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Animar Rotsianglum 2010: A Shift-and-Check Operator for LZWGA.
Master of Science (Computer Science), Major Field: Computer Science, Department of
Computer Science. Thesis Advisor: Assistant Professor Worasait Suwannik, Ph.D.

94 pages.

The objective of this research is to improve the performance of LZWGA. We propose
new operators call “shift” and “shift-and-check”. The shift operator left-shifts numbers in
LZWGA chromosome. A position to be shifted was randomly selected. The shift-and-check
operator adds a conditional that shifted positions cannot be zero after shifting. In addition we
propose an improved shift-and-check operator and called “ISC” for solving a large problem.
The shifting probability of ISC depends on its position. The left position had a higher shift rate

than the right position.

For the experiment, we compare the performance of LZWGA by using the chromosome
fitness value in 4 test problems: OneMax, RandomMax, RoyalRoad, and RandomRoyalRoad.
We use a small population size. The results show that the shift operator helped LZWGA to
produce a better chromosome in every test problems. The shift-and-check operator helps
LZWGA to find a solution quickly. The ISC improved the performance of LZWGA for solving

large problems.
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2. NURENNINUMIAUHUNTV9 GA 1182 LZWGA (GA and LZWGA Operation)
a v d' d‘ v v A
2.1 NUIBNNINUMIAALTON

a v = = a A ax v A
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?zl.l 9 d' S d‘ [ o
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SIFP RN (tournament selection)

Y S d vy o ya 1
1degand $reliaunumaoy a3 nuag
Tdnalumsvihaudesnnlunnidam
naaoU
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il 1 Founaam Fafvinaue HanN1INAABY
7 | 2007 | An Improved Genetic Algorithm | USuijalsz@nsnmves GA Taoldmslud mslgFadufiunsuuuiou lvseiy
with Conditional Genetic Lﬂﬁﬂuuazmiﬂmﬂﬁ'uﬁgmuﬁﬁau"lm unums | Uszanimmmsiauves GA lauagming
Operators and its Application to | Mnuadlumningdlumiion GA s35ua | dumsthliszgad1Flumsudidymesa
Set-Covering Problem 1NN N3 A utiums lasfmuaninny
Uiy
8 | 2007 | Improving the Performance of Usudgamsnanesiug lu LZWGA Taeuiednst | msdSullsamsnaneriugamnsoudilaym One
LZWGA by Using a New muAamsnaeiufeenduguamumtves | Max vinanilsdudalasldsaniudesnh
Mutation Method a3 Tu ey mMInaeviusing 2.2 m1 uazudilayn Trap
Tagl¥suauguriooniimsnatewuging 1.6
M
9 | 2007 | Solving Large Scale Problems Estimation Distribution Algorithm with Arithmetic HANIINAQOINL ﬂﬂluﬁ1 OneMazx, Royal Road,

using Estimation Distribution

Algorithm with Arithmetic Coding

Coding (EDAAC) fttnhsviaIns IuTaudoe
MENM3Y04 Arithmetic Coding 1¥daAuHUMNT

] = A o
DYNLAYINDNIINATINUT

Trap YH1AH HIAMDANDI1 EDAAC 1939117u

JUIRAY 16, 14 1102 18 JUAINEIAY

0¢
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gilnsamazisms
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1. Hardware

Intel(R) Core(TM)2 Duo CPU T5850 @2.16GHz 2.17 GHz, 2 GB of RAM, 250 GB
2. Software

2.1 Java Development Toolkit: JDK1.6
2.2 NetBeans IDE 6.1

2.3 Operating System: Microsoft Windows Vista

ad
IBNI

(%

4 v
P IMNIBYeIIUITEAD Maminlszantnmmsihauling LZWGA Tasms
9 v o A 1R I as o o Aa A v o A
?fﬁ'N@]'Jﬂ"ILuuﬂWiiﬁil“b’ﬁﬂ'ﬂlllﬂull’]!!ag'J‘ﬁﬂ']ﬁ‘l’l']\‘]'lullagjﬂﬂﬁgﬁﬂﬁﬂﬁlwmﬂﬂﬂﬂﬂﬂuuﬂ'ﬁ

Y
shift taraInane 111
1. anilanvesdIdutiums Shift

1nMsnaansly LZWGA udilayni RoyalRoad Taeld Ias TuTeu LZWGA vuia 47
o =] Yo a a = A d o
A Aansonate laswaudaunga 1,128 daned Ias lulsu LZWGA niilufmaeu
@ 1 I o A A o o o 1 o ~ Yo I Y
yosgrmasnarniudnauiizosnua ey 1, 2, 3,... uamaouf LZWGA w1 lasuiluda
A A @ ] Y A o Vo Y o A o A Yy
@yiFeany higndesfouadmielinmanu 7ni 10 udaimaoui LZWGA w1laain

Y X q 1w = o ° VoA tY ° YN 19 1o A A
N1TNAQDY 3 A “]Nllllal“]ﬁ;l'J!aell!ﬁfJ\iﬂuGluﬂ']!lwu\iﬂgﬂﬁ@Q Vlﬁlﬁlﬁlluﬂl%ﬂ']@]@‘l]ﬂﬂﬂq@
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AN01 1 2 3 4 5 6 7 8 9 | 10 | 11

ATIN 1 1 2 3 3 3 5 6 6 7 9 9
AN 2 0 1 2 3 4 5 6 7 8 9 | 10
ASIN 3 1 2 3 4 5 6 7 8 9 9 | 10

M 10 Aaouh LZWGA w114 Tutlaywi RoyalRoad

o A Y I o A k) =) o [ Y ) = A

Maoui LZWGA i1 la ilufaeuiilndvziGoenuedngndesdl mintinsiaon
° ] ' ° [ Al Y A X v ¥ 2 a
AuruavedIag Ty Taunnazin 1 Ias Ty ey Idnaanumngaunyiy daiuduna
uaanuAalumsadeddutiums shift Aemsdoudmrivesing TuTauneliuilye

