudmiuymeend uatusinmsdn

1) Yoya ST70

¥

doya sT70 (33] iludeyanadeuinasgmvesilymmsi@umavesminnu

s/ d’

VonyuAnnasminaus1as Smith 118 Thompson Yoyaiifitismanauimau 70 1o law

HABIDIR U INTZOZN T TN INAUAWITMIMITEZ MU VYARIRLY T2EEMINTUNYAll

AN 675 A331I9 4.7
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0 10 20 30 40 50 60 70 80 90 100

v
o
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2) Yeya EIL101
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101 1§03 TaouAazloIf 1IN TLETNNTTNINAUAILTTNITNITLOEMINVUYADIADY
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' o - ] Y] Y o t a AN
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4.3.1 MIMAUAMIN TR

o a o o 4 z a o o o g :/I o

@aﬂaﬁﬁuﬂ'ﬁp‘lﬁuwu‘ﬁ‘maQﬁ\ulvuﬂuﬂnuagaaﬂ@ﬁﬁuﬂ’ﬁNﬁuwuﬁmaqwﬂlUUﬂQLﬂﬂJ
pro v 4 2 oy o 1 £ o o 1 a ¢ & A o W =
m“ﬂ']iﬂﬂlaaﬂw\‘]ﬂ’]rdi]']ﬂﬂjﬂaqu UATTATHUAATNITTHLADT VU UANUBUNY AT 1IN 4.1

=1 A o "o d? Vv o T oo 1 A

FNANTNISINUN IJﬂ15m"HuﬂﬂJmu’J‘L.!"’U?NNQuNWﬂJW‘lJLﬂumﬂQV\%’IuTL! 5 AN LUBN3IN
o 4 v o o 3 ° o dy
inu’Juﬂlﬂ\iﬁﬁuNwmu‘lﬁﬂﬂmﬁuwu‘ﬁﬂ‘U‘i.]iUuW1ﬁVlﬂﬁa'U AITNMHUAITUIUYBINIUTNNWYTUIN
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ﬂ]SNﬁ 4.1 ﬂTiﬂTHuﬂﬂ'lW'liulm’ﬂ‘i‘Uﬂd@ﬁﬂ@iﬁN MBO uazaaﬂmﬁu MBO-newDrone

wisnes MBO MBO-newDrone
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Y
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1) #9091 Michalewicz
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2) WenN¥U Rastrigin
o o
3) §aN4U Rosenbrocks’ valley
4) Hardu Sphere
o o
5) #andu Weighted sphere
o o
6) WanN%¥U Goldstein-Price
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20 §3 fimsuinon 10 ade ﬁamawap 30 9 fimssuduan 10 ﬂgqua:ﬁgmwmm 40 ¢ 1]
M3 10 A3s ATy urazFano3TRalinisSuanu 300 A3e (50 ATa x 6 M)

in3osneuiunes 19 lumsnadeufe Intel ® core ™ i7 2.8 GHz (3 GB of RAM)
uaz 19 11)sunsy MATLAB neiou 7.6.0.324 wansnaaeai 1dinisn/Souiousz@nsnm
vosianessanoIiudae s e fe 1) Mfmeuiiadige (y,,) 2) Mdweuiusiige (v,
3) finn%’;wmﬁ'mauﬁwm (y)4) dumi‘jmmummgm (S.D.) uaz 5) 1981 (time) AN
#i 4.2 uaymait 43 TaoudazHeiFuiinmsuanamanmisnansuniuilu 6 daude

1) HAN13NAADIVINAITTUTIUIY 10 ats Lﬁaﬁmuﬂi‘immﬁaunwmg 16

2) WANINAABININATIUTIUIN 10 ade Lﬁaﬁ1wuﬂ§1143u§auaawq1 10 97

3) HANMSNARDININNIFTUTIUIY 10 Aty Lﬁaf‘imuﬂﬁ‘mmp{amawmﬁ 209

4) HAMINATDININNTTUIINIY 10 2 Lﬁaﬁmum‘hmuﬁamawmw 30

5) HANNINARDIVINAITUTIUIU 10 ez Lﬁﬂﬁ1ﬂuﬂﬁ1uau§aiquwmw 40 A0

6) HAN1INATADINIANTTUTIUIY 50 ads tﬁﬂﬁmuﬁﬁwmuﬁamaww 1, 10, 20, 30

(AL 40 A7

M19197 4.2 HAN1INAADIUBITANDS NI MBO

%ﬂﬁﬂﬁr'ﬁ! VAW (P ¥ S.D: time
1) Michalewicz
1 38.8467061922 | 38.8221357062 | 38.8435623860 0‘0675639503 0022 45
10 38.8479863775 | 38.8451574963 | 38.8462690132 0.0009611662 0:03:59
20 388479863775 | 38.8429356528 | 38.8467167687 | 0.0015351384 0:06:06
30 38.8479863775 | 388221357062 | 38.8416788098 | 0.0095241986 0:08:29
40 38.8478852297 | 38.8308819157 | 38.8426697789 | 0.0057158746 0:11:06
ﬂ"]méﬂ 38.8479863775 | 38.8221357062 | 38.8441793513 | 0.0061479250 0:06:23
2) Rastrigin : : !
1 0.0001892008 0.0009459972 0.0003405608 0.0002325774 0:02:06
10 0.0000000000 0.0009459972 0.0003594795 0.0003830993 0:03:44
20 0.0000000000 0.0015135926 0.0004919187 0.0004901353 0:05:44
30 0.0000000000 0.0037838681 0.0007000261 0.0011766232 0:08:02
40 0.0000000000 0.0018919660 0.0009838309 0.0005185177 0:10:38
Fhma.tl 0.0000000000 0.0037838681 0.0005751632 0.0006664008 0:06:03




M131991 4.2 HAN1INARDIVDIOANDINY MBO (AD)

Folaiu Yoes Yoers y S.D. time
3) Rosenbrocks’ valley :
1 0.0000009538 | 0.0000238987 | 0.0000051569 | 0.0000069992 | 0:01:56
10 0.0000000000 | 0.0000953674 | 0.0000133576 | 0.0000296803 | 0:03:35
20 0.0000000000 | 0.0000238987 | 0.0000054436 | 0.0000072105 | 0:05:36
30 0.0000009538 | 0.0000344501 | 0.0000082203 | 0.0000115631 0:07:54
40 0.0000000000 | 0.0000778443 | 0.0000172498 | 0.0000247243 | 0:10:28
Anniy 0.0000000000 | 0.0000953674 | 0.0000098856 | 0.0000184355 |  0:05:54
4) Sphere
l 0.0000000000 | 0.0000038147 | 0.0000011444 | 0.0000011723 | 0:02:06
10 0.0000000000 |- 0.0000152588 | 0.0000054359 | 0.0000053957 | 0:03:45
20 0.0000000000 | 0,0000238419 | 0.0000048637 | 0.0000072274 |  0:05:45
30 0.0000000000 | 0.0000047684 | “0.0000020027 | 0.0000013820 |  0:08:02
40 0.0000009537 | 0.0000123978 |  0.0000057220 | 0.0000036523 | = 0:10:35
Aunfy 0.0000000000 | 00000238419 | 0.0000038338 | 0.0000046501 | 0:06:03
5) Weighted sphefe
1 0.0000009537 | 0.0000276566 | 0.0000069618 | 0.0000085068 |  0:02:10
10 0.0000009537 | 00000152588 | 0.0000062943 | 0.0000048670. | 0:03:50
20 0.0000009537 | 0.0000276566 | 0.0000091553 | 0.0000096337 | = 0:05:52
30 0.0000009537 | 0.0000152588° | 0.0000055313 | 0.0000049001 0:08:12
40 0.0000009537" | 0.0000238419 | 0.0000075340 | 0.0000070719 | 0:10:48
AundY 0.0000009537 | 0.0000276566 | 0.0000070953 | 0.0000070586 | 0:06: 10
6) Goldstein-Price. s A
I 3.0000000000- | 3.0004467901 |- 3.0002267636 | 0.0002107386 | 0:02:04
10 3.0000000000 | 3.0014791604 | 3.0004263183 | 0.0004728057 | 0:03:49
20 3.0000000000 | 3.0009606348 | 3.0003158873 | 0.0002942444 | 0:05:55
30 3.0000000000 | 3.0004467901 | 3.0000859347 | 0.0001813459 | 0:08:20
40 3.0000000000 | 3.0016525937 | 3.0007899476 | 0.0005845918 0:11:03
Aundt 3.0000000000 | 3.0016525937 | 3.0003689703 | 0.0004379715 | 0:06:14
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@

volandu

Yo , y S.D. time
1) Michalewiczl :
1 38.8479863775 | 38.8460333996 | 38.8474004842 | 0.0009433780 0:02:01
10 38.8479863775 | 38.8448543621 | 38.8470164286 | 0.0011095155 0:03:20
20 38.8479863775 | 38.8448543621 | 38.8465214754 | 0.0009087426 0:04:45
30 38.8479863775 | 38.8451574963 | 38.8471342199 | 0.0009522720 0:06:11
40 38.8479863775 | 38.8288018259 | 38.8425397566 | 0.0075584838 0207 36
ﬂ'uaéu 38.8479863775 | 38.8288018259 | 38.8461224729 | 0.0038155704 0:04:47
2) Rastrigin
1 0.0000000000 0.0003784017 0.0001702808 0.0001656633 0:01:48
10 0.0000000000 0.0007567963 0.0002459604 0.0002004279 0:02:57
20 0.0001892008 0.0009459972 0.0005297595 0.0003655672 0:04:12
30 0.0001892008 0.0009459972 0.0004162397 0.0002931054 005 726
40 0.0001892008 0.00]75 135926 0.0005865191 0.0004672867 0:06:41
Fhlﬂ?;ﬂ 0.0000000000 0.0015135926 0.0003897519 0.0003448854 0:04:13
3) Rosénbrocks’ valley .'
| 0.0000000000 0.0000009538 0.0000005723 0.0000004925 0:01:41
10 0.0000000000 0.0000038162 0.0000011447 0.0000014780 0 02 251
20 0.0000000000 0.0000152821 0.0000029595 0.0000050023 0:04:04
30 0.0000000000 0.0000238987 0.0000037255 0.0000072867 0:05:18
40 0.0000000000 0.0000085904 0.0000020996 0.0000034504 0:06:32
ﬂ.uﬂéﬂ 0.0000000000 0.0000238987 0.0000021003 0.0000042818 0:04:05
4) Sphere b, e gt >
1 0.0000000000 0.0000019073 0.0000007629 0.0000006032 0:01:49
10 0.0000000000 0.0000047684 0.0000020981 0.0000015443 0:02:;359
20 0.0000000000 0.0000047684 0.0000025749 0.0000019622 0:04:14
30 0.0000000000 0.0000038147 0.0000007629 0.0000012556 0:05:27
40 0.0000000000 0.0000095367 0.0000024796 0.0000030557 0:06:41
ﬂ"’lma"ﬂ 0.0000000000 0.0000095367 0.0000017357 0.0000019714 0:04:14
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é avlanyu Yo Yovorst y S.D. time
5) Weighted sphere
1 0.0000000000 0.00000762%4 0.0000026703 0.0000026521 0:01:50
10 0.0000000000 0.0000085831 0.0000031471 0.0000034838 0:03:01
20 0.0000000000 0.0000162125 0.0000076294 0.0000058616 0:04:10
30 0.0000000000 0.0000076294 0.0000021935 0.0000025051 0:05:26
40 0.0000000000 0.0000152588 0.0000035286 0.0000045858 0:06:50
Fhlﬂéll 0.0000000000 0.0000162125 0.0000038338 0.0000043276 0:04:15
6) Goldstein-Price
1 3.0000000000 3.0004467901 3.0001546375 0.0002076409 0:01:45
10 3.0000000000 3.0008559803 3.0002642965 0.0002826912 0:02:57
20 3.0000000000 3.0014791604 3.0003470101 0.0004340190 0:04:16
30 3.0000000000 3.0009628051 3.0004122369 0.0003152421 0:05:34
40 3.0000000000 3.0016525937 3.0004844779 0.0004805035 0:06:53
i’hlﬂﬁlﬂ 3.0000000000 3.0016525937 3.0003325318 0.0003623757 0:04:17
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#aﬂaﬁ%’u Fruis Yoo y S.D. time
1) Michalewicz . .
1 38.8463365338 | 38.8448543621 | 38.8459188458 0.0005789448 0:02:15
10 38.8479863775 | 38.8448543621 | 38.8471848753 0.0011216025 0:06:10
20 38.8479863775 | 38.8412524228 | 38.8465989577 0.0020984733 0:10:30
30 38.8479863775 | 38.8460333996 | 38.8474373881 0.0007617577 0:14:49
40 38.8479863775 | 38.8417566154 | 38.8464439644 | 0.0018013729 0:19:09
f'h!ﬂéﬂ 38.8479863775 | 38.8412524228 | 38.8467168063 0.0014500654 0:10:35
2) Rastrigin
1 0.0001892008 0.0024595614 0.0010784257 0.0009227827 0:02:04
10 0.0000000000 0.0009459972 0.0003784003 0.0002820413 0:05:43
20 0.0000000000 0.0018919660 0.0003405573 | 0.0005696880 0:09:43
30 0.0000000000 0.0017027651 0.0006432758 0.0005584068 0:13:44
40 0.0000000000 0.0032162727 0.0007000268 0.0009524568 0:17:43
f’{'lméﬂ 0.0000000000 0.0032162727 0.0006281372 0.0007256775 0:09:48
3) Rosenbrocks’ \'."al‘ley‘. |
1 0.0000009538 0.0000085904 0.0000020037 0.0000024830 0:01:55
10 0.0000009538 0.0000085904 0.0000022899 0.0000025134 0:05:04
20 0.0000009538 0.0000778443 0.0000102652 0.0000238701 0:08:28
30 0.0000000000 0.0000344501 0.0000050673 0.0000107132 L3
40 0.0000000000 0.0000344501 0.0000073617 0.0000120513 0:15:18
ﬂ"lma:ﬂ 0.0000000000 0.0000778443 0.0000053975 0.0000128324 0:08:32
4) Sphere . : e ‘_ ; : g
1 0.0000000000 0.0000019073 0.0000006676 0.0000006437 0:02:06
10 0.0000000000 0.0000085831 0.0000033379 0.0000025132 0:05:47
20 0.0000000000 0.0000095367 0.0000041962 0.0000032791 0:09:50
30 0.0000000000 0.0000123978 0.0000031471 0.0000038424 0:13:51
40 0.0000000000 0.0000171661 0.0000034332 0.0000050504 0:17:58
ﬂ"llﬂ?‘lﬂ 0.0000000000 0.0000171661 0.0000029564 0.0000034748 0:09:54
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#O‘ﬁdﬁ"ﬁl Vies: Yo y S.D. time
5) Weighted sphere
1 0.0000000000 0.0000076294 0.0000024796 0.0000026673 0:02:10
10 0.0000000000 0.0000190735 0.0000061035 0.0000057079 0:06:02
20 0.0000000000 0.0000123978 0.0000049591 0.0000045582 0:10:14
30 0.0000000000 0.0000190735 0.0000069618 0.0000064219 0:14:17
40 0.0000000000 0.0000276566 0.0000062943 0.0000088234 011827
Fhméﬂ 0.0000000000 0.0000276566 0.0000053596 0.0000059600 0:10:14
6) Goldstein-Price
| 3.0000000000 3.0004467901 3.0001614293 0.0001861275 0:02:01
10 3.0000000000 |- 3.0009606348 | 3.0003876953 0.0003203661 0:05:16
20 3.0000000000 3.0014791604 3.0002817865 0.0004568261 0:08:50
30 3.0000000600 3.0014737575 V 3.0002194656 0.0004550386 0:12:24
40 3.0000000000 3.0004467901 3.0002230992 0.0001736821 (i 15 57
ﬂ'“ﬂ-ﬁlﬂ 3.0000000000 3.0014791604 3.0002546952 0.0003363171 0:08:54

4.4.3 agmanmsnaaes
= Vo o = o o J : a e oW a &L
minaaoi 2 TAkinsnadeusanes AUMsHEUAUTVEIRILIIUASANNUOANDT NN
o £ & e @ e o o &
MsHaRu IR uURuRN AT syt sz laslinisiuas wandsnamen
1 ¥
usnafinuienduoedaTuaduimam 6 Handu vinsanmsnaass annsaagl 1aqil
o o
1) Wen%U Michalewicz
o = e o J : a o -8 o o n! g =
DaNDI NUMI AN LT UBIHULDUAIANIAZDAND T NUM THAUNU VD IHUILUAUAY

- o o 1 o [ o -; ' P ° -
wumwﬁuwuqszﬂ'mﬂ'iﬂuﬁmsmﬂuﬂmuwmuuwmnﬂumﬂmmmmﬁummﬂaun

[] "
A

o 3 ) o o o o o J : a g ° Y A
ﬂﬂqﬂqﬂlﬂuﬂuﬂu 'IﬂU‘EJf‘lﬂUiﬂuﬂ17ﬂﬁu“uq‘“ﬂﬁﬂillﬂﬂﬂﬁmﬂﬂuﬂ"Iﬂ'lﬂﬁ)‘ljﬂﬁﬂﬁﬂ1ﬂ o

L]
=

° 4 J ' o { .U -
MUUATIUIUAIU MY UMIAY 10, 20 Haz 30 (1INAS19N 4.2) TuvnzidanainunsHa
o o J o a ot w ' @ =t ° ° -3 ' “
WugvesrHuRuRuhtinsHmniusrrInia lasiimssmuasauinnanguiuningi
[) ﬂ:idc; 4'. o o J 1 o 4’
Aummeunangald Wesdmuasiuiudsuang iy 10, 20, 30 uay 40 wenINi
o o q o 4 J o’: a aAa o o v [ = © o J
BANDINUNMIHANNUTVOIRIMVUAUANNTNTHAURUEIEN 195 TaslimsfimuaiuauEg
wangiludinsiids ldadneuiiudigauazmdmeumioganhdansiiumsnauiug

4 s a o w ' 4 3 S
YDIRUUUAAUAY 0.05% 1az 0.01% mudiay Taviidaudoauumasguidindidis vingl

[

a | ' o - () a LY - L @ -g
N 4.12(n) lWNﬂi1ﬂﬂ1ﬂ1ﬂﬂu1’lllﬂ“q¢]uﬁ3ﬂ’lﬂ'Wlﬂ'UlﬂﬂU'UﬂﬂﬂﬁﬂﬂiﬂﬂﬂTiNﬁﬂWUﬁ‘Uﬂ\?Nq



101

4 v o

n’/’ a $ o o o ¥ =4 ] { [ 1
Lmummuﬁﬁmswauwuqsm'miﬂﬂaﬁmsm'ﬂuﬂmmuﬁwqumﬂummﬁqammm
[ a g o o 4?/ 3 a d o . . < dau o @
ATINYeIdaNeT NUMIHAURUTYDINIDVAUAY (WINFU Michalewicz ilulandudniy
¥ [-Y-1 =i @ r'd U as d‘ o dya E4 9 o A
ATHMIAIGIA) BaAII IFMaReNNaNAUEIznINTIMinausiimh i saumidineun
~ = a o aa cg Vo o d o o [y 1 [ o
wnzaungaillsz@nsnmwdgunidimanawiugmeluiuderdn uaedislsiam ms
° 3 o Y o Y] o 4 aa/’ = 1 @ o
‘mam“lmluﬁauﬂmwﬂiwmaaﬂasﬁumswauwqumﬁmuummwﬁﬁmswﬁuwug
[l o =1 o o dy o [l P o 9 - dg,
5¥n 859 Inslimsimuadiuiursnsngduansnim ldnalunsdssuananvaunn
@ a as o 4 :// a
aaﬂasﬁnmmﬁuwummﬁmnummu 65.80%
o o
2) 904U Rastrigin
@ a4 Y o d? :/l = w a g I I'a Ag} 3 o
8an8I NUMINANTH VBNV UAUANLALDANDINUMIHA VAU TUDINUUUABAY

aa o v W - o o 4 =] o Y ° o
‘V]‘Mﬂ”ﬁWﬁuWUﬁigﬂ'ﬂ\?i\?jﬂﬂuﬂ'ﬁﬂ’rﬂu@ﬂ'}uDquuqum’uﬂUﬂ'\ﬂQ‘ﬂﬁ_\M’ﬁﬂﬂu‘”nlﬂ_]mﬂu‘ﬂ

d‘ 9 A o :& o’/l s a L 1 o c; ¢d‘ ky d‘ o
Wll']gﬁll‘ﬂf:fﬂllﬂk'ﬂllﬂuﬂu “IN"VNE‘T?N?Jﬁﬂi’)ﬁW?JﬂUWTﬂ']ﬁ@UﬂlﬁﬂJ']&‘ﬁﬁllVIQQVlﬂ aNINUe

o

b4
=<

14
Sraudsaw MRy 10, 20, 30 waz 40 iloudu uddanes RunaRaINT VDI
a Ao o o ¥ [ =4 ° o Agl [ 1 S v o = ]
AUANNTMITHTNINEIE N33 Tnolimstmuadioubianamgutiua s ldddmouiue

: o a w d -1 z a v e @ a
figaRnoanes NUMISHANNURYOIHILVAUAN 15.00% Tunienduiudanss Aumsnau

v d 4§’ 3 a Y o - a -2 a s o 3 S a A
WUITVIIRIUL D URIR vlﬂﬂ'lﬂW]'E)“Umﬁﬂﬂﬂ'ﬂ@ﬁﬂ@i‘ﬂuﬂﬁW?{‘JJWN"[}GUGQNQLL‘U’Uﬂ\iLﬂN‘VlNﬂWi

]

o 1 a =} o o 4 o 1 P oy -
Nauwu‘qszﬁmaiﬂﬂﬂumiﬂmuﬂmmuﬁwnwmuﬂummm 9.21% UATUAINUEUUY

ar 2

{ o ' o Y =1 ' [ a a
WNTFIUARINI Ae3U7 4.12(%) InmanIIneaeinaadiiiud danosHunSHANIUY

a Q

[l
° o

3 uszl a Ao @ d v [ -4 o ' A
“U'ENﬁ\nlll‘Ll@\'iLﬂu‘ﬂuﬂ’lﬁﬂﬁ‘hWHﬁj&’W?ijqIﬂﬂﬁﬂ?iﬂ’lﬂuﬂﬂ?u'Juﬁ\iu')QWiy']lﬂNQWﬂqm

: ' '
A A v o =

AT OANMIRINOUNLF MR oUTTHINMAReufidTigauaza dmeuRwgaILADa I 1a

k]
¥ ¥
=& w a

v 14
Ao uianuAiin1snILaERIgININTANes RumaHauRU B IHWUUALAY Hanvniims
° gll ar a = o d -1 o’/’ a { ar o
ArauludussunisuoniwesdanosnumssauiuguosduuauasAiinsnauiug
[ w = ° o g ' a yq 9 A 'dgl
sevhedalasimsfimuasnouianaguiiumai dlsnm lumsdsguanamiuiuan
[ o v & él 3 q
8aND3 NUMINAURUTVDIRINUUAUAN 61.98%
g as
3) #aA9U Rosenbrocks’ valley
o a Y4 4 n’/’ o o a @ 4 3 =
§anes NUNMSHANRUTYOIHWDUATNANLEEaNDS NN SHA LR U {VaIRNLU VA AR
Aa v J o w =t o o 4 S ’ = v o P
nIMIHauNU§Izn T lasinmsivua iy rufnsiansaaumAneun
a 9 =1 a ar o R o o dy :/’ o 9 o P
mgaunga lmiloudu Taedanos NUNISHANNUTYIRMVVAVANA UM IR A8 UT
P Y A o o g " a o
mmzauigala dodmuadiuaurutang iy 10, 20 uaz 40 (11NR15199 4.2) Tuvuzi

= o

@ a v d 1 3 a { o ¢ ar ° o 4
ganesNumMsnauRufvosHufuaNRlimsnauingsznes Tnslinsfmuadiuaums

[ 1 Ay o ~ = ¥ A o o d”’ 1 e
HTQWiQWLﬂUﬂWﬂQV\ﬂMW'\ﬂiﬂﬂﬂﬂlﬂhW&'ﬁM‘V]Q’ﬂl’lﬂ MU UATIUIURNIU NN UNINGY 30 LD
} 4 1
=2 @ a

yw a [V 4 {a v d 1 @
40 uenNidanesNuMsHauRUfvesHwUURuANRTnTHauAuTIzn e Tnelins

° o é’ o ' Ao Y1 o A 1A 1 o s a Y a g
mﬁuﬂmu:mmmawzynﬁumm‘wm"lﬂmmmanmquﬂuazmﬂmaumaﬂﬂmmaﬂaswu



102

v o 4 g a o w a8 P A o
ﬂ’]SNﬂUWUQMBQﬁQLLUUﬂQMM 18.37% t40% 45.40% s1uaay Tﬂﬂua'gummmummgmwm

AR 110317 4.12(9) unans A meuTudigauaz Ad eI A B IS aneS lunTsHE

[ W

o o g ¢ a da o o o ° & & -~
NUFUDINMUVAUAURTM S HTURUFIE N9 Taslimsdivuadursutawgudumai
o T 1 ar a R w o é’ o o ¢ o
AN MYBITanaT NUMINANNUTUBINUUAUAY (We9U Rosenbrocks® valley 1111
da o ar Ve 1 a o ] o A o ytz
Haddudmiunmsmaidige) uanein Ismsdennauiugszniesiiuauoilildng
b4 3 - - A a a A 42’ 1 A @ < Y= o t
AuIRmsufimmzanigalilse@nimmadunIsnmswauiugnislusudfe i ua
' o o 3 as Y a o o -4 u’/’ a 4
ae1e l5Aan mshawludureumsusnwessonestumsuauiuguesiauuuduaniil
a 1 [ = o o dy o ' S o ¥
MIRauWUgIznIese Tasiinsdinuaiiuaursuanguiudinanim inna lunis
2 4 @ a @ 4 :4/ =
Y5z ranauILIINGAN0S RUMINAURUTVBIRUIUUAUAY 44.63%
7 o
4) Wandu Sphere
as oL V4 g :1’ o Y a g V4 42’ 3 o
2anNvINUMINTURUFUDINMUUAUANUALTANBT NUMIHANNUFYDIHWUVAUAY

i o d 1 o =Y 3 o 4 [ 1 - ° ~
AmMswaunugszneslasinsdimuaswauianamgrdumnasfigunsodumsiaeun

