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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
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- Cr, : orthogonal crossover with quantization
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- Cr, : double point cross operator
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- Mu, : i-step circular replacement mutation
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2.3.5 Hybrid genetic algorithm based on quantum computing for numerical
optimization and parameter estimation

Ling Wang, Fang Tang (tag Hao Wu [16] Iarinaueluma RQGA ‘:ﬁﬂlﬁﬂmﬂmi
WAUNETUTZHI1911Aa RGA (real-coded genetic algorithm) taz luaa QGA (quantum genetic

. Yy 9 o 1< A 3 o o = a
algorithm) 19182817 U Tuaa RGA  1Tu TaaaRdvuaoumMsmauaIunann1sveatuan
Y] a 1 L) a { I~ {
danasiulaglaimsunuaias Tulesudreadimiuase Tuvazi Buaa QGA Wi luaand
4

TUADUMTNNUMUNANNITUVDINUANTAND TN UIY ualimisunua1 Iag Ty Tsuuuuai-

1a (Q-bit)
o = 0911 2 U dy
Msiauvedluaa RGA HauUaDdUNAN AU

1) fmuassganaFudu P = {x!, x4, ..., x4 e x! felas TuTxudrdun

. o d' [ ~ o vy o a
i Y9959UMINUN t Taguaazeua 1 1as 1 TsumnuaInes 11U

) 1A 1 ] a 4 9 1
2) anumdauauenaas 1as Iy lsy Iagnisunuaimsiimesvosilayidlon

Y ]
vosoud niminliinsasolns luTsumuadamua o Ias IuTouihange
3) aznaeudou lumanganianu d1deuluiluaialiszylas ulsuidniaa

Q

k4
o w

3 o A A ° Ty A I a3 9 o
Lﬂuﬂ'IG‘]’E'J‘]J‘ﬂ@W]f,:fﬂ"U'ENIiJLﬂalla$ﬂq@ﬂ1§ﬂ1\ﬂu l,mmuauhhuﬂumi]clwmmumuaﬂ”lﬂ
Y 1 9 4 Y] 4 a ]
4) ailszmnsgugn P(t+1) adelarlesisfunisasoa loriosuaz iuagy a1y
AuMSN 2.16 1ag 2.17
¢ =ox+(l-a)xy

(2.16)

c, =ay+(l-a)xx
inag

C‘U = Ci_j + él_] (2.17)

A A '] o w
o x,y oz c nolns lulsuupdu Weuazgnauaay



33

a Aosanmanlasunlasaidud «?qﬁﬁmeﬂwﬁw [0, 1]
3 fAodulsquiiinsnsznenuulnd

i Aodwuveslas TuTwugn

j Aodwuvesdualulns ulesugn

5) Mwumdauavealszminsgugnuaznilas I Tsunangaluilszmnsgugn

1w ldaninlas TuTsunangalusouilagiiu 1¥iinsdSuan

Do

a1 lasTIuleunangan

.

Tas TuTsunangal

A (7 ax = [ Y= .
6) ﬂm@ﬂﬂi5°])’"IﬂiIﬂllﬂ’JEJ’J‘ﬁﬂ"Iimi’)ﬂLlﬂJ‘Ui]mifN (rank-based selection) Iﬂﬂﬂﬁ

v
=

o v ng 1Ay qgj Yo A Aa A
Fesddulszmnananuaamdana anndulida@ensemnsnumdaniaganga N/5

'
S o

o @ o (9 Y A Y o d' a
Seuusnuiinsaaaonuaudin@ ldludszsnsuaziimsaviszynsntalanad
d' o W d‘ (% o Y d'
Nga N/5 MaUeen 1o ny19IUIUl 510 1dnan
Y Y ]
7) M vuaeun 3-6

Y
%

msmanveeluna QGA NIuaeurian adil

D¢

o 1 A 9 4 o w § .
D MMuaA1szmnssuau Pyo = {p!, pl, ..., py ) e p Ao las TuTeudAud i

o A 1 = o 1" 9 = [ dy
VOITOUMININIUN t lasuaazoua 1 1as 1 TsumnuninienIte aail

t

t y
p. t =

' [Bf B

t
“m} (2.18)
e joy” + B =1

o 1y 1 o @ 1< 1
2) Aamilauaveuas Ins lulyn Iasdesiinisoensalas luTaulvidua
luunSea3a (binary  string) Aouy lunuamdmes uilanduilamea 35msoeasa
Tas TuTeudwdazduaaisianiiu o wse 1 ¥11dTasmsdust n Faegluas o, 1] da o

[

A 1 U U Yo 1A o o ~ . Y 1Y 2 Y 1 A Y U Y
HATUINNINT M MR UANBUARIALN i W1NY 1 ADIAD o, HDENNUTDNINUAT M %

a
o = do o d‘ [ A Y Y] = Jd Y KR o ~ a3
sruamBuadIaun i 1 0 e ldneasWaasunnduaudrneihmsulasluuisansuiu
o a A ) 1 a o v A A o 1A oa/’ 9 o
Snuss e llunuamsndwes luilanduilamaieduamlama viniuldinms
taisoaTas Ty TumualamaioriiIas TuTsunanga
4 J 4 o
3) ahedsznns Py Taems 19 Tenlesisineinsnau (rotation operator) 1151

a1 las I lwyveaszmng P,(®) AaEUMITN 2.19



34
{ﬂ i F)s(ei) —sin(ei)Hai} (2.19)
B, sin(0;)  cos(6;) | | B;

1o 0, AeyuNdoINTHyU A 1A91n 0. = s, B.) x AD, H3a1 s(a, B.) aza1 AB, 9 141N
{ ! { {o o o J o

M1319% 2.2 Tag b uag runulas I lsunangauay Ias luTsunmasintenlesssunsvyu

AU A1 b, tag r unumdadiaud i TuluuiSaaswes b uag rawd ey wag f(-) Ao

Wewua

H o 1 a L 4 [
M3191 2.2 MInmuaa1mes luTewlessdumsviyu [16]

s(at, B)

T, b, f(r) < f(b) Ab,

o.p.>0 0.3, <0 o.=0 B.=0
0 0 False 0 0 0 0 0
0 0 True 0 0 0 0 0
0 1 False 0 0 0 0 0
0 1 True 0.0571 -1 +1 1 0
1 0 False 0.017 Al +1 | 0
1 0 True 0.0251 +1 -1 0 1
1 1 False 0.0051 +1 -1 0 *1
1 1 True 0.0251 +1 3l 0 *l1

1 a o a A
4) analszmnagugn P(erD) 110Yszng Py Ade3smsnsealenesuuuniia

&~

o o A v A 4 =& A o Y A
CIN11aﬂHmzﬂﬁ‘ﬂN"I‘L!L‘Vi3J’0°Llﬂ‘]J’J‘ﬁﬂ]iﬂiﬂﬁT@L’Ji’)iLL‘]J‘].I‘I/TLN’Q@ Luﬂﬂiﬂuﬂiﬁﬂﬂﬂiﬂ’dﬂﬂ

o | I 2
AR A (1

Ty TuTeuwo T3 TaTougn #1
Qg | G2 Qi | it ®m A | G2 Qi | Ooign %2 m
Bl,l BI,Z Bl,i Bl,i+1 Bl,m Bl,l BI,Z Bl,i BZ,iJrl BZ,m
X —
Tas Tu T Tns TuTwugn #2
Qop | G Qo | 241 %o m Aoy | Ao Qo | Cpigr Am
BZ,I BZ,Z BZ,i BZ,HI BZ,m [32,1 B2,2 B2,i Bl,i+1 Bl,m

ax a o a A o [ 1 d' o 9Y o 1 d’a A
wagdsMsiamFuLuunIta lagiimsaaua a i B Wwonvualddumvuaniuanae

o A . 9
Aunuan i 9zl



35

Oy

B2

a4

Bi

am:| |:0L}
Bm : B]

2%)

B2

Bi

O

b "
Bl Bm

5) muwramdauavedlszansgugnuazilas lulsunangalulszansgugn

s TuTesundngandwnalaaniins ulsunange ludszmnsunon 1dimsdsy
a3 Ty Tsunanga vy

6) faaonlszynilHud1e93MIANIUUIAG 4 (rank-based selection) 1ABAT
= o o asxl =Y qﬂll Yo A A A A I
Feadavilszmnssianuamualand mintulvaadentszansnimiamagangatiu
N/5 Sduusnuiimsaaaonuaaiiud ldlulssmnsvaziinmsavilszmnsniaianiadn
A o W A o o Y ~
Nga N/5 M1aue0n o3 nI9 1IN T231n3 11Aan

Y 9 v
7) MV UAOUN 3-6

Twmantinaue ldvihvdnmsveslina RGA uazluma QGA NNa1INT19AUIN

o ' o ~ 9 o [ A
NMNIUTIUDU TﬂﬂﬂJIﬂiQﬁiNﬂﬁﬂNTHﬂﬂgﬂ‘V] 2.6

random initialization

Py (0)
one step
QGA one step RGA select better solutions from
based population transform B ek Pp(1) and P'p (1)

B, ——» By Py ———p ()

one step
QGA .
based select better solutions from onie step RGA select better solutions from
asc ati ansfi .
population transform P12, 28 BYRlD) P (2) and P4 (2)

based search

Fo@re . 3P ——»P@ oy p ) —p PR

i o select better solutions from one step RGA select better solutions from
opulation transform f X '
pop Py(k) and P'g(k—1)  pased search Py, (k) and P'g (K)

PQUC)—D Py (k) —_— Py, (k) —» P'p (k) —_— Py (k)

Ui 2.6 Tasaaramsiamvesluma RQGA [16]

Ca



36

a3t 2.6 szitud mathauvesTumaiitieiesududenmstnuves Tuma

QGA tilorumsiausouii 1 veaTuma QGA 12 1&szanns P (1) sty Tna RGA 9211

52103 () waaifuTas T lsufunumdasinousuite 1 1z nnsEudu p()

voaluiaa RGA 91muTuna RGA wadilszannign P(1) tazdihmsaadeniszanng

Tl P (1) ntlszannswens P (1) wazdszannsgn P (1) iilimlameg WIS
) vy )