U5 ANTMNMIAUIUDI LZWGA
2. MIAUUUMS Shift a Shift-and-Check
2.1 A UUUNIT Shift

LA A v v o oA v & Y
N7 shift ﬂamiu,aaumumaﬂﬂﬂuT%nwmmu,muwqu”lwwmmmqmu

9 & o [} a = g‘; @ dy
FIUUINUH UL (DU LA VTIATHT, 2552) Taetvunouaail

(1) guidondunuiai i e shift 1ae i <n 1ag 2 Ao AW 1AT I sy
LZWGA

' ] Y
2) 153 shift TasaouTas TuTeuuniadeg 1 dumia aail

A o 1A y o A
= UNUNAUURUIN § AN UIN i+1

A o 1A Y o A
UNUNAWHUIN i+1 AFYA U UIN +2

A o A Y o oA
- UNUNAIHUN 7—1 A8AWNUIN 7
o ] { . <3 o ] LY " o
Tagsumviiah » Fuiludwnisgaiovesing Ty Tausnzasauay13 luns

wasuilag
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tﬂ' 1] =l a o ] ) 9 1
(3) o9 ns IuTwuved LZWGA Jiausalaunudurisveasivla w
o oA 1 A1 oA Y 1 ad YA . o Y
dwman 2 Tuenunsatiaunu 2 18 @1y 18as 0, 1, 2) M3 shift 9199231113 Tag Ty Tasy
] o VoA [} 9 o g’; o A Aa . Y o 1
aglusumviian hiagwnsonate1d auiulas TuTeudumisinans shift 9zdoagniisg

4 . r
Qouludaaumsn 2

a,=a,,, mod (i+1) ()

[

Tag a, o dumuan i veelas lulyungniiuday

NMNWA 11 HAAIRIDE1INT shift 1AT T TyuNAUMUL 1, 4, 1Az 7 A1Ua19 1
) o ] o ] { <3 ' 4 { o 1
Taofmualdawruansnlulas TuTsufodmuan 1 azmiuinionasuduriues

Tas TuTsudanalimanumunzauin lanasunilas lade

dunify 1121334 |5]6|6]7]9]09

AMANVINVIZ AN : 44

shift (1) 0 [0 |3 |4 |56 |6 71919 |9

AMANUHNIZEN : 0

shift (4) I {2 (3 |4 |5 1|6 (6 |79 (9|9

AMANVNVIZAN : 56

shift (7) 1 (2 |33 (4|5 |6 |71]91]9 |9

AMANUHVIZ AN : 44
= . 2o o
MNN 11 N3 shift 1a3 TuTwy LZWGA fdwmiaaiee) Tuilani RoyalRoad
2.2 AIAUUUMT Shift -and-Check

A < ' 3’; . 1 o Y S
INMNA 11 ZHUNVATINT shift T 19 Tas T Tsudaanumuz ay

S 4 1 . o 1 a g’; ] 9 ] 4 . o ]
qﬁu Lﬁ@\‘li]'lﬂﬂﬁlu shift mgmmmmaﬂmTﬂmuuummmmgum LYY Lﬁf] shift @MU
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=

1 ez awit 1§y 0 fufu SufauafaiiezdSunszuaums shift T

Goulviidosinganie §1a,, mod (+1)=0uag o, >0 udy isazaouliawes o §
Feaumsii 3

a=a, —1 (3)

=\

Ao 1 Y A = A 19 Y o oA 3
Aungniaved o, auae 1 enanaes liliavoaTas TuTaudwmiian i 1
~

1 a3 % o 1 H H
anilu 0 Fazihldmanumunzavveslas ulyuh Idanas nazaunghldaudie 1 unun

Y o S A QA o Y A ~ ~
ZAVAAVINUIUANDUNADIZTI IR AR NUHIauINAs AU 1as 1y Tyl Tomanay

Yy A
aﬂmu@wqﬂ

2 i . , 1 W
NAMNAN 12 1Te1NeuT shift 1ag shift-and-check NAUHUIN 1 YOI
1 0 q YN Y1 4 2 =
a5 TaTas wuIMS shift-and-check 1119 ldAIAMUMANE AUNLAY (P91 LA ITIATHT,

2552)

dunify 112 313145 |61l6|71]9 |9

Tas Ty Tsudunriuimanumuzay : 44

shift (1) 0 |0 |3(4 |5 1|6 (6 |7]919 |9

shift AUHUIN 1 MANUHWEAY : 0

shift-and-check (1) |1 |2 |3 |4 |5 |6 6 71919 |9

shift-and-check SUH 1IN 1 AIANUNVZEN : 56

MWN 12 M5 shift 182 shift-and-check 1A3 1u Tauidwmian 1 Tuilynr RoyalRoad

23 msdSulgedaduiiums shift-and-Check lumsudilymuuialvg (1sc)

a @ @ [ v
mﬂummmm“lumswmmmiﬂmﬂwuﬂmmmww (AUITNY Lag IILATHY,

1R o Y o 4 =
2550) Tutlyriwinalvg sammualioasinmsnateugueslas Tulasy LZWGA N

uanaenu llamuadumiaesIas Ty oy shlddasemnanuinnuaaiszdunans 56
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AT UMS shift-and-check gy voalns IuTwuhezdenaldmanumnzay
HANANNUEI |3
iverhmsdunamsiauvesaaduiumsainann lasguaiialas TuTa
LZWGA fifinanuenidaud 4 - 15 dumis 91173515 shifi-and-check NNAWNUIVDY
TasTu Tz Samaunzaui 18ndans shifi-and-check Tag13ila1 OneMax 131919101
nAaoan 1,000 a%a Az auealng TuTauued LZWGA W&am3 shift-and-check i

AN UIA19e) e luasen 1

d’ ' Ay Y o . A o T A
MINNN 1 mmmmmmnﬂ@wmmi shift-and-check ‘I/IGIHLWHWHQG]GU’ENIﬂiISJIG]ﬁJ (n Ao

ANue Ias 1uTasuuoa LZWGA)

AHUAN shift-and-check

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

5 73 52 45 40 37

6 98 69 60 54 50 48

7 122 9.1 81 71 6.6 62 6.0

8§ 149 111 94 85 8O0 75 73 71

9 171 130 113 103 96 92 88 85 83

10 194 147 131 120 11.1 106 103 100 9.7 9.6

11 222 166 150 134 125 120 11.6 114 11.0 10.8 10.7

12 248 192 168 157 147 140 13.6 132 128 12.6 125 123

13 288 219 192 173 164 156 152 147 144 141 138 13.6 135

14 309 234 208 192 184 174 170 164 16.1 158 156 154 152 15.0
15 346 268 239 21.7 207 199 193 185 183 180 177 175 173 171 17.0

< A { o 1 { a
NATNILTHUNMANUHZ AN M T s Ut aanud I NnANIT shift-
. 2 : . Y .
and-check 1A®N1F shift-and-check  NeunUusaaawaly Ins Ty Tsulia1numuz ay