I=%

@ ar a o J 4 q,.rl a o P
mnzauiiga laiiiouny Taedanes NuNITHANAUTUD WL UAUANAUIAIAD U

[}
=1

1 b1 v
mingaungala ek muasmuisuewmidy 1,10, 20 uag 30 (31015199 4.2)

Q

o o o o g 3 = { v ¢ 1 [ = °
Tuvazivanes iumswauiuguoIHs L UduANRTmsnauRug sz laslinisdvua

]
1 =

o & g ¥ 0 p 4 v o ' o £ a
IRy rdumnsinumdneuimanziga lansuia s AnudauianangIn
Yo Vo PRt ) a v a @
naass wenvniddldadineunudngauaz i neumasiniidanes tums Hauwu{ves
g z a o W t ! . 4 {
HALUDA AN 28.00% Lag 22.89% awd1ay Tagfidauboauumesuidindiiig a1ngii
1’ ) [l Y
[l U 7 [} 1 lo o =Y v o =
4.12(3) wnans AR AsURUdigauaz AR N0 UBALYDIBANDI NUMIHANWHTYBIAWLY
:g a da o & f o =% ° o dg/ =] 4 o v 1
AuAuNIMIsHaERugIznNf lasinsMuuainnuranmguiumandinumn v
o o 22 o d? 3 a o ar 3 d 9 o 1
Y8 AN0I NUMIHA WU FUDINWLUAIAY (Handu Sphere il uanFudmTVAITHIM

° VoA o 3 v Ao Y 3 o 4
Aga) waaad imMsdonwauiugszrnesaimivaueinldnisdumdmeumuizau

=n.

a a a s d’k’ {aa v d @ a v [ A =1 °
galilsyansnmdAsedunidtmsnauiugnelusufordu udedrlsaawns il
n’/‘ o a a w J 1 sg a < [V 4 § @
YUABUNIITLUNTIUDIBANDS NN IHFURUGVDIRIU UGURUATINsHAURU Rz 51 Taed]

'3 ° ‘3’ I ' A o 9 = g o a g
msmvuai vl lsmnaii ivea lumsdssanaiivyunndaneTnuns

w d H 3 a
HEUW L TUOIRUUIRUAL 63.64%
J @
5) g Weighted sphere
a a R w ¢ d? :Il a 1 14 ° = A
ganvsNuMsHaNugYosHsuududy liaunsadumsnouimmnzauiga (310
= o W a s a J dy :: a dea o & 1 o P=|
715199 2) TuuizidanaTNUMINAURUTYIRLUDAUANNTM S HaURUEs T 19Te lasll

° o H [~ 1 =1 o - { u’: '
mMsfiruaianRananguiumathidsodumMasu iy auigansune 5 AR
o 3 : 1 o i a o a o o 4 :/l o
Ihudanmgineaswag ldasineumtsiniidaneT Tumsnaui oIl s Ry

1 P {0 t 1] o g [ a
24.46% uazdanuilosuiasgiuidinidae edrelsnmunsressanesiuansadum



103

fAmounuanga 18wty 911n3UN 4.12(0) wnenswaimasuinzaungauazmaiIney

o ar a4 o 4 q’/l a aa v d v @ =t ot o
Lﬂﬁﬂﬂl@ﬂﬂﬂﬂ@i‘ﬂuﬂ'ﬁNﬁuwu‘E‘UTENNQLL'U‘U?NLﬂu‘VlNﬂTiWﬂMWNﬁﬁgﬂ31\35\31@8““ﬂ15ﬂ’]ﬂ“ﬂ

9

[

o 3 [~ v Q [ 1 o a Y r's dgl qs/‘ o
Snudanwgudusinifidiniumansuedanos NUAITHIURUTYOIAWVUAUAY
I oA - o & T w Ao 2 o v o ° oy P -t
paaId AsmsdenmuRugseuIs mihuauo i ldasdumdineuimine auiigail
a a A d?‘ == o L4 FYRR=1 v dy o 3
UsganinmAgsiunhismsnauiugniluiufeadu uenviniing lnnrsiemluduseu
o o a o o 4 rg = { a 4 1 Y
ASHENT VDI ANDI NUNITHANRUTVBINUUBAUAUNTNITHAUNUTIZH T Taslims
° 9 ,3’ [ 1 - kY A 4? @ LY
Mmuas iy anguilumand dna lunsilssuanamuiunndane s numsHay
o 1 o’: N
UFUDINWVURUAY 65.95%
/o R
6) WINTU Goldstein-Price
@ = o o 4 3 =y a Py @ o 4 e’/, =
6aNDINUATHANNUTYD I UAUANLALTANDI NUMIHANT VB IR A AR
pa s 'l \ Iy =1 o ° d? =1 [ P 3 o ai
AMIHANTUE 259 IaslimaiivuaswauAuany i un g unseAunInInouN
PR P ¥ :: 1 o 43’ P qyw a R
manzauigald lAnsune 5 meudnuiusmgiinaass uena Ao anaT NN ITHEN

L4 a oo

g :/l ~ v d 3 o 4 o ° H <3
Wy fuetHsunuauiunnnauiugssniniddaenimsimuadiauiianaguiiy

a
)

1 P Y1 o = 't 1 o By v oW a L @ L4 d?
Ansndelamdmeuiiudngatazma1noumasanI18ans NN HTURUTUDIHIN DY
¥ [l s v
AUAY 0.01% 1Az 0.003% muday Taslidiudoaunanasgundindis 103U 4.12()
[ 1o Py e f { o N as 4 4 3 =) {
uengAImneunERgaasMIAIne U ALY B0 aNET NUMINALRUFUBIHILLUAUALRT]
@ o 4 @ =t © ° 1 o ' A o ] v
MIHTNRUE Iz I laslnsfnuasmauRuenaduainaidindumens iy g
o a R o d :él GA/A 7w - = I Jdo o @ '
9aN03 NUATTNANTUFVDINMVUAUAY (AT Goldstein-Price ITuAMFUF M Tum I
' * v T
Arge) ueeeh madenwaniuiizniesidnauednidnisdumdimeuimunzay

q

=) a a P 48’ =) v @ et a 1 =4 o
f!ﬂll‘ﬂixﬁ‘ﬂ‘ﬁﬂW‘l@lUxislluﬂ'JW’J"ﬁﬂﬁWﬁMWHQﬂWUiuSQMU’JﬂH @mﬂsnmumsmdmﬁlu

=i

:// o [ a o 4 3 a = o § o a
‘U‘uﬂ'ﬂl&ﬂﬁtlﬁlﬂﬁQ"U@Q?)ﬁﬂ’f)'iﬁuﬂ‘liWfﬁJ‘WU‘I‘iﬂ!@\?ﬁﬂtmﬂﬂﬁmwﬁuﬂﬁWﬁuwu‘ﬁ‘iﬁiﬂ'J'NﬁﬁiﬂEm
[ o d? ! ~ ° 9 2 ,3 [ a s
msmwuﬂmmummaw&yuﬂuﬂmmwﬁmaaﬂumsﬂizmammwmumnaaﬂasmums

o o 4 o’: a
WﬁMWU‘ﬁ“U@QﬁQLLUUﬂ\HﬂM 42.78%



104

38,8500 0.004000
388450 l o003se0 |
nae l 0.003000
IHKIS0
0.002500
388300
0.002000
188250
o 0.001500
WIS 0.001000
INEI00 | 0.000500 |
INB0S0 Q000000
best worst average best worst average
@ MBO [J MBO-fixSwarming B MBO [JMBO-fixSwarming
L - | o o
(n) Han%u Michaelwicz ' (v) WaN¥u Rastrigin
0.000120 Dowozse 0000024
0.0000225
0.000100 o
it 00000175
‘ 00000150
0.000060 o028
V0000
0000040 DL
(L0000050
0000020 ‘. ! B 0.000003
0 ey ojfovon |1 SO0 | eyl
best best worst average
@ MBO MBO-fixSwarming '@ MBO . [[] MBO-fixSwanming
: o ar . 2 o o o
(R) a9 Roscnbrocks' valley (2) Wan¥u Sphere
0.0000300 3.0017500
0.0000250 11 5u00
J0i2s00
0.0000200
3 0018900
0.0000150
30067500
0.0000100
3.0008000
3 000368
0000 3.0002500 l —
i . 30000 3.0000 |EJ| L
best worst average best worst average
[@ MBO [J MBO-fixSwarming @ MBO MBO-fixSwarming
o o = ¢ o . .
(2) Wanwu Weighted sphere (%) Wan¥u Goldstein-Price

Ui 4.12 nsluaansnlSsuifvuranisnaaseszriedanainiu MBO nay

8an3 71y MBO-fixSwarming



105

d'l =4 (v e d 1 Y T o o
4.5 msnaasusinmdadamananiugsznaess aunlulimsmnuadiuau
X
AauIaney)
:5 A =4 Qs as s ] kY] cg P
asnaaesd 3 umsnassuiiedniilefomsnauiuissnnedvestianangnd
1 [ s oa ° o = as 4 ¥ 3 =N [P=Y []
danaaodsz AnSammsiiaiurssdanes IuMINANANE VDRIV UALAL uATidouana e
1 v £ . ¥
1NNINARDIN 2 fis Nranaash 2 TéMmuaswuisnawgnduaiagd udluninaassdl
v
Tufimsdmuaiuianamanlunnazseunisiinu msnaasu lahimsadSvufvuns
3y v ¥
Mermeesdanesiunsnauiuive sy uAufudanaTiun snauRuivo sl
¥

: 2 P

a A EY 4 [ [ Pt @ Y V@ ] [V =1
AuANNIMINTERUgIznineselag ldninslsol e ldlimsuiad ueagSaliRaunang il

£
o

o 9 a dy 1 o 3/t @ A :3 -
IRINTINTIDUA muimma:saumsmmu"lﬁuﬂa"lﬂmsﬂmaaﬂmmawq;m

B

9/ W

MgaNdImMIuNIaI s ﬁaﬁu%q"lﬂﬁmsﬁmum‘imammt‘ﬁymwwmnﬂuﬁmaﬁ g
4.13 uaﬂamsgﬂ?amﬁﬂuiﬂsaa%’wamiv‘imummé”aﬂa?ﬁnmiwauﬁufmaaﬁmuu@%mﬁu
(MBO) uaxé'aﬂa?ﬁmmiwauﬁuﬁmm%«muﬁy«ﬁmﬁﬁmsNanﬁ'uﬁswdw%ﬂm"lﬁﬁms
fnuasInILYEIRILIINA (SMBO-oldDrore) Tumeuiitnisusia e Sunouifinay

1 ar 1 n’/’ R ) Y d'Sl =<
LANAINNUILYITINIT0d e Futiuilatenaoimsanyd

4.5.1 MsMmuammINines
o o w g 3 = o ) o o 1 0’/‘ =
@ﬁﬂ'ﬁ]iﬁllﬂTiNﬁ‘}JWH‘Q‘U@QﬁQLLUUﬂQLﬂNLlagaﬁﬂﬁ)ﬁﬁwﬂ'ﬁWﬁuWHﬁm@ﬂﬁﬁuUUﬂﬁLﬂu
e a L4 . @ 14 ° o 3 Vet 9 '
ﬂNﬂTSNﬁNWHEi%W'J'I<ii\?IﬂUﬂJUJﬂ?iﬂTﬁuﬂ%TUQUﬂlﬂQNQHWQWﬂJW ulﬂl]ﬂ"iiﬂ'lﬂuﬂﬂ'l
=Y e as 4 a =y as 4 g :: =Y '3 1
WITWIAB TANG ﬂ\Wﬂﬁ'N‘ﬁ 4.6 ﬂﬁﬂﬂiﬁwﬂﬁNﬁﬁJWHQ"U@\TﬁQLtUUﬂQLﬂNﬁﬂ']iﬂ'lﬁuﬂﬂuﬁﬁ@u
A * a a4 v 42’ Z a aAa v 1
1ummﬂaawmum Lmiu@ﬁﬂ@iﬂﬁﬂ']ﬁﬂﬁﬂﬂuq‘ﬂ@\7NQ&LUU@\?L@MVIMﬂWﬁNﬁﬂwuﬁizﬁ’ﬂﬂ

Qv 1 o o 13 19 o EY a o d%’
NT%"luwmimﬂuﬂmmuﬂjmmuqu;w"lumsﬂummumjszqmmuﬂmmmqu

A1 4.6 MIMHUARINITITINBS ¥DITanNDS 11y MBO Lazdans3 Ny SMBO-oldDrone

WI510N05 MBO SMBO-oldDrone

M
SmuveaHauIanan 1, 10, 20, 30, 40 -
uveIiag 200 200

F
IUIUVDIA IO 500 500
< o

VuRYeQunualTy 100 100
aanuieztulunsiuedu 0.2 0.2
PMUIUTOUNTNINU 400 400




106

(i) &>

fmuas s IRe IS uAY fmuas s iwes i udu
v v
° 2z a ° 4 a ¥
AMuARIU RN UTUA fmusAn s
v v
° > ) ° L o ya v
AmuafIi T U AvuaRIR T iy
v v
- A o o - v oA ar o " ar
> dengitonmuiug (@engiteanauiuiizning fe

o J ] | J 4
finiaeniaIsng n fAaianHIuIwey1 nad
" 1= J [ 0 1 . dI 1 ﬂ-r.; o V1 v
quan? Tudndasiogd i gua i lwintaadag v
uon3s
iter <= Mating-flight

Ausidaeng R famd iter Mty ffight

nga

a ol ey
AuFENN WY LA WAL

=
qahiga

(m Tasaadamsiauvesdaneiinu MBO  (v) Tassadanisvinivesdaneiiiu SMBO-oldDrone

3N 4.13 nfouidion Taseadramsiauvesdaneiiiu MBO lazdane3 iy SMBO-oldDrone



107

4.5.2 NaNMINAADN
w af v J g :ll o o o R o ‘3 3 a
DANBINUNIITHTUNUTVYDINAILUUAUANLAZDANDINUMITHAUNUTUDINULVUAUAN

o 1 [

- W (=Y o o 3 Y o Y] o @
nMsHANINEszr T las lulinisiimuadiaunanag ldimsnaaeuduiensu
= @ o o o
2N lumFus Y 6 Wandu Ao
o @
1) Wan%u Michalewicz
[ & .
2) Wan%U Rastrigin
o o
3) W4N¥Y Rosenbrocks’ valley
g @
4) #aN¥u Sphere
5) Hafdu Weighted sphere
Y N A
6) Wan%U Goldstein-Price
a o W { 4 14
Tan1dldgadoyasudugaoatudumananesi e launsanfSsuiisunanisnanes
[ [ ar 1 = ] d o
Fmiu1d Tevgadoyoasndiufnsinmisqudoyadioflendy and( veellsunsy MATLAB
& Vv a 9 ) Al o ° [l = s
o lFiudszrn T uAnYeIdanaTNUINAABUTILIU 10 4 910MIMUUANINIIININDS
o { w a a 1 c;,/l a o o ::/ 1 c§ o o
f1a1319% 4.6 SanesfiuntsHaniuRvosHuANANTnTSUS U 50 ATABNilaedFY
] I=~{ o g o LY cg 4 Y] 1Y)
Taoudadlunmsiivua Heulwa 1 @1 Smssudiuau 10 ase Haweang 10 69 Un55u
[-3 ‘?/’ d?’ o/ =% o o QS/, ‘é’ of - : Q/ o
FTUIY 10 AT AIUWWEYT 20 @3 TMTTUTIHIU 10 AT KWWY 30 A7 UM ITUTIUIU 10
3 ¥ @ @ o :// ar os; s s @ o §
ATUAZNIUISHE 40 A3 TMITTUTIUIN 10 ATI AU DNDSNUNITHAUWUFVOIHDL

¥ v
Qv % s

a :: J o ' s ) v & g
wRNTNITUR MR 300 A5 (50 AFe x 6 Aantu) drudanes HunsHauRUTYoIHILDY

ee Dee

a | v ' s (=} o o 4 v o
wAuRda AR ugszr19s e ldlinssmuadauvesdauangniinssuinmu 10

hol

v
Qs

' £ do A o as Ao = o a & = '
AsIrenilalangu 1ieseindanes iuniuaueiina lnmsfadenraunanafmuzayluua
) 2 W te & ¥ A L) o & o > 7 o a4
azsounsninudlisndudedimsimuaiivauisnmguilumnei dalu daneiniui
° = @ o o’a’ o’a’ 7 o :J' d’l @ )
WNAUARINMTTUTININ 60 ATS (10 AT x 6 HaNFU) Nl HAN1TNARBLYEITANDSITINAS
w 4 q’/’ = o = o d” o
waruiufuesrsuusudn 1dinnenminansi 1 (@15199 4.2) Tumsnaasedisaldvims
o @ a w 1 3 a Ada o J ] o 1ay
SumWIzeanos AuMInauRuFvasRuuUA ARl nITHanRugsznes s Tas lulins
v ¥
MUUASIWIUHIUIIWY U 1T
4 a o
1AT0InONNAAOT N1 IUMINATOUAD Intel ® core ™ i7 2.8 GHz (3 GB of RAM)
9! o s Py Yy 24 ot a o
wazldlusunsy MATLAB 1935%u 7.6.0.324 Han1inaaoad ladimsiulSoufendsedniam
14 Y 1 [l [ [l
VYOIT0I8aneINuAY 5 fadda fio 1) mdmeuianga (y,,,) 2) mdimeuiuenga (v, )
v v [
3) AUNDOVBIRADUNINNA () 4) AudisuuunIaggIu (S.D.) Hag 5) 1101 (time) AIA15I

N4y



M990 4.7 wamawmaawmﬁaﬂa?ﬁu SMBO-oldDrone

108

‘lé;‘ avlantu Yoest Yoworst y S.D. time
1) Michalewicz 38.8479863775 | 38.8424314603 | 38.8469055838 | 0.0022287574 | 0:02:50
2) Rastrigin 0.0000000000 } 0.0024595614 | 0.0006432751 | 0.0007256666 | 0:04:07
3) Rosenbrocks’ valley | 0.0000000000 | 0.0000344501 | 0.0000045898 | 0.0000105878 | 0:01:57
4) Sphere 0.0000000000 | 0.0000095367 | 0.0000027657 | 0.0000028944 | 0:02:06
5) Weighted sphere 0.0000000000 | 00000190735 | 0.0000057220 | 0.0000050464 | 0:02:06
6) Goldstein-Price 3.0000000000 | 3.0004467901 | 3.0002474188 | 0.0002220261 | 0:02:00

4.5.3 agiwamsnaney
P Y o @ o R Y r'd 4? n’;’ = @ o a2
AINAREIN 3 1AMINITNATDUEANDS NUNSHANNUFYBIRIUUAUANAUTaNDT Y
o & 4? 3 a as o d ! o 1t o o cg
MINTUWUFYDIHWBUA UANATIN ITHE LG szra1eselas lilimsdmuaswauianawg)
b4
v a a @ o o o @
fuilasdueedad luwduinim 6 Hedsu vnnamsnanes awsaasil T
L7 . .
1) WanYw1 Michalewicz
as oL o d? :/l a o o o d zg :/’ =
DANDINUMINANWU VDI IAUANLAZDANDTNUMIHTURUFUDIN U UAUAY

a &

{ 1 o (=1 o o 4 I~ 1 d'
insnauiutszninielas lulinisdmuad mnuianmyuiluainshawnsadun

Q
[}

o et 9 =1 1Y o aa o d &g q’; a vy o Ao A
Anpunange lamlouny Tagdanss Nun1swauiu YRR UANAUmIA M UARNT A
' 3 [ v
18 Wemmuadiuauiansaidy 10, 20 1oy 30 (11AA15199 4.2) Tuvazndanssnums
@ d d?l :/, a Aa v ¢ ' @ v 0 e dy =t
HauRufyo IR uRuAuimswaniugsznanesdlag lilimssmuasauranangad
o 4”1 ] o 9 ac as ~ dgf -
nalnlumsmidiuianmg lueaazsounsMIOUaI35 s A@anAIINg 17
’ ¥
muzaudmiunisadnese ;U9 4.1400) sansdruanvesdanwan luusazseumsiiay
qyw = 8 o o 4?’ 3 A Aa W 4 t I (=1
uenINidanaInuN AN U Yo UUAUANNENIsHANT Uz n e Tae lulintg
¥ ] ' [
fnuadauianagndldnidimeuiuaNgeauazaidineoumisganiidanes nunskey
o d § :j a o @ v { { o t
WUTVDIHIUUAUAY 0.05% 1Az 0.01% mudwy lasldnudeanumasgunmnigig
a ] 1 o oA A Vo = @ af o d
1NFUN 4.15() 1NIDTIHMAINVAINGALAZAIMIAD VIR ALYDITANBT NUMTHANAU FUBS
H :;’ a a @ d 1 [ ' 3 ° 4 1 4
Hawuaaduninsnauiugsznindlae llimshimuedwanranamanganiumangiv
o e v o 42/ 3 = J @ . . o o o 1
VYBIDANBINUMINANTIUTUDIRUAUAN (AT Michalewicz luilafFumminigage)
t A v d 1 (% [ -1 § o o
HaRedn I MsRenNANRUE T M IS wazmMsAafenisu Tz audmsumsadg
o A o dyo v Y ° = - a a a aa dgl 1 c:d:/‘ a
FinduaveiirlimsdaumdiseuitnnsaungailszanFawagIvunIITAUAY

q
[

dyw a2 @ o dgl Qs/l a Aa o ¢ 1 [ 14
‘H@ﬂﬂ']ﬂu@aﬂaii’mﬂﬁWﬁuwuﬁﬂﬂﬂNQLL‘lJ‘UﬂQLﬂiJVUJﬂ'\EN’cTNWM"Qi%WTNiQIﬂfJMIMNﬂ'\S



109

o o -4 o o o =y o 4 -4
Amuadwursnawgndaiidna lumsdszuananaasnindanssiumsnauiugye i
3
HUUAUAY 55.61% DNALY
L& «
2) Hansu Rastrigin
@ Y- @ < dy q‘./l a o =R Y o :3 3 =
@aﬂ@'ﬁﬂilﬂ’)'iNﬁlJWUﬁ‘\J@QNQLKUUﬂQLﬂNllﬁ‘é”ﬂﬂﬂ@i‘VI?Jﬂ']‘JNﬂNWHQﬂOQNQLLUUﬂQLﬂN
Aot Y 4 v W = ° o 2 ' P Y]
WNﬂ?SWﬁNWHE?SﬁW')135QiﬂﬂvlﬁJ?Jﬂ15ﬂ'1‘ﬁUﬂinu'JUPN'L!'\QWQ}'\L‘{]H?\"?\QV"Q"\M'\?Q?}HW"l

[l
° =3

1 o o a v & 1 o a [ o
Amouiitnzaviiqe ldmioudu Tagdanes Aumsnauiugresiuuuaufuiumamen
4 - v A o o & " &
Mmnzauiiga 1@ dedmuadiuaurauangumay 10, 20, 30 19g 40 (31AN13199 4.2)

o w aQ s o g c?/, a dAa @ 4 v a 1T
Tuvnzisanosiunswauiugvosiwuuauaunlnsnauiugssninedilaeluding
¥ ¥
fmuaswudsananiing nlunismswauisuiswan luudazseunistiaudisms
o A ‘g c; o [ 9 o 4:' o° dgl
AnaNAIU NN IS AUFMSUMIa31959 31U 4.141) uaasduauvesnauang
1 o yw a @ 3 3 a { @
HARZIBUNITHINIU UBNINTLTANDTNUNITHANRUFVOIAUUDAUALNT NI THANWU g
1 [ 1t o o d? Qs Y o d‘ |d' = 1 a R
sereselas hifinsfvuasvisnmandsidmdmeuiniigadnindanoifiunis
v 4 Q’l’ a [ @ @ o @ 4 z =
WU FUDIN IV AURY 35.00% 1A TUMInFuAUSanas NuUMSHANRUTVBIRBIUUAURY
[ { { 1 1 i i o 1 ] t =4
T@armmouimasiandi 11.84% laslidmdssuuniasgiuidininaie uasgia lsnai

1 @

o @ o d 3 o a A v t o o
anesiumsnauAufve R UAuaNAINsHauRugsz s e liimsdmuadau

D

o @ a [ 1 :xl =
Haurgngnaedi ldna lumsszananaanniaindanes Aunsnauiu§yeHIUDATUAN
31.96%

o o
3) §an%1 Rosenbrocks’ valley
@ a LY g c;,// a & = (V4 1 ai.: a
danes AumMsHaUTUTUOIRRUUTF UANIA SNBSS UM S HANRU FUR IH LD A UAY
= v ! @ 1 o o dgl [ ! = b
AUMsnauwugszrned Tag lulimsdmuedwoudsu gy uiluainsiauisaaum

at P @ 1Y a o ¢ g q’.al a o
wouimuzaunga lamiloudu Tasdanasnumsnauiugve s uRu@NiumId I

o

v + ¥ v 1
Mg auigald Wodmuaduaudanawguiiiy 10, 20 uag 40 (31AA13197 4.2) Tuvme

=n.

a a v 4 o - { @ Jd T o ' o
ganesfunsHauiufuesisupuauauninswauiugiznndilas liimssimua

} 4 17
waudsamaniing lnlumsmdmauianaman luudazseunisinudlsitasaaion

14 :

] 14
Heuenanimuizandmsunsaiiede suh 4.14m) uaaesdiuvesianangn luudagzsou

U

Do

aQ

o dyw a o 4 o’/’ a da v d v LY
NTTNINTY uanmnuaaﬂ@iﬁumswfmwumENﬁmmjmmmummﬁuwuqsw3105ﬂﬂa

q

¥ v [ 1
TulimssmuaduianamaddadineuiusngatasmdmeumdsAnNdanss iy

¥ k4 v
AMIHANRUTUD IRV UAUAL 63.88% Uaz 53.57% @wd 1wy 91z 4.15(R) unans 1Al

q

]
' o s

I3 § v A Y a v 3 qs/’ = {
AmouhudigauazaidineumasyedanesHuMsHAURUT VORI UUAUANATIM SNy
(]