Y v
Mamezndulldalan QA Bnnse siatidaasend 2 Wuduly Tuwaa RGA vzl

v

a 9

H 1 ] I Y
Usznsia P, vesseuneuntmnaadenldiiulszynssuduvessouilagiiudie
aov dy Yo a A d' o =~ ~ [ 1
NuIvei1dalseansanves TumaniwauenlSsumeuiuTuna QGA  Taguiia
I [l A 1 I o a o 129 o w
minaaouilu 2 diune daunindumsnaaeunvilymeod lnadgunnyhifidesiia
o o o 2 Ve do A a 7o b 2 Yo o
1u 2 HanFugauaazilansuins iwesnuiu 2 @2 minaasil ldmruaiiuiu
1Y @ Jo o o 1 IS
Uszns Idduiusnudwauseumstinu Tasuiailu s 5Uuuufe 30x100, 40x75, 50x60,
Y
60x50 1Az 100x30 uAazFUHUDTNITTUIININ 50 AT VINHANITNAADI WU TUiAa RQGA
] [y o I YR Y1 = ° 1o
aunsaaumadigavesnsgesilendu ldtwdinegiimsdiuaaiiiuaulszvinsuay
o o { 1 @ 1 { I
F1UIUTBUNITTIIUNLANAINAY dIUNITNAaoINgoudunITnaaaunIsUseuin
! A s Jou = Y o o - A
AN V03 2 NanFusailsznoualeilnd Hammerstein uazﬂiym state-space N
a oo o 0o w 1 1
MIUABTIUIU S 1Az 4 FINEI9Y 1NHaNMINAad WU Jwaa RQGA T¥inanu
4 b4
Aanaralumsdszinmadeendiluaa QGA - el 1Inramsnaaoanaring @311
Tuea RQGA Nilszanimulumssaugeninlueanihumlssumey
= a v dy a o o) = o o A o Y
MM ANEINUITBENs IR ziyamun Ao luaaninaus 1811 Tuaa
v ¥ v
MinauananIMINaNHaUAUTEHI9 130 RGA 1ag Tuaa QGA &4 lumanaaodiiniiy
1 B A 1 =\ 1 Y
uanaNndfy lseveamstnuaIns Ty Ty Tuea RGA Umsunual las luTsudloaa
o a d' = U Y Y na/l 1
3111979 luvazinTuaa QGA - Himsunuarlas luTsuatmay luwis a9ty msunuan
~ [ dyd o Y a Y [ qul v A [ 4
Tas TuTsunuanaiad 3 ldnamsnaunaumsaumsiaeuniseauiiauazszay lud
A & A = A oy p, A 9 v v ° K 4 v v
nIpNUFIanuazIFan e msauvi luFandesreliamsoaumdineulununniela
1 v = 1 Y Aa K 1 4 I Yo dy ~ Yo Aaa
9619104 daumsaurusaanyelumsduinld ladmeulunuiuavau lddmeunaniga
1 1 < 1 1 Y o ay
uaoe1a l3ney anuuanaialumsunualas TuTsutm i aulaosarlumsuilainis

Y
unumaay TlunseniensgesTuealunnseumsiinu



37

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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[ k4 [
3) AUNABVRIMAOUNIHUA (V) 4) drudounuuasgiu (S.D.) tag 5) a1 (time) AINITN
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N 4.2 yazm5190 4.3 Tasuaaz HaNFULNMsLEAIRanMsNAaoIL Uiy 6 dIuAD
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1) HANMINAABININAITTUIIUIU 10 ATI HOMUUATIUIUAIUIINYT 1 62
Y [ Y
2) HANMINAABINNMITTUTIUIU 10 A5 MM UATIUIUAIUIINYT 10 62
Y ' Y
3) HAMINAADININNTTUTIUIU 10 AT DA UATIUIUAIUNY 20 72
Y 1 Y
4) HANINAADININMITUTININ 10 59 M mUATIUIUAIIIINYT 30 @2
4 1 F2
5) HANMINAABIINMTTUTIUIU 10 AFT HERHUATIUIUHIUINNY 40 62
Y 1 Y
6) HAN1INABDININMITUTIUIN 50 ATY WodmuaduIuHIuaNaN 1, 10, 20, 30

1ag 40 A

A15199 4.2 HANITNARBIVBIBANDS NN MBO

“Iﬂ; ailaniu o A AN y S.D. time
1) Michalewicz
1 38.8467061922 | 38.8221357062 | 38.8435623860 0.0075639503 :02:15
10 38.8479863775 | 38.8451574963 | 38.8462690132 | 0.0009611662 :03:59
20 38.8479863775 | 38.8429356528 | 38.8467167687 | 0.0015351384 :06: 06
30 38.8479863775 | 38.8221357062 | 38.8416788098 0.0095241986 :08:29
40 38.8478852297 | 38.8308819157 | 38.8426697789 0.0057158746 :11:06
ﬂluﬂéﬁl 38.8479863775 | 38.8221357062 | 38.8441793513 | 0.0061479250 :06:23
2) Rastrigin
1 0.0001892008 0.0009459972 0.0003405608 0.0002325774 :02:06
10 0.0000000000 0.0009459972 0.0003594795 0.0003830993 :03:44
20 0.0000000000 0.0015135926 0.0004919187 0.0004901353 :05:44
30 0.0000000000 0.0037838681 0.0007000261 0.0011766232 :08:02
40 0.0000000000 0.0018919660 0.0009838309 0.0005185177 :10:38
ﬂ'u‘iléﬂ 0.0000000000 0.0037838681 0.0005751632 0.0006664008 :06:03
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"la; avlandu Yiest Yoorst y S.D. time
3) Rosenbrocks’ valley
1 0.0000009538 0.0000238987 0.0000051569 0.0000069992 :01:56
10 0.0000000000 0.0000953674 0.0000133576 0.0000296803 :03:35
20 0.0000000000 0.0000238987 0.0000054436 0.0000072105 :05:36
30 0.0000009538 0.0000344501 0.0000082203 0.0000115631 :07:54
40 0.0000000000 0.0000778443 0.0000172498 0.0000247243 :10:28
ﬂluﬂéﬁl 0.0000000000 0.0000953674 0.0000098856 0.0000184355 :05:54
4) Sphere
1 0.0000000000 0.0000038147 0.0000011444 0.0000011723 :02:06
10 0.0000000000 0.0000152588 0.0000054359 0.0000053957 :03:45
20 0.0000000000 0.0000238419 0.0000048637 0.0000072274 :05:45
30 0.0000000000 0.0000047684 0.0000020027 0.0000013820 :08:02
40 0.0000009537 0.0000123978 0.0000057220 0.0000036523 :10:35
Fh!ﬂéﬂ 0.0000000000 0.0000238419 0.0000038338 0.0000046501 :06:03
5) Weighted sphere
1 0.0000009537 0.0000276566 0.0000069618 0.0000085068 :02:10
10 0.0000009537 0.0000152588 0.0000062943 0.0000048670 :03:50
20 0.0000009537 0.0000276566 0.0000091553 0.0000096337 :05:52
30 0.0000009537 0.0000152588 0.0000055313 0.0000049001 :08:12
40 0.0000009537 0.0000238419 0.0000075340 0.0000070719 :10:48
f’h!ﬂéﬂ 0.0000009537 0.0000276566 0.0000070953 0.0000070586 :06:10
6) Goldstein-Price
1 3.0000000000 3.0004467901 3.0002267636 0.0002107386 :02:04
10 3.0000000000 3.0014791604 3.0004263183 0.0004728057 :03:49
20 3.0000000000 3.0009606348 3.0003158873 0.0002942444 :05:55
30 3.0000000000 3.0004467901 3.0000859347 0.0001813459 :08:20
40 3.0000000000 3.0016525937 3.0007899476 0.0005845918 :11:03
F]'Hﬂéﬂ 3.0000000000 3.0016525937 3.0003689703 0.0004379715 :06:14
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"la; avlandu Yiest Yoorst y S.D. time
1) Michalewicz
1 38.8479863775 | 38.8460333996 | 38.8474004842 | 0.0009433780 :02:01
10 38.8479863775 | 38.8448543621 | 38.8470164286 | 0.0011095155 :03:20
20 38.8479863775 | 38.8448543621 | 38.8465214754 | 0.0009087426 104 :45
30 38.8479863775 | 38.8451574963 | 38.8471342199 | 0.0009522720 :06: 11
40 38.8479863775 | 38.8288018259 | 38.8425397566 0.0075584838 :07:36
ﬂlﬂﬂéﬁl 38.8479863775 | 38.8288018259 | 38.8461224729 0.0038155704 :04:47
2) Rastrigin
1 0.0000000000 0.0003784017 0.0001702808 0.0001656633 201 :48
10 0.0000000000 0.0007567963 0.0002459604 0.0002004279 :02:57
20 0.0001892008 0.0009459972 0.0005297595 0.0003655672 :04:12
30 0.0001892008 0.0009459972 0.0004162397 0.0002931054 :05:26
40 0.0001892008 0.0015135926 0.0005865191 0.0004672867 106 :41
Fh!ﬂéﬂ 0.0000000000 0.0015135926 0.0003897519 0.0003448854 :04:13
3) Rosenbrocks’ valley
1 0.0000000000 0.0000009538 0.0000005723 0.0000004925 :01:41
10 0.0000000000 0.0000038162 0.0000011447 0.0000014780 :02:51
20 0.0000000000 0.0000152821 0.0000029595 0.0000050023 :04:04
30 0.0000000000 0.0000238987 0.0000037255 0.0000072867 :05:18
40 0.0000000000 0.0000085904 0.0000020996 0.0000034504 :06:32
f’h!ﬂéﬁl 0.0000000000 0.0000238987 0.0000021003 0.0000042818 :04:05
4) Sphere
1 0.0000000000 0.0000019073 0.0000007629 0.0000006032 :01:49
10 0.0000000000 0.0000047684 0.0000020981 0.0000015443 :02:59
20 0.0000000000 0.0000047684 0.0000025749 0.0000019622 :04:14
30 0.0000000000 0.0000038147 0.0000007629 0.0000012556 :05:27
40 0.0000000000 0.0000095367 0.0000024796 0.0000030557 :06:41
ﬂ']!ﬂ‘éﬂ 0.0000000000 0.0000095367 0.0000017357 0.0000019714 :04:14
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"la; avlandu Yiest Yoorst y S.D. time
5) Weighted sphere
1 0.0000000000 0.0000076294 0.0000026703 0.0000026521 :01:50
10 0.0000000000 0.0000085831 0.0000031471 0.0000034838 :03:01
20 0.0000000000 0.0000162125 0.0000076294 0.0000058616 :04:10
30 0.0000000000 0.0000076294 0.0000021935 0.0000025051 :05:26
40 0.0000000000 0.0000152588 0.0000035286 0.0000045858 :06:50
ﬂlnﬂéﬁl 0.0000000000 0.0000162125 0.0000038338 0.0000043276 :04:15
6) Goldstein-Price
1 3.0000000000 3.0004467901 3.0001546375 0.0002076409 :01:45
10 3.0000000000 3.0008559803 3.0002642965 0.0002826912 :02:57
20 3.0000000000 3.0014791604 3.0003470101 0.0004340190 :04:16
30 3.0000000000 3.0009628051 3.0004122369 0.0003152421 :05:34
40 3.0000000000 3.0016525937 3.0004844779 0.0004805035 106 :53
Fh!ﬂéﬂ 3.0000000000 3.0016525937 3.0003325318 0.0003623757 :04:17
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"la; avlandu Yiest Yoorst y S.D. time
1) Michalewicz
1 38.8463365338 | 38.8448543621 | 38.8459188458 | 0.0005789448 :02:15
10 38.8479863775 | 38.8448543621 | 38.8471848753 0.0011216025 :06:10
20 38.8479863775 | 38.8412524228 | 38.8465989577 | 0.0020984733 :10:30
30 38.8479863775 | 38.8460333996 | 38.8474373881 0.0007617577 114 :49
40 38.8479863775 | 38.8417566154 | 38.8464439644 0.0018013729 :19:09
ﬂlﬂﬂéﬁl 38.8479863775 | 38.8412524228 | 38.8467168063 0.0014500654 :10:35
2) Rastrigin
1 0.0001892008 0.0024595614 0.0010784257 0.0009227827 :02:04
10 0.0000000000 0.0009459972 0.0003784003 0.0002820413 :05:43
20 0.0000000000 0.0018919660 0.0003405573 0.0005696880 :09:43
30 0.0000000000 0.0017027651 0.0006432758 0.0005584068 :13:44
40 0.0000000000 0.0032162727 0.0007000268 0.0009524568 117 :45
Fh!ﬂéﬂ 0.0000000000 0.0032162727 0.0006281372 0.0007256775 :09:48
3) Rosenbrocks’ valley
1 0.0000009538 0.0000085904 0.0000020037 0.0000024830 :01:55
10 0.0000009538 0.0000085904 0.0000022899 0.0000025134 :05:04
20 0.0000009538 0.0000778443 0.0000102652 0.0000238701 :08:28
30 0.0000000000 0.0000344501 0.0000050673 0.0000107132 :11:53
40 0.0000000000 0.0000344501 0.0000073617 0.0000120513 215018
f’h!ﬂéﬁl 0.0000000000 0.0000778443 0.0000053975 0.0000128324 :08:32
4) Sphere
1 0.0000000000 0.0000019073 0.0000006676 0.0000006437 :02:06
10 0.0000000000 0.0000085831 0.0000033379 0.0000025132 :05:47
20 0.0000000000 0.0000095367 0.0000041962 0.0000032791 209 :50
30 0.0000000000 0.0000123978 0.0000031471 0.0000038424 :13:51
40 0.0000000000 0.0000171661 0.0000034332 0.0000050504 :17:58
ﬂ']!ﬂ‘éﬂ 0.0000000000 0.0000171661 0.0000029564 0.0000034748 :09:54
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"la; avlandu Yiest Yoorst y S.D. time
5) Weighted sphere
1 0.0000000000 0.0000076294 0.0000024796 0.0000026673 :02:10
10 0.0000000000 0.0000190735 0.0000061035 0.0000057079 :06:02
20 0.0000000000 0.0000123978 0.0000049591 0.0000045582 :10: 14
30 0.0000000000 0.0000190735 0.0000069618 0.0000064219 21417
40 0.0000000000 0.0000276566 0.0000062943 0.0000088234 0 18:27
ﬂlnﬂéﬁl 0.0000000000 0.0000276566 0.0000053596 0.0000059600 :10:14
6) Goldstein-Price
1 3.0000000000 3.0004467901 3.0001614293 0.0001861275 :02:01
10 3.0000000000 3.0009606348 3.0003876953 0.0003203661 :05:16
20 3.0000000000 3.0014791604 3.0002817865 0.0004568261 :08:50
30 3.0000000000 3.0014737575 3.0002194656 0.0004550386 112:24
40 3.0000000000 3.0004467901 3.0002230992 0.0001736821 :15:57
Fh!ﬂéﬂ 3.0000000000 3.0014791604 3.0002546952 0.0003363171 : 08 :54
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ARTICLE INFO ABESTRACT