YINNIINTT shift-and-check NAMHUINGL9 ©A5INT shift-and-check 39 TiA5 AU TUNN

v
Y

A Uavo91a3 TuTa HAAITUANAIINUAINUAS YUY AdiuIunauuInNuaaly

M3UTugaaIauiung shift-and-check
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mM3U5uilgesadutiums shift-and-check W3 ISC Aomsmvuali lomalums
IAANT shift-and-check Yo UAAZALHUITNINTBEA1AY dunrausaa i Temalumsine
1 o 1 [ . . ' I
N3 shift-and-check ¥INNMAMHUINAL) (Rotsianglum and Suwannik, 2010) A1UON P, 13l

AUAUNITN 4

pi:”‘nH" Tagi i =1,2,...,n 4)
2]
j=1
e i Avsuniiafaguvea Tas Tu Ta
A
n Av ANNE1IVRI AT Tu Tay

ared1mves P lulas luley LZWGA 4 89 7 dwniia uaasluansied 2

d. S YY)
M1519N 2 A1 P, ¥931n3 Ty Twy LZWGA 4 D3 7 dumiia

A1) AN
Tas TuTasy 1 2 3 4 5 6 7
4 0.40 0.30 0.20 0.10
5 0.33 0.27 0.20 0.13 0.07
6 0.29 0.24 0.19 0.14 0.10 0.05
7 0.25 0.21 0.18 0.14 0.11 0.07 0.04

3. HHINNNMINAABY

1 I 1 4 (% a a v o A
MInaavataeenily 3 @1 Ao MIineasuieIalszanTmnueiIguiums
shift 1182 shift-and-check, Minaaoioializa@nsnmuosmstsul saadutiums shift-
§ a 4 a A o v o A . .
and-check 11aZ MINABDUNDIATIZHUTLANTANMTINNUVBIAIAULUMT shift 1AL shift-

and-check 114 LZWGA
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3.1 MINAauNeInlszaANTNNUDIAIAULUNIT Shift 1A Shift-and-Check

MINAADUNDIAUTLANTANUDIAIAUUUNT shift 1A shift-and-check H1IIAT
~ a a I A A = 1
WFeuieuiszansnmesnily 3 N3l Av WS euMeVNMANVNNIZAY, AN

Tas TuTsunlFlumsnumaeu taz Suwaujuinumaou
3.1.1 manaasddienfsumsuaanuminzauuod1as T Tsun 1

d’ = 4 o W
manaasuofToumeumanumnzaunnulyvmadou 4 Yoy
A = d A 2’, ]
D OneMax, RandomMax, RoyalRoad, 118 RandomRoyalRoad @a13juifyyinumninnudie
Y

wazennlzuny MINAaBIILMHUABATING shift a2 shift-and-check AdLIA 0.1 D9 1.0

. o [ 9 A 3 QSI Y ax v A A YA v A
Taems shift 9z3vaa1nms l3ulaswadaduudi Asmsaaaenil¥nemsaa@enuuy
152004 (tournament selection) #3907 1% LZWGA vhaw ldTidsz@nsnmannigaiie
= [ v A an A a 9 9 A a 4
WeunuMInaEonIsou (081N 1Az 1TIATHY, 2552) waz ldms lvduldsunuvgiiesy

o Y o Y a A ~ ] [ o 4

sz ld LZWGA shau ldtidszaniamunnigasuny (ausny uaz 1518383, 2550)

dy 12 v J o 90’ g’z a P kY
m3snaaesileg lilinmsnaenus shginsnaassay 10 A59 mstwesnlslumsudlgm
OneMax, RandomMax, RoyalRoad, (i8¢ RandomRoyalRoad naaalumsei 3 99a15199 6

AN

Y a /<q v v
M319N 3 s lFlumsunilym OneMax

MNANDS o
ANV 1As W Ty LZW 50 150 1,000
ANNUHITNYDIAINDY 1,000 10,000 100,000
NUINYTLHING 100
IrMIAa@en wuvdszans IasTu ey 4 69
Fms lvddeu ms3 lvdasuuuugiinesy
sasamsludiden 80%

fuuguiing19n 100 300 1,000




Y a gdq 9 v
M31aN 4 s wesnllumsuniymi RandomMax
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a d

M513N05 m
ANVENVD91A5 11 Tasy LZW 50 150
AMANUHIZTUVDIANDU 1,000 10,000
IuINlszng 100
asy (% A v
IFNMIAALADN uuvlszand 1asluTsy 4 a2
ms ludnfasu ms Tvdnlasunugiinlesy
da31mM3 ludilaeu 80%
o 1 o w Bld'
uuguiing 19n 100 200

Y a  odq 9 v
MmN 5 s weinlglunsunilyn RoyalRoad

mNnes Al
AMNEIVD AT 1u Ty LZW 50 150 1,000
ANNUHNZTNYDIAIADL 1,000 10,000 100,000
Nulszang 100
IBMIAaLaen unvdszans TasTulay 4 @)
33ms luddeu ms ludasuuuugiinesy
sas1ms lv3ilaou 80%
Swuguia i 100 300 1,000

5lJ‘LlW]‘USE’J‘ﬂ 10
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A a  2dq w v
319N 6 W3 lFlunsunilym RandomRoyalRoad

a d

M513N05 m
ANVENVD91A5 11 Tasy LZW 100 500
AMANUIHIZTUVDIANDU 1,000 10,000
NUIUYTEHINT 1,000
Aasy 3 =} %
IFNIAALADN upuvlszand 1aslu sy 4 6
A v H a I'4
Bmsludilasu ms lvuReunuvgivesy
90319 ludlasu 80%
[ J o w Bld'
uugudine 1in 500
WPWIAUFON 4

3,12 manaaoddienfsumsuanuenilas IuTsunldlumsnudiaou

minaasaon)Ssumeuanue Ias Ty Tsunlslumsnumasuiiny
% I { o
Yayrimadou 2 Jayn1 Ao OneMax tag RoyalRoad Fuiluilyyviil LZWGA ansoridino
4 o ?x’/ 1 Aa X a Y v A a 4
nuld Taommuavuatlymiaaua 1,000 Tade 10,000 da 19651 shift 0.5 (50%) W10

v M '
s lumsuddymsgesaasluaisei 7

H a s Y G o
M3191 7 W5eesn 1% lunsunlym OneMax ag RoyalRoad tWoLiounme12

Mnes i
NUINYTLING 100
AANUHNIZTNVDIAIAD 1,000 94 10,000 i@
JEmsfa@en uuvdszans IasTuleswy 4 69
Fmsludiden ms lvdfGeunungivesu
sasimslviidou 80%