9

} 4 [
ugszreielao hiflimsdinuaswoulannanagndindunensidyesdanes iunisnaw
¥

4
q
o

S a o & o o w s !
UfUoIHWUVAUAY (Heridu Rosenbrocks® valley iHuandudmsumsmaiiiga) saaaia

q

s - o 7 1 o/ @ A d? - ) @ 9 o A
ATNMSBDARTUANUTISH DTSN TAALADNNIU WY IV UIZ TN TN IUNITAIINGIN



110

1 4 3

dyo 9 ¥ o P = = a o oA 4?, VAl e - A
uﬁu@umﬂwms'mmmmaumwmzanﬂqﬂuﬂsza‘mim‘wmwumnﬁmmn HanINU

o

€

= v 4 3 a da v o 1 o ] o o
anesfiumskayiufyosHsuuduAuitinsraiugszn i lao lilimssmuadinu
4 @ 9 v [ = o § 3 a
Hanangdei ldnmlumsdszanaanasnindanes iumswauiugyosiawuduay
66.95% DnAY

o o

4) #a0%u Sphere

o al v ¢ 4?’ q’/l a @ a K v o dy 4’,' a

’e)ﬁﬂf]i‘ﬂllﬂﬁN’(?fll‘W‘UQﬂﬂQNQLLUﬁﬂQLﬂMMGZGGﬂ@?ﬂﬂﬂﬁWﬁuwuﬁwﬂﬁwﬂllﬂﬁﬂﬁlﬂu
A o d Vo = o o 4 < ' 4
nimswauiugseninedilasliinssmuaduiufanmguiluninsioansadun
a ~ d' ¥ = o [ a R o ¢ g q’/’ a oy o
ﬂW\'E‘)‘U‘V]LﬂlHZﬁN“V]Q@]Vlﬂlﬂll@uﬂu Tﬂﬂ@ﬁﬂﬂi“ﬂiﬁﬂ’l'5N’CﬂJWuﬁ“ﬂﬁNNQLL‘UUﬂQLﬂNﬂNW’Iﬂ')W@U

A o o

~ ~ Y A d?l Voo A o a R
'WMSJ’I&’ﬁSJVIQ(ﬂ‘lﬂ MU UANTUIUNIU NN UNINY 1, 10, 20 wag 30 nluﬂ!ﬂlﬁ,’ﬂ@ﬁﬂ’e)i‘ﬂll

[ 4 ¥ ¥
=2 v oA 2

« & ! v o Vo : o o
MIkauRu§veIRusuRUR M waiugIsnaes e luimsdnuadaurauanan
I=} -] :3 1 o 9 ad o/ =] :3 4'
finalnlunismimandsunaenluudazsoun1shinude3inssadeniauangiii

] 14
mngaudmiumsad1ese 390 4.14) naasiuauvesisinaan ludaz seuns iy
a o

yq/ a v d 4 g o o 1 [ 1y
wonIniidanesunisHaniuivesRuuAuANRINM I nauRUEs 1959 Tae Taifians

} 4 [ [ v
Amuaduianagds ldmdmeuiudfigatazaidmeumasanidanesiuniinay
v J o a o o { ' "o {
WUEUBIRIUUANAL 60.00% Hag 27.86% Awd1dy :ngU 4.15(3) uninsdamdineuiiung
{ ' o { 1% a o o 3 3 o { o d 1 @
NgauazMMABUINALYDITANDS UM IHTURUTYRIHWVAUANNT NI KA U Tz I1e5

(= o I3 4?’ o U ' o a L o & dg}
Taglifinsfmuaiauisnawgdiniuninswvesdanas NuNITHAURUT YO IH LY
ny// = J v <) Jdo o @ ' o 1 oA = o d '
AuAY (Wandy Sphere 1WuHIAFHdIMTUMIMIAMAIER) UAAIN ITMTRRNRAUNUTITN IS
@ A dg’ o o (Y 9y @ Ao dyo Y b4 ° =
FaazmafamonE e imngaudmsumas WSl waue i ldmsdumdimoun

= = A e aa dy dyw aaR @ d dy s a o
Nz auAgANLTsANTAMWATIYY HNIINTIHANDS NUNITHANNUTYBINLUUALANATINT

@ o ] Y (=1 o o d? v o 9

paruiugIznIeslas lulinmsdmuadnoudanaendeilioalunisdssuianannag
o e [ g 3 a =
INBANDS NUNITHANWHTVOIHWLDUAUAN 65.29% DNAIY
(5%

5) WaN¥1 Weighted sphere

w a R @ o 42’ 3 a 1 9 o P A

ganeinunisHauiugvosHsuuuauan limwsadumismmsuiminz aungea

- w LY o & dg, 3 a da L4 % @ o &
TuvmgndanesnumsHaniuivosHwuVAsAURIMInauRugsen s s uaue Tag il

3y [ ]
mMIifmuaduimyidunsadumdweuinzavigald  Taolundazsoums
o = -3 d?’ 1 a v aa o A :g ~
wudnsmiauranawg luusazseunisiiniudlieisnisaadonisuiangii
] 3

mnzandmiunaadieds 3UR 4.140) uansuvediauangnlundazsounisia

dyu a2 [V 4 ‘3 q’/’ a da o 1 (Y 14
UBNIINLTANBTNUNIINANHU TV INWVVAUANNTMINANN U5 N5 Tao Tudinng

¥ [ [ ]

AmuadiuauranangddidmsmovnusiigauazmdineuindsAnitdanssnumsman
o 1 3 a o o 4 ' o =
WUV IR UAUAN 31.03% Lz 19.36% AWd1ey 910317 4.15(9) uvsnsvvesdanasiy

v & 4 :Il a { w ' as 1 o o 1
MIHARUTYRIRDANANNTMIHaLUTsznIsTag lufins s muaduaudananan



111

o 1 t o a [V 4 :;l a 4 a
fndunansMvesdanas Aunswauiuguesianuududy (Hafdu Weighted sphere 13

] 14
HanFudimiumsniaidige) uaneih imsideanauiuisznineiuazmsdaidonia

t 3/
& A g A o

wmginzaudmiumsadniiduaueiihr ldnisdumdmeufinuizauigall

a  a aa 4? dyw a w d é’ o a ot o
‘Llizﬁ‘ﬂ'ﬁﬂTWﬂUQﬁ!u HININUDANDINUNITATUNUTUDIAIMUVUAUANUNUNITHAUNUTY

4
= [V

sereielag lidinsdimuasuisnamgidaiidna lumsdszuranansnsain
s = e o dg‘ ua/‘ a St 9
BanNoI NUMINANNUTVOINAUUAUAN 65.95% BRA2Y
d o .

6) WIA%U Goldstein-Price

[ o g o o dg’ :/’ = as a4 o 4!’ e’: o

9aNoINUMINANRHTYD IHWUVAUAVLALDANDT NUMIHANTWUFUDIHU U UAUAY
=~ o U o o 14 ° ° g 4 °
AMINauRNgIznIessiieue Ing ludnsdimuasuauranamgiaunsadummaey

o = LY o a o 3 3 a o o~
nmuzauiga ldmloudy  Tasdaneifumsnauiuivesiuudududumidiaaui

o

' 9 ¥ ' [
mnzauigaldasuiie 5 mamuswauiuanginaass luengidanestumsnaniug

Q

& o & A o " w T ° o 1 P
GU@QWQHUU@\“@N‘W}JﬂWiWﬁuwuqszﬂ313331@U1u“ﬂ15ﬂ1‘”UQQ1UQHWQU1QWQ1Nﬂa1ﬂ1H

4 } 4 1
msmidauia g uedarseunisiinudaedsmsamdonisunswaniimuizay

.

o a kY =

b4 E 4
dmSumsed s 317 4.14®) uaasdauvesianang lunsagseunmsiiau ueneiail

U

o a w o g o’ut B o W = o o
anesfuMHauNUfustruuauANRImsnauiugsz i e bifimsfinuasmou
g ar Y1 o o vt 1o o e T w a L v dg‘
Huwende lamd e ngauazadinoumasindanes ium sHauR U YoIH WY
v ] ' 1
AURAY 0.04% Uag 0.003%  MUATWY 9103UN 4.15() unansamd e uiudngauazai
o = @ o R v o 4? Q’Il a dAa @ o ' ar "t
AMADLINDBYDITANBT NN THANHU FUBINWUAVANN TN MU I 2131959 Tae Tul
° ° 4 o ' ' ar = w d 4 Z o
M3 uad IR RRgIdInIwansMYesdane I fiun s nauRU§ve s UA LAY
d o . 3 3 Jd w o o Voo 1 e & [V 4
(9ATU Goldstein-Price Y UHINFUFIMTUNITHIAAIZA) warAIT IFMITIADNHA NI U
E4 ) ] v
szrieiwagnsdafenianmeiminsandmiumsadiesimiausihildnsdum

o o { a a A g yw a v & -4

AmpuimuizauiigalilszantamAgsin uenaniidanadiumnauRufyo R
¥ 1
o =

14
duauiinsnaniugsgndndilas lulinsdmuadiauisuiangndeildnatluas

o = @ d 4 ui.: o =t
UszuranannadnINganes TN HAUALTVBIRNUUUALAY 67.91% Baday



112

(2) Mardu Weighted sphere

(n) ‘Wﬁf{‘ffu Goldstein-Price

v ¥
5171 4.14 SumvesHauIwaIINMSs TUSane3 i SMBO-oldDrone

- 10
9
8 ]——-—
7
k 6 r——l
. 5
] 4
3
2
i !
- T T T H i T T 1 0 T ¥ 7 T T T T T
0 S0 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
o os . 3 o o ..
(m) WaAdu Michaelwicz () NINFU Rastrigin
4 5
?
, 4
!
|
!
3
2
I
|
|
“:'““‘”“r“‘”‘“r‘ T T T Bl L i 0 T i ] T T T T 1
0 50 100 150 200 250 300 350 400 50100 150 200 250 300 350 400
o as ., o
(7) WA Rosenbrocks valley ) W Sphere
- 5
i
|
i
H 4
g i
! 3 i
t
2
! 1
T H Al v L T T ] 0 T T T EH T T T il
0 50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400




388500 ] IBR450 338450 e 0.00400 0003784
WEs0 o oou3s0
. I
388400 ! 0.00300
BRISO |
3 l & 002460
IWBI0 |
0.00200
IBE250 |
000150
kg |
000l
IBBI50 | PR—
388100 | vouso
| 0 0
34,8050 coom o0 VO o =
best worst average best worsl average
@MBO [l SMBO-oldDrone } @ MBO [l SMBO-oldDrone
1
& o & p . L ¥ h
(n) Man¥u Michaelwicz | (1 Hangu Rastrigin
T
0.00012 {7 w0030
‘ ! 1
0.00010 ‘ 0000095 0000025 | 0000024
0.00008 | 0.000020 !
0.00006 0000015 '
0.00004 | oolbod ' Q000010 ol
f
0.00002 ‘ | 0000005 | 0 000004
! 0000010 | | 0 000003
o o 7 T [ =
0.00000 - Lo e e — —
best worst average ! best worst average
@ MBO [l SMBO-oldDrone | @ MBO._ [ SMBO-oldDrone
o’ 5 ! 7 o
(MY Wan¥u Rosenbrocks' valley , (3) Wan¥d Sphere
0.0000300 ot l 300175 isiasi
|
00000250 } 313D
" yweins
00000200 0000019
300100
0.0000150 %
b 30007s
0.0000100
0 000007 F00030
0 000006
30000 30000
0.0000000 — — — 300000
worst

best

average

[@ MBO [l SMBO-oldDrone

(2) Handu Weighted sphere

best

worst

average

@ MBO [l SMBO-oldDrone

(R) Hardu Goldstein-Price

31 4.15 naluaaamslisuifisunamsnanossgnitedanei iy MBO Hag

8an03 11y SMBO-oldDrone




114

[ a R d‘ o o s Q\Il W A o
4.6 minaaeudandI NN aued S utlyvieeva T sday
msneanei 4 1unsassuenlSouioudsz@niammamnuszunedanesiu
Y 4 Q,/I s o/ = d‘ Ll A o @ o o o ‘é
mswauiuivesHuuRuRuazdanes iumitauedmiulymeond husdud i uauds
a as 3 o o a w 4 4 u’/’ a 1
NN TulgeduasumMI Y Idans INMI HEURUFYOIRWDUAUAY 2 dIu Ao
Ay @ & 1 @ A Y o & 3 :gl @ 42’ o 9
1) T mskauiugiznInNs  emsudgmnisnauiiugss v eianang it uasdgmely
= o Y Ve A Sldy 3/t A o J as 4?' w 9 o A
Fufeafudrsnisnissane i swg lali lemadennauiugauisd 8 niduq
}4 14 H
wonvinitluudazsoumsiinuiimsAadonianawaniminzaslunisadiei@ndae uay
ad [N & Ay a9 @ 3 dg’ A kY 1 1o d? L % '
2) i msAadsnrdafnIndisouiaiion sudilymnisquad Tu'lndvesiedadlmiluyn
o LY sy 1 1 dy o 9 a 4? A
seUMsTaU 82035msguat’ lulndvesiisdrdeindseuiuieannarlunisdszauiana
=) o * @ d? 14 ° E¢ o L] 9
m31za’ Iu Induazafaavesdisouns ldgnmunaldlugnseunisinuegnounds
cs‘ =1 =1 o o =N Y o 4
1Nl 4.16 warasmisifSeuiion Inseadramsihuuvesdanes lunisnauiufvesiuny
2% [
AuAy (MBO)  uazdanesnuftnaved mivilymioewd luaduFdnay (SMBO-
. 3 Ao YA :f Aot ' [ 1 3 £ o
numerical) AURDUNINMSHI TIRD TunsuRlinauuAnA1ItUTEnINNIgDs Tuma Fuily

Pasendeanisdnm

3 d

4.6.1 MIMBUANNIZNADS
o a R w d? q’/l o [ Al A o o a a
panas RUMsHaNRUTYosRLIIAuALLa Sanes i truodmiulyvieena-
@ a o = o ) a g 1 o = < 3
T dFuFsauay  1dlnrsdmuaaimnimesanieg Aen1519N 4.8 919A151992HUN

N a o o ¥ 3 = ) 1 =S { oy
SanesnumsnauRL eIt URNRUTins i s dimes mileulunmsnaasehidn
i v o A o o @ a v a o 10 o

11 TuyaizAivanesnuitiauodiniuldlumsudilymosvd lussudsduav liduiludes
= ° o £ Yl 1 = 1 o P o a5
Imsimuasiw s PAitluained maelunsezseunisinudina lnmsAadeniia

wwanimgaudmsumsaiese lason lulia

M3 4.8 MIMNUAMNITIRes vo10anes Ny MBO 1azdansds Ny SMBO-numerical

W19 ﬁ‘uﬂe{ MBO SMBO-numerical
I 4

SUIUVDIHIIIHEN 1, 10, 20, 30, 40 -

v
SuvoEdag 200 200

v
$1UIUVDIAIDDUHI 500 500
I ay d

VUIAYDIRAN U TY 100 100
Mzt lumsiuaduy 0.2 0.2
PIUIUTOUNTTN Y 400 400




<>

AMUARI TINS5 uAY

v

bosiaid o
fmuaHIIN IS uAY

v

o J o 5‘4; ¥
ATHUARIATIRITUAY

Y

&>

fMuaf I imessudu

—

o & 4
muunmmwmvsuﬁu

v

° L o yd
ATHUARIAIHITUAU

v

- -] ar o
pengrenauRuf

1

- v oA w o W
lﬁﬂﬂﬂiﬂﬂﬂﬁuﬂuﬁi:'ﬂ’niﬂ

o A 3 v
ﬂﬂmﬂﬂﬂﬂlﬂﬂﬂiﬂﬂ'ﬂﬂ

v

quAi Tpiﬂﬂﬁaﬁimﬁﬂ ‘

iter <= Mating-flight

a o & et
ﬂuﬂ1ﬂqu1ﬂﬂﬂ;‘11“11ﬂ'lﬂﬂlutf

o
qnga

(M Tassardanmsiauvesdaneifiiu MBO

@ = J L}
ﬂmﬂﬂﬂﬂﬂﬂ'\ﬂ'ﬂﬂ[ﬂﬁu

v

ol AR S e @ #
ﬂﬁmaﬂmmm‘numﬂmsau q

v

HoN3a

iter <= Mating-flight

- 1 J A
AuMRNINY MDA A

qafiga

310 4.16 nlSouiiion Tnseadanmsiaivesdanes i MBO uaz

9an03Ny SMBO-numerical

115

) Tassardamsmianivesdana3 iy SMBO-numerical



116

4.6.2 HANTINAGDS
w a R @ o dgl 3 o o ad oo o @ e
SANOINUMSHANWUFVOIRAUUAUANNAZ BanaT UM naued iy ioona-
o a w o o [ = o o o o
NumFuEaduas Idiiminaasusuilsidusond Tumssusiuiu 6 Handu As
o o . .
D) WNHU Michalewicz
o o
2) ¥NAYU Rastigin
¢ o
3) WIA¥U Rosenbrocks’ valley
4) Hafdu Sphere
5) Hafd Weighted sphere
6) Wﬁﬁ%’u Goldstein-Price
Tag 181 dgndoyasudugaRertutumnaassh 1 e ldawisanlSouifounansnaana

3 o !

[} s 9/ s 1 Y 9 o o
swnula lasgadoyadenmruisninmsgutioyadreflen sy rand) voelsunsy MATLAB

Y

= by o

§ 3 a 4 ° ° 1 o 4
ielfifudszmnsiSuduvesdaneifiufinaaeusiuiu 10 ya mamsmmuas ey
s = o o a8 v d? 3 a =3 o o 3 1 P 7 o
A9A15199 4.8 DANDINUNITHANHUFVRIHUVUAUAY HN1TTUTINIY 50 aTerenialandy

¥ v b4
Taouiaflumsdimua Hauengn 1@ Tnssudinau 10 ass Muuaiauanan 10 &2 I3
1Y v ¥ 14
Sudny 10 n5e MruakauIawan 20 a1 Tn1sTus w10 ase Amuaiseang 30 62 §
14 3 9 8/ b4
MSSUTIUIU 10 ATaRZA IMUANILIINAYT 40 43 TMTTUS UL 10 ASS ANTY MInaapail
LY a @ d 4 = @ rg q’/l a’/l Jd o [ Y a ~
8aN85NUMIHANWNURUBIANTINITSUTTIMLA 300 AT (50 ATY x 6 TINTU) dIudanesiudh

o o o = o a o & o q’/’ 1 & o o y
Wnavedwsuilamoena s udsdauay Imsiusiuau 10 afwmoniteileddu ivaan

-
o o =) ~

o "

ganainuniuaueiina lnnmisdadeangrfdaimuzanluudazsounisninuisli
o o 9 = o o d? o 1 s o 3/) ar a4 oo o @
Tuudsaimytinuadiuursanguumah dalu danesnuimivauodmiuilyn

o w a w = @ o g/’ g & o u’»’ dy
poNA L UFIR AauTIATTUIIUIN 60 AT (10 AT x6 TarFu) all nanminanosves
@ = o d g q’j a ° - -
danosiunwauiugvesiauuauay IddImIANIINAADIR 1 (M3199 4.2) Tuninaaes
¥ v b4
H3dldhmsSumwzdanestuiminausdmiuilymoond lussuFdnavwiniu

4 = o A q
M304NONNUADSTN 1H1UATITNATOUAD Intel ® core ™ i7 2.8 GHz (3 GB of RAM)

9 o o AN Vet 2 = a a
woy 19 Tsunsu MATLAB 130591 7.6.0.324 wamsnanoi laimsnfSeuioudssdnamw

¥ E4 ] [ ' [
Y0VIqBI0aNBsNNAIY 5 A2T3A A 1) MmepuRiangs (v, ) 2) Mdmeuiudiaa @y )
3) ANRAGVBIMIABUTNINUA (7) 4) A1UTBAVUNIATFIU (S.D.) 1ag 5) 1981 (time) AT

149



msnﬁ 4.9 wamsmaawmﬁaﬂa?ﬁn SMBO-numerical

117

‘f‘;‘ alanyu Ypest Y worst % S.D. time
1) Michalewicz 38.8479863775 | 38.8460333996 | 38.8476226021 | 0.0006609825 | 0:02:36
2) Rastrigin 0.0000000000 | 0.0009459972 | 0.0002270403 | 0.0002792073 | 0:03:30
3) Rosenbrocks’ valley | 0.0000000000 | 0.0000152821 | 00000023867 | 0.0000046630 | G:01:49
4) Sphere 0.0000000000 ) 0.0000019073 | 0.0000007629 | 0.0000007523 | 0:01:51
5) Weighted sphere 0.0000000000 | 0.0000047684 | 0.0000020027 | 0.0000018234 | 0:01:45
6) Goldstein-Price 3.0000000000 | 3.0004467901 | 3.0002232854 | 0.0001739478 | 0:01:45

4.6.3 ajwamanaaes
al ¥ o o 2 v d dgl qa;/ a o e af
minaaesh 4 ldmmsnageudanes iumssauiugvesluuUA LN Udane iy

{ o o o = @ W Y Y a @ o ¢ o
minauedmsuiymosnd lwmdudiiaviuienduessdd luadusiuiu 6 Headu 910

9
=3

pamanaass ausaagllaqs
d o
1) Han%1 Michalewicz

@ a o -4 :/, = o a A o o Y =
eaﬂaiﬁumsNﬁuwu*qmaaﬁagmummmmzaaﬂasﬁwmmuaﬁmmi’]ﬂujmaewﬂ-

] «
A

o
v e I3 o @ o v &
luduE@dnavansofummaeunanga lamilounu Tausanss MunswaNNUTYBIN

1 ]
[=r-w-1}

¥ 1 ¥
ppusududumAmouiangals Wedmuadwauianmgumau 10, 20 uag 30 (310

q

' '
[ @ A o g

a13197 4.2) luvagfdanesiuRinanodmsvilymioaud luaduFiduas ludeoding

¥ 9
fMmuasaursang Tasluudazsounisiiau ldina Inlunisymsiauiesuewand e

o o

o

as [ & :S’l’ = g o 9y = ° dgj
IENITAAADANIN NG I ANdIM TUN1T A9 JUN 4.17(R)  HAAITINIUVDINS
kY 1
wiang lundazsoumsniam wennnildaneiiuitiuausdmiuiagnieend luwd s
s (% 1 o . Tt I o i v W a v g
daunvdeldnidineniiugfigauazardineuimiogainidanes NuMsHaAURUT VB IR UY
v r v e v
AAY 0.06% uaz 0.01% mwdny Ineddrudosvuinasgiuitdindidae 1l 4.18(n)
1 1 o = T ' o P~ @ af A, o @ o
pnansmadineuiuaigauaz fidmeumdsvosdanss numinauedmsvilgniosva lu-
@ a o ' as = v d g o = < o
FFUFIRavgIndudunsiuesdane NN sHauRN U Yo U uAuAN (HeAdu
. . o o o as 3 f ac @ A g o v @ ot d?’
Michalewicz IURIATUFIMTUMIHIAIZIGA) UAAIN TTMTAAABAAIAINIINAIBOUNS

14 ' ]
Fomdonwauiufseniniuwagitmssafondunmginmunzaudimivnsade i

'
=

° dyo v k4 ° =t =) a o ega dgl [ = A
mmu'e)um“lwmsﬂuwmmaummmxﬁuﬂqﬂuﬂizammwmwummaﬂasmmsmm

h.