Keywards This paper proposes a novel swarm intelligence technique, which is an adapization of Abbass’s marriage in
Marriage in honey-bee optimization honey -bee optimization (MBO), with the aim to achieve better overall performance than the original ver-
Artificial bee

sian of the MBED while also lowering the computation time for finding the optimal solution. The original
MBO has been proven to be ane of the best swarm intelligence algorithms for solving optimization prob-
lems. However, many parameters need o be propecly set in order for the MBO to perform at its best.
Therefore, long computation time caused by a large number of trial and error iterations involved in trying
toy firsl the right combination of parameters is unavoldable. The framework of the proposed algorithm is
similar to the original MBO, which is based on the marriage behavior of honey-bees. In order 1o improve
the efficiency of the MBO algorithm, several aspects of the original MBO have been adapted, sudh as (1)
the proposed algorithm is adapted to obtain the ability Lo automatically search o the proper number of
queens, (2) the proposed algorithm divides the problem space into several colonies, each of which has its
own gueer. In order o keep the number of colonies to 2 minimum, the proposed algorithm, therefore,
encourages the queens to compete with each other for a larger colony and also urges the newly-born
brood which is fitter than the queen of the calony to overthiow the queen. (3) the fuzzy c-means algo-
rithm is employed to assign the drones to the proper colonies. The proposed algorithm has been evalu-
ated and compared o the original MBO algorithm. The experimental results on six benchmark problems
demonstrate the potential of the proposed algorithim inoffering an efficient and elfective sol ution to the

Function optimization
Swarm intelligence

problem

@ 2011 Elsevier Lid. All rights reserved.

1. Introduction

Finding the globally optimal solution for the complex multi-var-
iable optimization problems may require huge computation time,
espedally when the number of vanables is large. Therefore, the
use of metahewristics, which sacrifice the guarantee of inding opti-
mal solutions for the sake of getting good sol utions in a significantly
reduced amount of time, has received more and more attention in
the last 30 years (Blum, Aguilera, Roli, & Sampels, 2008 ). Recently,
many researchers have focused their attention on a new class of
biologically inspired metaheun stic algorithms, called swarm intel-
ligence. Swarm intelligence technigques are inspired by the social
behavior of flocking animals such as colonies ofants, flocks of birds,
schools of fish, and swarms of bees. The main difference between
the swarm intelligence alzornthms and the local search algorithms,
such as hill climbing, simulated annealing, and tabu search, is that
the swarm intelligence algorithms are population-based metaheu-
ristics, while the local search algornithms use a single solution at
each step (Pham et al., 2006).

* Corresponding author. Tel: +66 2 723 4964 ; fax; +66 2 723 4910,
E-mail  oddresses: arip@itkmitlacth (A Thammano), patcharpibowac th
{P. Poolzamran |

(95741743 - see front matter @ 2011 Elsevier Ltd All rights reserved.
doi: 10L1 016/ feswa 201 1.1 1.060

Two of the most successfully swarm intelligence algorithms are
Ant Colomy Optimization (ACO) and Particle Swarm Optimization
(PSO). They have been applied successfully to a vanety of problems
such as the traveling salesman problem (Dorigo & Di Cam, 1999),
scheduling problems (Blum & Sampels, 2004 ), vehicle routing prob-
lems (Rizzoli, Montemanni, Lucibello, & Gambardella, 2007 ), and
dassification problems (Zahiria & Seyedin, 2007 . Besides the ongo-
ing popularity of ACO and P50, studies of honey bee behavior are in
an increasing trend during the last few years. There are several
algorithms which imitate the behavior of bees in nature., Those
algorithms can be categorized into two groups based on the behav-
ioral characteristics of honey bees. The first group is based on the
food foraging behavior while the second group is inspired by the
marnage behavior. Examples of the first group include the Artificial
Bee Colony (ABC) (Karaboga, 2005), the Bee System (BS) (Luéic &
Teodorovic, 2003), the Bee Colony Optimization (BCO) ( Teodorovic
& Dell'Orco, 2005), and the Bees Algorithm ( BA) (Pham et al., 2006).
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 information: the direction to the flower patch, the
distance from the hive to the flower patch, and the amount of nectar
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available in the flower patch. The colony then evaluates the relative
merit of different flower patches presented by the scout bees. After
the evaluation, the forager bees follow the scout bees back to the
flower patches to collect 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 algorithms
have been applied to solve many problems such as optimization
problems (Karaboga & Basturk, 2007, 2008), vehicle routing prob-
lems (Teodorovic & Dell'Orco, 2005), and pattern recognition prob-
lems (Pham, Otri, Ghanbarzadeh, & Kog, 2006).

The other approach is inspired by the mamriage 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 in the colony
with fully developed ovaries. She mates only once in her lifetime,
but with seven to twenty drones ( Abbass & Teo, 2003). After mating,
she begins laying hundreds of egzs aday ( Mational Research Coun-
cl, 1991). Those that are fertilized become female bees, either
gueens or workers, while those that remain unfertilized develop
into drones. The Marriage in Honey-bee Optimizaton {MBO) is
the best representation of this group. Afshar, Bozorg Haddad,
Marino, and Adams (2007 ) success fully applied the honey-bee mat-
ing optimization (HBMO) algorithm to solve the single reservoir
operation optimization problems. Later, Fathian and Amir (2008)
proposed a two-stage hybrid system which is a combination of
the self-organizing feature map (S0M) and the MBO algorithm to
solve the clustering problems. They compared the proposed hybrid
algorithm with other metahearstic algorithms, such as ant colony
optimization, genetic algorithm, simulated annealing, and tabu
search. Results show that the proposed algorithm is the best per-
former both in terms of finding the optimal solution and the pm-
cessing time. Curkovic and Jerbic (2007 ) tested the performance
of the MBO in solving the nonlinear Diophantine eguations and
the path planning problem. Results show that the MBO outperforms
A on both problems.

Even though many studies suggest that the MBO1s a very power-
ful optimization technigque, one main drawback of the MBO is the
time it takes for the resolution when the number of queens in-
creases, Therefore, the aim of this paper is to propose an improved
version of the MBO algorithm. The proposed algorithm can signifi-
cantly reducethe computation time reguired for finding the optimal
solution, and at the same time achieve a better performance for the
nonlinear, single objective, multi-variable optimization problems.

The rest of this paper is organized as follows: Section 2 briefly
describes the original MBO algorithm. Section 3 presents the pro-
posed algorithm and also points out the modifications made to
the original MBO algorithm in order to achieve a better perfor-
mance. The description of the benchmark functions, their global
optimurm, and the experimental results are given in Section 4.
Finally, Section 5 is the conclusion.

2. Marriage in honey-bee optimization

The MBO belongsto a class of swarm intel ligence. It attempts to
model the marriage behavior of real honey-bees in a bee colony. A
honey-bee colony typically consists of the gueen(s), drones, work-
ers, and broods. Each member has a specific task to do in the col-
ony, The gqueen is the mother of all other bees in the colony. The
most important function of the queen is to lay eggs to produce off-
spring. Drones are the fathers of the colony. The only task of drones
is to locate and mate with the queen during the mating flight. In
the marriage process, the queen starts waggling dance before she
flies far from the hive in order to mate with the drones, usually
from other colonies (Modem Agro, 2006). The queen generally
mates with the drones that fly the highest and are able to catch
her (Horn, 2005). After the mating, the drones immediately die.