9931013 shift 50%

<
YUIIAUaBN 4
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tﬂl I o ' t:; o
3.13 mimammmlﬁﬂumﬂummugumwmmau

d‘ = o J t:i o o Y
ﬂ?i'ﬂﬂﬁﬂ\HW’fJ!,‘lr%lelWIfJ°]JﬂTLJ’JL!Eu%WUﬂT@ﬂUﬂTﬂUﬂﬂJﬂﬂTﬂﬂﬁﬂU 2
9
‘ﬂiUUWT ﬁﬂ OneMax t1a¢ RoyalRoad L%u@mﬂu Iﬂﬂﬂ?ﬁuﬂﬂllﬂﬂﬂ@,ﬁ"ﬁ]ﬂlm 1,000 mﬁq
a Yo . o 3 2 a P v
10,000 U& 1%’0@51 shift 0.5 (50%) MFINITNAADIAL 10 AT WT?TNL@@?VIiﬁHﬂTiLLﬂﬂﬂJﬂT

Y 1
NIFDIAALIUAIT 1N 8

1 a 7 Y § ~ o '
ﬂ"lﬁNﬁ 8 WWiWNLﬁ@iﬂiﬁuﬂWilmﬁi‘gﬁW OneMax L1¢ RoyalRoad Lﬁamaummu‘gu

WMNAND5 oy
NUINYTLING 100
ANV 1As W Ty LZW NNMINANDY 3.1.2
AANUHNIZTNVDIAIAD 1,000 94 10,000 1i@
IEMsfa@en wuutlszana TagTuTawy 4 60
Fmslvdiden ms lviffeunuugivesy
sasimslviiaou 80%
6ATIMINAOWUT 0%

9931013 shift 50%
YuaUden 4

3.2 minaaeuieInlsz@nsnmuesnsilsuiisaadutiumsg shift-and-check

(Improved shift-and-check operator : ISC)

mInaaesudaniingzihi 3 oy madouA® OneMax,RoyalRoad, Hag
RandomRoyalRoad 14 3 3301570 LZWGA 5355a1, LZWGA H146duiiums shifi-and-
check t1ag LZWGA Hladaduiiums 1sc neuiionlszansamuealneldaina
Y EREAa Y w?aii’mméuﬁwuﬁmeu Wdhmsnaasdaz 10 A5 st 1fuaalua1

nouaz 10
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A a  2dq u v
319N 9 WlweIN1¥lunsunilayn OneMax ag RoyalRoad

a d
WITUNINDT

v

A
Nulszang 300

AMNEIVB4 15 1N Ty LZW 1,000
AANUHUNZ TUYDIAMNDY 100,000

JEmsna@en uuvdszans IasTulaw 4 69
F5msludinffeu ms lvnlfeunungfivesy
sagims lv3nlaen 80%
971 31N3shift-and-check 50%
ii’mau;}uii’ﬁﬂll’i’ﬁ 1,000
VAUaen 10
msadi 10 wsiinesn1Flumsudiym RandomRoyalRoad

MNTND5 o
NUINYTLBING 300
ANV AT I Tesy LZW 2,000
AN NUHI TUYDIAINDY 100,000

ad 7 A
ABMInaaon

M3 ludnlasu
99319 ludlasu
9951015shift-and-check
o J o w BIL:'
fuugusing 1in

<
YHIIAVABN

nuvlszaod TnsTuley 4 69
ms lvdasuuuugiiesy
80%

50%

1,000
4
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{ a L4 a A o v o A . .
33 ﬂ"lﬁ‘VIﬂﬁﬂ\‘]!ﬁ'ﬂ'JLﬂﬁWZﬁ‘]Ji$ﬁ'VI‘ﬁﬂWWﬂWTVINTH‘U’EN@'JﬂHuuﬂ"li Shift t1ag Shift-

and-Check 114 LZWGA

MNAaeie N5 AN AT NUVEITIS T UMS shift 1A shift-
and-check 11 LZWGA ﬁwﬁuﬂtymmﬁam‘?”& 4 My ny Iumousal)

(1) a5197a5 Ty Tosy LZWGA nﬂgﬂuuuﬁgﬂu"lﬂ"lﬁ’

) Jamanuminzauvedlas Ty lsunnaa

3) thias Ty lauudazduiruns shift iagdumie Fuaauadiws Iy
mmqﬂei’umﬂmazi’ﬂfhmmmmmn‘ﬁ'"lﬁ’mﬂmi shift LIAAAS S

@) nRoudoumanuminzauveslag IuTyuf 1dndams shift fousuman
Mz auvea1ns 1y Tauduniiy

(5) Auaanuieziui shift 117 Tas T Tsuues LZWGA fimny

A X A 1A 9 A
H’”J1$ﬁﬂJLWNﬂ]uWﬁ@Lﬂ“ﬂNIﬂﬂﬁl%ﬁNﬂ’]ﬁﬂ 4
p-— @)

Tag
A 1 I A A 2 A 1 a
P A9 ANzl unaanumuzanuea 1as 1y Ty uvs omuay
A o A A Y . Y 1 A da} A 1T A
NC a9 1uuIas I Taunde 19 shift 1AIAANUHINEAUNVUYUHI BN UAY
o { g o ' . o ' '
rc do Swulas lulsunngduuuiduly Iduaziihwnsiums shift ndumi Aves

7C mura Iagldaumsa s
TC =n x (n+1)! Q)
Tag  »n Ao anwenIag lulauvres LZWGA

Y
M3NAaeIIEMrUAANE IaT I Tyuues LZWGA Ada 4 99 8 1 Hasn
v

o 1 ' I { . o v
wwhmanuiinazdufing shift azvh ldaanummnzavuelas TuTsuves LZWGA g4

Y
Juannailuniml nazagilua
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NauazI15al

Wa
A o a A ¥ o A . .
1. wamsnaaauneIallszansmwuesnIautiums Shift uaz Shift-and-check

NANINABDAUNDIAUTLANTAINUBIAIA UL UNT shift 118 shift-and-check H19ATY
= I A A = 1 =
msfseumeuseniy 3 nsal Ao MIfSeumeuaInAIA NI EY, 5aUNeUINAN