9

v o -4 3 a yw - ° LY o v oA w a
WuguesHwwududy uensniidanas iuminauedmiuilymioowd lisduFiuavds

Y = o 4 q’: =
Tdalumsisyuianaanasmindanas NumskauiufvesHLLUAURAN 59.27%



118

Y

2) WYY Rastrigin

@ o eQ o o 421 nazl o a af Ao ) v a

8an0s NUMINAURUTVBIRUIANANLa fana s v tauedmivilyneena-
Tumdud i navansodumidmeuimunz aufiga ldmioudu Tasdanesiumswey
v oo X2 o 4 i . 1 o
RugvosHuuauAuiumMesuimizaunga 18 Wedmuadwauisuangumnsy 10,
20, 30 uaz 40 (MNA1519% 4.2) luvagiganeTnuiinaved mivilymeond luaduds
@ 154 = ° o £ 1 a Yt
aaay ludeslinisdmuadauranagt Taslunaazsounisiiouldtinalnlunism
o d?’ 9/ at s A g Py o o Y o -
PIuauHIIINYINIeITNIIAenHa IRz aud miums aied UN 4.17(v)

b [ 4 1
uaassuvesFIungn lundazsounsihou uennnildanes iumivauedmivilym
a o a o w @ 1 o A oA 1 a i o 1w < w &

oo luduF i navis ldmfnouiudtgauaza i meumasfnidanss NuMIHTuWLY

b4 14 ] [
YOIHWLUAUAL 75.00% 1Az 60.53% Awd1ay Taedid1milsuunuinsgiunainiidag 910

'
Al o o 9

39 4.18() unansdmidinouhuifigatasmisoumasvesdana s numinauedim iy
a o a o N f 1 a ) e o g 3 o
fgmioond luwduFsdnavdiniumansiuesdane iunsHauRu§uoi U Ay
7 o ¥ . [~ o @ o @ e 1 A [ | 421 o g @ ot

(W95 Rastrigin iudeanFud M5 pmmadiiga) uaaadl IsnsaatenHInidaindioey
¥ ¥ [} .
fa S mndennauiuf sz e wayIEmsdaidonfautamanimingaudmiunsaiiein

3 [ ] ’ 3
iausili ldnrdumdimeuimuizaungaiidsz@ninmdsdunindanas Aumsway
o ¥ 3 a dyw a o o [ o a oA w [
Wugue s us udy uenntidanssnunduauedmsuilgnivewd lumsugaaayds

o o w 4 ;’f a
TFnarlunsdszunanaannsnindanos Aumsnaui Yo IRLDIAIRY 42.15%
o a

3) WINGY Rosenbrocks’ valley

[ e w J d? 3 a @ a8 Ao ) w I

danes nuMsHauRuTYosRuuAuaNuazdanas nuninauedmiuilaynisona-
luwduFedunsaisadumdnevimuzauiigaldmileunu Tasgonesiumsnay
v & 4 3 a o 4 P 4 o o -4 t ar
WuRvssiuuAuANAUmAes LIz auiga 18 Wedmuadwaudananguiing 1o,
20 1Az 40 (11NA15199 4.2) TuvaizNdaneITHuMinausdmiulymieond s nay

19 = ° o cg 1 o Vet o cg
Tideafinisfmuasiuauranang Taslundazseumsihouldling lnlumsminauia
b3 v ]
WIRIAWIBMsfadonHsmsnean g aud S un1sad s 3R 4.17(0) ueasinau
¥ 3 [

vosHmg luugaz seumsianu uenaniidanesAumbnruedmsuilamoona lues-
¥ & W [ ' o A A t o A a T oW a o & 4
FuFsinavdeldmdneuiusigauasaimaoumiodn 118enes RumsHauRUTVB ALY
Y . [ '

AaIAY 83.98% uaz 75.86% mudwy Taslidmdisuuumesgmidindidze 11ngilil 4.18(a)
unsnsmdmeuudfgauaza s meumdvvesdanesiuiinauodmiuymoena lu-
o a o o 3 t o a v 1 o’/’ a ¢ o
TR AR 10NN INUDIDaNDT RUN I THANRUT YO IN IV BAAL (Handu

3 dao a o ) ) an v oA d’{ v ¥ o
Rosenbrocks’ valley tHuangudmsunsmandga) 1aaedl IsnsanaenHedIg1nd s
14

1 a w 1 ar = o H < o [
goune Imsfenwauiufszniefwngitnisdadenianang iz audimiums

Y ar

* t4 ] v 4
afssiinausiitmidmssumdmsuimuz anigaiidse@niamdgaiunindanss i



119

o

o o z 3 = ,}u a { o ar a @ A
MIRANRUTYosHIIUAUAY uonniidanesiuntduausdmiullymioond luwsuss

4) ardy Sphere

Al Ao

1% a o 3 u’j = o o ar =
ganesnumsnauRufvosHulIuR Az danes nuMivausdmivilanioena-
v o oa @ bY o a P ¥ | o [ o &L
lumdugsdnavausosumdaovimims aunga ldinilloudu Tavdanasnunisway
o o e $ o o 5 o y A o o £ Y
WugvesHuauanAumMno vz auige 18 Wedmuadmaukaneswy iy 1,
10, 20 uaz 30 luvmzhdanssNuMmivauedmiuilgymserd lumduFsiuay laidosding
14 v
fuuadauisng Teolusdazseumsinuldina lnlumsmimufanawandae
s o A dgl d' o 1 Y o/ d’ o d?
FEmsAadeniaNwINMINgaudInTuns a9 UN 4.17(3)  wanId1uIUUBIAS
¥ ]
una Iuuaazssumsiau wenvinfisanes iuinausdmsuilymieed luwduda
o o 91 o A A 1o A 1 e a R o o dy 3 a
anavdalammeaviiudfigauazaidineumasinoanes HunsHANR YO SHUU BAUAY
92.00% uaz 80.10% audiay lasfidaDouuuninsgufidniigie 1ngUn 4.18(2) una
L - (At 1 o a 1 a & a o o = o
nsmadimouiuigauazafimeumasueanai i nauedinsvilyniesWd lumdu
s oW o ' t ar = o 1 o,l/ a o
1BIRuavAINIININT IYBId ane T RuMINA N T YD SN DR sAY (HadFu Sphere ¥
o o o @ Vg A @ & :!?, v ¢ 1 d?l ot -

HNFUAMTUNIsHIAIGR) a1 ITMIAMDDNAIRINIINAIDBURS TTNITIRONNAN

4 ' @

“a, Qs g { o s a d' Q yo
ugIznIRTwazIinsAadenrawtang g audmiums e ininausiiinldms

Q

€

e =

o s a

~ P =t a4 dy 1w aR o J dg, o’l/ =
Aumdmeuiminzaungaiilsz@nsnmatiun1oenos nunsRaNRHE VB IRMUUA LAY
Jw ad Ao o o = @ oA W o v
wenvindidanes iuiiuavedmiuilgmeend lumsudiamuiddnalumsdszuiana
@ = a  d g :/l a
AN0ININBANDT NUMINAUNUTYBINAUUVALAY 69.42%

5) #aridu Weighted sphere

a

aana?ﬁmmiwauﬁuﬁmmﬁymuugaL?m"lu'mmiaﬁ’umﬁmauﬁmmzamﬁqﬂ
Iummzﬁéaﬂa?ﬁnﬁﬂnﬁuaﬁm%”‘ui‘]tywm@wmmm%uz%qﬁummmanﬁ'umﬁmauﬁ
wmingaufiga’ld Tﬂﬂ'luuﬁiaxsaumsﬁmuﬁmm"ﬁ‘im’mﬁyamawmﬂuuﬁiazsaumﬁ‘ﬁnm
;a’heﬁ%ﬂ156‘1’@15%5@141@1&@1%&%mzauﬁm%umsa%’n%’a 31t 4.17) HERIIIIMTBIR
unw lugaagsounmsviiay u'e)nma‘f:é'aﬂ'eﬁﬁuﬁﬁuﬁuaﬁm%ui]mgmeawﬁ"lmm%u@a
éfmamé?q"l?ffhf‘ima‘uﬁu&iﬁqmmwhﬁmaumﬁﬂﬁﬂhé“aﬂ@?ﬁumswauﬁuﬁmm%&smmﬁ%gﬁu
82.76% wag 71.77% mwddy Tavddadvawinasgiufidiniidan ainguf 4.18) uvie
asmresdanesiniinausdimsuilynieedd luduFeduavdiniumansiives

[ a Y4 4 u’;’ =y ¢ W Y o a ¥
anesNUMINANTUTYDIRWDUA UL (HaF1 Weighted phere iiluilansudmsumismian

14
&L =a

o 1A 1Y g o @ ¥ =S o d 1 1 a
frae) uaaed IEnsAndonHIdIfuindlgount It maBennauiugszn i wazisns

q
14 . t
ar A = =

14 v
apars Iz audmTumsad e fiiduaueimh ldnsdiumdme v au

N

a =

P pe a ad 4 " w o o o & S a & e
‘V]q@]u‘l’s'&’ﬁﬂ'ﬁﬂ']WﬂfJ\']‘UUﬂ')’\ﬂﬂﬂ@iVIﬁﬂ'ﬁwﬁuwuQQJ@QWQHHUQQLQN HININUDANBINY



120

dnauedmsvoond luduwdiduavdsldnalunisissuranaanainindansSnunisnay
o o 3 Qal/ a
WURUBIHIUUAUAY T71.62%

o o
6) WaNWU Goldstein-Price

=4

w a o J 1 o’/l a o @ o o @ a
ganesNumsnauiufyesHuuuauAnuazdanes i nauedwmsvilyvioona-
TuFuFsdnavannsofumdmeuimuzauigaldmioudy Tasdanssnumsnedy
@ s 4? :: a9 o - ~ 3 n’: 1 o -d? P
WuRYeIRLUuauAndunIMne Uz auiiqa 1dnTuNe s e iuiuisuangf
@ Al Ao ) s = s a oo ty =t o
naase luvariidanos iufiuauedmsvilymieord luaduFduay lidesdinisdmua
[ £ ' 9 ya '3 £§' Y ad
Swauraa Tagluudazseumsihauldina Inlumsmdmauianaweadieisas
o A d?l = o o b% ar P ° d?
fadonraananimanzgudimiumsadiess 3 4.17(n) uaasdiuauvasEanswgnly
' ° dya/ as Ao ) s o a a o ow o 1 4
ueazsoUMTIIaIY ueneInidanestuitauesdmSvilgmsord luadwdduavdeld

t o { e 1 o $ Y = v 4 g o
mimsuiuengauazmMAInUMAEANIGaneT MM HAURUTUDIANULUAILAN 0.04% LDy

= o 4

0.004% ud1AY laeldMdeuBUBIIFIUNAINIAY 31n7UN 4.18(R) urens i

Areuiugfgauazaidinoumdvsssdanssnuminduedimsuilyiosd luwduda
¢ S a

g o ¥ [ o ey Y zg Y . .
Gl’JLﬁ“UGHﬂDTLL‘VNﬂﬁ"l‘?"l‘il@\?@ﬁﬂ@iﬁhﬂﬁNﬁMWH‘Q%GGNQLLUUﬂQMN (Wmﬂm Goldstein-Price

ﬂ do o Qs 2% 1 A as 4’3’ a9 o 1 d? At A
{ NWQﬂ‘lfuﬁWT'iiUﬂTiﬁTﬂ]@]'lq@) HAAIN TBNITARIADNANIAINTINAIBDUAI ITNITQDNHTAN

@ o

v @ act @ A dy = o o 9 o o dyo Y
Wuﬁi3ﬁ?WQﬁQLLﬁ%’Jﬁﬂ’)SﬂﬂiﬁﬂﬂN\‘lu'NWﬂJ’]WLW?J‘I%ﬁNﬁ1W§UﬂTiﬁi%‘lﬁ\‘iﬂunﬁu@uﬂ'ﬂﬁﬂ'ﬁ

9

-

a o -

1 { aa 4 1 e ) v -1 u’/’ a
Aumfimeulmnzangaiitse@nsnnAgiun 18anoTHNN IS HAINU YO IR VA UAY

~ R

t4 1
wonnniisanes nuiiuauedmsvilapeend ludwFwwavdddna lunmsiszuiana

s =Y ar o 4 ;’f =
ARAININBAND3 NUATINANNUTVOINWLUAUAY 71.93%



121

8 - 10 -
o7 9
1 3
6 -
7 4
5 ¢ |
4 - 5
3 4
3 -
2
A
1 .
N 0 T ¥ T 1 O T T T ¥ T T T 3
i 0 100 200 300 400 0 S0 100 150 200 250 300 350 400
t
i s . . 7 o ..
(M) Ha9u Michaelwicz (%) #an9U Rastrigin
¢S 5
i
4 4 -
3 - T
{
!
i
2 - W -
i 1
! |
; i
i i
§ {
g O '%"“ I e = v hs St FEE Ul MR G R CE e 0 3 el - 31 B S A~ A L] i
i i
; 0 50 100 IS0 200 250 300 350 400 0 SO 100 150 200 250 300 350 400
i
1 o @ ¢ o
: (A) WINFU Rosenbrocks” valley ‘ (3) Wan%u Sphere
5 [ s
! : : :
; ' !
! 4 i
!
4 4
i
!
!
3 3
!
{
i
2 4 e
t [
! |
!
! 0 ¥ T ¥ ¥ T T T 1 0 7 L 7 ¥ ¥ T T 1
i
| 0 S0 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
|
{ & o . 7 a . .
: (2) Wan9U Weighted sphere (w) #eA9U Goldstein-Price
: .|

v ¥
1 417 Srauvesianeawgenmisfudaneifin SMBO-numerical




122

388500

0.004000

0003784
388460 |
388450 0.003500
| i
388400 asiisia: ||
X350 '
I uouzse0
— Bl
0002000 |
- |
0.001500
358200 { |
—— T 0000946
| 0000575
00000 00000
Immse oo — : =
best worst average best worst average
@ MBO [@ SMBO-numerical i EMBO [ SMBO-numerical
i
o e o o o o 1o
(n) Hana Michaelwicz | () Mandfu Rastrigin
T
0.000120 v Oupenrso 000024
000002254
0000100 0000095 onomial —
" 00000175
0.0000150
0.000060 00000128
00000100
0.000040 p 5
0000020 0000015 > .04
0000010 00000028 0.000002
B odioun = "9 00050 o V00000 000w 0 00c0 —
best worsl averape best worst average
@ MBO. [l SMBO-numerical j @ MBO  [@ SMBO-numerical
c £ 1 J : ] ‘ﬂ & o
(A) WanTu Rosenbrocks' valley { (1) Han¥u Sphere
0000030 X ;! 3 001 7500 -
| |
0.0000250 | | LU 15000
f oS
0.0000200 | i
| 3000000 1
0.0000150 | l
i Yowrse
0.0000100 }
!
0.000005
00000050 | 3.0002500
| 0000002
o _'—om i » 3 30000 3 0000

best worst average

@ MBO  [@ SMBO-numerical

(9) WarHu Weighted sphere

best worst average

@ MBO  [@ SMBO-numerical

() Har4u Goldstein-Price

U 4.18 namluaasnsnlSsuifsuramanaaesszrinedaneifiu MBO uaz

ano3 Ny SMBO-numerical



123

4.7 msnageudanesnuiitauedmsuilymesdluardwdimada
a [ - =1 s e ° 1 a ]
M3nAnpId 5 iWunsnassuiowSoumeulse@niammstinuseniedanasn
nlnauedmivilynieend luaduFin1in (SMBO-combinatorial) tHeuAUdanoI Ny
d. o ‘é
PGACS (Parallelized genetic ant colony systems) A4 a8 1Ay Chen 1ag Chien [3] Fathu

[

N0 NUNAAINAITHANANAIUIENIITANDT NUIANTANNANUIIUANDANOS AN NS
¥
=~y Qs o~y s &
naneadl Idinmsnageuduilgmimsidunisvesminauedalsyneudiedeya ST70 uaz
9 Y o =l a @ A A o I
foya EIL101 uaz ldhimsifSeuifounamsnaassvesdanesiuminauesunanisnaans

M111119199711338499 Chen 1122 Chien [3] #7¢

4.7.1 MIMAUAMWITINADS
s ak o o 3 9 9 a [ o [ = o
sanesnuiinaued miuldlumsudiynmieevd luaduFensia Inssivua
] = o @ 4 o o o
MWTRDIA19Y Aea15197 4.0 Taefinssmuasiuausenlumsiiauvesdoya ST70

wazdeya EIL101 M1 60,000 LtaY 80,000 ATNAIAY

y < 1 =Y o % a
ﬂ]iNﬁ 4.10 ﬂ'liﬂTHuﬂﬂ"lWTﬂﬁJlﬁE)i“U@\?i’)ﬁﬂﬂ'iﬁM SMBO-combinatorial

w151ﬁama§ SMBO-combinatorial

o d’; o 9

$1mveIRdIg 200

3
$IUIUVDIAIDDUNY 500
=4 o

yUIRYBIgUN UMY 100

] ] < =S LY
aanuuzu lunis iunau 0.2
uusou Uiy 60000, 80000
' A - s 9

manumiounseusyla 0.05

4.7.2 WANMINAABY
d’l Y o =X = a  a v oW a R = o

msnaaesl laiimsulSouieulss@ninmiudaneiiiu PGACS Minduelay
Chen uag Chien [3] lagldviinsnameusvilywinismunsvesninauuieiinu 2 deya
flo deya ST70 wazdoya EILI01 nisnansuieTallszdninmuesdanesnuinaue
o @ a s a as 3 o ar o’/’ 1 £ £ by
dmfuilymoond luwduFimsia ldhmsnaaeulaonmssu 10 assmenisdoyadiy
1n509NBUNAADS Intel ® core ™ i7 2.8 GHz (3 GB of RAM) nazl¥11)sunsy MATLAB

o Ay Y Y o = ~ a a o Y aa
IDIYU 7.6.0.324 Waﬂ15°ﬂﬂaﬂqulﬂllﬂw1ﬂ'lﬁlﬂiﬂULV\UUﬂ5$ﬁﬂﬁﬂ1wmﬂ\1ﬂ\3a@\1@aﬂa§wu



124

[ T
At A

a fin 1) MAmouRaNga (v,.) 2) MAmsuiiuenga (y,,.) 3) Atndsvesfiiney

ol

&0 4 75
Favu (3) uaz 4) drudioauinnasgm (D)

HANINAABIYDISANDS i PGACS 11az8anes i SMBO-combinatorial ¥9903ya
ST70 uazdoya EIL10I $9m1379ft 4.1 Laga131efi 412 mwdidy Wafinan1smanesves

ganosiu PGACS Tdiineinauise [3]

19190 4.11 M5 sLReUNANIINAB0IUDIDANDS NY PGACS iazdanssnuniiaue

SMBO-combinatorial §1M5udaya ST70

N1INA[NY PGACS {3} SMBO-combinatorial
1 677 675
2 677 675
3 677 675
4 677 675
5 677 675
6 677 675
7 677 675
8 677 679
9 677 675

10 684 679

Veon 677 675
Yoo 684 679

y 678 676
SD. 22135943621 1.686548085

time

8:11:36




125

A15190 4.12 MSSsUReUNaN1INAR0I¥DISANDS NI PGACS tazdanasnuntitaus

SMBO-combinatorial @151 a’f@ya EIL101

MINAasy PGACS [3} SMBO-combinatorial
1 645 637
2 645 638
3 645 638
4 642 636
5 649 638
6 640 635
7 642 631
8 642 634
9 646 637
10 640 633
W
Yoest 640 631
Yoo 649 638
y 644 636
S.D. 2.8751811537 2.4060109910
time L 10:38:29

4.7.3 agwanisnaaes
d’ Y o =y = a oA ar a2 P o o Y
nsnaaodh 5 laninmsalFeuieunlsednsmneesdanasnuninauedimivilym

2o luEFUFTINT90 (SMBO-combinatorial) AUSANBSNY PGACS N1 116110 198 Chen uaz

Hd
a

Chien [3] wamsnaaes ensoagyld feil

1) Yoy ST70

e
>
)
)

sAviauedmTuiymesvd luwduFinstacuisedummamouh

mnzaunga’la lvnzidansshu PGACS himusaduridineuinmuizauigald lag

Q 9

1 ’ v
asf oA o o A '

sanosnuninauedmiuilymeodd luaFuiFinisdamsodumiaidaounanga a

K]

¢ +
1. o

Masunusigauazamfweumnas ldandana Ny PGACS 0.30%, 0.73% uag 0.30% A1k

k]
b4 ? 1

o @ @ = =1 dc; [B= v ‘::’ 9 o/ o R A
AAY TIWTNUTIUVEAUUYIRTTTUNAIINNOARY INHANITNANDIU ﬁiqﬂ"lﬂ'ﬂ BANDINUN
) 9 ar a o = v A a a 4 o a

uﬁlﬁuﬁ)ﬁ'l‘ﬂ3‘1JﬂﬂJ‘HWE)EJWG]ul‘JJL“K‘HuL‘KQﬂ'IS"I]ﬁNﬂ‘ia‘!ﬁﬂﬁﬂ'lWﬁl‘uﬂ?SﬂMHWﬂTQﬂU‘VHHUWZﬁN

Ngaganoane3 iy PGACS dmiudioya ST70



126

686
684
682
680
678 —e—PGACS

676 - SMBO-combinatorial

674
672

| e

i 4.19 nsmliaaansnlSeuiiisurans naasavastoya ST70

2) doya EIL101

[ adl Ab o - = o = o v ' o o

danosnuiiuauedminilymeadd lnadudinstacwisodumimsinou ldd
n116ane 31 PGACS M1l 420 Tasamnsadummmesuiiangs mdmsuiusiqeauaz

" L
mfmemndn1adni1danasi PGACS 1.41%, 1.69% uag 1.24% auiau saunaliaiu
" v 3 ¥
disaanasguianndls akananaset a5l 1ai danasnuminauadmiuilym
a « - « - - o ' :‘ L W =

paud hutardudenis dadilssansomwlunisdumdineyivmngaungaganidanaiiy

PGACS danFudioya EIL101

655\, 5
650 %
645 |

—4—PGACS

635
~&— SMBO-combinatorial

630

625

620 Jr T 1] T T T T T T T & |

g 4.20 nsmduamamsufSouiisuwanmisnaassvestioya EIL101



127

a e

4.8 ajwamsnageudaneINuMinaue

v

a8 L o 4" o Y o 1 t:‘!! a1 \
1) ﬁgﬂwﬁﬂﬁ‘nﬂﬁﬂﬂﬂ1‘§ﬂﬂﬁ1ﬂiﬁ]€lﬂﬁﬂﬂtﬁﬂﬂNQﬂ’JQ%Tﬂﬂ?@E)HNQﬂﬁQNﬁﬂ@

= ° e ¢ 1 :S
UszanSammsiinuvesdanes NuMsNaNRU§Ve SHIUVA UAY

¥ 14
<® o Y o v R

o o o 1 q’}’ o { o
danesNunsHaNiugvesAuuRuANilinIsAadanisd I 1InAI00URY (MBO-

J

b4
< v <

newDrone) H1lsz@nTainlumsdumidinonlageniidanosiunsnauiufvosdauny

]

a @

2 ¥ o o ::' Y o o 4 A
ﬂﬁlﬂwiﬂﬂﬁn\l'ﬁﬂﬂu‘ﬁ’]ﬂ’]ﬂ@ﬂﬂlﬁunlgﬁﬂﬂfiﬂulﬂﬂiﬁﬂq 6 ‘Wdﬂ“vu blueUle?’/‘Vl ANDINUNITHT Y
3
P=14

qQ

as

@ dsi’ 3 a Y o ~ P b 4 ¢ o af
Wuﬁ"UENNQLLUUWQLﬂNﬂHW']ﬂ'\ﬂ@UVILWMT&’ﬁN‘V]fIﬂ‘lﬂ 5 WNTU UBNIINUTANBTNUMITNEAY

L]
Fd k4 v
2 v A 1

as zﬂld o =9 d? @ ¥ o 1 .§' o Y1 o na' (=t a
‘W‘L!‘ﬁ"llENNQLLUUYPNL@NVISJﬂWSﬂﬂmEJﬂN\‘lﬂ'JFj‘ﬂ1ﬂWm@uNQUQ“@ﬂWﬂWIﬂU‘V\LLE}‘V\ﬁﬂ AlnInay

q Q

aQ

e ’ e = f W asf & J 421 3 = o o
LQ@U!Lﬁ%ﬁ?UL‘UUQLUNNTﬁiE'\Uﬂﬂ'ﬂ'ﬂﬁﬂﬂi‘ﬂﬂﬂ'ﬁﬂffuwuQ%@QNQLLUU@QMNiUVJﬂWQﬂ‘KU
- Vi as o A dg’ @ Y o Ag o Y a A
nnwansnaasdi 1 agllan TedenmsAadontisddnndicouisi lddssdnsamluns
o o ~ o dd‘?’ a as A 13 o 9 @ 1 d?l
Aumneuimnzauigaadu laumde 35.28% uaznalnasanaonisnifnnaioouns
Frwaaiarlunsdszuiaanas lnunie 29.76%
= [ w ¢ T e & & o Y
2) agﬂwam5°nmm‘umsﬂﬂmﬂmum‘mauwmgizﬁ'mswmmmawtyma::mmgg
d’! 1 a a o v o R o d d“{ :J a
‘nawamﬂimﬂﬁn1wmsmammmaanasmeswﬁu‘wuqmmmzm‘ummu
@ ] @ o 3 qs/’ o Aa v o T as = o
@aﬂ@ﬁﬂNﬂWSNﬁNWUQﬂJﬂQNQLLUU@QW\N‘VIN?’HSN?{NWU'Igﬁ&“ﬂ’ﬂxﬁﬂIﬂﬂﬂﬂ?ﬁfﬂ‘ﬁu@
o -4 < 1 { \ a a o t
Suiananguiludiai (MBO-fixSwarming) Husz@nsamlumsdumidiney ldgani
@ = AL o d? a’:’ ~ v o ~ P Y :]1
ANDINUMITHITUWUTYDINILVUAUAN Iﬂﬁlﬁ"m”liﬂﬂu‘ﬂ'lﬂ'm@i]ﬂlﬁh'wai]‘ﬂ’q@ulﬂﬂiﬂ’ﬂﬂ 6
o o A v oy ar o zg u’j e Y o - 124' 14
Nanau Glusumz‘Vlﬂaﬂ'ﬂﬁW?Jﬂ'ﬁNE”JW‘HQ“UENNQLLUUﬂ\‘lLﬂNﬂUWWﬂW’I@UW&W3J15?(1”’1?1?1,1@ 5
o a dyw af w d? a’/’ a de @ 1 a =
‘Wﬂﬂ‘lﬂ«! u@ﬂi]"lﬂuﬂﬁﬂﬂi‘l’luﬂ'ﬁWﬁMWUﬁﬁ!@\'iNQLL'UUﬂQLﬂNVI‘JJﬂﬁWﬁNWHE?%W'}']QiQIﬂﬂMﬂTi
o o 4? [=~{ T d'cv Y1 o d’ |d' 1 o d' 1 d'
ﬂTWHﬂi]TL!"J‘NPNH'N‘Wﬁy')lﬂuﬂ?ﬂQWUQqQﬂWﬂWWQUV\LLUWQﬂ ATANDIHBAYUAS T AU VYUY U
s w a R o & - Jd @ 9 o =
NTﬂ'ﬁj'\Uﬂﬂ'ﬂ'ﬂﬂﬂﬂ'ﬂ’]Nﬂ15WfﬁJWuﬁﬂ@ﬂﬂﬁl&uu@ﬂlﬂlﬂunﬂﬁﬁﬂ%u EJﬂL'JUWQﬂ‘l)'u Rastrigin %
as a R w dg, u’/’ a Aa w ' [ -t o o d?
@ﬁﬂ@i‘ﬂl’ﬂ'l'iWﬁNWN‘QﬂJ@QNQLL‘U‘UﬂQLﬂll"ﬂllﬂ'\imﬁllwuQS&“H'J'NﬁQIWEJNﬂT?ﬂ'lﬁuﬂﬁnu')up\lﬁ
< ] AN Y o =S @ 1 - ~ oy n
mamyuﬂumm‘n"lﬂmmmmaaauaamw 9.21% HATHAIUVSUVUIRTFIUNUBYAN
a Y w v o 1 @ 3 o o
nnwamsnaanad 2 ay) 1d N Jadenswaniugssnindwesdanang lashiinsinue
o d?’ [=1 1 A o ¥ s oa 9 ° ot - ‘:(dg/
fl]”Iu'JUNQUW\?WﬂJ'H‘IJuﬂ']ﬂQ'V]‘Vn(lﬁ'ljizﬁﬂﬁﬂ'lwcluﬂ'ﬁﬂuﬂWﬂWﬁlﬂ‘UﬂLﬂﬁJTSﬁu‘V]q@ﬂ“ﬂuiﬂﬂ

’ 1 4 v
@8y 18.55% ualFanlunistszuingsdiulaunde 57.46%



128

k'3

s w o 1 2 o
3) agtuamanageunsdnmiladumsnaiugsznnelweskunangnuaziadag

&

]
R

1 a a 0 s ad o ¢ 2 o a 1
Naawadedsz@nEmumsmauvesdana3numswauiugvesiauuuaudulaglaiiimg
AHUAS 1INV IR I

s ]