The queen continues to mate until her spermatheca, where sperm
of the participated drones are stored, is full. Once her spermatheca
is full of sperm, the queen will retumn to the hive and begin laying
both fertilized and unfertilized eggs. The queen lays fertilized eggs
by randomly retrieving sperm from her spermatheca to fertilize
the eggs, In fact, only queens and workers arise from the fertilized
eggs, while drones arise from the unfertilized eggs. Workers are
female bees which do all the work in the colony, for instance, nest
construction, food foraging, feeding, and brood care (Abbass, 2001;
Abbass & Teo, 2003; Fathian & Amiri, 2008; Fai, Yang, & Chang,
2009),

The MBO algorithm can be divided into four main stages as pre-
sented in Fig. 1. The first stage starts with initializing the parame-
ters of the MBO algorithms. The parmmeters needed to be defined
are the number of gqueens, the number of drones, the number of
workers, the sizeof the queen’s spermat heca, the number of poten-
tial broods, the mutation rate, and the number of mating flights,

The second stage is the mating process. Before the mating
flights begin, both energy and speed of each queen are randomly
initialized with values in the range [0.5,1] (Abbass & Teo, 2003).

G
v

Initialize parameters

v

Generale gueen{s)

Generate drones

v

Mating process q=gq+!l

i = Num-goeens

Breeding and feeding
processes

‘ !

Select new gueen(s)

i =d#1

Mo

Coar)

Fig. 1. The Aowchart of MBO algorthm
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During the mating flight, a queen mates with the drone that has
the highest marriage probability.

prob(g,.d,) = e (1)

where prob (g, d,) is the probability of a successful mating between
the queen g, and the drone dy; A[f) is the absolute difference be-
tween the fitness value of the queen g, and the fitness value of
the drone dy; 5{t) is the speed of the queen at time ¢, The probability
of mating is high when either the queen's speed is high or the fit-
ness of the drone is as good as the queen's. If the mating is success-
ful, the selected drone's genotype will be stored in the gueen's
spermatheca. After each transition, the queen's speed and energy
decline in accordance with the following equations {Abbass, 2001 ):

St+1)=a«S(t) (2)
E(t+1)=E(t)-7y (3)

where E{t) is the energy of the queen at time t; « is a decay factor,
which has a value between 0 and 1; 7, the amount of energy reduc-
tion after each transition, is computed by using the following equa-
tion (Abbass & Teo, 2003 ).

. 05 -E(0)
'=""2 &
where M is the queen's spermatheca size. The queen continues to
mate with other drones until her energy is lower than the predeter-
mined value of En, or her spermatheca is full. Then the queen
returns to her hive to begin breeding. This second stage is repeated
until all queens complete their mating flights.

The third stage is the breeding and feeding processes. When all
queens complete their mating flight, they return to their hive and
the breeding process begins. Similar to the genetic algorithm, the
breeding process is based on the three operations of selection,

(4]

Algorithm: Marriage in Honey -bee Optimization

crossover, and mutation. In the selection operation, a queen is cho-
sen with a probability proportional to her fitness value, and then a
sperm is randomly selected from the chosen queen's spermat heca.
A new brood is generated by crossover the selected sperm's geno-
type with the queen's genotype. Mutation is then applied to the
new brood in order to provide greater variety to the solutions.

In the feeding process, the genotype of the newly-born brood is
further improved by a worker, which is chosen in proportion to its
fitness. There are several workers in a hive, Each worker represents
different heuristic function such as GSAT, random walk, WalkSAT,
and one-point crossover ( Abbass & Teo, 2003 ). Their fitness values
are updated according to the rate of improvement achieved on the
broods, When the number of broods is equal to the number of
potential broods, the breeding and feeding processes are complete.

Finally, the fourth stage starts by sorting the new improved
broods according to their fitness values, In a colony with a single
queen, the queen is replaced with the fittest brood if the latter is
fitter than the former. Similarly, in a colony with multiple queens,
the weaker queens are replaced with the younger and fitter broods
until none of the remaining broods is fitter than any of the queens,
All remaining broods are then killed and the new mating flight
begins. This loop is repeated until a predetermined number of iter-
ation is reached or the convergence criteria are met, A pseudo code
of the MBO algorithm is illustrated in Aig 2.

3. Methodology

The self-organizing model of marnage in honey-bee optimiza-
tion (SMBO) presented in this section is an improvement over
the original MBO in several respects. Firstly, the SMBO divides
the problem space into several colonmies, each of which has its
own queen, The size of each colony depends on the fitness of the
comesponding queen. The fitter queen rules the larger colony than

Generate the initial population and define the initial paraneters.
Evaluate the fitness of all individuals in the population.
Select the N best individuals from the population and assign them to be the queens.

Fora predefined number of mating flights
Fur each quéen in the queen list

Initialize the queen’s energy and speed.

Generate a pool of drones and v aluste their fimess values.

While energy > E,, and Spermathecs is not full
Select a drone with the highest marmiage probability.
Add sperm of the selected drone in the queen’s spermatheca.
Update the quecn’s energy and speed.

End while
End for

While a predefined number of broods is not reached
Select aqueen using the roulette wheel selection method.
Randomly select a sperm from the spermatheca of the sclected queen.
Generate the broods by crossover the queen’s genotype with the selected sperm’s genotype.

Mutate the newly created broods.

Use the workers to improve the mutated broods.
Update the fitess of the selected workers,

End while
Evaluate the fitness of all the broods.

While the best brood is better than the Worst queen
Replace the least fit queen with the best brood.
Remove the best brood from the brood list.

End while
Kill all remaining broods.
End for
Return the best queen.

Fig. 2 Pseudo code for MBO algorithm.



the weaker one. Secondly, the parameter which controls the terni-
torial boundary of the colony is introduced in the proposed algo-
rithm to prevent the gqueens from staying too close to each other.
The newly-bom brood of one colony which is fitter than the queen
of the colony must overthrow the queen, instead of founding a new
colony. As a conseguence, the proposed algorithm can limit the
number of colonies to a very small number. Thirdly, all drones have
their own life span. As opposed to the original MBO, the unmated
drones survive until their life span is reached. Fourthly, the queen
is prevented from mating with the drones from her own colony in
order to reduce the probability of trapping in the local optimum
area. However, if there is no drone in the other colonies, the queen
will mate with her own drones. Lastly, the clustering technique
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based on the fuzzy logic concept is employed to assign all drones
to the proper colonies.

The proposed algorithm is divided into five stages: { 1) the pop-
ulation initialization, (2) the mating process, {3) the breeding and
feeding processes, (4) the selection of the new gueens and drones,
and (5) the founding of the new colonies. In the first stage, the ini-
tial population is created by randomiy generating N individuals.
Each individual, represented by the binary string, is a candidate
solution to the problem. Its length depends on the number of vari-
ables of the problem considered, the mnge ofeachvariable, and the
decimal point precision. For example, in Fig. 3, let us consider a
problem of finding the values of x; and x; which minimize the
function fix;,x2), where x; and x» are real numbers with a level of
precision of 0.25, x, = [<7.7] and %3 € [-2,2]. In thisexample, the
length of each individual is 11 bits. Out of 11 bits, the first six hits
represent the value of xy, which consists of a sign bit, three expo-
nent bits, and two mantissa bits. The remaining bits represent
the value of x,, which consists of a sign bit, two exponent hits,
and two mantissa bits. Then the fitness value of each individual
is evaluated. The best individual of the initial population is selected
to be the queen of the initial hive, while the rest is assigned to be
the drones,

In the second stage, the mating process starts by randomly ini-
dalizing the queen's energy and speed Then the probability that
the gueen g, will mate with the drope d, is evaluated by using
the Eg. (1 ). The probability of mating is high when either the fit-
ness of the dmne is as good as that of the queen, or the queen’s
speed is high. The drone with the highest probability is selected
to mate with the queen. The selected drone’s genotype is stored
in the queen's spermatheca. Then the selected drone dies and is
removed from the drone population. After each mating, the queen's
speed and energy decline in accordance with the Eqs. (2) and (3).
However, the gqueen continues to mate with other drones until
her spermatheca is full or her energy is lower than the predeter-
mined value of £ .

When all queens complete their mating flight, they retum to
their hives and the third stage begins, Inthe third stage, a queen
is chosen from the pool of queens 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 two-point crossover
15 used, as shown in Fig, 4, Mext, the mutation operation is carned
out on every new brood created Since the brood's genotype is a
binary string, the standarnd binary mutation operation, flipping

X1
X X2
foltJofafufefofujofolu]

Fig. 3. An example of the bee’s genotype.

Fig. 4 Anexample of the crossover operation.

the value of the chosen bit from 1 to 0 or vice versa, is used on each
brood. The last process of the third stage is the feeding process. The
workers, which represent the local search heunstic functions, are
used to improve the genotypes of the newly-bom broods. For each
brood, a worker is selected from the warker pool by using the ou-
lette wheel selection scheme. The heuristic function, which the se-
lected worker represents, is then applied tothe brood. This research
utilizes five local search heuristic functions, namely andom flip,
random new, random walk, two-point crossover, and one-point
crossover. Therefore, there are total of 5 workers in this research,

In the fourth stage, the fitness values of all the broods created in
the third stage are determined. Then the current queens and the
broods which are fitter than the weakest queen are nominated as
the candidates for the queens of the next generation. The concept
of selecting the queens of the next generation is that the candidate
with better fitness value is given prionity over the weaker one.
Therefore, before the selection process begins, the candidates are
ranked according to their fitness values. The top-ranked candidate
is promoted to be the first queen. The second-ranked candidate,
who is next in turn, will be chosen as another queen if it is not a
member of the colony which is ruled by the previously selected
queen. The candidate C is said to be a member of the colony N if
the criterion in (5) i5 met.

d(C.qu) < £ (5)
N =argmind(C.q,) (6)
igags
= (582574 x 10%)A 4 0.58878 (M
m
A=TT ™ =a™) (8)
i=1

where d{C,q,) is the Euclidean distance between the candidate C
and the nth gueen.

S is the number of previously selected queens.

N is the index of a colony whose queen is the closest match to
the candidate C.

£ is the territorial boundary of the colony. If the candidate stays
closer to the gueen of the N colony than £, the candidate wall be
considered as a member of the N colony. However, if the
distances between the candidate and all previously selected
queens are greater than the predefined boundary £, the candi-
date will be assigned as a new queen.

XA™* i5 the upper bound of the input x.

X is the lower bound of the input x;.

m is the dimensionality of the problem space.