11103 T Taun 1 lumswumaoy, tazSeuieusugunldlumsnumaou
lﬂ' = \
1.1 wannmsnaasuienfisumeumanumunzanvedlag Ty

namsnaaeuien)ssuieumianumangauves Ins Iy Tyud lautsamdym

NATOUN 4 ‘]jﬂlu 11 Ao OneMax, RandomMax, RoyalRoad, (8¢ RandomRoyalRoad
1.1.1 ﬂﬂJuWT OneMax

@ ] I
HaN13NAaINUTQYK1 OneMax HUIMWVUIATAT TN TEuUed GA poMTlU 3
Y11Afe 1,000 T, 10,000 T 1Az 100,000 Da tiionaaoslF@I@iiums shift wag shift-and-
9 @ g‘a 1 = 1 Ao A = [ ~
check A28BATIAUA 0.1 D3 1.0 WU Tas Ty TaunangalaaumHe auaaaad lun13 199
o w 3 J ] °
11, 12 18 13 MUdeD 921U shift-and-check 581% LZWGA dwnsomidimeuny
Taglisugumaeslumsnudasuuaz Tomalumsnumaounaanitien1sng 65
v H v
3 shift-and-check Uudam Ingazulsuniuasdiuguinumaoy Hude d19n5105I00
< o o ' { ° o
5 shift-and-check 110 Nazih IS IuFuR lFlumsnumaeuilosas viommaoun'la
- 1 o o o 3 & '
FAUUTUO UADIOATING shift-and-check g9 vz IR NUMADE WU TULINTEl 1a Ty
< { 4 ° 1w 1 v o A .
vunsaind TomanvzaaiandounazmmMAs UNUT0IAIAIOITUNY FIUAIAUTUNST shift
= t:ltdy o ] A 1 =\ < 13 o Y
dudlunsaitiszmmasyliny (ileeninnguilszannstivina@n) uansesi 14 LZWGA

a$19Tas T Teuhiinnnuming augeanal LZWGA 5550a1aNe



4 dad  de e
MIN 11 MaNumnzanvedIas Iy lsunanga N6as1ns shift szavaeg ludym

OneMax Y119 1,000 U
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3 A5MINARDI

S shift-and-check
shift laishift  shift : ~ -

AMANUNUZ T JUNNY NuMAY (%)

0.1 480.6 526.9 1,000.0 40.7 100
0.2 480.6 5443 1,000.0 352 100
0.3 480.6 618.9 1,000.0 32.6 100
04 480.6 590.2 1,000.0 26.5 100
0.5 480.6 596.3 1,000.0 26.2 100
0.6 480.6 616.9 998.0 25.1 80
0.7 480.6 610.6 999.5 22.5 90
0.8 480.6 574.9 999.6 20.6 90
0.9 480.6 579.6 1,000.0 20.5 100
1.0 480.6 570.5 998.2 20.1 90

M3 12 MmNz auuedIas Tu lsunanga Noas1Ms shift szava199 Tutlgm

OneMax YU1A 10,0001

A BMINAand
9A51A5
. shift-and-check
shift 13 shift  shift : — -
AMANUHLIZ AN JUNNY NUAND (%)

0.1 1,871.4  2,012.3 7,908.4 263.0 70
0.2 1,871.4 2,066.7 9,641.1 218.5 80
0.3 1,871.4 2,335.6 10,000.0 252.7 100
0.4 1,871.4 273337 9,653.3 152.5 40
0.5 1,871.4 2,458.9 9,582.0 197.7 40
0.6 1,871.4 2,467.3 9,619.2 121.2 50
0.7 1.871.4 24103 9,368.1 112.2 40
0.8 1,871.4 2,453.5 8,839.4 104.7 40
0.9 1,871.4 2,629.0 8,593.9 84.5 30
1.0 1.871.4  2.498.6 8,675.7 76.0 20




4. dad  de e
M3 13 MANUKNEaNYed a3 Iy Tsunanga N6n3s1Ns shift szavnee Tullym

OneMax Y119 100,000 1
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ax

. 5N1SNADDY
M35
. shift-and-check
shift Tai shit  shift : . -
AN NUR VT TY TUNNY NUAIBY (%)

0.1 15,703.6 17,244.4 62,553.2 Taiwy 0

0.2 15,703.6  17,208.2 63,934.6 Tainy 0

0.3 15,703.6  19,313.4 91,333.2 lainy 0

0.4 15,703.6  19,940.4 85,506.8 864.0 20

0.5 15,703.6  20,528.0 98,580.0 817.5 40

0.6 15,703.6  22,820.4 97,827.4 862.2 80

0.7 15,703.6  22,826.2 95,676.4 863.0 80

0.8 15,703.6  22,637.6 92,742.8 761.0 80

0.9 15,703.6  23,305.0 98,490.0 712.0 80

1.0 15,703.6  21,806.8 100,000.0 639.2 100
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ﬂ1ﬂ’Nllm’1J1$ETZJ"UfJ\ﬂﬂiIiJI“ﬁiJﬂulﬂﬂWﬂﬂﬁ‘ﬂﬂa@Q‘ﬂﬁ 3 ’J‘ﬁﬂﬁmﬂﬂiy’l’ﬂ‘ﬂ\‘] 3
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v Y
uaz shift-and-check 8357014 LZWGA @3191n5 TuTeudlanumingaugeiuae 1dn Tae

LZWGA n19@2@uiiums shift-and-check 321 IanMsauansonumaou la



AMANUIHIZ AN

1000 >

800

600 Oo—0 7} 0

—l Ay Ay Ay Ay Ay A AN

400 —
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200 =T shift
=2 1o shift
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PN 13 ANV ANVIMAB LN A9 LZWGA 5354a1, LZWGA L1 shift 11ag

LZWGA 1101 check Tuilayn1 OneMax 4110 1,000 U@

AMANUHNIZ AW
10000
8000 |
6000 O= shift-and-check
T shift
== 1o shift
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PN 14 ANV ANVIAMAB LN 1A LZWGA 5354a1, LZWGA L1 shift 11ag

LZWGA 11U check Tuilyn1 OneMax 4110 10,000 U@
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AMANUHUIZ ALY
100000
80000
== shift-and-check
== shift
60000 == o shift
40000 —
20000 — s S o v,
0 U