Y o w ¢ 4 q’a’ = . o o 1 o
ganosiumsnauRuTvIHmUUsuRLRlnsHaiugsznes Tas hiimsdmun

9

1 4
QOWNQUﬁQHTQWﬂJu'] (SMBO-oldDrone) Nﬂié‘iﬁﬂﬁﬂ??"l‘luﬂ'ﬁﬁ’u‘l/i']ﬁ”mﬂuulg{qx‘lﬂ’ﬂ@aﬂﬂiﬁu
o ¥ S a 0 o & & 7o
ﬂ]iNﬁNWUEﬂI@Qﬁ\?MUUﬂQLﬂN Tﬂﬂ'd']iﬂﬁﬂfs{uWWﬂWﬂﬂUWlﬁNT%ﬁNVIQ'ﬂ‘lg\/ﬂ5‘1]1’]\‘] 6 WQﬂ“lfu
o o ) o & & o a 9 ° ~ ey 9 ¢ w
‘Iu‘ﬂmg‘ﬂ@ﬁﬂﬂﬁwUﬂ']ﬁwﬂﬂwuﬁ%@QWQLLUUﬂQLﬂNﬂuﬁ']ﬂWWQUV]LWJJ']&’ﬁ?J‘Wf!ﬂVlﬂ 5 W\‘]ﬂ%u

dynl a4 [V d? 3 a A= v J v Y (=
uaﬂmﬂuaaﬂmmmswﬁuwummmxmummn‘numiwanwu‘ﬁswowsﬂm”lwmi

'
1

14
ﬁ"I‘Wuﬂﬁ”IU'JuﬁQHWQWiUWgQ“MIﬂTﬁiﬂﬂﬂﬂtlﬂﬂﬁﬂ mmmmaamm ’ET”JH&“UENL‘UN?JWIS%HN

9

=D

ﬂiﬁaﬂaswnmswfcmwumaamzauummuTuMﬂWaﬂ%u o 3uaSFu Rastrigin

¥

aﬂaswumswauwuﬁmmmsmuﬁqmwnmiwﬁuwuﬁ5vmn%’ﬂﬂa"lwmiﬁmum‘hmu

De

e

QuN‘Wﬂﬂ‘lﬂﬂ"lﬂﬁﬂ’e)Umﬁ&m’ﬂﬂﬂ’ﬂ 11.84% uawnmummmummmu"nuaﬂmw AMNMHANTT

=D

nanoafl 3 a31l184 ﬂﬂ%ﬂﬂﬁwamﬁumwmoi’wmmmawmﬂmnﬂﬁﬁmaeﬂmuwqu
P o as ¥ o o kY = - ;Y o % - dg
Mmgaudmivmsadnsoh sz iniamlumsdumidmeuiminzaungadvn ey
o an o a2 5 ‘ o
RAY 20.16% UaZIBMIAMBONHIUIWYIAMINZaNYIwaaa NI 5209 Tnumae

58.95%

a a ° [ ag o . ° k%
4) ajdwaminageviszansmumsiinuvesdanss numinausdmivlym
a @ A e o s a LY < as

sorldluwdwdduey  Iadldrninsnaseuiudaymeend s Fusuudantuuazld

d W g o 4 o a
nf3auMeuren NN INYIANBI NN TINENNUEIUUAUAY

a alf Ao o o o v oA w . 3|

ganos i nauedmsuilyvioond luwduisinuay (SMBO-numerical) 1uns

14 ¥

o [ a a w1 @ & ] n/
FWMIHIUYes 2 atefe nMsamdonHIR RN IBoUHIAZ AT HANTUETZ NI 1WA
ke [ 14 .
Aeunanan TnehilimsAadpn i UHILING AL 8N 9IARAMINARDY WU Bana3Ty
A o =Y a e 9/ ° 9 " o a R v d dg’ 0’1’ a
minaueiivsz@nsnmlunsfunidineu 1Rgen16ane s M s NN U YO INIUIALAY

9 o ~t P g 3 o o A w Y- o
Tasansadunimaeuimuzauiga 1dasuie 6 g Tluvuzidanesnumsnauiug
42’ Qsll = b2 o a P 9 d v dyc/ PP ")

YBHULALRNAUNIR DNz aNigald 5 Wendu uensniidananuninaue
dmiuilgmieend luaduFdimeisldmdmeuiugnge mimeumdsuazaudouuy

g

- ' o v 3 A’f s d o <
mmgmﬂmmaﬂasﬁummﬁu‘wu‘qmmﬁmuummﬂunﬂﬂaﬂ%u NHANITNARDIN 4

o

1 g ag o ° o = v a @ = a oA/
aunsaaql a1 danesiunivauodmsviymoodd luadudidnavlidssdnsinimly

t ¥
o) AR

MIfuIMmo UM auNgaavu Inun iy 48.05% waztvaaratiumslszuiaannslay

9

NAY 63.93%



RESS0 |
wEs00 |
8450
38,8400
388350
18.8300
waso |
15200
WEISO |
IER100
ms0s0 | = L

worst average

@ MBO [@ MBO-newDrone ] MBO-fixSwarming

[l SMBO-oldDrone [} SMBO-numenical

(n) ﬂaﬁa‘t’u Michaelwicz

worst average

@ mBO @ MBO-newDrone [ MBO-fixSwarming

8 SMBO-oldDrone [l SMBO-numerical

() Hanau Rastrigin

129

It
1
0.00012 ” l 0000030
0.00010 s § [ 1 uoomas |
|
(LOOOOR = | 0.ov0020
000006 ) 0000015
10.00004 LOULO1U
=
000002 £ g é g g 000005
I 3 L s & =
0.00000 [ ouuoon
best worst averaye [ best worst average
@ meo B MBO-newDrone ] MBO-fixSwarming @mBo B MBO-newDrone  [I] MBO-fixSwarming
@ SMBO-oldDrone [} SMBO-numerical J @ SMBO-oldDrone  [I} SMBO-numerical
o ar = ¥ o o
(M) Wan¥u Resenbrocks’ valley { (3) Wan¥u Sphere
0.000038 ‘ 380200 o -
( 2 32
0.000030 100175 8 B¢
\ -
} g
0.00002
Jou2s
0.000020
REUHLTE
0000015 |
300075
' 22
0.000010 3 000sg. H 'g‘ é g §
o I T
0.000000 ' 300000 -~
-0.00000% : best worst average best worst average
@ MBO [@ MBO-newDrone ] MBO-fixSwarming @ MBO @ MBO-newDrone ) MBO-fixSwarming
B SMBO-oldDrone [l SMBO-numerical B SMBO-oldDrone [l SMBO-numerical
o o A | g v . .
(3) Wanau Weighted sphere | (n) N9 Goldstein-Price

31 4.21 pamugaamaFouiiisulssdninmvesuaazdanes iu Taouonauilandu




130

5) ajdwamsnagevdszanimmmsiinuuessdanssiuminauedmiuiym
oo lumatuiamsda lagldmmsnareuiudammadumavesniinnunenasla
wlSsumesuiusanisnaaeslua1niduves Chen taz Chien [3]

minaansh 5 laviminageudanesiuiiwauedmiuilymieend luwdwdins

o [

TauazdaneIiy PGACS fudeya ST70 uazdoya EIL101 wamsnadoy wuh danasny
inauedmivilymeod luwdwdimsiaaunsodumeardnounanga msimeuing

T ] 3/ 1 .
Wgauazaimimemnie lddnadanes v PGACS Tuismesyadoya Tnshidanesfiua

q

} 4 . i
unauelannsadumnsuimuizauiigavsatoya sT70 14 luynzidaneshu PGACS
] o q’ d' 9 dy Y1 o = 4 d' o
Timwsommeeuiitmunzaviigald snwamsnaaesil agil1aan saneTiumindue
dmsuilymeond ludugdinssaidszdntamlumsdumidinoufimunzauiga’ld

AN10anoI N PGACS



~
UNN S

ajiuamsIdeuazvoiauaimuz

5.1 agiauidy
=2 u’/J dy Y o (Y Al A a @ a’/l o
ﬂ15ﬁﬂ‘]&l']‘luﬂ'§\?uvlﬂWWlu’]?Jﬁﬂﬂﬁ‘V]Mﬂlﬂﬂ%WﬂﬂTSﬂiﬂﬂE\iﬂJuﬂﬂuﬂ']ﬁVl'N’]H"U@Q
o a o & .é’ 3/’ a [ A Y] P & Y
ganasnuMskaruRugYesRuuauan Tasuiuily 2 Tuma fie SaneTnuvuuausiiely

lumsudilyvieswd luaduiddnavuazsanes nuinduauaiio 15 unsudiyviosna-

aQ

@

a = h & 1 ¥ L4 “ -4 :I’ L)
uliJL“lf‘]f‘Lll“lNﬂﬁ%ﬂ %Q&Lﬂﬁ%j%tﬂﬁﬁﬂ’ﬂhltﬁﬂﬁ“‘D']ﬂﬂﬁﬂ@iﬁlﬂﬂ'\iNﬁuWUﬁM@QﬁQLLUUﬂ\‘ILﬂN 2

£
¥

1 A as @ A ‘2{ v Y w cg - g/ 1A o} dg' W Y
LYW ND 1) TﬁﬂWiﬂﬂLaﬂﬂWQﬂ'Jgﬁ]'lﬂﬂj@@uW\uw@ﬂ']iilﬂﬂﬂdﬁ']ﬂ’]iﬁuﬂ"miuqmﬂmaﬁﬂ@ﬁ:’fﬂ

Q
14

1 ° 9 A 1 (= o} dgl a Y @ 1 A o v
Tniluynseumsiiam #2e35m15guaa Ju Intlvesradiguindigaunsiiiaanarlums
F 4
Yszwranamszad Tu Inliozmflamavesiiseuns Idgndaa 3 luynseumsiinu

vy ad v d 1 o ] :&’ o) k4 o :3’ A o [
[31¢]1Xa 1 11Y3ES 2) ATAITRTUWUTIINING Iﬂ&)ﬂﬁu‘]_)\iwu%iuﬂﬁﬂuﬂ"IHJH‘WH'V\'NWEHUG] N

¥
_ o

o oo o A
el man 165 Tomadennauiugfufaiafanisaun

wannsiau laetevosdanas ﬁuﬁ uaumﬁmuinﬂmsﬂmuﬂmwwsmmama“

ddl

a i o <3| o %
UsransiGudu Uszannsiiafamagsiigaes 1duden Wifudsnmanduaumileds

¥
= @ Y K o A

! oA Yo v e Y v
ﬂi%"’]ﬂﬂﬁTZT'JL!‘VIL‘Hﬁ@ﬂ%ﬂﬂiﬂmﬂﬂiﬁ&ﬂuﬂﬂﬂ?@ W\‘luNWﬂJ'Wjﬂﬁ'JllﬁU"W]iHﬂ??WﬁJJWHQLLﬁZ

¥ I
o =)

Qs ¢ a K 9/ ) Y e ¥ A e @ A é’ 1

auTeNauRUEA RG99 0uq Tanaioas onduns ANt uiess ule Hauawgy s
@ [V &Y 1 w o - Y 1 [ A <

tzmwwanwugmJﬁamé%maumnﬂ%ﬁaaﬁuagmmTwmﬂmgsm?fuuammmmmmu

a o us}d

o d dgl a = @ o 1 1 =t Jd &K
adlsy Tasisunanandaduludeanauiugoinmanuinzdiulunswauiug A A el:10

w

o
ﬂ']ﬂ’NiJ‘lJﬁ]mL‘ljucl‘L!ﬂﬁN’dN‘W‘u‘ﬁﬁﬁ‘ﬂf"fﬂ%"’ﬂﬂLﬁ@ﬂLW@NﬁNWM‘ELLﬁ“’ﬂLﬂ‘S1!‘11@\‘1PNGI’JN‘\] gy

=Y

'131uqamumﬂimadmuqumwa“lsﬂumﬁﬂgauﬁﬂu‘lm“lmmmsaw"lm MITHENRUT VDA
d?’ 1 Y ay & o I's o A 1 a 9 [ P o 9 ]
AIHWHY WA AITUL AN !MBQ\‘ILﬂ‘Uﬁkﬂiutﬂﬂﬁﬁ@ﬂWWﬁQQ"IuU'E]Uﬂ')'lﬂ‘l'ﬂﬂ'lﬂﬂﬂnh Llumq
1 d? v & Y aA A v A, Y oAy w dgl
Qﬂ’ﬂﬂhl‘ll FIHNAYIIEATUABNAITITATTABNLU U WADUHUNIMUUIMNTINAIDDUMN

& Ayge a4 & v yvoow L N T N, & ayd Ao
W\']u'Nng"l‘WIlﬂiUlaaﬂﬁﬂﬂuﬂﬁ’NW')@@uWﬁjﬂﬂﬂ'ﬁqulﬁﬂﬂﬁlﬂiu%Tﬂqx‘uﬂﬂﬁlﬂiulwaﬂ'\

os t

fo o g o 4 dyy o a
nsasod Toroinul Tulndvesaume nintudlgeuisd ldezgmirldluan nszuiuns

v
=l

Y 3 4 ‘Qy 4 o o N dl ] 4 a:,/l 4 é
afrideuisiugaauiissauvesdiseursasumusimua 13 vdsnniursnudaumy

8/ du a a A o ¥ = s [ dy Y t A ] o 1 d? P
areilandudisadnsziimtinguadisourslasnstivad Tulnllyesdigeuis 4

o

14 ¥
ﬂ'szﬁ‘mim‘w“lumﬁﬂﬁ"um%Tu"lmﬂﬁmﬂuﬁwmﬁwm&mazﬁwmﬂu1"lﬂﬁm’amrﬂumﬂm—

U
14

dy u’z‘ 9/ d' ISIK% T t ] ¥ r=s YV 9 3 LY
LHTVOININIUUUAWY LJJ’é)ﬂJ‘V)\3‘IJ'5Z“IﬂﬂiEMWELLNLLﬁZﬂiz%WEUQﬂﬁU‘U‘iﬂﬂlt’ﬁ’) ‘U‘Hﬂ@‘l«lﬂﬂ"l‘ﬂ

b= o A 42’ 1A o o b s a =4 =) t
o ﬂﬁﬂﬂlﬁ@ﬂﬂ\‘lﬂ'\\‘iwmﬂﬁ3J‘Vll1"ilﬂ%ﬁ‘l]fﬂﬁS'Ufﬂ‘iﬁ"i”I\‘l5\31@8”11'iWi]'limTL‘LliﬂUmUUmﬂﬂ'l

[}
4

N n:él ar g @ 1 ‘g?l ar U é‘ = ' g
WﬂEuﬁ'i&"ﬁ'JNNQU'Nngﬂuiﬂﬂﬂﬂ?‘uuﬂﬂﬁﬁﬂi)uﬂﬁ ﬂ?@ﬂUNQWNﬂTWﬂLUﬁQQﬂ'NNQ'H'N‘WQ}'I



132

da = 44 4 A yoy 4 e ¢ & o a &

mmMmuﬁmm‘wqngmaﬂﬂiwLﬂummawmg@uw HAISMNUUTINMNITADAWIUNAYN

v ) (Y 9/ [ d’g [ WYy v s W a U 1

Indfminzaudmsumsadiedilaoifsuramanlnided i ldadnesdndmununiini
o 9

o ¥ o’: 2 A - dy o ) ld? ~ s @ & A A
ﬂ'IﬂUﬂul') *D"Iﬂ'uuiNlillﬂ'liﬂﬂlﬁﬂﬂﬂ\?ﬁ')@ﬁlﬁn NQGI'JQ‘VIW'IEJ?JQHﬁQ%TﬂﬂTSNﬁMWHQWSﬂWTﬂLN@

. v ¥
asveIgA NN wua sz gnunuiidledlseunsnieiinisdu uazneunsiauseuda 11

3

A o g 3 = Y o a o d? A o (% A o
Hedagianuassgawnsan iiuausnluiwesHananguiissfiladmiis mamhauee
14 ]

oo o o = o E4 £ A A A o °
Mdnsunsznaasudunimuall Hanmeiisiauagaigedoludineuveilym

3
w o

a a o W a o o T ¥
msnaaoulseAnsmmmsmanuvesdanesnumiveue Tdutisdlu 5 dau fail

4‘ = Y LY P=} :;/ o g s v d? A v 1 Qs oA
1 msnagewiednuiiledenmsaadonisdifuindisouisidwanelszdnsnm

o o o w 4 :// o
ﬂ”li‘ﬂ'lﬂ'l«!‘il@ﬁﬂ'ﬁﬂ'ﬂiﬁuﬂ'ﬁNﬁiJ‘V‘lufg“UENﬁQLLU‘UﬂQLﬂN
AR ar @ o 1 s 4%’ ; @ 9/:; ]
2) ﬂWS'Vlﬂ'CTE]'ULW'E)ﬁﬂ‘Hﬁ]%i]Uﬂ"IiNﬁﬂwuﬁi$“r‘i'J'N‘J\?"U'f]\‘iNQuN‘Wiy'lllﬁgﬁNﬂ’JQ'ﬂﬁQNﬁ
v & oo o o = a 4 4 ::’ = o
ﬂﬂﬂi%ﬁ‘ﬂﬁﬂ'\Wﬂ"li‘W'N'lu"U@Qﬂﬂﬂf]'iﬁllﬂ'liWﬁlJW‘uﬁﬂlﬁ]\?ﬁﬁu'ﬂ'ﬂﬂdlﬂl} Tﬂﬂﬁﬂ'ﬁﬂ'\ U

o 42/ I~ 1 P
PIIHIUIWY I uAIAR
o 9 i

A = @ v o 1 @ 4? g =1
3) ﬂ’ﬁ‘ﬂﬂﬁ'@'ﬂtﬂ@ﬁﬂEﬁjﬂﬂEJﬂTiWﬁ?JWu'fjﬁ&’W'J"NSQ”U@QWQHTQWQJ?LLﬁZNQG\?NV\ﬁQNﬁ

u

1 a o o @ a a & -4 q’;’ a [ °
ﬂ'ﬂ‘ﬂizﬁ‘ﬂ'ﬁﬂ'lWﬂ'IiViN'lu‘iJ6\3E)ﬁﬂ@iﬁi!ﬂ'ﬁﬂﬁuwuﬁ‘ll@QﬁQLL‘U‘Uﬂ\‘llﬂN Iﬂﬂvluﬁﬂ'ﬁﬂTﬁuﬂ

14
$nuvBIHILINEN

]
e A 9 9,

4) msnaaeudszanimwmsiinuvessaneituninauodmsuilynioond lu-
v A o Y a o o as o A ¢ @
wrumFduay  Tagldmimsnagsuduiendurinsgiu Swau 6 Wenduae Hendy
. . s @ i dw 7 @ Y .
Michalewicz W90%U Rastrigin 905U Rosenbrocks’ valley Wenau Sphere Wenyu Weighted
Y L e v W =N @ o
Sphere 1Az WIAFU Goldstein-Price tiag 1Al sutfsuranisnaaesfudanes UM HIURYLT
HUUAAAN
5) msnegeulizdniammiiiuvesdanes numivauedmsuilynieona lu-
mFinste Taeldmnsnageusuilymimsaunsesminnuneithmangudoys
TSPLIB fio Yoya ST70 uazdeya EIL101 uaz lan/Souflousunanisnaasiluniuitoves

Chen 481 Chien [3]

5.2 ayUwamsnaaey

¥

o @ A 2 W Y @ 1 cg o 13 a o 9 ° o
1 fedenrsaadenisdageindiseunaildilsz@ninmlumsdumainoun

1 = 4 v o = o o -4 3 a =
mizaniigaavundanes funsnauiuirosHwuua Uiy Tnomde 35.28% wazna lnms

9

¥
1 o &KX 1

k4 [
AadonAdafaindrsoursrsaanm lumsszuinanas laumae 29.76%

b4

@ @ 1 [ é’ A o o =
2) ﬂﬂﬂﬂﬂ?iNﬁN‘WU'ﬁ‘5314'3']\‘3ﬁQ‘UﬂQNQu1QWQ‘JWIﬂﬂﬂNﬂ15ﬂ'\WHﬂi]'Iu'JuNQu%‘leg'!

a L

g ‘ A o 1Y o oo Y ° ~ = L V@
LﬂumﬂQ‘V)‘Vlﬂﬁﬂi:ﬁﬁﬂ‘ﬁmwiuﬂﬁﬂuﬂ‘IﬂM’e)‘iJ‘VlLﬂiﬂ&’ﬁMYlfj(ﬂﬂﬂ!Hﬂ’J"léJaﬂﬂimeﬁNﬁil

o o b4 v

2 S a a q ¥ =1 o
ugvoIHIUVALAN Tasmdo 18.55% ua lsaa1 lumstszuiagevulaomay 57.46%



133

D.

¥
o P &

¥
ar @ o ' o o
3) 'ﬂ%‘ﬂﬂﬂ'ISN?(?JWN"Qﬁ%‘ﬂ'3'1\35Qﬂl@@ﬁﬁu”lﬁwal'ﬂﬂUWHﬂWiﬂﬂlﬁ@ﬂNQu’NWﬂJTﬂ

7]
¥
1

wnrasdmsunisadedamii lidszansamlunmsduvisesufnne aunaanauni

q

h.

o a « o ¥ q’/‘ a A a [ 4
ganesnuMsHauRugvesRuuduan laomay 20.16% uazltnsnadoniauIangf

o

iz ausaaa lunisdszulaanaslnemay 58.95%
o/ ~ d’ a Q % =Y Qs =Y af é =Y
4) dansinuMivauedmiuilgnmieond luaduFduay Fufavnnissiung
o v A s A ‘3’ v Y @ d?‘ o o t o g
Manwee 2 adufio N13AARBARIAIRIINAIBOURNIATMSHANTUTIZNIIITIVDIH
) b4 N T
W Inendmsaadenduauidsnananinmnzauiidse@niamlumsdunidneuh
- =3 § [ =N o I's -4 o’/l = Py 1
mazaungaddundanesnumssauiuiuesiwuuauan Inumdo 48.05% uasyiuan
na lumsdszuiaanaslnemde 63.93%
5) danasnuMiuauadmSuiynioond lusdudimiaaumnsadumaimneuin

T ' ' 1 k4
N Admouiusiigauazmmmeumde 1adn10anoi i PGACS Madeya ST70 uazdoya

)
o o

EIL101 dmfudoya ST70 Sanestuddudusmmsodumaidineuiianga msmeuhud

o

ngauazmnInoumaslannildanss iy PGACS 0.30%, 0.73% uaz 030% awdieu

de o d’ Y s 3 t o q' d’ 9 =Y o R
uaﬂﬂmuaaﬂasmnmmmuammmmﬂumﬂ"tmmuwmmxﬁnmqﬂ“lﬂ “lummzmanaﬁ‘vm

Y o @ 9

PGACS higunsafumnenimuizauiigald dmiudeya EIL101 danosiuiiuaue

i o Aot ' o ~ t A f o o Py VoW o R
ﬁ'l‘ilWiﬂﬁluﬁ'lﬂWﬂ"lﬂ@UWﬂﬂ?‘(ﬂ mmma‘umwﬂ’qﬂuazmmmaumaa”lé'ﬂmmaﬂ@swu

v
v o 1 ¥

PGACS 1.41%, 1.69% tag 1.24% RIud1ay 52N Uaudeuyunasgiungnigag

5.3 QARUYBINUIIY

¥

dgl A v K2 o Yy Y t Y A o  da
L AU IRIWRHADNHANNU D ‘UP‘NG\”Jli;jvlﬂ}ﬂﬂﬂ'NWuWYJLL@?JT;TWH']SQLﬁ@ﬂNﬁN‘W‘M’ﬁﬂ‘U

9

€

A3

¥
&2 o gy o A

Y2 o Ya o
HaRnnsTIo e 1aveilvdmeou

R

14
&£ a

A a o 1 g
mmmmmiﬂiaaianasswammmawmmazmm

D
a2

[ o

= ; o =t o v 1A T @ ] = [ 4
flemagansziiannd Ty Indvweuazuifiusnamisduuinaimsdennauiugnisluss

U

v
[ o J

a (Y @ ad 2 [ dyd [~ &£ oA Y v o 1 «4?
REINU AU ']'ﬁﬂ??m@ﬂwﬁuwu‘ﬁﬁﬂymgu%QL']J‘Nﬂf\nlﬂﬁuxi‘ﬂ‘h"}ﬂ&lﬁﬁ'lll']ﬁﬂﬁﬁ'mﬂ')f‘)@uW\'ﬂ’]

9

D.

~ v a dy
Hanuranvais ldunsay

o al Ao P o o J a e o %
2. sansinunduausinis 1y lenlosisinosnisiaen lowssiswasnsod lsnes

¥
o 1 -

I'd o = o o o’zg a o 9 o e o
Todofisinas i uasunaz otosismosiinrudiniumsadedioouns Insiiinis 14

' (d? ] & o ° Yo dy s EY dy 1R 9 =Y o o}
TotlosiswmaiHanuuInnIvied) Mmlddresurenadwulnudad Nazneind 1u ndl
] (=Y s = Pri tdy o (dy ot ] as Y o 3
wounzuiedtu udll lemanezgnifesg lns Tonlessmesdstiuiiuanarednld dniunms
s 4 oo 4 A o 4 4 9
wegiutuna laniisfigleflostumsanluiunlaneald

]

3. sanasnuiinauedwmiulymeswd luwsdusdunviazdanes iuiiuaus

dmsvilgmesdd luwduFinmsia Tnalanisaa@enswauisuswanimunz oy lundag



134

o o VYYG YW 1o & Y o o 1 v d ' ~
i@ﬁﬂ'\iV\'NTHVHGLWWﬂl‘h'vluﬂ"uﬂu@]@\‘lllﬂ'ﬁﬂ'lﬁuﬂﬂ']'N'Ju“U@QNQHTQWEQT‘I'JL‘]JN?T\?NW WIS

U
14

° o < Y @ P a3 ' 4 v ¥
ﬂ']'iﬂ']'ﬂUﬂ‘ﬂ"m')u‘ll’ﬂﬁﬂﬂu'l\‘lwm'lﬁlﬂLﬂn‘l%ﬁﬂﬂﬂfﬂﬂgﬂ'I‘VIVI@YCY?JULIINQﬂﬁiiﬂ@ﬂ']\iﬁu\‘i‘l)@\i@‘l‘]f

<

Y St > o < 1 1 o
4 HanawgnifianAmuagangasy 185 uden Idifuianagalnilusoumsi

g At A

v 1
fa 'l Tnesalusas e lfifinednudnouiinnaa 1 iaue pazRsawgNlA AaagIy

a

o y v [
185y Tomainay zMd aﬂ‘lﬁ’muﬁauNwmﬂﬁummmduNwmmumwmuﬁwmm"\

U

v
o <

UonIINt mmawm“ A agedell Tomeahag mmi"a"lﬂ“lwmumwamawaﬁﬁum"?lmuﬁ

EY

fanide

'
Al A9

[ @ o w ¢ g
5. danesnuMiuauervaanallunislszuiaanndanss AUMIHANAUTYBIA
¥ i
g aanld mszinalnmsAadensiviuianawenimuzaudmiumsaiiedwagll

v A dy v Y o 1 dgl
MINAUABNHIAIFIINATIBOUNI

= o

5.4 daminulumsaise
s sl oo o LY = o aar g Y J
saneInuMminauedmsuilymvodd luwdudanavilalumsnagounuiandy
v ¥ 1 Al Ao o o = o a @
NT@I?;@’]NG’,GM'JaﬂJﬁgN'JaNﬁU@U LL@'I'E)'Qﬂﬂﬁﬂﬂﬂunﬁu@ﬁ’\ﬁﬁﬁﬂiyﬁ']ﬂ@wﬁullll“ﬁ‘b'ut‘lﬁﬂ'ﬁ%ﬂ‘ﬂ
9 or a @’ yq 3/ o 3
Flumsnaasuiuilyvimsaunavesminaueisla e lumsyssananauiy Auiy

=& o o L4 Iy Y o b4 < 4?
Tmslsudsimsvauveslenlosswes aunsahaulasias @

5.5 HUIMSIUMIWaAD luBUInA

Qs % =R .:; R :ﬁ d’ Yy o a
I. waiusaneInunu wmuasmﬂuaaﬂammuq LW@iHNﬂixﬂﬂﬁﬂ?WiHﬂ?i

9
=

uddaveand luadunnntay iy mahdanesAniinaueswaunaudusanasiums
ax ¥ Y o Y A d ,
AUNMUUMY (tabu search) Tasnsu5ulddanesiumsdunuuumylddimimiumiio
faRudoyadszaumsal lunsaumldfudanesfumivaue dudu
Y Y A Y -

2. iandanesnufiaueriteldawisalFlumsudilamdug Wuenmilonin

Taymoond luidu 1wy mafanndanes iuiiduausl¥auisadinus wdusanesfiu
1 = o/ 4 o’

Tasevietlseenufiounuudoundy (backpropagation neural network) talszgna 191uny
' ¥

udtlyminisiangudoya (classification) Taen1sd5ulFsanaiiuninausludunounis

) ] y o’l o o Y= T =3 9 % Y
YSuagrahmiinvessanesiulnsstlszamdeunuuoundy iWudu



(1]

2]

(3}

(4]

(s}

té]

(7]

(8]

(9}

[10]
(11}

[12]

[13]

Yy a
GHSRPTRANN

Abbass H. A. “MBO : Marriage in honey-bee optimization (A haplometrosis polygynous
swarming approach)” Proceeding of the Congress on Evolutionary Computation
(CEC2001), 2001. pp. 207-214.