The selection process continues with the lower-ranked candi-
dates until all the candidates have been considered. It is worth to
note that in 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-selected will be
killed and removed from the population. However, the unselected
candidates which are nominated from the group of broods will not
be killed; instead, they will be grouped with the weaker broods
who have not been nominated as the queen candidate. The mem-
bers of this new group will have a chance to be a drone by filling
the vacancies left by the death of the older drones. In this research,
there are two causes of death of a drone: (1) death after mating
with the queen, and (2) the end ofits life span. Life span of a drone
is predetermined by the researcher in the first stage of the algo-
rithm. The drones that mate with the gueen immediately die
whereas the unmated ones stay alive to the next generation, Howe-
ever, their life spans are reduced by one. When the life span
reaches zero, the unmated drone dies and is removed from the
drone population. In each generation, many drones die from either
of the above two causes. In order to maintain the number of drones
at the predetermined value, replacements for the dead drones are
randomly selected one by one from the newly formed group, men-
tioned earlier, until the predetermined value is reached.

The fifth stage is the colony-founding stage. The main task of the
fifth stage is to assign all drones, both old and new, to the proper

colonies. |t should be noted that even though the old drone currently
belongs to one of the colonies, it must be reassigned again at this
stage. Some might stay with the same queen, while others might
not. In this stage, the concepts of the clustering algorithm and the
fuzzy membership function are employed in clustering drones with
similar contents together. Given D = {dy,dy,...,d,... dp} is a set of
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 following equation:

" '.""5‘)
Midy.q,) = ( L .
. ‘ f1g.)
o =g [ty < -

where j(d,,q,) is a membership value of the drone d,, in the colony
of the queen g,.
T, denotes the size of the colony of the queen g,,. The value of
g, is proportional to the fitness of the corresponding queen g,
k=1,2..., the total number of queens.
flgs) and fqe) are the fitness values of the queen g, and qu

Tespectively.

Algorithm: A Self-organizing Model of Marriage in Honey -bee Optimization (SMB())

Define the initial parameters.
Create the initial population.

Seleet the best individual of the initial population 1 be the queen and assign the rest to be the drones.

Fora predefined number of mating flights
For each queen in the queen list

Initialize the queen’s encrgy and speed.

While energy > E.g, and spermatheca is not full
Select a drone with the highest marmiage probability to mate with the queen.
Add sperm of the selected drone in the queen’'s spermatheca.

Update the gueen’s energy and speed.

End while
End for

While a predefined number of broods is not reached
Select a queen using the roulette wheel selection method.
Randomly select a sperm from the spermatheca of the selected queen.
Reproxduce the broods by erossover the queen’s genoty pe with the genoty pe of the selected sperm.

Mutate the newly created broods.

Use the workers w improv s the mutated broods.

Updare the fitmess of the selected workers,

End while
Update a life span of every unmated drome

Create a list of candidates for the queens of the next generation.

Rank the candidates according to their fitness values from the highest o the lowest.

Assign the top-ranked candidate as the first new queen.

For cach candidate in the ranked list, starting from the second-ranked to the last-ranked candidates
If the distances between the candidate and all the new queens are greater than

Assign the candidate as a new queen.

Else

If the eandidate is one of the current queens
Remove the candidate from the population.

Else

Add the candidate to a new list to be used as potential candidates for the new drones.

End if
End if
End for

Create a list of potential candidates for the new drones.
Randomly select the new drones to fill the vacancies left by the death of the old drones.

Assign each drone to a proper colony.
End
Return the best queen.

Fig 5. Pseudo code for SMBOD algorithm
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d{gn,qu) is the Euclidean distance berween the queen g, and its
neighboring queen gg.

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

K = arg max[uid,.q,)]. (11)
k

Once all drones are assigned to their new colony, the termina-
tion criterion will be checked. If it is not met, the whole algorithm
will repeat again. However, a new group of colonies which contains
both gueens 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. Experimental results
4.1. Test functions

The performanceofthe proposed algorthm is evaluated and com-
pared to the orginal MBO algorithm. To test the performance, both
algorithms were used to find the optimal 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 weighted sphere function, and the Goldstein-Price's
function. In an optimization problem, the goal is to find the values
of the decision variables that maximize or minimize the ohjective
function without violating any of the constraints, The above six func-
tions used inthis 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)
Fid) =215+ x, - sin(47mx, ) + % - sinf200mx; | (12}

where -3.0<x; = 12.1 and 4.1 £ x, < 5.8. The global maximum of
this Michalewicz's function is equal to 38.850294479, attained at
11625543700 = x; = 11625545700 and x,=5725044250. The
graph of this function is shown in Fig. Ba.

b. The Rastrigin's function | Térn & Zilinskas, 1983)

J® =10m+ 3 (xF - 10cos(2mx)) (13)
=1

where m is the dimensionality of the problem space, The search
space is restricted to =512 <x;<5.12, 1=1,2, ..., m. lts global

Fig. 6a. The Michalewicz's function

Fig. 6b. The Rastrigin's function.

minimum of zero is attained at the point ¥ =(0.0..... 0). The
two-dimensional graph of this function is shown in Fig, 6h.
c. The Rosenbrock's valley function (De Jong, 1975)

m-1
fE =Y [100(xis —38)"+ (1 x| (14)
=1 ]

The search domain is —2,048 <x;<2.048, i=1,2,...,m. The two-
dimensional Rosenbrodk’s valley function has a global minimum
at the point & = (1.1) where fi%} = 0. The graph of this function is
shown in Fig. 6c.

d. The sphere function (De fJong, 1975)

&) =

W

e (15)

where m is the dimensionality of the problem space. The search
space is restricted to —S52 <x; =512, 7=1,2,...,m. The global
minimum of the sphere function is equal to zero, attained at
% = (0.0,...,0) The owo-dimensional plot of this function is shown
in Fig, 6d.

e, The weighted sphere function {Pohlheim, 2006)

fl'f.‘—i:izag? (16)
=1

where m is the dimensionality of the problem space. The search
space is restricted to 502 <x£512, i=1.2,..., m. lts global

Fig. 6c. The Rosenbrock’s wvalley function.
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Fig. 6d The sphere function.

minimum of zero is attained at the point ¥ = (0,0,...,0) The two-
dimensional plot of this function is shown in Fig. Ge.
f. The Goldstein-Price’s function ( Goldstein & Price, 1971)

F8) = 14 (0 +x2+ 17 (19140 35 = 140+ 6x + 322 |

304 (22 -3, 2(18 - 3%, 1248 L 48x, — 362, x, L2?x§}l
{17)

where —20 <x; < 20 and -20<a; £ 20, This function has a
global minimum at the point x = (0, -1} where it attains a value
of 3, The graph of this function is shown in Fig. 6f

4.2, Results and discussions

One of the most difficult steps in conducting an experiment is
defining the values of the parameters of both the original and
the proposed MBO 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 gqueen's
spermatheca, the number of broods in each generation, the number
of mating flights, and the mutationrate, 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 weighted sphere function

Fig. 6f. The Coldstein-Frice’s funcrion

of mating flights, and the mutation rate. Since the performance of
the MBO-based intelligent systems strongly depends on proper
selectionof system parameters, as most of other intelligent systems,
the parameters of both models are vaned tovanous values, asshown
in Tables 1 and 2, inorderto get the best out of both models. Foreach
parameter setting, moreover, ten experimental repetitions are per-
formed with different initial populations each time. 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 is the first advantage
of the proposed algonthm. In contrast to the original MBO al gorithm,
where the ex periments with various 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
ability, the computation time required for finding the optimal solu-
tion is several orders of magnitude less than the original MBO
algonthm

The performance of both the original MBO and the proposed
SMBO alzorithms in finding the optimal solutions of the six bench-
mark functions is shown in Table 3. Table 3 illustrates the best
solution, the womst solution, and the average and the standard
deviation over the number of expedments carred out for each
problem. The following are summares of what we observed from
the experimental results:

Table 1
The parameter used in the original MEO.
Pamameters Values
Number of queens 1. 10, 20, 30, 40
Spematheca size 100
Numberof drones 200
MNumber of broods 500
Number of maring flights
Mutation mte oz
Table 2
The parameter used in the proposed model.
Parameters Values
Spermatheca size 100
Number of drones 200
Number of broods 500
Number of mating flights 400
Mutatrion rate oz
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Tahble 3
The result of the standard MBEC and the proposed model

The original MBO

The proposed model

Best Worst Average 0. Best Worst Average S0
Michalewicz JRR4TOBGITE  IBE1IIBISES  3BB41151503 O00BE3I1TE2Z 3B B4TORGITE 38 B46033400 IBB4ATIINNGGE  (QLODDBZ444Z
Rastrigin 0L 00000000 0010026249 0.002073527 0002428718 QL0000 000000 0030642884 0.007301366 0011495355
Rosenbrock 0000000000 Q000158124 0000035456 0000044132 Q000000000 QLO0DDG 1408 Q000016757 000002 1074
Sphere L0000 0000 Q000070572 Q000019855 0000019248 QU000 000000 L0000 1907 000000076 OLO00D0OTE2
‘Weighted sphere 0LO00000A54 0000282 28 000003BEE2 OLOOOD4E0H2 QU000 000000 OLOODD0TEZD 0000001907 OLO0DDOZTTT
GoldStein-Price 3. 000000000 3012672006 3000899331 Q001878220 3 000000000 3000446790 3000151214 QL0020 2508

« Both algonthms can achieve optimal solutions for Rastrigen's
function, Rosenbrock’s valley function, the sphere function, and
Goldstein-Price’s function. The proposed algorithm achieved
the optimal solution 20% of the time, 30% of the time, 40% of
the time, and 60% of the time for the Rastrigen's function, the
Rosenbrock's valley function, the sphere function, and the Gold-
stein-Price’s function res pectively. On the other hand, the origi-
nal MBO algorithm only found the optimal solution 6% of the
time, 4% of the time, 2% of the time, and 24% of the time for the
Rastrigen's function, the Rosenbrock's valley function, the sphere
function, and the Coldstein-Price’s function respectively.

» For the weighted sphere function, only the proposed algorithm
attains the global minimum of zero. The proposed algorithm
achieves the optimal solution 30% of the time while the best
solution that the original MBO gets is 0.000000954,

» For the Michalewicz function, however, both algorithms cannot
find the optimal solution. While the global maximum of the
function is equal to 38850294479, 18847986378 is the best
that both algorithms can achieve. The proposed algorithm gets
the best solution 40% of the time, more than double the success
rate of 16% obtained by the original MBO algorithm.

« When considering the worst solution obtained by both algo-
rthms, the solutions obtained by the proposed algorithm are
closer to the optimal solution than those obtained by the origi-
nal MBO algorithm for all benchmark functions except the
Rastrigen's function.