100 200 300 400 500 600 700 800 900 1000

MNTA 15 AANUNINZANVDIAADUN 1A9IN LZWGA 5354A1, LZWGA L1 shift 11
LZWGA 1111 check 111ly11 OneMax 41418 100,000 U@
v 9
MSINNAIA T UMS shift 1Az shift-and-check 111U LZWGA Tinnuegaen
= dg! J = v & o Y A ds@}
uazid@enamnIu ua luvazReanunyld 1d 1as Tu Tsuhtiaanumunz angeuai i
T Y 1
a20 a1 ldmanualumsdummneuaintlam OneMax 19A31A15 shift TLAVAN LTAT
{ < 1 o o A - o o ]
Tua15199 14 1AM 19LHUNAIAUTUMT shift 117 LZWGA erarlumsihavunnuu
v 9 A 2 Ao o a . = 9
uaaeaialas Tulaunumanumuzaugauy TuyagNaIaiunmg shift-and-check D311
Y 1 1
wlvunouiigeenInn uanausaana lumsiauas mzilenudmaounda

o 19 2 o 1 A o A
LZWGA azngam3iinau idesiusen lisudedunujugegandvua 3



M319h 14 AWV TUUN LZWGA 18 lumsaumaine a1 OneMax vu1a 1,000

a

UA
A Agq ¥ A '
— nmmaﬂﬂ% Nﬂuvlfllcl,uﬂﬁﬂ‘c!ﬂﬂﬁ AU VIS TUUDI
I9NI1T .
Au) #au T3 I Tsunanga
No shift 0.96 fedmnugundina 13 480.6
. 2K o 1 A o w A
shift 0.1 1.08 mmmugu‘ﬂmﬂﬂ"b 526.9
shift-and-check 0.1 0.16 NUAINOD 1,000.0
. 2K o 1 d' o w 9
shift 0.2 1.19 mmmu‘gumm@% 544 .3
shift-and-check 0.2 0.12 NUAINOD 1,000.0
shift 0.3 1.20 detauguniinald 618.9
shift-and-check 0.3 0.11 NUAINOU 1,000.0
. 2K o 1 ~ o w 2
shift 0.4 1.27 mmumgu‘ﬂmﬂ@"b 590.2
shift-and-check 0.4 0.10 NUANOU 1,000.0
. 2K o 1 ~ o w A
shift 0.5 1.40 mmmugummﬂ"b 596.3
shift-and-check 0.5 0.09 NUANOU 1,000.0
. =2 o v Ao o 4
shift 0.6 1.45 mmmu;u‘wmﬂﬂ‘la 616.9
shift-and-check 0.6 0.12 NUAINO 1,000.0
. 2K o 1 d' o @ 9
shift 0.7 1.45 mmmugmfﬁnﬂ@‘la 610.6
shift-and-check 0.7 0.11 NUAINOL 1,000.0
. 2 o 1 Ao o Y
shift 0.8 1.48 mmmu;uwmﬂ@‘la 574.9
shift-and-check 0.8 0.09 NUAINOU 1,000.0
. 2K o 1 ~ o @ 2
shift 0.9 1.58 mmmugu‘ﬂmﬂ@"h 579.6
shift-and-check 0.9 0.12 NUANOU 1,000.0
. 2K o 1 A o w A
shift 1.0 1.62 mmmugumm@"b 570.5
shift-and-check 1.0 0.14 NUAINOL 1,000.0
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1.2 ﬂﬂluﬁ1 RandomMax

o 1 I
MINnaavdnuyH1 RandomMax Higa A Ins TuTauvod GA sl

2 YUIAAD 1,000 19 1Az 10,000 16 tionaasdlsaidutiums shift ag shift-and-check A28

v [ ]
A =

9
oa31aLa 0.1 09 1.0 wun Ias TuTsunangalimanumunzauawdaaluaisah 15 uaz 16
o w < 1 . . 1 Y 9 Ao
MNAAY DLHUIINT shift 1ag shift-and-check ¥81H LZWGA a31391a35 Ty Tsuiniiainiy
49! v o A . ] Y Y A
Mz augavy Tagddauiiums shift 53819 LZWGA a5131a3 In Tsunimanumnzay
MAegINI LZWGA 555001 1.20 11 Tuwiz il @aduiiuns shift-and-check 390110 LZWFA

Y A ~ ] 1
a3197a3 Ty TaunuAIIUMIZANRE8gIN I LZWGA 5351a1 3.12 11

11AA5 191U 85113 shift ann T 1@ 17 Tas Ty Tesufidnam
' Y 9 '
pinzaumasgeuaue 1 aniulumsihll1das l9oasims shift Aszaunarspedszum

= A
0.5 %QQSLWNTSE‘TMV]@:@

4 AT o 2 f4 W
M3 15 MaNurzaunvedlas Iy lsunanga Nas1ns shift szaunee Tullym

RandomMax 4418 1,000 e

IEMINARDY
9NN shift shift-and-check

shift T shift  epnmngen i MANURUIZ AU i

mae () mae )
0.1 268.9 295.0 1.10 512.4 1.91
0.2 268.9 302.8 1.13 503.7 1.87
0.3 268.9 305.6 1.14 507.7 1.89
0.4 268.9 313.5 1.17 506.5 1.88
0.5 268.9 321.3 1.19 510.7 1.90
0.6 268.9 319.3 1.19 519.1 1.93
0.7 268.9 327.5 1.22 510.0 1.90
0.8 268.9 331.2 1.23 508.9 1.89
0.9 268.9 314.0 1.17 507.9 1.89

1.0 268.9 318.8 1.19 507.9 1.89




4 dad  dw L,
M3 16 MaNuNzauvedlas Tulsunanga NoAT1NT shift 5zAUA99) Tutlgyn

RandomMax 4119 10,000 U@

40

ax

FNINAADY
DATINT shift shift-and-check
shift T shift — fpnumnzan A AN NUHUNZ TN i
mae () mae )
0.1 981.3 1,053.1 1.07 2,193.7 224
0.2 981.3 1,059.3 1.08 4,448.9 4.53
0.3 981.3 1,206.8 1.23 3,326.5 3.39
0.4 981.3 1,231.4 1.25 4,494.9 4.58
0.5 981.3 1,247.8 1.27 4,885.6 4.98
0.6 981.3 1,246.5 1.27 4,652.4 4.74
0.7 981.3 1,223.2 1.25 4,614.3 4.70
0.8 981.3 1,265.9 1.29 4,507.3 4.59
0.9 981.3 1,271.4 1.30 4,784.6 4.88
1.0 981.3 1,346.2 1.37 4.747.0 4.84