Haddad O. B., Afshar A. and Marino M. A. “Honey-bee mating optimization (HBMO)
algorithm: A new heuristic approach for water resources optimization” Water
Resources Management, vol. 20, 2006. pp. 661-680.

Chen S.-M, Chien C.-Y. “Parallelized genetic ant colony systems for solving the traveling
salesman problem” Expert Systems with Application, vol. 38, 2011. pp. 3873-3883.

Nocedal J., Wright S. J. Numerical Optimization (Springer series in Operation Research
and Financial Engineering. New York : Springer. 2009.

Belegundu A. D., Chandrupatla T. R. Optimization Concept and Applications in
Engineering. New York : Cambridge University Press. 2011.

Fonseca C. M., Flemming P. J. “An overview of evolutionary algorithms in multiobjective
optimization,” Evelutionary Computation, vol. 3(1). 1995. pp. 1--16.

Papadimitriou C. H., Steiglitz K. Combinatorial optimization: Algorithm and
Complexity. New Jersey : Prentice-Hall. 1982.

Gutin G., Yeo A. and Zverovitch A. “Exponential neighborhoods and Domination analysis
for the TSP” in Gutin G., Punnen A. The traveling salesman problem and its
variations. Boston : Kluwer Academic Publishers. 2002.

Whitehead S. B., Shaw F. R. Honeybees and their management. New York : Van
Nostrand. 1951.

Gould J. L., Gould C. G. The honey bee. New York : Scientific American Library. 1995.

Gen M., Cheng R. Genetic Algorithm and Engineering Design. New York : John Wiley
and Sons. 1997.

Mohan S., Jinesh Babu K. S. “Optimal Water Distribution Network Design with Honey-Bee
Mating Optimization” Journal of computing in civil engineering, 2010. pp. 117-126.

Alperovits E., Shamir U. “Design of optimal water distribution systems” Water Resource

Res., vol. 13( 6). 1977. pp. 885-900.



[14]

[15]

[16]

(17]

(18]

[19]

[20]

(21]

(22

[23]

(24]

[25]

136

Fujiwara O., Khang D. B. “A two-phase decomposition method for optimal design of looped
water distribution networks” Water Resource Res., vol. 26( 4), 1990. pp. 539-549.
Li-ning X., Ying-wu C. and Huai-ping C. “An intelligent genetic algorithm designed for
global optimization of multi-minima functions” Applied Mathematics and

Computation, vol. 178, 2006. pp. 355-371.

Wang L., Tang F. and Wu H. “Hybrid genetic algorithm based on quantum computing for
numerical optimization and parameter estimation” Applied Mathematics and
Computation, vol. 171, 2005. pp. 1141-1156.

Kao Y., Zahara E. “A hybrid genetic algorithm and particle swarm optimization for
multimodal functions” Applied Soft Computing, 2008. pp. 849--857.

Abd-El-Waheda W. F., Mousa A. A. and El-Shorbagy M. A. “Integrating particle swarm
optimization with genetic algorithms for solving nonlinear optimization problems”
Journal of Computational and Applied Mathematics, vol. 235, 2011. pp. 1446-1453.

Duran Toksari M. “Minimizing the multimodal functions with Ant Colony Optimization
approach” Expert Systems with Applications, vol. 36, 2009. pp. 6030-6035.

Dixon L. C. W., Szeg6é G. P. “The global optimization problem an introduction” in Dixon L.
C. W., Szegr G. P. (Eds.) Towards global optimization. Amsterdam: North-Holland,
1978, pp. 1-15.

Oliver I. M., Smith D. J. and Holland J. R. C. “A study of permutation crossover operators
on the TSP” Proceedings of the 2nd International Conference on Genetic
Algorithms and Their Applications, 1987. pp. 224-230.

Murata T., Ishibuchi H. “Performance evaluation of genetic algorithms for flowshop
scheduling problems” Proceedings of the First IEEE Conference on Evolutionary
computation, 1994. pp. 8§12-817.

Michalewicz Z. Genetic Algorithms + Data Structures = Evolution Programs. Berlin :
Springer-Verlag. 1992.

Banzhaf W. “The Molecular travelling salesman” Biological Cybernetics, vol. 64, 1990. pp.
7-14.

Fogel D. B. “An evolutionary approach to the travelling salesman problem” Biological

Cybernetics, vol. 60, 1988. pp. 139-144.



[26]

{27

(28]

(291

[30]

[31]

[32]

(331

137

Holland J. Adaptation in natural and artificial systems. Ann Arbor : University of
Michigan Press. 1975.

Fogel D. B. “Applying evolutionary programming to selected travelling salesman problems”
International Journal of Cybernetics and Systems, vol. 24, 1993. pp. 27-36.

Ulder N. L. J., Aarts E. H. L., Bandelt H. -J., van Laarhoven P. J. M. and Pesch E. “Genetic
Local Search Algorithms for the Traveling Salesman Problem” Proceedings of the 1st
Workshop on Parallel Problem Solving from Nature, 1990. pp. 106-116.

Tém A., Zilinskas A. Global optimization (Lecture Notes in Compute Science). Berlin :
Springer-Verlag. 1989.

De Jong K. A. “An analysis of the behavior of a class of genetic adaptive systems.”
Doctoral dissertion of University of Michigan. 1975.

Pohlheim H. “The genetic and evolutionary algorithm toolbox for Matlab.” [Online].
Available : http://www.geatbx.com/docu/fenindex-01.html. 2006.

Goldstein A. A., Price J. F. “On descent from local minima” Mathematics of Computation,
vol. 25(115), 1971. pp. 569-574.

Reinelt G. “TSPLIB - A traveling salesman library” ORSA Journal on Computing, vol.
3(4), 1991. pp. 376-384.



&z A Y o @ £ d' = & 1 Y o £ ¢y ¥
nanstiluenasianulidmiunisldnuienisfnwivingy ldeygnlviluldusslevlsunisen

lidnsallag visdu Bnvivinuilisauadiien wazdesdnededadveseonasynasaniinisuiluly



139

AMANUIN N

A e es'l Yos a a d 1
HNA3ITHI an"!ﬂ UDTIANNWINELINS

Thammano A., Poolsamran P. “SMBO: A self-organizing model of marriage in honey-bee

optimization” Expert Systems with Applications, vol. 39, 2012, pp. 5576-5583.

Poolsamran P., Thammano A. “The modified marriage in honey-bee optimization for function

optimization problems” Procedia Computer Science, vol. 6, 2011. pp. 335-342.

Poolsamran P., Thammano A. “The modified marriage in honey-bee optimization for
multiobjective optimization problems,” Proceeding of 6th International IEEE

Conference on Intelligent Systems (IS'12), 2012.



140

Expert Systems with Applications 39 [ 201 2) 5576- 5583

FESEAVTRER

Contents lists available at SciVerse SciencaDirect

Expert Systems with Applications

journal homepage: www.elsevier.com/locata/eswa

SMBO: A self-organizing model of marriage in honey-bee optimization

Arit Thammano *, Patcharawadee Poolsamran

tomp

| Ingelgenee Lab

ry Faodty o Info fectmelogy. King Mongkut s Insnnuts of lecknobogy ladirabang Ranghok 10520, Thailand

ARTICLE

INFO

ABSTRACT
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Marrage in honcy ber opnmizanon

Aroficial bee
Funemon optimizaton
Swarm intelligence

This paper proposes @ novel swid rmpintelligence technuque, which is an adaptation of Abbass’s marmiage in
hépey-bee optimiz ation [MBO) with the 2im to adhieve betier overall performance than the original ver-
son of the MBO wlule aso lowering the canputation tme for finding the optimal solution. The ongmnal
MBO has been proven to be one of the best swarm intclligence algorithms for solving optimization prob-
lems. However, many parameters need o be properdy sevin order for the MBO o perform at its best.
Therefore, long computation time caused by a Lirge number of trial and errorite rations involved in trying
10 find the right combination of parameters is unavoidable, The framework of the proposed algornthm is
similar to the original MBO, which is based on the marriage behawor of honey-bees In aorder o improve
the efficiency of the MBO algorithny several aspects of the onginal MBO have been adapted, such as (1]
e propased algonthm 8 adapied 1o obtain the ability to actomatically search for the proper number of
queens, (2] the propased algonthm divides the problem space into several colonies, each of which has its
wawn queen in order v keep the number of colonies te a minimum, the proposed algorithm, therefore,
encourages the queens to compete with each other for 3 larger colony and also urges the newly-born
brood which 1s fitter than the queen of the colony to overthrow the queen (3) the fuzzy ¢-means algo-
nthm is empl oyed to assign the drones to the proper colonies. The proposed algorithm has been evalu-
ated and com pared 1o the cnginal MBO algonthm. The experimental results on six benchmark problems
demonstrate the potential of the propased algonthm moffenng an efficicnt and effective solution 1o the
problem.

L2011 Elsevier Ltd All rights resenved.

1. Introduction

Finding the globally opunmal solunon for the complex multi-var-

Twoof the most successfdly s warm intelligence algorithms are
Ant Colony Opumzaton (ACO) and Parucle Swarm Opumization
[P50). They have been applied successfully to a vanety of problems

1able optimization prohlems may require huge computation time.
espeaally when the number of vanables is large. Therefore, the
use of metaheuristics, which sacrifice the guarantee of finding opti-
mal solutions for the sake of getting good solutions in a signi ficantly
reduced amount of time, has received more and more attention i
the last 30 years (Blum, Aguilera, Rali, & Sampels, 2008 ). Recently.
many researchers have focused their attention on a new class of
biologically inspired metaheuristic algorithms, called swarm intel-
ligence. Swarmm intelligence techniques are inspired by the sodal
behavior of flocking animals such as coloniesof ants, flocks of birds,
schools of fish, and swarms of bees. The main difference between
the swarm intelligence algonthms and the local search algorithms,
such as hill chmbing, ssmulated annealing, and tabu search, is that
the swarm intelligence algorithms are population-based metaheu-
nistics, while the local search algonthms use a single solution at
each step (Pham et al ., 2006

* Corresponding author Tel: +66 2 723 4964 lax: +66 2 723 4910,
f-mgd addresses. armantkmelacth (A Thammanol paxcharp@buuac th
{P. Poolsamean

U957-41 74/ - sce front matrer © 2011 Ekevier Lid All rights reserved.
doi HLI 016/ jeswa 201 1.1 1.060

such as the traveling salesman problem (Dongo & Di Caro, 1999),
scheduling problems (Blum & Sampels, 2004), vehicle routing prob-
lems {Rizzoli, Montemanni, Lucbello, & Cambardella, 2007), and
dassification problems {Zahina & Seyedin, 2007). Besides the ongo-
ng populanty of ACO and PSO, studies of honey bee behavior are in
an increasing trend duning the last few years, There are several
algonithms which imitate the behavior of bees in nature. Those
algorithms can be categorized into two groups based on the behav-
jforal characteristcs of honey bees. The first group is based on the
food foraging behavior while the second group is inspired by the
marriage behavior. Examples of the first group indude the Artificial
Bee Colony [ABC) (Karaboga, 2005), the Bee System (BS) (Lu&ié &
Teodorowvic, 2003), the Bee Colony Optirnization {BCO) { Teodorovic
& Dell'Orco, 2005). and the Bees Algorithm (BA) (Pham et al., 2006 L.
At the beginning of the foraging process, the scout bees are sent out
to search for promising flower patches. When the scout bees return
to the hive, they perform a waggle dance to share their discoveries
with others. This dance is actually the bee language which contains
three pieces of informauon: the direction to the flower patch, the
distance from the hive to the flower patch, and the amount of nectar
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availabie m the flower patch. The colony then evatuates the relative
merit of different flower patches presented by the scout bees, After
the evaluation, the torager bees follow the scout bees back to the
flower patches to colfect nectar The more nectar a flower patch
has, the more forager bees are sent there {Baykasoglu, Ozbakir, &
Tapkan, 2007; Pham et al, 2006). The foraging based algonthms
tave been appleed to solve many problems such as optymzation
problems {Karaboga & Basturk, 2007, 2008 ), vehicte routing prob-
tems {Teodorovi¢ & Dell'Orco, 2005), and pattern recognition prob-
fems [Fham, Otri, Ghanbarzadeh, & Kog, 2006

The other approach is inspired by the marmiage behavior of hon-
ey bees. In nature, a honey-bee colony consists of the queen{s),
drones, workers, and broods, The queen is the only bee i the colony
with tully developed ovaries. She mates only once i her lifetme,
but wath seven to twenty drones{ Abbass & Teo, 2003). After mating,
she begins laying hundreds of eggs a day | Nanonal Research Coun-
al, 1991 ). Those that are fertthzed become female bees, erther
queens of workers, while those that remam unfertitized develop
mto drones The Marriage in Honey-bee Opumization {MBO)
the best representation of this group. Afshar, Bozorg Haddad,
Marino, and Adams {2007 ) successfully apphed the honey bee mat-
ing optimization (HBMO ) algorrhm to solve the singie reservorr
operaton optumzation problems, Later, Fathan and Armn {2008
proposed a two-stage hybrid system which 15 2 combmation of
the self-orgamzing feature map {SOM} and the MBO aigorthm to
sotve the clustering problems. They compared the proposed hybnd
algonthm with other metaheunstic algonthms, such as ant colony
optimuzation, genetic algorithm, sinulated annealing, and tabu
search Resutts show that the proposed algonthm is the best per-
former both tn terms of finding the opumal sotutton and the pro-
cessing tume. Curkovic and [erbic { 20077 tested the performance
of the MBO i solving the nonlinear Diophantine equattons and
the path planming problem. Resuits show that the MBO outperforms
LA on buth problems

Even though many studies suggest thatthe MBO 15 a very power
tul opurmization techmque, one marn drawback of the MBO 15 the
fime 1t takes for the resolution when the number of queens in-
creases Therefore, the aim of this paper ts to propese an improved
version of the MBO algonthm. The proposed algorithm can sigmifi-
cantty reduce the computation tume required for finding the optimal
solutwor, and at the same tme achieve a better performance for the
nonhinear, single objective, mula -vactable optumuzation problems.

The rest of this paper s organtzed as follows: Section 2 briefly
describes the onginal MBO algonithm. Section 3 preseats the pro
posed algonthm and also powts cut the modificattons made o
the origmnal MBQ afgonthm in urder to achieve a better perfor-
mance The descniption of the benchmark funcuons, thewr global
optimurn, and the expertmental fesults are gwven i Section .
Finatty, Section 9 15 the conclusion

2 Marriage in honey-bee gptimization

The MBO belongsto a class of swarm mrefligence. It attempts to
model the mamiage behavior of real honey-hees m a bee cotony. A
honey-bee cotony typically consists of the queen{s), drones, work-
ers, and broods. Each member has a specific task to do n the col-
ony. The queen 1y the mother of alt other bees in the cotony The
most important function of the queen 1s to lay eggs to produce off-
spnng Drones are the fathers of the colony The onfy task of drones
1< to locate and mate with the queen duning the matng fhght In
the marnage process, the queen starts waggling dance befare she
flies far from the hive in order to mate with the drones, usuatly
from other cotonies (Modem Agro, 2006) The queen generally
mates with the drones that fly the highest and are able to catch
her ‘Haorn, 2005). After the mating, the drones 1mmediately die

The queen contmues to mate unti her spermatheca, where sperm
of the partiapated drones are stored, s full, Once her spermatheca
1s full of sperm, the queen will retum to the hive and begin laymg
bath fertilized and unfertitized eggs. The queen lays fertulized eges
by randomly retrieving sperm from her spenmatheca to fertilize
the eggs. In fact, only queers and workers arise from the ferulized
eggs, while drones arise from the unferulized eggs. Workers are
female bees which do all the work in the colony, for instance, nest
constraction, food foragng, feeding, and brood care {Abbass, 2001;
Abbass & Teo, 2003; Fathian & Amiri. 2008 Fal Yang, & Chang,
2009

The MBO algorithm can be divided mto four mamn stages as pre-
sented in Fig. 1. The first stage starts with mitializing the parame-
ters of the MBO algorithms. The parameters needed to be defined
are the number of queens, the number of drones, the aumber of
warkers, the size of the queen’s s permatheca, the number of poten-
tial broods, the mutatson rate, and the number of mating flights.

The second stage 15 the mating process. Before the matmg
fiights begm, buth energy and speed of each queen are randomly
rarttahzed with values m the range [0.5,1] {Abbass & Teo, 2003).

L

€ an
hutiahre parameters

v

Generate guecnss

Generate droties

e

Matung precess y=yrl
* Iy
P
-
A N \'\ Yeu
<" uxtn-qu»xlj>/>———
<N =
o

Breeding and feeding
mrCases

¥

Seluct tew gueen(s)

[
Yoo ’/,.fk\

‘/'/ \‘N
S 1< Matinp-tlights 0
. STREETR
- T

T

Nas

(:!:nd P

fig. 1. The flowchart of MBO alganthm



142

% T8 A Thammans, P Podsanran Expert Systens with Applicanans 39 (J012) 5576-5583

Durnng the matmg flight, 2 queen mates with the drone that has
the highest marriage probability.

probig,.dy; - = o
where preb (g, 4,015 the probahility of a successiul mating between
the queen g. and the drone dy. Al 1s the absolute difference be-
nween the fitness value of the queen g, and the fitness value of
the drone iy, S7t31s the speed of the queen at time 1. The probabihity
of manng s high when etther the queen's speed 1s high or the fit
ness of the drone is as good as the queen's. If the manng 15 success-
ful. the selected drone’s genotype will be stored in the queen's
spermatheca. After each transition, the gueen's speed and energy
dechne n accordance with the following equations {Abbass, 2001 )

St 1 28t 12
Eit « 1. Bt 13

where Fit) is the energy of the queen at time ¢ x is 3 decay factor,
which has a value between 0 and 1: 7, the amournt of energy reduc-
tion after each transition, 1s computed by using the following equa-
tion [Abbass & Teq, 2003%

05 .80;
LT
where M s the gueen's spermatheca size. The gqueen conunues to
mate with ather drones until her energy ts lower than the predeter-
nuned value of E..., OF her spermatheca 1s fuli Then the queen
returns to het hive to begin breeding. This second stage is repeated
until all gueens complete their mating thights

The third stage s the breeding and feeding processes When afl
queens comptete therr mating flight, they return to thew hive and
the breeding process begins Sumutar te the genenc algonthm, the
breeding process 15 based on the three operationy of selection,

4

Algorithm: M riage i Honey -bee Optimization

crossover, and mutation. In the selection operation, a gueen 15 cho~
sen with a probabitey proportional to her fitness value, and then a
sperm 15 randomiy selected from the chosen queen's spermatbeca.
A new brood ts generated by crossover the setected sperm's geno-
type with the queen's genotype. Mutanon 1s then applied to the
new brood in order to provide greater variety to the solutions,

in the feeding process, the genotype of rhe newly-born brood i
further improved by a worker, which ts chosen m proporton to its
fitness. There are several workers in a hve, Each worker represents
different heurstic function such as GSAT, random walk, WalkSAT,
and ane-point crossover (Abbass & Teo, 2003 ). Thew fitness values
are updated according to the rate of improvement achieved on the
broods. When the number of broods is equat to the number of
potential broods, the breeding and feeding processes are complete,

Fmally, the fourth stage stants by sorting the new improved
broods according to their fitness values. In a colony with a single
queen, the gueen is replaced with the fittest brood if the fatter s
fitter than the former. Simitady, in a colony with multiple queens,
the weaker queens are replaced with the younger and fitter broods
unt it none of the remaining broods is fitter than any of the queens.
All remarmng broods are then killed and the new maunrng flight
begins. This foop is repeated untt! a predeterrmned number of iter-
anon 1s reached or the corwergence critena are met. A pseudo cade
of the MBO algorithm s dlustrated m Fig 2.

3. Methodology

The self- orgamzing model of marnage m honey bee optuniza-
tionn {SMBO) presented tn this section s an improvermnent over
the ongwnal MBO m several respects. Fistly, the SMBO divides
the problem space into several colomes, each of which has s
own queen. The size of each colony depends on the fitness of the
coresponding queen. The fitter queen rufes the larger colony than

Genentte the sttcrgl poptdaiton and dodine e gutal paramices.
(& £
Ev aluate the fieness of afi sdivadual s a0 Gie popuitation
Sulectthe N s adivaduals trom the population and assagn thom to b the gueens

Fon 2 prodelimad pumber of mating {hghts
For vach Queun w the gueen st

Iniudize the queen's crerey and speed

Generate d posl ol drotes and o sluate therr finess vadues

While cierpy = B, and Spormuthecs 1s ned tuld
Setect o drone with des brghest marriage probablity
Aadid sperm of the seledied drone s the gueen s spermathes &
Update the queen s cierey and spocd.

b while
fnd for

While 3 predefined numbier of Broods 12 o reached
Select wqueen usang the roaletic wheel selection awthod

Rundomly select a sperm from twe sprerntatieca of the selected queen.
Genrrate the brosds by ¢rosson of the gueen”s gepotype with the selected spenn’s genotype
Mutate the newly (reated Broads
s the workers o smprove the mutated broods
Uipdate the finess of the selected workers
End while
B atuate the Gtess of all the broads
W hile the bost brood »s better than the warst queen
Repiace the least Fit quees with the best brood
Rumuwe the bust broad trom the braod st
t ud while
Eall sl rematning heaods

Favd b
Return the bost queer

g 2 I'seudo code tor MBU alzonthm



the weaker one. Secondly, the parameter which controts the tern-
rortal boundary of the colony s ntroduced 0 the proposed algo-
nthm to prevent the queens from staviag too close to each other.
The newdy-bom brood of ane coteny which is fitter than the queen
of the colony must overthrow the queen, mstead of founding a mew
cofony As a consequence, the proposed atgorithm can liomit the
number of cofontes to a very small number. Thurdly, alt drones have
thetr own hfe span. As opposed to the original MBO, the uamated
drones survive until ther hie span 1s reached. Fourthly, the queen
s prevented from mating with the drones from her own colony in
order to reduce the probabdsy of trappimg i the local optsmum

143

A Thammara ¥ PashamranExpert Sesrems with Applv aions 39720125 5576- 5583 5579
i P2
Xy VX2
PR .A—.J‘..-,.. o e kAT
Queen f0J 11 0]0 '[l [HleltjoJolij
' '
‘,_______A_.;..__\“,WQA P
orene LOTTTTTIT T Jo{ofaltfo]E)
‘ ,
1 1]
' .
Broadt Lol 1ol T 1 ToTololodonl 1]
\ '
'
I

area. However, f there s no drane i the other colonies, the queen
will mate with her own drones. Lastly, the clustering technique
based on the fuzzy logic concept 1s employed to assign all drones
to the proper colones,

The propused algorahm s divided 1ato five stages: { 1 the pop-
ulatinn miakization, {2) the mating process, | 3 the breedmg and
teeding processes, (4) the selection of the new yueens and drones,
and {5} the founding of the new colomes, In the firt stage, the 1m-
nal population s created by randomly generating N individuals.
Each individual, represented by the binary string, is a candidate
solutnn to the problem. Its fength depends on the pumber of van-
ables of the problem considered, the range of each vanable, and the
decimal pomt precision. For example, m Fig 3, let us consider a
problem of findtng the values of x; and x, which mmimsze the
function fix,,x, ), where x; and x; are real numbers with a level of
preasion of 0.25, x; ~ | -7.7) and x, « {~2,2]. In this example, the
lenzth of each mdmvidual 15 11 bus Qut of 11 bits, che fiest six hits
represent the value of x,, which consists of a sign bit, three expa
nent birs, and two mannssa bits The remaming bits represent
the value of x,, which conssts of a s1gn b, two exponent bus,
and hwo mantssa bits. Then the fitness value of each indnvidual
1s evaluated. The best individual of the mntial population 1s setected
to be the queen of the imitial huve, while rhe rest s assigned to be
the drones

tn the secoad stage, the matng process starts by randomiy
nalizing the queen's energy and speed. Then the probatutity that
the queen g, wall mate with the drone d, s evaluated by usng
the Eq. (1) The probability of maung s high when either the fit-
ness of the drope 15 a5 good as that of the queen, or the queen's
speed 15 high. The drone with the tughest probability is selected
to mate with the queen. The selected drone's genotype is stored
m the queen's spermatheca. Then the selected drone dies and 15
removed from the drone population Alrer each matng, the queen's
speed and energy decltne tn accordance with the Egs | 2y and ‘35
However, the queen cononues 1o mate with other drones unul
her spermatheca s full or her energy is lower than the predeter.
rruned value of Eqy.