« When considering the average over the number of experiments
carried out for each problem, the proposed algonthm outper-
forms the onginal MBO algorithm for all benchmark functions
except the Rastrigen's function,

In summary, the performance comparisons with the original
MBO show that the proposed algorithm is supenior to the original
MBO both in terms of the computation time and the ability to find
the optimal sclution The proposed algorithm performs very well
in solving all 6 benchmark functions,

5. Conclusion

This paper presents a new swarm intelligence algonthm, which
is an improved version of Abbass's MBO algorithm. The main draw-
back of the original MBO algorithm is its very long computation
time. Even though the proposed alzgorithm is still mainly based on
the marriage behavior of honey-bees, various assumptions and pro-
cesses have been modified to improve the algorithm efficiency. The
performance of the proposed alzornthm is evaluated against the oni-
ginal MBO algorithm. The experimental results show that the pro-
posed algorithm outperforms the orginal MBO algorithm both in
terms of the computation time required for finding the optimal
solution and the ability to achieve the optimal solution.
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Abstract

Many researches have implemented a genetic algorithm with real-coded chromosomes to solve a wide variety of problems. Their
experimental results suggested that the real-coded genetic algorithms gave superior results to binary-coded genetic algorithm on
most of the test problems. Inspired by the above founding. this stody aims to (1) propose a modified Mamage in Honey-bee
Optinnization (MBO) techmigue (2) compare the performance of the proposed technique to that of the real-coded GA techmioue.
In this study, two main ideas are proposed. Firstly, to handle the real encoding of genotypes, we present a new crossover operator
and a new heuristic worker, named the scroll-based worker, for manipulating the real value of genes. Secondly. to reduce the
number of user-defined parameters, we provide the original MBO with a self-organizing capability. With a self-organizing
capability, the proposed model can automatically determine the proper mumber of queens itself The expenmental results on five
benchmark test fanctions show that the proposed model is very effective in solving the fimction optimiization problems.

© 2011 Published by Elsevier BV

Keywords: Feal encoding; Maniage in Honey-bee Optimization; Function Optimizatien Problems

1. Introduction

The Evolutionary Algorithms (EAs) 15 a population-based metaheuristic optimization method. In general, the
EAs consist of three mechanisms inspired by theories of natural evelutions [1, 2, 3]. Firstly, the selection operation
is used to select two parent chromosomes for reproduction. This selection process is typically probabilistic, that is,
the highly fit individual is allowed to create more offsprings than the lesser one. Secondly, the recombination
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operation, commonly called crossover, is a method used to produce the offsprings that inherits some characteristics
of their 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 1s the first important step for a successfiil
operation of the EAs. For the function optimization problems of continuous variables, there are two ways to encode
the chromosome: bmary representation and real representation. In the former, the chromosome 1s represented by a
sequence of binary bits; therefore, the precision of the solution is restricted by the length of the chromosome. The
most common binary representations are the binary, gray, and unary encodings [3]. The latter is a real encoding. In
the real encoding, the chromosome is represented by a sequence of floating point numbers. Therefore, the precision
of the solution depends on the precision of the machine wsed for computations. Using the above two encoding
methods, a number evolutionary algomthms have been mmplemented such as in the reference [4], [1], and [5]. The
previous studies suggested that the real encoding is a very efficient method. In comparison to the binary
representation, it provides a higher precision and has faster convergence speed.

The MBO was proposed by Hussein A Abbass [6] for solving 3-SAT problems. The MBO is a recent
evolutionary metaheuristic inspired by the marrage 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 reservoir operation problem. The performance of their model is well
comparable with the performance of the genetic algorithm In this paper, we proposed the real-coded MBO
algorithm together with a new crossover and worker. For performance evalvation, the results of the proposed
algorithm on five benchmark functions are presented and compared with the results of the real-coded GA.

The remaining paper is organized as follow. The next section introduces a description of conventional MBO.
Section 3 defails the proposed methodology. Then, a detail of parameter identification, five benchmark test
functions, and an analysis of experimental results are given in section 4. Finally, the conclusions will be discussed in
section 5.

2. The Marriage in Honey-bee Optimization

In nature, honey-bees can be classified, based on their roles, into three groups: the queen. the drones, and the
workers. The role of the gqueen is to mate with several drones and to lay the eggs that will later develop into
numerous broods. The role of the drone is mainly to mate with the queen. The task of the worker bees is to (1) feed
the queen and the broods (2) do all the maintenance work of the hive. The MBO algonithm which attempts to model
the marriage behavior of real honey-bees in nature, is 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 heunsfics used to perform local search on the solutions. In short, the mafing process between
the queen and the drones, and the heuristic local search operation are the ways in manipulating the candidate
solutions to find the optimal solution.

The algorithm of the original MBO is listed as follows:

s Step 1: Inttiahization

Six parametfers, the number of gueens, the queen’s spermatheca size, the number of drones, the number of
broods, the mutation probability, and the convergence criteria, are fo be assigned the walues by the user.
Subsequently, the inifial population is created by randemly generating N individuals. The fitter individuals are
selected to be the initial queens of the hive, while the rest is assigned to be the drones.

s Step 2: Mating process

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

mate with a particular drone is based on the probability of marriage as follows:

Prob(Q, D)= m[':g)] ]

where A(f) denotes an absolute difference of the fitness values between the queen Q and the drone D; 5(1) is the
speed of the queen at time t. If the mating 1s successful, the sperm of the drone 15 added to the queen’s spermatheca.
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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:

Sit+D)=a=*8() i2)

E(t+1)=E{t) -y (3)
where a 15 a factor in the range [0, 1] and y 1s the amount of energy reduction after each transition.

_ 05« initial _y )
ST (4)

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

When all queens complefe therr mating, they start breeding 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 15 applied to
the new brood in order to provide greater vanefy to the solutions. Fmally, the genotype of the newly-born brood is
further improved by a worker bee, which 15 chosen in proportion to its finess. Each worker represents one of many
local search heuristics, such as GSAT, WalkSAT, random walk, random new, random flip, and one-point crossover
[6. 8]. When the number of broods is equal to the required quantity. this process is complete.

B Py
AV, :
S
Q [HNE 1] ='{2.50, 1.50)
r
By [oaJaJeJaeolofa1iJe = (2.75,-0.50)
: |
] I
B: [aJaJoJoeaTwlw]olaly = (2.00, 0.25)
&
D [WaJeleltlsifolel = (2.25,-175)
o ke w
i ¥

Fig. 1. Binary crossover operation

¢ Step 4: Updating process

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

All above processes are repeated until 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 original MBO, the binary string is typically used to
encode the genotype. Since the genotypes represent the candidate solutions, the encoding scheme should be
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designed so that 1t can cover the possible solution. When a high precision of solution 1s required such as in the
function optimization problems the binary encoding scheme might not be appropnate. Therefore, m thus paper, the
real encoding 1s used instead of binary numbers; the crossover operator, the mutation operator, and the local search
heuristics, which are used to manipulate the genotype, 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 crossaver operator

The concept of this new crossover 15 to (1) clone the strong individual in order to keep 1t alive as long as possible
and (2) improve the weak individual by combining the genotypes of the queen and the drone. In this paper, the
retaining probability 15 used to indicate the degree of strength of each individual. The retaining probability of the "
mdividual can caleulated as follow:

- (;}:exp(_%; (35)

where f and fi..; are the fimess values of the i® individual and the fittest individual respectively: o is the width of the
Gaussian function In this new crossover operator, the operafion begins by generating a random real mumber
between 0 and 1; then comparing it to the retaining probability. If a random number is smaller than the retaining
probability, the parent will be cloned fo form a pair of broods. Otherwise, the two broods will be created by using
equations (6) and (7).

40 | 87 i S i (@) 5
Bii= d P . ()
gl + ¢+ AP (0. D) - g sotherwise

4 =P (D )
gl =38 T e 7)
g e AP (Q.D)-gf otherwise

where g,' is the i gene; ¢; is a random number in the range [-0.5, 0.5]; by and by are the first and second broods
respectively; Prnin() 15 the retaining probability in the range [0, 1]; APruin{Q, D) 1s the difference of the retaining
probability between the queen (Q and the drone D.

It is clearly that the individuals with greater retaining probability are given higher chance of survival than the
inferior individuals. Therefore, the weakest individual has the smallest chance of reserving its characteristic.

3.1.2. The mutation operator

The main idea of the mutation operator 1s fo slightly change the walue of the real-coded gene with the hope that
the fitness of the genotype will increase. For each gene, the operation begins by generating a random real number
between 0 and 1, and then compares it to the predefined mutation probability, which is usvally set to a small
number. If a random number is smaller than the mutation probability, the gene will be shghtly adjusted by adding a
small number in the range [-0.5, 0.5].

3.1.3. The heuristic worker operafor

This proposed model 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 in Fig 2 is designed specifically for real encoding. Let g denotes the i gene in the genotype; g/ is the 1%
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digit to the left of the decimal point in the gene g;; g/ is the r™ digit to the right of the decimal point in the gene g,
The value of g; 15 adjusted based on the following equations:

gl =g +A (8

A = random{-1,0, 1} %

where A 1s used to scroll up or down (to increase or decrease) the valoe 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.

£1 £2

T s
zenotype 5004 | 11552

£ I1I1I ISI!IZI
PN L T S
£ IIIEI 6 Jafr]

.Ill(-—

genotype —
n }5_

Fiz. 2. The scroll-based worker
3.2. The proposed algorithm

The procedure starts with one randomly generated queen’s genotype. The very first task that has to be done is to
mate with several drones in order to reproduce broods. Next is the breeding process in 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 in a list of candidates for the queen. Hence, the number of queens will be increasing. However, if none of the
broods 1s fitter than any of the queens, the old queens will continue ruling their own colonies. Note that if a list of
the queens 1s changed, all the colonies will be merged together info a single entity; then the new colonies are rebuilt
by a group of new queens. In order to keep the number of queens to a minimum, the queens are prohibited from
being too close to each other. Since some drones die after mating with the queens. in order to maintain the number
of drones, the vacancies left by the death will be replaced by the broods with high fitness values.

Before the new mating flight begins, the colony reconstruction process has to be done. In this process, the drones
are clustered into several colonies, the centroids of which are the queens by implication. The clustering technigque
used in this study is based on the fuzzy c-mean concept. Given D= {d;, dy,.. . dp. .., dp} and Q= {qu. qz. ..., qs. -
qs} are sets of drones and queens, respectively. The membership value ofthe drone d, in the colony ofth.e queen. qs
1s calculated according to the following Gaussian membership function:

dy-d, |
ud,.q,)= exp{%} (10

s
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where o indicates the width of the Gaussian function, which is the ratio of the fitness value of the queen g; to the
fitness value of its neighbor.

o, —max{o) } (11)
4 - d o w f(‘?.!) Iz
o =0 a0 (2

Each drone chooses its colony by considering its membership value in each colony; the colony with the maximum
membership value 1s selected as a new home for the drone. This process finishes after all drones have already been
assigned to suitable colonies.

4. Results and Discussions

To test the performance, the proposed model is used to find the optimal solutions of five benchmark functions: F1
(the Ackley’s function), F2 (the Griewank’s finction), F3 (the sphere fonction), F4 (the weighted-sphere function),
and F5 (the Schwefel’s double sum function). Then its performance is compared with that of the real-coded GA. The
equations of the above benchmark functions are shown in Table 1.