1 A k) g‘/ asy g:
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DINISLUUIN Lﬁf] LZWGA ‘ﬁiﬁi]ﬂ?ﬂfgﬂ')')@lﬂ?ﬂ"ﬁllgﬂ o LZWGA ﬁﬁl%}ﬂﬁﬂuuuﬂ"ﬁ shift

v Y
uaz shift-and-check 83320194 LZWGA a3191na5 Tu Touhiinnumanz augeiuae l1dn
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200 == shift-and-check
- i
100 shift
= 1o shift
0 \ \ [ Eu

40 50 60 70 8 90 100

PN 16 AMANUNINZANVDIAMADUN IAIIN LZWGA 5354A1, LZWGA L1 shift 11ag

LZWGA 11U1 shift-and-check 111Jy11 RandomMax 41191 1,000 U@

AMANUHVIZ A

6000
== shift-and-check
o

5000 — Shlft
=2 1o shift

4000

3000 —
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1000 ) — " . . " V" " Y
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100 120 140 160 180 200

MNA 17 ANV ANVIAMAB LN 1A LZWGA 5354A1, LZWGA L1 shift 11ag

LZWGA 11U1 shift-and-check 111Jy11 RandomMax 4110 10,000 61
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dmuluilyn RandomMax Aveelns luTsuidlumaeumannmagu ms

] )
IWNAIRUTHUNS shift 11a2 shift-and-check 1NNMIUT LZWGA Tianmgaennuazidenaiuin
2 1 @ 1 v & o § J
YuruwRednululym oneMax ua luvazi@ernuniin I 1a Tas Tu Touniimanumunz e

P
=

v ] v
garua ldre narnldnamualumsdumdneuaniyn RandomMax #6@5115 shift

G

[ v

{ ] R o A . . 1 3 o
TTAUAN Lm’ﬂﬁiu@”ﬁﬁ‘ﬁ 17 LW UNTNAIAUUUNT shift L shift-and-check @]Nﬂ‘ﬂﬂﬁ)

= 2 R 9 A X
LZWGA (78112 1nuy LmBIf’JEJﬁiNIﬂiTNI%NVIIJ?’I"IWN?JL‘I’TNW?(?JQ’QEUH

< 1 g}l Y . 19 Y o Y 1 o
1NANTNITLU UV NATIOATINIG shift mmuss]“lﬁmaﬂumimamuaﬂmmmw

v =)

. A Y 3 J Aq Ya 9)49! 15 . [l = Y
N9 shift NUBY nJum'ﬂmmmmwiw"lmuagﬂuamﬂmi shift (NYIDYIUAYT HINLAY]

X "o o T A a 5 9y o A Y Aa R Y < o 1 o
VUBYNVAUHUININANTT shift A8 @1LL1’THQT]Qﬂﬁ3J1WLﬂﬂﬂ1S shift ﬂ'lLiJuG]'ILL?T‘LNWa\‘]“]
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M319h 17 Na3mve9szuUn LZWGA 18 lumsaumainen Jay11 RandomMax vu1e

1,000 Ua
» naunagil [oulylumsngans MANVNUSTUVD
T3 L
(Au) M Tas I Tsunanga
No shift 11.77 detaugundina 1y 505.0
. £ o 1 Ao w Y
shift 0.1 11.79 detwaugunding 13 533.6
shift-and-check 0.1 12.20 detwaugunsinaly 553.2
. =2 o 1 Ao o Y
shift 0.2 12.88 dedwaugunding 1 530.8
shift-and-check 0.2 13.20 detaugundinaly 555.8
. 2K o ' Ao w 9
shift 0.3 13.24 fetmaugunding 13 543.4
shift-and-check 0.3 14.17 detaugundinald 554.6
. £ o ! Ao o Y
shift 0.4 14.42 detauguniina 13 538.0
shift-and-check 0.4 15.25 tednugundina 13 561.0
. £ o 1 Ao w Y
shift 0.5 13.85 detwaugundina 13 539.2
shift-and-check 0.5 15.18 desaugundina 1y 559.4
. 2K o 1 Ao o 9
shift 0.6 13.67 dedaugunding 13 539.2
shift-and-check 0.6 14.62 deswaugundinald 559.4
. 2K o 1 Ao w 9
shift 0.7 15.09 fedwaugundina 1 536.8
shift-and-check 0.7 14.28 detwaugundinald 563.4
. =2 o ! Ao o 9
shift 0.8 14.10 dedauguniina 3 531.8
shift-and-check 0.8 14.62 detaugundinald 557.6
. £ o 1 Ao w Y
shift 0.9 13.40 detwaugundina 13 537.4
shift-and-check 0.9 14.47 dedugundina 13 554.6
. £ o 1 Ao w Y
shift 1.0 14.44 detwaugundina 13 539.0
shift-and-check 1.0 15.40 detuguniinald 564.2
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1.3 ‘ﬂﬂluﬁ1 RoyalRoad

HaM3snaavInuan1 RoyalRoad Hijsguvuialas TuTanued GA
I a a a 4 v o A

panily 3 Yuade 1,000 14, 10,000 19 tag 100,000 1¢ tionaasd lFaIdusiumsg shift az

. Y @ g’/ 1 = 1 Aa A s o
shift-and-check A288731A3L 0.1 D3 1.0 WU 13 Ty TsunangalaIANUHN auaaaa

{ o v [~ ' . 1

Tum13199 18,19 1ag 20 MUEIRD LR UIMNS shift-and-check $281H LZWGA ausam
aouny Taolitwauiumaslumsnumeeunay Tomalumsnumasunaaideion1sng
v 9 ' '

%96A31M15 shift-and-check Hudm Ingjazulsnniuaesiusuinumaoy Wude 419051
a v 3 o Yo oA [ 9 A o
MIINANST shift-and-check 110 Nagsh ldTILIUFURIF lunmswumaeuilesas niemmaou

v X & 2 Yo . o q ¥ o s X A
W lAFwuIue uanwions 1M shift g9 vz linumaoniEavnluniansdl ualuing
AdA A A o 9 Y 1w U v o A .
n3fiNT TemanazamIANaUIALHIAADUNDTDHAIAIBIFUNY dIUAIAUTUNIS shift