When all queens complete thew mating flighe, they retum to
thewr hrves and the third stage begins 1 the third stage, a queen
15 chusen from the pool of queens using the roulette wheel selection
scheme Then the chosen queen reproduces the bronds by crossover
her genocype with the genotype of the randomly selected sperm
from ber own spermatheca. In this paper, the DY pOINT CTOSSOVET
s used, as shown in Fig 4 Next, the mutaton operaton is carned
out on every new brood created, Since the brood's genotype is a
tinary striog, the standard bmary mutation operateon, flipping

Ay X
\, L%

tol [u?\ | KR llj <>[xj3[n(ﬂ

Fig. 3. An example of the biv s genotype

Brood> LOLI LTI TTITG] lixrcslo]

Fig. 4. Anexampk of the crassover opernon

the value of the chosen bit from 1 to G or vice versa.is used on each
brood. The fast process of the third stage is the feeding process. The
workers, which represert the local search heunstic fundions, are
used to improve the genotypes of the newly-bom broods. For each
brood, a worker is selected from the worker pool by using the rou-
tette wheel selection scheme. The heoristic funchion, which the se-
tected worker represents, is then apphed tothe brood. This research
unhzes five local search heuristic functions, namely random flip,
random new. random watk, two pont crossover, arnd one-pornt
crossover Therefore, there are total of 5 workers m thts research

in the fourth stage, the fitness values of all the broods creared in
the third stage are detertuned. Then the current queens and the
broods which are fitter chan the weakest queen are nomunated as
the candidates for the queens of the aext generanion. The concept
of sefecting the queens of the next generation 15 that the candidate
with better fitness value is grven prinnty over the weaker one
Therefare, hefore the selectton process begns, the candidates are
ranked accardrng to therr firness values. The top-ranked candidate
15 promaoted to be the first gueen. The second-ranked candidate
who ts rext i turn, wilf be chosen as another queenif it 1 not a
membrer of the colony which ts ruled by the previously selected
queen. The candidate Cis said to be a member of the colony N
the criterion n {51 s met.

HC ger - 5
N ~argmmdiC.g, 6
fone
1582574 < 10 %A . 358878 7
A H{)cj““ ™ (8.

=1

where diC.g,} 15 the Euchdean distance between the candidate ¢
and the nth queen.

5 ts the number of previously sefected gueens.

N is the thdex of a enlony whose queen 15 the closest match to
the candidate C.

¢ ts the territonal boundary of the cotany if the candidate stays
closer to the queen of the N colony than £, the candidate will he
considered as a member of the N colony. However, if the
distances between the candidate and alt previously selected
queens are greater than the predefined boundary ;. the candi
date will be assigned as 3 new queen.

K is the upper bound of the impur %,

X s the tower bound of the input x,.

m s the dimensionality of the problem space.

The selection process continues with the fower-ranked cands-
dates until all the candidates have been constdered. It 15 worth to
note that 1n the above selection process the current queen might
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not be re-selected to be a new queen After the selection process
ends, the current queens which have not been re-setected wiil be
kifted and removed from the populatsion, However, the unsefected
candidates which are nominated {rom the group of broods will not
be killed: mstead. they will be grouped with the weaker bmods
who have not been nommated as the queen candidate. The mem-
bers of this new group will have a chance t be a drone by fifling
the vacances teft hy the death of the older drones. Inthes research,
there are two causes of death of a drone: {1} death after mating
with the queen, and ;2) the end of its kfe span. Life span of a drone
15 predetecmined by the researcher n the first stage of the aigo-
rithm. The drones that rmate with the queen immediately die
whereas the unmated ones stay alwe to the next generation. How-
ever, thewr fife sparns are reduced by one. When the tife span
reaches zero, the unmated drone dies and 1s removed from the
drone population, In each geoneraton, many drones die {rom either
of the above two causes. fn arder to mamntan the number of drones
at the predetennined value, replacements for the dead drones are
randomiy selected one by one from the newly formed group, men
tioned earker, untt} the predetermuned value 1s reached.

The fifth stage 1sthe colony founding stage. The main task of the
fith stage 15 to assign all drones, bath old and new, to the proper
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cobonies. [t should be noted that even though the old drone currently
belongs to one of the colomes, st must be reassigned agam at this
stage, Some mught stay with the same queen, while others aught
not. In thys stage, the concepts of the clustecing algorithm and the
fuzzy membership function are employed in custenng drones with
simifar contents together. Given D ={d,.dy, 4. .dp} s asetof
drones, and P is the total number of drones. The fuzzy membership
value of the drone d,, in the colony owned by the queen g, is calcu-
lated according to the foilowing equation:

()

e g, —€ ™ 9
: fegst H .

o, -~ ax {d*.qn.m : ‘m]{ (10

where uid,. g, )15 3 memberstup value of the drone d, in the colony
of the queen q..
0, denotes the size of the colony of the queen g,,. The value of
74, ¥ propornional to the fitness of the corresponding queen gs.
k=12 the total number of queens.
£ig,) and fg) are the fitness values of the queen g, and g,
respectivety.

Lgorithme: A Setlorgunicing Model of Marviage in Honey -bee Optimization (SMBOY

Detine the nual parsnwiers
Create the initial populaton

Select the best individual of the mitial popalation © be the queen and assizt tie R 0 be die drones

For a predefined number of mating flizhes
For cach quuch 1o the queen list
Tomalve the quoecns cnergy and spevd

While encrgy > Egq and spermacheca is not (ull
Scleet a drote wath the highest naemage probability o mate with the queen
Add speras of the sclected drone in the gueen’s spermatheca

U pdate dee quewrn & energy and spocd

kg while
Lnd foy

Ml a predeistod sumber of broods s aor resched
Select i quoen usng e roulette wheel sclection methad
Randoriy seloet & sperm from the spermiatheca of the schoted queen.
Rueprontuce the broods by Crossoref the quoeen’™s genoty fe with the genoty pe of the seleceed sperm

Mutdr. the owly wreatad brosgs

e e workers (o nnpros o the matitated broads

Update the titeas of the sedccted warke s

I nd whife
Lgndate d Irde span of Lvary tnsustad dron

Create a st of candedattes Tor the queens of dw seat gensration.

Rank, the vandidaws accordimyg o their {itness values rrons the lughest 1o U fowest

Aswien thi top-ranked candidate us the [int now queen.

For cach candidate sn the ranked list, vanting tromn the scoond-ranked o the fast-ranhad candidaics
H the drstances huoween the candidate and all the rew queens are greater than

Assign the candidate as & new queca.

flee

I the candidate 13 one of the CUrront gueenhs
Remsion « thre candidate trom the population

flee

Add the candidate 10 a new Tist o be used as porentiad candidates tar the new drones

tod if
Fndif
Fnd for

Create a list of potental candsdaies $or the new droties
Randomly select the new drones 1o (il the vacancies lett by the death of the old drones.

Assign vach drone 10 3 projes cadony
band
Retuen tdhe bed queen

tig 5. Pando code for SMBO afgorithm
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d{gn.q) is the Euclidean distance between the queen g, and its
neighbonng queen q..

Subsequently, each drone determines its new huve by consider-
ing s membership value in each colony. The colony with the max-
imum membership value is selected as the new home for the drone.

K - arg max{uid,. g, )] (11}
i

Once all drones are assigned to their new colony, the termina-
non criterion will be checked. If it is not met, the whale algorithm
wll repeat again However, a new group of colonies which contains
both queens and drones will be used as the population for the next
generation, A pseudo code of the proposed SMBO algorithm is pre-
sented in Fig. 5.

4. Experimentzl results
4.1, Test functions

The performanceofthe proposedalgonthm is evaluated and com -
pared to the orginal MBO algorthm. To test the performance, both
algorithms were used to find the aptimal solutions of the following
six widely used benchmark functions: the Michalewicz's function,
the Rastrigin’s function, the Rosenbrock’s valley function, the sphere
function, the wetghted sphere function, and the Goldstein-Price’s
function. In an optimization problem, the goal 1s to find the values
of the decision variables that maximize or minimize the objective
function without violating any ef the constraints. The above six func-
tions used in this paper represent both maximization and minimiza-
tion problems. For clearer understanding, the equations of the six
functions used in this paper are briefly described as follows:

a. The Michalewicz's function (Michalewicz. 1996)
Fixy 218 o xp - sin(4#x, ) 4 X - Sini207xy ) 12}

where 3.0 = x; % 12,1 and 4.1+ % = 5.8, The global masimum of
this Michalewiez's function is equal to 38850294479, attained at
11625543700 - Xy « 11.625545700 and x; - 5725044250, The
graph of this funcnion ts shown in Fig 6a.

b. The Rastrigin's function {Torn & Zilinskas, 1989)

fid o 10m w E [x?

=1

10cosi2mx ) ) (13

where m 15 the dimensionality of the proeblem space. The search
space 15 restricted 0 512 x,<5.12, i=1.2, an lts _global

Fig. 6a. The Michalewicz's function

Fig 6b. The Rastngin's function.

minimurn- of zéro is artained at the point X = (0.0.., .0} The
two-dimenstonal graph of this function is shown in Fig. bb.
¢ The Rosenbrock's valley function ( De Jong, 1975)

wmol,
fidi= 371000

=t

2Y o (1Nl (14)

The search demaimn is - 2.048 = x, < 2.048, (=1.2,...,m. The two-
dimensianal Rosenbrock's valley functon has a global minimum
at the point X = i |. 1] where fiX! = 0. The graph of this function is
shown ia Fig. 6c.

d. The sphere function {De Jong, 1975)

fid =% & (15)
i-1

where m ts the dimensionality of the problem space. The search
space is restricted to -5.12 < ¥, < 512,4= 1,2, m. The global
minimum of the sphere funcuon is equal to zero, attained at

& (0.0, 0. The twoe-dimensional plat of this function is shown
in Fig, Gd.
e. The weghted sphere function { Pohlheim. 2006)
2y
FiXi Li‘x? (16

-1

where m is the dimensionality of the problem space. The search
space is restricted to -5.012:= X< 542, §=1.2.....m. ks global

Fig. 6. The Rosenbrock's walley funcnon.
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Fig. 6 The sphere functon.

minimum of zero is attained at the point &= (0. 0.,
dimensional plot of this function is shown in Fig. Ge.
f. The Goldstein-Price's function { Goldstein & Pnce, 1971}

.01 The two-

Jid s 1 oxdiag 1719 14x, 18R =M, x4 3::}}1;

300 (2, 3 018 32 12 4BXs 36K, KXo+ TIx)
an

where 20 x,4 20 and 20 x; = 20, This function has a
global minimum at the pomt £ . ). =1 where it attains a value
of 3. The graph-of this funcrion 1s shown in Fig, 6f

4.2. Resules and discussions

One of the most difficult steps in conducting an expenment is
defining the values of the parameters of both the eriginal and
the proposed MBQ algonthms. For the original MBO algorithm,
the parameters needed to be defined are the number of queens,
the number of drones in each generation, the size of the queen's
spermatheca, the number of broods in each generation, the number
of mating flights, and the mutation rate. For the proposed algorithm,
however, only five parameters are needed to be defined which are
the number of drones in each generation, the size of the queen's
spermatheca, the number of broods in each generation, the number

Fig 6e. The weghted sphere function

Fig. 6f, The Gold stein-Price’s function

of mating flights, and the mutation rate. Since the performance of
the MBO-based intelligent systems strongly depends on proper
selection of system parameters, as mostofother intelligent systems.
the parameters of both models are varied tovarious values, as shown
mTables.1 and 2,in order to get the best outof both models.Foreach
parameter setting. moreover, ten experimental repetitions are per-
formed wath different initial populations each ume. For each test
function, therefore, fifty expenments need to be conducted in case
of the original MBO algorithm while only ten experiments are per-
formed in case of the proposed algorithm. This 18 the first advantage
of the proposed algorithm. In contrast tothe original MBO algorithm,
where the ex periments with vanious numbers of queens have to be
conducted to find out the optimal number, the proposed algorithm
determines the proper number of queens automatically. From this
abtlity, the computation time required for finding the optimal solu-
tion is several orders of magnitude less than the original MBO
algorithm.

The performance of both the origind MBO and the proposed
SMBO algorithmsqn finding the optimal solutions of the six bench-
mark functions is shown in Table 3. Table 3 illustrates the best
solurion, the worst sofution, and the average and the standard
deviation over the number of experiments carned out for each
problem. The following are summaries of what we observed from
the experimental resules:

Table 1
The parameter used inthe priginal MBO.
Paameters Values
Number of queens 1,10, 20, 30, 40
Spermatheca size 109
Number of drones 200
HNumber of broods S0
Number of mating flights 400
Muttion ate a2
Table2
The parameter used in the propesed mode|
Paramerers Vales
Spermatheca size 100
Number of drones 200
Number of bronds 500
Number of mating flights 400
Mutarion rate 02




147

A Thammana [t Poolsampan: Fopert Sysrems with Applicariens 3940123 §576-9585 5583

Table 3
Phe mault of the standard MBO and the propesed model

The onginal MBO

The pm posed mode!

Best Warst Average S0 Best Worst Average 5B
Mirhalevicz IBB4ATAREI T 38813182565 38841151503 Q008631782 38847956378 3B.846033400 38847231956 QO00B24442
Raserigin G.00000%K0 QOHXC6 249 QDOIOTI52T GO02428718 0000000030 0LU30642884 07301 366 Q011495355
Hasen brock ORRXOKKN) QGI0TS8 124 DLKNUI5956 QO00044132 AAEXG 400006 1108 QUOOQTE 75T DO0021074
Sphere U KXXI0000 Q0000METY 0000019855 TOUXNY 248 BOB0000X0 000000 1907 QO0UN0T 63 U.000000752
Weghted sphere 0.000000954 QO00ZB2 288 Q0003866 0000048092 QA000000G0 0.0007629 0000001 XT7 0.00000 5771
LoldStein-nce 300000000 101267 2%6 I00EU13Y AOMBTELI 30000KKR) 3446700 3000151214 Q00020258

« Both algonthms can achieve opumal solutions for Rastrigen's
function, Rosenbrock's valley function, the sphere function, and
Gotdstemn--Price’s function. The proposed algorithm achieved
the optunal solution 20% of the time, 30% of the rime, 40% of
the time, and 60% of the time for the Rastnigen's function, the
Rosenbrock's valtey function, the sphere function, and the Gold-
stein Price’s funciion respectivety, On the other hand, the onigy
nat MBO altgoriwhm only found the opumal solution 6% of the
ume, 4% of the ume, 2% of the tune, and 24% of the tme for the
Rastrigen’s functon, the Rosenbrock's valley function, the sphere
function, and the Goldstein- Price’s function respectively.

» For the weighted sphere function, only the proposed algonthm
attaire the global munimum of zero The proposed algonthm
achieves the optimal solution 30% of the tme white the best
solution that the original MBO gets 15 0.000000954.

s Far the Michatewaz function, however, both aigonthms cannot
find the optimal solution. While the global maximum of the
function 15 equal to 38850294479, 38847986378 15 the best
that both algorithms can achieve. The proposed algonthm gets
the best solution 40% of the time, more than double the success
rate of 16% obtained by the onignal MBO algorithm.

o When considering the wornst solution obtamed by both algo-
nthms, the solutions obtawned hy the proposed algonthm are
closer to the opttmal sotutton than those obtained by the onigr-
nal MBO algonthm for alf benchmark funcuions except the
Rastrigen's function.

« When constdering the average over the number of expenments
carned out for each problem, the propased algonthm outper-
forms the onginal MBO algorihm for alt benchmark functions
except the Rastrigen's funciion.

In summary, the performance compartsons with the ongmal
MBO show that the proposed algorithm s supenor to the ongmal
MBOQ both in terms of the computauon tme and the abihity to find
the optirnal solution. The proposed algorithm performs very well
n sobving all 6 benchmark functians

5. Conclusion

Thts paper presents a new swann intethgence algonthm, which
15 an improved version of Abbass’s MBO algorthm. The mamn draw-
back of the orgmal MBO algorithm is 1ts very long computation
time. Even though the proposed algonthm 1s stifi mainfy based on
the mamage behavior of haney -bees, vanous assumptions and pro-
cesses have been modified to tmprove the algonthm effi cency. The
performance of the proposed algonthm s evaluated agamst the on-
ginal MBO algonthm. The expenmental results show that the pro-
pased algorithm outperforms the onginal MBO algorithm both 1n
terms of the computation time required for finding the optimal
solutton and the abitity to achieve the optimat solution.
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Abstract

Many researches have implemented a genetic algonthm with real-coded chromosomes to solve a wide variety of problems. Their
expenmmental results suggested that the real-coded genetic algonthms gave superior results to bmary-coded geaetic algonthm on
most of the test problems. Inspired by the above founding, this study atms to (1) propose a modified Marriage 1n Honey-bee
Optunuzation (MBO) techmque (2) compare the performance of the proposed techmique to that of the real-coded GA technique.
In this study. two mam ideas are proposed. Firstly. to handle the real encoding of genotypes, we present a new crossover operator
and a new heunstic worker, named the scroll-based workes. for manipulating the real value of genes Secondly, to reduce the
number of user-defined parameters. we provide the onginal MBO wath a self-organizing capability. With a self-orgamizing
capability, the proposed model can automatically determune the proper number of queens itself. The expenmental results on five
benchmark test fanctions show that the proposed mode! is very effective in solving the function optimization problems

© 2011 Published by Elsewier BV

Keywords: Real encoding; Mamagze m Honey-bee Op Function Optr son Probli

1. Introduction

The Evolutionary Algorithms (EAs) 1s a population-based metaheunstic optimization method. In general, the
EAs consist of three mechanisms inspired by theories of natural evolutions [1, 2, 3]. Firstly, the selection operation
15 used to select two parent chromosomes for reproduction. This selection process is typically probabilistic, that 1s,
the highly fit individual is allowed to create more offsprmgs than the lesser one. Secondly, the recombination
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operation. cominonly called crossover, is a method used to produce the offsprings that inherits some characteristics
of thewr parents. Finally, the mutation operation slightly changes some genes of the chromosome with the hope that
the fitness of the chromosome will increase. Chromosome representation 15 the first important step for a successful
operation of the EAs. For the function optimization problems of continuous vanables, there are two ways to encode
the chromosome. bmary representation and real representation. In the former, the chromosome 1s represented by a
sequence of bmary bits: therefore. the precision of the solution is restricted by the length of the chromosome. The
maost common binary representations are the binary, gray, and unary encodings [3]. The latter is a real encoding. In
the real encoding, the chromosome 15 represented by a sequence of floating point numbers. Therefore, the precision
of the solution depends on the precision of the machine used for computations. Using the above two encoding
methods, a number evolutionary algorithms have been implemented such as in the reference [4], [1], and [S]. The
previous studies suggested that the real encoding is a very efficient method. In comparnison to the binary
representation. 1t provides a higher precsston and has faster convergence speed.

The MBO was proposed by Hussem A Abbass [6] for solving 3-SAT problems. The MBO 1s a recent
evolutionary metaheuristic inspired by the marnage behavior in real honey-bee. There are several applications of
this approach that have been presented; for instance, Bozorg Haddad, Afshar and Manfio [7] applied the
conventional MBO to solve a real-world reservorr operation problemt. The performance of their model 15 well
comparable with the performance of the genetic algorthm In this paper. we proposed the real-coded MBO
algorithun together with a new crossover and worker For performance evaluation. the results of the proposed
algonithm on five benchmark functions are presented and compared with the results of the real-coded GA

The remaming paper 1¢ organized as follow. The next section mtroduces a descnption of conventional MBO
Section 3 details the proposed methodology. Then. a detail of parameter identification, five benchmark test
functions. and an analysis of experimental results are given in sectton 4. Finally. the conclusions will be discussed 1n
section 5.

2. The Marriage in Honeyv-bee Optimization

In nature. honev-bees can be classified, based on thew roles. mto three groups. the queen. the drones, and the
workers The role of the queen 15 to mate with several drones and to lay the eggs that will later develop into
numerous broods. The role of the drone 1s mamly 1o mate with the queen. The task of the worker bees 15 1o (1) feed
the queen and the broods (2) do all the maintenance work of the hive. The MBO algonithm. which attempts to model
the marmage behavior of real honey-bees m nature, 1s also classified its artificial bees into three groups: the queen,
the drones, and the workers. The queen and the drones represent the candidate solutions to the problem whereas the
workers represent the heuristics used to perform local search on the solutions In short. the mating process between
the queen and the drones. and the heuristic local search operation are the ways in manipulating the candidate
salutions to find the optumal solution.

The algorithm of the onginal MBO 15 listed as follows-

» Step 1" Imtiahzation

Six parameters, the number of queens. the gqueen’s spermatheca size, the number of drones, the pumber of
broods, the mutation probabihity, and the convergence cnitena. are to be assigned the values by the user
Subsequently, the initial population is created by randomly generating N individuals. The fitter individuals are
selectad to be the intial queens of the hive, while the rest is assigned to be the drones.

« Step 2: Mating process

To begin the process, the queen’s energy and speed are randomly mitialized. A decision of the queen whether to

mate with a particular drone 15 based on the probability of marniage as follows:

- ~4A(0) ()
Prob(Q. D} exp( ) ]

where A(f) denotes an absolute difference of the fitness values between the queen Q and the drone D; S(t) 15 the
speed of the queen at time t If the mating 15 successful, the sperm of the drone is added to the queen’s spermiatheca.
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Then, the drone dies immediately after mating. After each successful mating, the queen’s speed and energy decrease
according to the following equations:

S+ =a S (2

EG+)=E@®) -7 (3
where a 15 a factor i the range [0, 1] and y is the amount of energy reduction after each transition

0 5« jnutinl
7 - _..—;Z

4
M @

where M 15 the queen’s spermatheca size. This stage 1s repeated until the energy of the queen 1s lower than the
predefined threshold or her spermatheca 1s full.
» Step 3- Breeding and feeding processes

When all queens complete their mating, they start breedmg to generate new broods. The breeding process starts
with randomly selecting a sperm from the queen’s spermatheca, and then followed by crossover the selected sperm’s
genotype with the queen’s genotype to form a brood as illustrated in Fig 1 Next. the mutation operator 1s applied to
the new brood in order to provide greater vanety to the solutions. Finally, the genotype of the newly-born brood is
fusther improved by a worker bee, which is chosen in proportion to its fimess. Each worker represents one of many
focal search heusistics, such as GSAT, WalkSAT, random walk. random sew, random flip, and one-point crossover
[6, 8]. When the number of broods ts equal to the required quantity, this process 15 complete.
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Fig. 1 Binary crossover operation

+ Step 4 Updating process

In this process, some queens are replaced with fitter broods until no brood that 1s fitter than any of the queens
exists Thus, the population of the next generation certainly has equally or better quality. Before new matng flight
begins. the rematning broods have been killed.

All above processes are repeated unti] the convergence criteria are met.

3. The proposed methodology
This paper presents two main issues: (1) applying the real encoding to the MBO approach and (2) reducing the

number of user-defined parameters of the MBO algorithm. In the ongmal MBO. the bmnary string 1s typically used to
encode the genotype. Since the genotypes represent the candidate solutions, the encodmg scheme should be
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designed so that 1t can cover the possible solution When a high precision of solution is required such as in the
function optimization problems the binary encoding scheme might not be appropriate. Therefore. in this paper, the
real encoding is used mstead of binary numbers; the crossover operator, the mutation eperator, and the local search
heuristics, which are used to mantpulate the penotype, are also redesigned to match the change in encoding method.
The followings are the details of proposed operators:

3.1. The properties of operators

3.1.1 The crassover operaior

The concept of flus new crossover is to (1) clone the strong mdividual m order to keep 1t alive as long as possible
and (2) unprove the weak individual by combumning the genotypes of the queen and the drone. In tlus paper, the
retaining probabulity 1s used to indicate the degree of strength of each individual. The retatning probability of the i®
individnal can calculated as follow:

P".,,”(t):e.‘:p(—ﬁfl"') 5

o

where f, and i, are the fitness values of the 1% 1ndrvidual and the fittest individual respectivelyv. o 18 the width of the
Gaussian function. In this new crossover operator, the operation begins by generating a random real number
between 0 and 1: then companng it to the retamng probatulity. If a random number 15 smaller than the refainmng
probability. the parent will be cloned to form a pair of broods. Otherwise, the two broods will be created by using
equattons (6) and (7).

ob et (o)) ”
" g e AR (0.D)-g! Cotherwise
B 'g‘d ;rxSPmm(D) (7/

3 {s," b, APn(@ Dy-g?  -otherwise

where g 15 the 1% gene: ¢, 1s a random number 1 the range [-0 5, 0.5]. by and bs are the first and second broods
respectively, Pru() 15 the retamning probability m the range [0. 1] APrun(Q. D) 15 the difference of the retaining
probabslity between the queen Q and the drone D

It 15 cleasly that the mdividuals with greater retaining probability are given ugher chance of survrval than the
inferior individuals Therefore, the weakest indrvidual has the smallest chance of reserving 1ts charactenistic

3.1.2. The nutatton operaror

The main 1dea of the mutation operator 1s to slightly change the value of the real-coded gene with the hope that
the fitness of the genotype will mcrease. For each gene, the operation begins by generating a random real number
between 0 and 1. and then compares tt to the predefined mutation probability, which 1s usually set to a small
number If a random number is smaller than the mutation probability, the gene will be shightly adjusted by adding a
small number i the range {-0 5. 0 5]

3.1.3. The hewristic worker operator

Thus proposed mode! employs two kinds of workers The first worker, called the random one worker. 1s presented
in the reference [6]. The other, called the scroll-based worker, 1s proposed in this paper. The scroll-based worker
shown m Fig 2 15 designed spectfically for real encoding. Let g; denotes the i® gene 1 the genotype: g,’ 15 the 1%
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digit to the left of the decimal point in the gene g; g/ 1s the ™ digit to the right of the decimal point 1 the gene g
The value of g, 15 adjusted based on the following equations.

gi=gi+A %
A =random{-1, 0.1} 19)

where A 1s usad to scroll up or down (to increase or decrease) the value of a digit. If A = 1. the value of a digit will
be increased by 1. If A = -1, the value of a digit will be decreased by 1. If A = 0. the value of a digit will not be
altered

:43 &2

S XYRNT TN
genotype 11.532

e LRI
A fofr} frfoefui
3N N I B K N

genotype 12 631
\ﬂ—A—Y_l

& 4

(¥4

Fig 1 The scroil-bazed worb er
3.2 The prapased algorithm

The procedure starts with one randomiy generated queen’s genofype. The very first task that has to be dong 15 10
mate with several drones in order to reproduce broods. Next 15 the breeding process i which the queen’s genotype
1s crossover with the genotype of a randomly selected sperm from the queen’s spermatheca. If the number of broods
is equal to the required quantity. the breeding process completes. The newly-born broods are then improved by a
mutation operator and a randomly selected worker. The broods which are fitter than the queen will be promoted to
be 1 a list of candidates for the queen. Hence. the number of queens will be increasing. However, 1f none of the
broods 15 fitter than any of the queens. the old queens will continue ruling their own colonies Note that if 2 list of
the queens 1s changed. all the colonies will be merged together into a single entity; then the new colonies are rebualt
by a group of new queens. In order to keep the number of queens to a minmum. the queens are prohibited from
being too close to each other. Since some drones die after mating with the queens. m order to maintain the pumber
of drones. the vacancies left by the death will be replaced by the broods with high fitness values

Before the new mating fhight begns. the colony reconstruction process has to be done. In this process. the drones
are clustered mto several colomies, the centrotds of which are the queens by iraplication The clustenng technique
used 11 this study 1s based on the fuzzy c-mean concept. Grven D= {d;, dy,.... d;, . .. dp} and Q= {q. a1, . ., G- ...,
qs} are sets of drones and queens, respectively. The membership value of the drone d; 1n the colony of the queen g,
15 calculated accordang to the following Gaussian membership fimction:

-5, ~q,)"
pd, q,) = exp=e ) (o
[s3

9
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whete ¢, mndicates the width of the Gausstan function, which 1s the ratio of the fitness value of the queen ; to the
fitness value of 1ts neighbor.

o, =maxo)} (1)
k =d . f(ql) 13}
o =4 s ran (

Each drone chooses its colony by constdering its membership value m each colony; the colony with the maxupum
membership value is selected as a new home for the drone. This process fimushes after all drones have already been
assigned to suitable colontes

4. Resuits and Discussions

To test the performance. the proposed model s used to find the optimal solutions of five benchmark functions: F1l
{the Acklev’s function). F2 (the Griewank's function), F3 (the sphere function). F4 (the weighted-sphere functon),
and F3 (the Schwefel's double sum function) Then its performance 1§ compared wath that of the real-coded GA The
equations of the above benchmark functions are shown in Table 1.