Table 1. The five benchmark functions

Funetions Formula Domain ranze
1.2 1 &
: —MJ—E 5 T ceslm) 30,30
Fl: Ackley F(R)=20+ 2208 2, il ; x, £[-30,30]
2
F2: Griewank X S C +1 x, e [-600, 600]
f(x)= ;Z. 3000 E J :

2

F3: sphere F(®=3x x, €[~5.12,5.12]
2

F4: weighted. sphere f®) =X ¥ e[-5.12,5.12]
=1
2

F5: Schwefel's doublesum _ f (¥) = (31,)° x, € [-65.536, 63.536]
=1 =1

Since the performance of most evolutionary algorithms strongly depends on proper selection of system
parameters, the parameters of both models are varied to various 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 1s set to 100, the mutation probability 1s 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 is set to 0.7, the mutation
probability is set to 0.2, and the number of generations is set at 2000.

For each benchmark functions, both algorithms are run 10 times. Each mun starts with a different initial
population and stops when the number of generations is equal to the predefined number. The performance of the two
algorithms is measured in terms of the effectiveness and the success rate. The former 1s measured the closeness of
the resulting solution to the global optimum while the latter is the oumber of times the algorithm successfully
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located the global optimum out of 100 trials. The experimental results of both the proposed model and the real-
coded GA m finding the optimal selutions of five benchmark functions are shown i Table 2.

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

Experimental results
Best Worst Average 5D
Real-coded GA 7.276253E-06 2192872E-05 1.296436E-05 5448935E-06
f Proposed Model o 0 o ]
- Real-coded GA 3.000000E-12 1.257130E-01 5.127757E-02 4. TIB468E-02
Proposed Model 0 7.39641E-03 2.218812E-03 3.57262TE-Q3
- Real-coded GA 1.996650E-13 2 350000E-10 6.750000E-11 9.240881E-11
Propesed Model o Q 0 0
Real-coded GA 4.000000E-12 5. 140000E-10 9.210000E-11 1.646751E-10
5 Proposed Model 0 0 0 0
g Real-coded GA 5.000000E-12 2.021000E-09 5.098000E-10 6.821282E-10
Propesed Model 0 0 0 0

In Table 2, the effectiveness of the two algorithms is showed using four statistical data: the best, the worst, the
average, and the standard deviation obtained from 10 runs. The experimental 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 algorithms are small.

The results in terms of the success rate (Table 3) show that the proposed model is able to obtain the global
optimum of all test functions; however, the real-coded GA is unable to find the global eptimum. For F1, F3, F4, and
F5 functions, the proposed model achieved the global optimum of the functions in all the runs. For F2 function, the
proposed mode] attained the global optimum with a success rate of 70%. This clearly indicates that the proposed
model has better capability in finding the global optimmm than the real-coded GA.

Tabla 3. The success rate of the proposed model and the real-coded GA

5. Conclusions

Success rate

Function
Eeal-coded GA Proposed Model
F1 : Ackley 0% 1008
F2 : Gonewank 0% 0%
F3 : sphere 0% 100%
F4 : weighted- sphere 0% 100%%
F3 : Schwefel's double sum 0% 100%

To reduce the number of user-defined parameters, we provide the original MBO with a self-organizing capability.
The proposed model can automatically determine the proper number of queens itself. Results on five benchmark test

functions show that the proposed model is very effective in solving the function optimization problems.
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Abstract—This paper proposes a modified marriage in
honev-bee optimization for selving multiobjective
optimization problems. Unlike the original marriage in
honey-bee optimization, the proposed algorithm divides
the objective space into several colomies, each of which
has its own queen. The fitness 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 solutons with highest
fitness values are preferentally assigned to be the queens
while the rest are assigned to be the dromes. Next. all
drones are assigmed to the colony according to their
distances from the queens of the colonies. In order to
maximize a genetic variance in the population, the
multiple mating is wsed. The multiple mating requires
the gueen to mate with drones from the other colonies.
The proposed algorithm has been evaluated and
compared to two  state-of-the-art  metaheuristic
algorithms: the Pareto archived evelution strategy and
the nondominated sorting genetic algorithm. The
experimental results on 3 different ZDT henchmark
functions illustrate that the proposed algorithm is able to
converge to the true Pareto fronts and has better spread
of solutions, as compared with the published results of
the two state-of-the-art algorithms.

Keywords- swarm intelligence; marriage in honey-bee
opfimization; multiobjective gprimization problem

L 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-inspired algorithms. In contrast to the single-
objective optimization problem there is no unique
optimal solution when considering nmltiple conflicting
objectives. Therefore. the solving of mwmltiobjective
optimization problems is to defermine a set of optimal
solutions representing the best tradeoff between
multiple conflicting objectives. called the Pareto-
optimal sef. In fact. finding the Parefo-optimal
solutions is WP-complete [1], which is impractical to

solve in reasonable computing time. The bio-inspired
algorithms seem to be the most attractive approaches
for this kind of problems because 1) they are
population-based mefaheuristics that can find multiple
solutions in a single mun. and 2) they fypically require
small computational fime A number of different bio-
inspired algorithms have been applied to multiobjective
optimization problems such as the genetic algorithm
(GA), the artificial immmme systems (AIS), and the
particle swarm optimization (PSO).

In the mid-eighties, the vector evaluated genetic
algorithm (VEGA) [2] is the first effort to improve the
genetic algorithm to search for a set of Pareto-optimal
solufions m a single mm. After the development of
VEGA. mumerous variations of GA approach have
been proposed. To date. there are several well-known
GAs for the MOP such as the nondominated sorting
genefic algorithm (NSGA-IT) [3]. the mmlti-objective
genetic algonithm (MOGA) [4]. the strength pareto
evolutionary algorithm (SPEA-IT) [5], and the pareto
archived evolution sirategy (PAES) [6]. In recent vears,
Wong, Yeung, and Lau [7] has proposed a novel
hybrid method based on the genetic algorithm and the
artificial immune system. called the hybrid artificial
immune system, for solving both unconsiramed and
constrained multiobjective problems of global
confainer repostiioning.

In addition, the marriage m honey-bee optinuzation
(MBO), one of recently proposed bio-mnspired models,
15 mspired 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 applications of this algonthm that
have been presented; for instance, Bozorg Haddad,
Afshar and Manidio [9] applied the origmal MBO to
solve a reservoir operation problem. The performance
of their model is well comparable with the performance
of the genefic algonithm.

In the recent study, Thammano and Poolsamran
[10] proposed a meodified version of the MBO



algorithm_ called a self-organizing model of marriage
in honey-bee optimization (SMBQ). Their proposed
model has been tested om six benchmark functions,
including both maximization and minimization
problems. The performance compansons with the
original MBO show that their proposed algorithm is
superior to the original MBO both in terms of the
computation time and the abilify to achieve the optimal
solution. Later. Poolsamran and Thammano [11]
proposed a real-coded marriage in  honey-bee
optimization together with the new crossover and
worker operators. The experimental resulfs, 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 objective
optimization problems. In this paper, we propose a
modified marnage in honey-bees optimization for the
multiobjective optimization problem. For performance
evaluation, the results of the proposed algorithm on
five ZDT functions are presenfed and compared with
the published results of two state-of-the-art algonthms:
the PAES algorithm and the NSGA-II (real-coded)
algorithm.

The remaining paper is organized as follow. The
next section infroduces a definition of the
multiobjective optimization problem and a description
of the original marriage in honey-bees opiimization.
Section 3 describes the proposed algorithm Then a
detail of parameter idenfification, a performance
mefric, and an amnalysis of expenmental results are
given in section 4. Fmally, the conclusions are
discussed in section 5.

II.  BACEGROUND
A Multiobjective opfimization problem

A multiobjective optimization invelves the process
of sinmltaneously optimizing m conflicting objectives
subject to cerfain constraints. In a nmltiobjective
optimization problem, rather than finding a single
solution as in a single objective optimization problem.
it aims to find a set of solutions as close to the pareto-

optimal set as possible, and at the same tume maintain
diversity among the individual solutions.

Min F(x")=(f (") B (x). fa(xt)
subject to. q,(x)<0 (=12,...k), (1}
=0 (=12..1

where g is the i® inequality constraint. k is the number
of inequality constramts. r; is the % equality constraint,
and 1 is the mumber of equalify constraints. According
to the concept of Pareto dominance. a solution x; is
said to donunate the solution %, if the following
conditions are true: 1) no component of Fix;) 15 worse
than the comesponding component of F(x;). and 2) at
least one component of F(x;) is better than the
corresponding component of F(x,). Any solution that 15
not donunated by others 1s regarded as a nondonunated
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solution. A solufion x* is Pareto-optimal solution if
there is no other solufion x that can improve at least
one objective function without detriment to another
objective function

B. Muarriage in honegy bee optimization (MBO)

In nature, honey-bees can be classified, based on
their roles, into three groups: the queen, the drone, and
the worker. The role of the queen is to mate with
several drones and then lay eggs that later develop mnto
numerous broods. These broods are fed and cared for
by the workers until they matre. The MBO algorithm,
which attempts to model the marrniage behavior of real
honey-bees in nature, is also classified its artificial bees
mto the queen, the drone and the worker. The queens
and the drones represent the candidate solutions to the
problemr; the workers represent the local search
heunstics for improving the genotypes of the broods.
The mating process between the queens and the drones.
followed by the feeding process by the workers will
enable the algorithm to find the optimal solution. The
algorithm of the onginal MBO 1s listed as follows:

1) The mitialization process

Six parameters, the number of queens. the size of
gqueen’s spermatheca,  the number of drones, the
number of broods, the mutation probability. and the
mnumber of mating flights, are defined by the user.
Subsequently, the population which comprises the
queens and the drones is randomly generated. The fitter
mdividuals are selected as mifial queens while the rest
are assigned as drones.

2} The mating process

Before the mating flights begin both energy and
speed of each queen are randomly initialized Then the
queen mates with the drone that has the highest
probability of mamiage as shown in the following

equation:

Prﬂb(qs.d'r_)=e;pi % | 2)

where A(f) denotes an absolute difference of fitness
value between the queen q; and the drone d,; S(t) is the
speed of the queen at time t. If the mating is successful,
a sperm of the participated drone is added to the
queen’s spermatheca. Then, the drone dies immediately
after mating. This stage is repeated until the energy of
the queen is lower than the predefined threshold or the
queen’s spermatheca is full After each mating
fransition. the queen’s speed and energy are decreased
m accordance with the following equations:

S(t+1)=a* S(F) 3)

Et+D=E{) -y 4



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

_ 0.5 * initial _¥ (5}
M

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

3} 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 selection 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 broods
reaches the required quantity. Afterward, the genotypes
of all newly-bom broods are improved by using both
binary nmifation and worker operators. The way of
performing binary mutation 1s to flip a bit from 1 to 0
or vice versa. In the feeding process, the workers,
which represent the local search heunstic functions
such as GSAT. WalkSAT. the random walk. the
random new. the random flip. and the one-point
crossover [8]. are chosen in proportion fo their fimess
and are then applied to the genotypes of the broods.

4)  The competition process
Finally, the weaker queens are replaced with the
fitter broods until there is no brood remaining that is
fitter than any of the queens. In doing this. the
population of the next generation certainly has equally
or better quality. Before the new mating flight begins,

all remaining broods are killed.

All above processes are tepeated unfil the
COnVergence criteria are met.

II. - ProOPOSED METHODOLOGY

A. Fimess evaluation

In this proposed model, the fitness value of the i®
individual consists of two terms: 1) the first term is the
winning pIObabﬂlij (Pam) which measures the degree
to which the i individual dominates other members in
the colomy. and 2) the second term is the losing
probability (Pless)- The losing probability measures the
degree to which the i® individual is dominated by other
membr:rs in the colony. That is. the fitness value of the
i* individual is lugh when the i® individual is a

ﬂondommmed solution which dominates many
members in a colony.
fitness(i) = a2y Py + @3 (1— Pog) (&)
N Ngo N
P =——¢ Zwm_twm (7
n New N: N op
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Py = {\"c MNiges _ 3"'7195-, (8)

where w; and o, are the weight factors; N; 1s the
number of members m the colony c; Ny 1s the
population size; Ny;q is the number of members in the
colony ¢ which is dominated by the i* individual; Ny
is the number of members in the colony c that
dominate the i individual.

B. Proposed algorithn

The proposed algorithm is divided into five stages:
1) the initialization process, 2) the mating process, 3)
the breeding and the feeding processes. 4) the swarm
preparation process, and 5) the swarm process. In the
first stage, six parameters, the maxinmm number of
queens, the size of the queen’s spermatheca, the
number of drones. the number of broods, the mutation
probability, and the mumber of mating flights. are
defined by the user. Next. the initial population is
created by randomly generating Npg individuals. Each
individual is represented by a vector of real numbers.
Its lengih depends on the number of decision vanables.
Then the fitness value of each mndividual 15 evaluated
based on the mdividual’s dominated and domunating
numbers. The mdividual having the largest dommatmg
number and, af the same fime, having the smallest
domunated number is selected fo be the queen of the
initial colony, while the rest is assigned to be the
drones.

In the second stage, the mating process starts by
initializing the queen’s energy and speed with random
values in the range [0.5, 1]. On the mating flight, each
queen will mate with several drones. The probabality
that the queen g, will mate the drone d is evaluated by
using (2). The drone with the highest probability is
selected to mate with the queen Then the selected
drone’s gemotype (sperm) is directly transferred to the
queen’s spermatheca. After each mating, the queen’s
energy and speed decline in accordance with (3) — (3).
However, the queen contimues to mate until her
spermatheca is full or her energy is lower than the
predefined threshold. In this study, the threshold is set
fo zero.

When all queens complete therr mating flight. they
refurn 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 refammg
crossover operator [11] 15 used. The refaning
probability of each individual is calculated by using the
following equation:

ﬁms’.:s(fj (9)

Freom (1) = fimessy,.



Next, the nmtation operator is applied to the newly-
born broods. Unlike the original MBO. the mmtated
broods are classified into theirr mother’s colony. The
other process of the third stage 1s the feeding process.
The worker operators, which represent the local search
heuristic fimctions, are used to improve the genotypes
of the mutated broods. For each brood, by using the
roulette wheel selection scheme, a worker is selected in
proportion to its finess value. Tlis paper ufilizes two
local search heurstic finctions: the random new and
the scroll-based operators [11]. The fitness value of
each worker is updated according to the cummlative
rate of improvement achieved on the broods. This third
stage 1s complete when the mumber of broods is equal
fo the required number of broods.

The fourth stage, the swarm preparation process.
consists of the new population selection and the
clustering processes. In the process of new population
selection. the mew population for mexi generation is
created by combining the Npg, best individuals from a
group of old population and the newly-born broods
together. To enhance the convergence speed, the new
population selection process uses an elifist-preserving
approach. All nondominated bees (queens. drones, and
broods) of every colony are selected by default to be
added to the candidate pool If the pumber of the
nondominated bees 15 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 to be added to the candidate pool.
This selection process continues with the remaining
dominated bees in each colony until the number of
members in the candidate pool 15 greater than or equal
to the population size. Therefore, in the case that the
number of members in the candidate pool is greater
than the population size. some candidates will be
discarded to maintain the population size. Before the
deletion begins, the minimum distance in the objective
space befween each candidate and ifs nearest
neighbors, and the average of these mininmm distances
are calculated. Then the weakest candidate among all
candidates whose distance is less than the average
distance is deleted from the candidate pool The
deletion continues with the remaming candidates until
the number of members in the candidate pool is equal
to the population size. After the deletion is complete.
all remaining candidates are appointed to be the new
population. Next, the new population is clustered into
two groups based on the dominance concept: the new
queens and the new drones. The neondomunated
individuals are assigned as the new queens while the
Test are assigned as the new drones. However, if the
number of the new queens is greater than the maxinmm
number of gqueens. 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 individual
whose distance is less than the average distance is
removed from being the queen uniil the number of the
new queens is equal to the specified mumber The
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SWarm preparation process is complete when the new
queens and the new drones have already been prepared
in the required quantifies.

The fifth stage is the swamm process. In this last
stage, the drones are clustered into several colonies, the
centriods of which are the queens by implication In
choosing the colony, the drone determines its new
colony by considering the distance between ifself and
the queen of each colony. The colony holding the
minimum distance is selected as a new home for the
drone. Given D = {d;. dy. ... dy. ... dp} and Q = {qu.
o =g .., s} ame the sets of drones and queens
resp-ecttw:ly The distance in the objective space
between the drone d, and the queen q. is calculated
according to the following equation:

dd;.q;) =[F(a) - F(dy)| (10)

K =argmin[d(d,.q,)] (11)
P

where F(g;) 1s the fitness value of the queen q.. F{dy) is
the fitness value of the drone d; K is the index of the
colony selected as a mew home for the drone The
swarnm process finishes after all drones have already
been assigned to suitable colonies.

Finally, the termunation crterion 1s checked. If it 1s
not met. the whole algorithm will repeat again In this
study. the termination criterion is the mumber of mating
flights defined by the user.

IV. RESULTS AND DISCUSSIONS

In this paper. the ZDT ftest suite proposed by
Zitzler, Deb, and Thiele [12] is used to test the
performance of the proposed algonithm. The ZDT fest
suite comprises six test functions. This study uses five
of those six test functions, which are ZDT1. ZDT2,
ZDT3, ZDT4. and ZDT6. Each test function represents
different  characteristics  including  convexity,
nonconvexity. disereteness. multimodalhity. and non-
uniformity. All test functions have fwo objective
fimctions. The results on five benchmark test functions
of the proposed algorithm are compared with the
published results of the PAES algorithm and the
NSGA-TI (real-coded) algorithm The performance of
all compared algornithms i1s measured n terms of the
convergence metric y and the diversity metnic A [3] as
follows:

s The convergence metric y determines the average
distance befween each solution obfained from the
algorithm and the nearest solution on the true
Pareto front. The smaller the value of this matnc.
the befter the convergence toward the pareto-
optimal front.

(12)




where d; is the FEuclidean distance between the i®
solution obtained from the algorithm and its nearest
solution on the true Pareto front. o is the number of
obtained solutions.

¢ The diversity mefric A is used to measure the
spread of the obtained solutions.

dp+d;+3 " (d; =)
T —iml
d,+d +(n+1)d

(13)

where d: is the Fuclidean distance between the extreme
solutions of the true Pareto-fromt. d; is the Fuclidean
distance between the boundary solutions of the kmown
Pareto front d; is the Euclidean distance between

consecutive solutions i the known Pareto front; 4 is
the average of all distances d;.

Table I shows the mean and the variance (the
fimures in brackets) of the conwvergence metrics
obtained by using three algonthms: PAES, NSGA-IT
(real-coded). and the proposed algorithm Results of
the PAES algorithm and the NSGA-II algonithm shown
in Table I and II are obtamed from [3] For the
proposed algorithm, the results are the mean and the
vanance of 10 different runs; each run starts with a
different initial population The parameters of the
proposed algorithm are set as follow: the maxinmmm
number of queens is set to 100, the number of drones is
set to 100, the number of broods is set to 100, the
queen’s spermatheca size is set to 20, the mutation
probability 1s set fo 0.1, and the number of matmg
flights 15 set at 10000.
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From Table L the proposed algorithm achieves
better convergence than the NSGA-II algorithm for all
test functions., and produces befter convergence than
the PAES algorithm for ZDT1, ZDT2, ZDT3. and
ZDT4.

Table II shows the mean and the vanance (the
figures in brackets) of the diversity metrics obtained by
using all three algorithms. The proposed algonthm
performs befter than the PAES algorithm for all test
functions, and outperforms the NSGA-II algorithm for
the following three test functions: ZDT3, ZDT4. and
ZDT6. In addition. the varances of the convergence
metric and the diversity meinc obtamed with the
proposed algonithm are also very small

Vo COoNCLUSIONS

This paper proposes a modified marriage in honey-
bee optimization for solving optimization problems
with nmltiple conflicting objectives. Unlike the original
marriage in honey-bee optimization the proposed
algorithm divides the objective space into several
colonies. each of which has its own queen. Therefore,
the nmltiple mating behavior of the queen. m which the
queen performs with several drones from other
colonies, helps maximizing a genetic variance in the
population. which in fumn 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 solutions than the other two state-of-
the-art models.

TABLEL MEAN AND VARTANCE OF THE CONVERGENCE METRIC

Fést Convergence Metric
Functions PAES NEGA-IT {real-coded) The proposed model
ZDT1 0082085 (0.008679) 0.033482 (0.004750) 0.0.30974 (0.001668)
ZDT2 0.126276 (0.036877) 0.072391 (0.031689) 0.06TH08 (0.00071T)
ZDT3 0.023872 (0.000010) 0.114500 (0.007540) 0.022747 (0.001014)
ZDT4 0.854816(0.527238) 0.513053 (0.118450) 0.203611 (0.188460)
ZDT6 0.085469 (0.006654) 0.296564 (0.013135) 0.439687 (0.005091)

TABLETL MEAN AND VARTANCE OF THE DIVERSITY METRIC

Test Diversity Metric
Functions PAES NEGA-IT freal-coded) The proposed model
ZDT1 1.229794 (0.004839) 0.390307 (0.001876) 0551515 (0.000827)
ZDT2 1.165942 (0.007682) 0420776 (0.004721) 0563713 (0.000325)
ZDT3 0.789920 (0.001653) 0.738540 (0.019706) 0.538479 (0.000263)
ZDT4 0.870458 (0.101359) 0.702612 (0.064648) 0504928 (0.000033)
ZDTE 1.153052 (0.003916) 0.668025 (0.009923) 0.538407 (0.000290)
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