Table 1 The five benchmark fonctions

Funcaons Formula Domam range
Fi- Ackley . 442\1'%23., %) ——V wosTm) e f30.30]
f(@)=20+ ¢~ 20¢ \ —¢€

F2 Gnevank J ()= T s H cO ] X, & [-600, 600]
14000 S‘ \/_

¥3 sphere (=32 v el 512.512)
=3

F4 weighted- sphere f(%)= 2«’:.\“‘2 x,e[-512.512)
pst

- 2 i bt +

F5- Schwefel’s dowblesum S (®) =3, (3 %, ¥, € [~65.536. 65 536]

s iy

Since the performance of most evolutionary algorithms strongly depends on proper selection of system
parameters, the parameters of both models are varied to vanous values in order to get the best out of both models.
The best performances of both models are obtained when their system parameters are defined as follows:

For the proposed model, the number of drones is set to 200, the number of broods is set to 500, the queen’s
spermatheca size s set to 100, the mutation probability is set to 0.2. and the number of mating flights is set at 2000.

For the real-coded GA, the population size is set to 240, the crossover probability s set to 0.7, the mutation
probability 1s set to 0.2. and the number of generations 1s set at 2000.

For each benchmark funcnons, both algonthms are run 10 umes. Each run starts with a different imtial
population and stops when the number of generations 1s equal to the predefined number The performance of the two
algonthms is measured 1n terms of the effectiveness and the success rate. The former is measured the closeness of
the resulting solution to the global optimum while the latter 35 the number of times the algonthm successfully
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located the global optunum out of 100 trials. The experimental results of both the proposed mode! and the real-
coded GA in finding the optimal solutions of five benchmark functions are shown in Table 2.

Table 2 The effectiveness of the proposed model and the real-coded GA

Expenimentat resuits

Best Worst Average S.D
Real-coded GA 7 X76253E-06 2192872803 1 296436E-05 5 448939E-06
Fl Proposed Model 4] g o a
Real-coded GA 3 0G0Q00E-12 1.257130B-01 3 1277357E-02 4. 718468E-Q2
h Proposed Model 0 7.396041E-03 2.218812E-03 3.572627E-03
Real-coded GA 1 996650E-13 2 850000E-10 6 750000E-11 2.240881E-11
B Proposed Model 0 0 o] Q
- Real-coded GA& 4.000000E-12 5.14Q000E-10 $.210000E-11 1.646751E-10
Proposed Mode} 0 4] 0 0
£ Real-coded GA 5 000000E-12 2.021000E-09 5.098000E-10 6.821282E-10
Proposed Model [1] 0 ¢ 0

In Table 2, the effectiveness of the two algonthms 15 showed using four statistical data- the best. the worst, the
average. and the standard devianon obtained from 10 runs The expenmental results show that the best. the worst.
the average, and the standard derivation of the results offered by the proposed model are better than the real-coded
GA 1n all benchmark functions. However, the differences between the two algonthrmas are small.

The results m terms of the success rate (Table 3) show that the proposed model 15 able to obtain the global
optimum of all test fanctions. however, the real-coded GA 15 unable to find the global optimum. For F1, F3. F4. and
F5 functions, the proposed model achieved the global optunum of the fuactions in alf the runs. For F2 function. the
propased model attamned the global optumum with a success rate of 70°. Thus clearly indicates that the proposed
model has better capability in finding the global optimum than the real-coded GA

Table 3 The success rate of the propaced model and the rezb-coded GA

Success rate

Funcuon
Real-coded GA Propesed Model
F1 Ackiey 0% 100%
F2 Guewank 0% 0%
F3 sphere 0% 100%
F4  weighted- sphete 0% 100%
F5 Schwefel’s double sum 0% 100%

8. Conclusians

To reduce the number of user-defined parameters. we provide the onginal MBO with a self-organizing capability.
The proposed model can automatically determine the proper aumber of queens itself. Results on five benchmark test
functions show that the proposed model 1s very effective 1n solving the funchion optimization problems.
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Abstract—This paper proposes a modified marriage in
hones-bee optimization for solving multiobjective
optimization problems. Unlike che oi1iginal marriage in
honex-bee optimization, the proposed algorithm divides
the objective space into several celonies, each of which
kas its own queen, The fimess of each solution is based
on 3 parameters: the size of the colony, the number of
dominating solutions. and the number of dominated
solutions, The nondominated solutions with highest
fitness values are preferentially assigned to be the queens
while the rest are assigned to be the dremes. Next. afl
drones are assigned to the coleny according o their
distances from the queens of the colonies. In order to
masimize a genetic variance in the population, the
multiple mating is used. The multiple mating requires
the gueen to mate with droues fromn the other colonies.
The proposed algorithm has been evaluated and
compared 1o two  state-of-the-art  metaheuristic
algorithins: the Pareto archived eveludon straregy and
the nondominated sorvting gemeric algovithm. The
experimental results on & different ZDT benchmark
functious tlluserate that the proposed algorithm is able to
converge to the rue Pareto fiours and has better spread
of solutions. as compared with the published results of
the tno state-of-the-art algorithms.

Eeywords- swarm wtelligence: matviage in froney-bee
optuntizaion; wultrabjective optamizanon problem

I INTRODUCTION

In the past decade. the increasing demand in
developing the effective and efficient techniques to
solve complex real-world problems with multiple
objectives has encouraged the development of many
bio-mspired algonithms In contrast to the single-
objective optimuzation problem fhere is no unigque
optunal solution when considering mmitiple conflicting
objectives Therefore. the solving of multicbjective
optumzation problems s to deternune a set of optumal
solutions representmg the best tradeoff between
muitiple conflicting objectives. called the Pareto-
optimal set In fact. finding the Parero-optimal
solutions 1s NP-complete [1]. wluch is impractical to

solve 1 reasonable computing time. The bio-inspired
algorithms seem to be the most attractive approaches
for this kind of problems because 1) thev are
population-based metaheunstics that can find mulnple
solutions 1t a single run. and 2) they typically require
small computational tune. A number of different bio-
nspired algonthms have been applied to multiobjective
optumization problems such as the genetic algorithm
(GA). the artificial immume systems (AIS). and the
particle swarm optimization (PS5O}

In the nud-eighties. the vector evaluated genetic
algorithm (VEGA) [2] 15 the first effort to improve the
genetic algorthm to search for a set of Pareto-optumal
solutions i a single run After the development of
VEGA. anumerous variattons of GA approach have
been proposed. To date. there are several well-known
GAs for the MOP such as the nondominated sorting
genetic algorithm (NSGA-IT} {3]. the multi-objective
genetic afgonthm (MOGA) [4]. the strength pareto
evelutionary algorithm (SPEA-ITY [5]. and the pareto
archived evohation strategy (PAES) (6], In recent vears.
Wong. Yeung. and Lau [7] has proposed a novel
hvbnd method based on the genetic algorithm and the
arificial tmmune system called the hybnid artificial
munune svstenr. for solving both unconstramed and
copstrained  multiobjective  problems of global
container reposttioning.

In addition, the marniage in honey-bee aptimization
(MBO). one of recently proposed bio-nspired models
15 inspired by the process of real honey-bee mating
The MBO algorithm was first proposed by Hussein A,
Abbass [8] for solving 3-SAT problems. Since then.
there are several apphications of this algorithm that
have been presented; for instance. Bozorg Haddad.
Afshar and Marifio [9] applied the omgmal MBO to
solve a reservour operation problem. The performance
of thetr model is well comparable with the performance
of the genetic algonthm.

In the recent studv. Thammano and Poolsanwan
{10] proposed a modified version of the MBO



alganithm, called a self-orgamizing model of marriage
in honey-bee optimization (SMBO). Their proposed
model has been fested on six benchmark functions.
including  both maxwuzation and mintnuzation
problems The performance compansons with the
original MBO show that their proposed algorithm is
supenor to the onginal MBO both in terms of the
computation tume and the ability to achieve the optimal
solution. Later. Poolsamran and Thammano [11}
proposed a real-coded marnage in honey-bee
opfimizanon together with the new crossover and
worker operators The experimental results. compared
with the results of the real-coded GA. on five
benchmark test functions show that the proposed
model is very effective in solving the single abjective
optumezation problems. In this paper. we propose a
modified mamage in honey-bees optunization for the
mltiobrective optimization problemy For performance
evaluation, the results of the proposed algorithm on
five ZDT functions are presented and compared with
the published results of two state-of-the-art algosithms:
the PAES algonthm and the NSGA-II (real-coded)
algonithm.

The remamning paper 15 orgamized as follow The
next section utroduces a definition  of the
multiobjective optinuzation problem and a description
of the onginal martiage 1 honey-bees optimization.
Section 3 describes the proposed algorithm. Then. a
detasl of parameter idennfication. a performance
metnc. and an analvsis of experumental resulfs are
green 1n section 4 Famllv. the conchusions are
discussed in section 3.

I  BACKGROUND

A Multobiective aptimizarion problem

A multiobjective optimization involves the process
of smmltaneously optinuzing m conflicting objectives
subject to certain constramts In a nmltiobjective
opiimization problem. rather than finding a swngle
solution as m a single objective optimization problem.
it amns to find a set of solutions as close to the pareto-
optimal set as possible. and at the same time mainfain
diversity among the individual solutians.

Mim P = (Rt R f(xT
subject to  q(X)20 a=L2.. k) t1y
nx)=0 =121

where ¢ 15 the 1% inequalitv constraint. k 1s the number
of iequality constraints. r. is the j® equality constraint.
and ! is the mumber of equality constraints. According
to the concept of Pareto dominance. a solution X; 15
said to domunate the solution x: if the following
conditions are true: 1) ne component of F(x;) is worse
than the corresponding component of F(x:). and 2} at
least one component of F(x;) is better than the
corresponding component of F(x1). Auny solution that 1s
not dogunated by others is regarded as a nondominated
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solution. A solution x* is Pareto-optimal solution if
there is no other solution X that can improve at least
one objective function without defriment to another
objectrve function.

B. Marriage in honay bee optimization (AMBO)

In pature. honey-bees can be classified. based on
their roles, mnto three groups- the queen, the drone. and
the worker. The role of the queen 15 to mate with
several drones and then Iay eggs that later develop into
numerous broods. These broods are fed and cared for
by the workers until thev mature. The MBO algorthm.
which artenipts to model the marriage behavior of real
honev-bees 1n nature. 1s also classified 1ts artificial bees
mto the queen. the drone and the worker. The queens
and the drones represent the candidate solutions to the
problem. the workers represent the local search
heuristics for iumproving the genotypes of the broaods.
The maung process between the queens and the drones.
followed by the feeding process by the workers will
enable the algonthm to find the optimal solution The
algorithm of the original MBO is listed as follows:

1) The mitiaiization process

Six parameters. the number of queens. the size of
queen’s spermatheca. the number of drones. the
number of broods. the mutatron probability. and the
aumber of matng fhehts. are defined by the user.
Subsequently. the population which comprises the
queens and the drones 15 randomly generated. The fifter
mdividuals are selected as initial queens whle the rest
are assigned as drones

2 Themating process
Before the mating flights begin both energy and
speed of each queen are randomty imtialized. Then the
queen mates with the drone that has the lughest
probability of marriage as shown in the following
equation

Probig,.d,,) = exp| ot | )

§ir)

where A{f) denotes an absolite difference of fitness
value between the queen g, and the drone d;. S(1) is the
speed of the queen at fime t If the mating is successful
a sperm of the participated drone 1s added to the
queen’s spermatheca. Then. the drone dies immediately
after mating. This stage 15 repeated until the energy of
the queen is lower than the predefined threshold or the
queen’s spermatheca s full After each mating
transition. the queen's speed and energy are decreased
in accordance with the following equations.

Sh+ly=a* S0 3)

EG+h)=E@y -y (41



where o is a decav factor in the range {0, 1].v is the
amount of energy reduction after each transition: it is
calculated according to the following equation:

. _O05smnal _y
A

5

where M is the size of the queen’s spermatheca.

34 The breeding and the feeding process

The breeding process begins after all of the queens
complete their mating. During the breeding process.
the queen chooses a sperm from her spermatheca by
using the roulette wheel sefection scheme Then new
broods are created by crossover the genotype of the
queen with the genotype of the selected sperm. This
breeding process is repeated until the number of broeds
reaches the required quantity. Afterward. the genotypes
of all newlv-born broods are unproved by using both
binary mutation and worker operators The way of
performing binary mutation s to flip a bt from 1 to ¢
or vice versa. In the feeding process. the workers.
which represent the local search heuristic functions
such as GSAT. WalkSAT. the random walk. the
random gew. the random flip. and the one-pomnt
crossover [8], are chosen it proporuon to their fitness
and are then applied to the penotypes of the broods.

4i  The comperition process
Finally the weaker queens are replaced with the
fitter broods untd there 15 no brood remaming that s
fiter than any of the queens In domg this. the
populatron of the next generation certamnly has equally
or better quality. Before the new mating flight begias.

all remaming broods are killed.

All above processes
convergence Criteria are met

are repeated unfil the

M PROPOSED METHODOLOGY

A. Finiess evaluarion

In this propesed model. the fitness value of the i
individual consists of two terms: 1) the first term is the
winning probability (Pgy) which measures the degree
to wiuch the i individual donunates other members 1n
the colony. and 2} the second term is the losing
probability (Pig:). The losing probability measures the
degree 10 which the i® indrvidual is dominated by other
members in the colony. That 1s. the fitness value of the
i individual is high when the (® individual is a

nondomunated solution which dominates many
nilembers in a colony
fitness@) = w; Pap + w1 (1 - Ppss) 16)
P = e Mwwm Mo N
. 2 2 - [
T Npg Ne Ny
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Py = e Nom _ Mo (8)

where ® and o, are the weight factars: N, is the
number of members in the colony ¢ Ny is the
population size: Ny 15 the number of members i the
colony ¢ which is dominated by the i® individuat: Ny
is the mumber of members in the colony ¢ that
donunate the i* individual

B. Proposed algorithm

The proposed algonithm is divided info five stages.
1) the wmtialization process. 2) the mating process. 3}
the breeding and the feeding processes. 4) the swamm
prepagation process. and 5) the swarm process. In the
first stage. six parameters. the maxinmim number of
queens. the size of the queen’s spermatheca. the
number of drones. the number of broods. the mutation
probability, and the number of mating flights. are
defined by the user. Next. the mmtial population is
created by randomly generating Ny, mndividuals. Each
mdividual is represented by a vector of real aumbers
Its length depends on the number of decision variables.
Then the fitness value of each mdividual 1s evaluated
based on the individual’s dominated and dominating
numbers. The individual having the largest donunating
number and. at the same time. having the smallest
dominated number is selected to be the queen of the
mit1al colonv. while the rest 15 assigned to be the
drones

In the second stage. the mating process stasts by
mitializing the queen’s energy and speed with random
values ia the range [0.5. 1] On the matmyg flight. each
queen will mate with several drones The probability
that the queen q, will mate the drone d, ts evaluated by
using {2) The drone with the highest probability is
selected to mate with the queen. Then the selected
drone’s genotvpe (spenm) is directly transferred to the
queen’s spermatheca Affer each mating. the queen's
energy and speed declme in accordance with (3) — (3).
However. the queen continues to mate uaftil her
spermatheca is full or her energy is lower than the
predefined threshold. In this study. the threshold is set
to zero

When all queens complete their mating flight. they
retum to their hives for the starting of the third stage In
the breeding process, a queen is chosen by using the
roulette wheel selection scheme. Then the chosen
queen reproduces the broods by crossover her genotype
with the genotype of the randomly selected sperm from
her own spermatheca In this paper. the retaining
crossover operator [11] 1s used. The retaining
probability of each individual is calculated by using the
following equation:

. Jimess(r)
P UL {9}
rew (1) Jimessggy



Next. the mutation operator is applied to the newly-
bora broods. Unlike the ongmal MBO, the nwiated
broods are classified into their mother's colony. The
other process of the third stage is the feeding process.
The worker operators. which represent the local search
heunistic functions. are vsed to mprove the genotypes
of the mutated broods. For each brood. by using the
rouletre wheel selection scheme. a worker is selected in
proportion to its fitness value. Tlis paper vulizes two
local search heurnistic functions™ the random new and
the scroll-based operators [11]. The fitness value of
each worker is updated according to the cumulative
rate of unprovement aclueved on the broods This thiurd
stage is complete when the mumber of broods is equal
to the required number of broods

The fourth stage. the swarm preparation process.
consists of the new populatton selection and the
clustering processes. In the process of new population
selection the new population for next generation is
created by combining the Ny best mdividuals from a
group of old population and the newly-born broods
together. To enhance the convergence speed. the new
population selection process uses an elitist-preserving
approach All nondominated bees (queens, drones. and
broods) of everv colony are selected by default to be
added to the candidate pool. If the number of the
nondominated bees is less than the population size, a
group of dominated bees in each colony whose fitness
values are higher than the average fitness of the colony
will then be selected ta be added to the candidate pool
Thas selection process continues with the remaining
donunated bees in each colony until the number of
members in the candidate pool 1s greater than or equal
to the population size Therefore. in the case that the
number of members w the candidate pool is greater
than the population size. some candidates will be
discarded to maimntam the population size Before the
deletion begms. the nunimum distance n the objective
space berween each candwdate and its  nearest
neighbors. and the average of these nunimum distances
are calculated Then the weakest candidate among all
candidates whose distance 1s less than the average
distance 1s deleted from the candidate pool The
deletion contimues with the remanung candidates until
the number of members i the candidate pool is equal
to the population size After the deletion is complete.
all remaimng candidates are appointed to be the new
population Next. the new population 15 clustered info
two groups based on the domunance concept the new
queens and the new drones. The nondomunated
mdividuals are assigned as the new queens while the
rest are assigned as the new drones. However. if the
number of the new queens is greater than the maximum
number of queens. some nondominated individuals will
be removed from being the queen and added to a group
of new drones by using the similar method as in the
deletion. That is. the weakest nondominated mndividual
whose distance is less than the average distance is
removed froni being the queen until the number of the
new queens s equal to the specified number. The
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Swarm prepasration process 15 complete when the new
queens and the new drones have already been prepared
in the required quantities

The fifth stage 15 the swarm process. In this last
stage. the drones are clustered into several colonies. the
centriods of which are the queens by implication. In
choosing the colomy. the drone determines its new
celony by considering the distance between itself and
the queen of each colony. The colony holding the
minimum distance is selected as a new home for the
drone. Grven D = {d1. dy. ... dp. . dp} and Q = {qi.
Q2 ... Qs ... Qs are the sets of drones and queens
respectively. The distance m the objective space
between the drone d; and the queen g; is calculated
according to the following equation:

d(d;-q,)=|Fla,) - Fdp)] (10)

K = arg min{d(d,.q,)] (1
?

where F(q,) is the fitness value of the queen q.. F(d,) is
the fimess valtue of the drone d;. K s the index of the
colony selected as a new home for the drone The
swarm process finishes after all drones have already
been assigned to suitable colonies.

Finally. the tennination criterion is checked Ifrtis
not met. the whole algonithm will repeat again. In this
study. the termunation cniterion & the number of mating
flights defined by the user

IV RESULTS AND DISCUSSIONS

In this paper. the ZDT itest suite proposed by
Zizler Deb. and Thiele [12] 15 used to test the
performance of the proposed algonthm. The ZDT rest
suite comprises six test functions Thus study uses five
of those six test functions. which are ZDT1. ZDT2.
ZDT3. ZDT4. and ZDT6. Each fest function represents
different  charactertstics including  convexity.
nonconvexaty. discreteness. nmmiltimodality. and non-
uvarfornuty  All test functions have fwo objective
functions The results on five benchmark test fimctions
of the proposed algorithm are compared with the
published results of the PAES algorithm and the
NSGA-I (real-coded) algorithm. The performance of
all compared algonthms 15 measured m terms of the
convergence metric v and the diversity metric A [3] as
follows.

¢« The convergence metric y determines the average
distance between each solution obtamed from the
algorithm and the pearest solution on the true
Pareto front. The smaller the value of this matric.
the better the convergence toward the pareto-
optunal front

<4, ,
\y=-——-—~'_‘"" (12}
n



where 4 is the Puclidean distance between the {®
soluton cbtamned from the algorithm and its nearest
solution on the true Pareto fromi. 1 is the number of
obtained solutions.

¢ The diversity metric A 15 used to measure the
spread of the obtained solutions.

LI =
=df +d, +Z)_1(d! ~d)

= (13)
df wd; +(n-1)d

where d; 15 the Euclidean distance between the extreme
solutions of the true Pareto-front. & 1s the Euclidean
distance between the boundary solutions of the known
Pareto front. 4, is the Fuclidean distance between
consecutive solutions in the known Pareto front. d 15
the average of all distances d,.

Table [ shows the mean and the vanance (the
figures wm brackets) of the convergence metrics
obtamned by using three algonithms PAES. NSGA-I
(real-coded). and the proposed algonthm Resuits of
the PAES algorithm and the NSGA-II algorithm shown
in Table I and I are obtained fromy [3] For the
proposed algorithm. the results are the mean and the
vanatice of 10 different runs; each run starts with a
different intial population The parameters of the
proposed algorithm are set as follow™ the praxinmm
aumber of queens 15 set to 100, the number of drones 15
set to 100. the number of broods 15 set to 100. the
queen’s spermatheca s1ze 15 set to 20. the nmtaton
probabihity s set to O1. and the number of mating
flights 1s set at 10000
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From Table I the proposed algonthm achreves
better convergence than the NSGA-II algonithm for all
test functions. and produces better convergence than
the PAES algonthm for ZDT1. ZDT2. ZDT3. and
ZDT4

Table IT shows the mean and the vanance (the
figures in brackets) of the diversity metrics obtained by
usmg all three algorithuns. The proposed algorithm
performs better than the PAES algorithm for all test
functions. and owtperforms the NSGA-II algorithm for
the following three test functions. ZDT3. ZDT4. and
ZDT6. In addiion. the vanances of the convergence
metric and the diversity metnic obtained with the
proposed algorithm are also very small.

V. CONCLUSIONS

This paper proposes a modified marriage in honey-
bee optimization for solving optimization problems
with nmitiple conflicting objectives. Unlike the onginal
marriage in loney-bee opfinuzation the proposed
algorithm divides the objeciive space into several
colantes. each of which has its own queen. Therefore.
the muitiple mating behavior of the queen. m which the
gueen performs with several drones from other
colonies. helps maximizing a genénc vanance in the
population, which in tum improves the search ability of
the algorithm The experimental results on different
ZDT test functions show that the proposed algorithm is
well capable of converging to the true Pareto front with
better spread of sofutions than the other two state-of-
the-art models.

TABLEI MEAN AND VARIANCE OF THE CONVERGENCE METRIC
Test Counvergence Metric
Fuacticns PAES NSG.A-H (real-coded) The praposed model
ZDT1 0 082085 (0.008679) 0033482 (0 (104750} 0.430974 (0.001666)
ZID712 0126276 (0.036877) 0472391 (0.031689) 0.067908 (0 000717)
ZDT3 0 (25872 (4 0000140y 0 114500 (0 007940y 0.023747 (0 00101H
ZIDT4 0 854816 (0 527238) 0313053 (0.118460} 0.203611 (0 188460)
ZDT6 0.085469 (0 006664y 02963564 (0 013135} 0.439687 (0 0030913
TABLEN MEAN AND VARIANCE OF THE DIVERSITY METRZC
Teut Diversity Metric
Funetions PAES NSGA-IT (real-coded) The proposed model
ZDT1 1.229794 (0.004839) 0.390307 (0.001876) 0.551515¢0.000827)
ZDT2 1 165942 (0.007682) 0430776 (0 004721) 0.363713 (0 000525}
ZDT3 0 785920 (0 001633) 0 738540 (0 019706) 0.538479 {0 000263)
IDT4 0 870456 (0101399 0.702612 (0.06464%) 0.504928 (0 000033)
ZDTé 1153032 (0 003916} 0 6680235 (0.009923) 0.538407 (0 000290)
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