= dtdy ) ] A 1 =\ < 13 o Y
ﬂﬂllmuﬂimu%$ﬁ1ﬂ1ﬂﬂﬂllllW‘]J(Lu’fNﬁ]”Iﬂﬂﬁqu“]Jﬁ&ﬂﬂﬂﬁ‘JJ‘lJHWﬂlaﬂ) Lmnmwﬂw LZWGA

a$19 a5 T TouhiinnnNumg auganal LZWGA 5555a1aN0

4o k-2, W) 2) L A
M1 18 MANNNEaNYed1as Iy Tsunanga Noas1Ns shift szavn1eg ludym

RoyalRoad Y118 1,000 1

ax

. 5NSNADDY
M35
. shift-and-check
shift Tajshift  shift : — -
ANV NS TN TUNNY NUADU (%)

0.1 460.0 496.0 1,000.0 44.2 100

0.2 460.0 548.0 1,000.0 33.8 100

0.3 460.0 545.0 1,000.0 29.2 100

0.4 460.0 533.0 1,000.0 28.7 100

0.5 460.0 534.0 1,000.0 24.4 100

0.6 460.0 579.0 1,000.0 25.5 100

0.7 460.0 552.0 1,000.0 25.8 100

0.8 460.0 540.0 991.0 21.7 90

0.9 460.0 520.0 988.0 19.7 90

1.0 460.0 519.0 993.0 22.8 90
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4 dad Ao L
M3 19 ManumNzauvedlas Tulsunanga Noas1NT shift szavaA199) Tty

OneMax Y119 10,000 a1

3 ATMNINAALY
GICERTINE
, shift-and-check
shift 3 shift shift , — -
AMANUHNIZ AN JuUNNY WUMAOY (%)

0.1 1,769.0  2,040.0 8,286.0 297.8 70
0.2 1,769.0  2,058.0 9,324.0 214.1 90
0.3 1,769.0 22540 9,445.0 291.0 30
0.4 1,769.0  2,176.0 9,957.0 161.8 80
0.5 1,769.0  2,209.0 9,727.0 146.8 50
0.6 1,769.0 23240 9,415.0 108.5 40
0.7 1,769.0  2,350.0 9,132.0 106.3 30
0.8 1,769.0  2,411.0 9,065.0 94.0 20
0.9 1,769.0 2,344.0 9,180.0 96.7 40
1.0 1,769.0 2,238.0 8,395.0 80.3 30

d' 1 d‘dd‘ d‘ % % [} ]
M9 20 ANz auuedlas Ty Tsunanga NOnsINT shift szAVA199) Tutlan

RoyalRoad Y118 100,000 U#

an

. DNITNAAD
BATINII
, shift-and-check
shift o shift  shift ; — f
ANNNULNNISTU JUNNY NUANDU (%)

0.1 14,493.0  15,694.0 42,746.0 Tajwy 0
0.2 14,493.0  15,490.0 54,292.0 Taiwy 0
0.3 14,493.0  16,788.0 80,848.0 734.0 40
0.4 14,493.0  17,758.0 90,486.0 912.0 40
0.5 14,493.0  19,642.0 99,998.0 883.2 60
0.6 14,493.0  21,422.0 91,000.0 800.6 60
0.7 14,493.0  20,278.0 96,286.0 623.0 60
0.8 14,493.0  20,576.0 95,872.0 734.5 80
0.9 14,493.0  22,162.0 88,972.0 626.0 40
1.0 14,493.0  21,816.0 98,306.0 532.7 80
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I 9
1@z shift-and-check 353819 LZWGA a$191as Tu Tawilianumanzaugevuas 1dn Tag

LZWGA n19@2a8uiiums shift-and-check 32 3aumsauannionumaoula
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200 7 =0 shift
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10000
8000 |
= shift-and-check
6000 —| - in
—2 1o shift
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MNA 19 ANV ANVDIAMADUN 1A LZWGA 5354A1, LZWGA L1 shift 1ag

LZWGA 11Ul check Tuilyn1 OneMax 4119 10,000 1i¢
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AMANUHNIZ AN
100000

80000
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== shift-and-check
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40000 shift
= o shift
20000 e} } |
AP N1
0 U
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MNA 20 AANVNINZANVDIAADUN IADIN LZWGA 5554A1, LZWGA L)1 shift 11ag

LZWGA 1111 check Tu1lay11 RoyalRoad 41419 100,000 61

v 9
dm5uilay11 RoyalRoad MINUAIA NG shift 118 shift-and-check 111111
o a ' = A 2 1A v A 1 a v g o
M LZWGA Nanugeennuazidananinnyusuaginy lutlymiau ualuvaz@einunm
Y Ao 2 v q v 3 Y 0
T 18T Tu Tawhlisanumunzaugeiua lidre narnldnmualumsdummaonan
A o [ A < 1w
511 RoyalRoad 199351013 shift 38AUA1) 1aAdlua13199 21 91AM13199HUIAD
o A . o 9 2 X R 9 A
AuUHUMS shift 119 LZWGA 1@onamnniu uasigainalas luTsunlmanumungauy
Y H 9 H
g Tuvugidadutiums shift-and-check danlazlvunouNg1nINN LANAUFILAA
pnarlumsdunmae ey mzienumneuld) LZWGA zrigamshau lidesiusey
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Ms19h 21 NAIWVeeITUUN LZWGA 15 lumsaumaine a1 RoyalRoad ¥11a 1,000

10
A A 9 A 1
— nmmawh N@uuléllﬁlumi‘ﬁfmmi ANV U TUUDI
N9 .
(Au) M Tas I Tsunanga
No shift 0.92 detaugundina 1y 460.0
. 2K o 1 Ao w 2
shift 0.1 0.97 mmmu;uwmﬂ@% 496.0
shift-and-check 0.1 0.35 NUAINOU 1,000.0
. 2K o 1 ~ o w 2
shift 0.2 1.48 mmmugu‘ﬂmﬂ@"b 548.0
shift-and-check 0.2 0.44 NUANOU 1,000.0
. 2K o 1 A o w A
shift 0.3 1.52 mmmugumm@"b 545.0
shift-and-check 0.3 0.37 NUAINOL 1,000.0
. 2K o 1 d’ o w 9
shift 0.4 1.78 mmmu‘gu‘wmﬂﬂ‘la 533.0
shift-and-check 0.4 0.36 NUAINOD 1,000.0
shift 0.5 1.99 fesaugundinaly 534.0
shift-and-check 0.5 0.34 NUAINOU 1,000.0
. 2K o 1 ~ o w U
shift 0.6 2.07 mmmugu‘ﬂmﬂﬂ"b 579.0
shift-and-check 0.6 0.31 NUANOU 1,000.0
. 2K o 1 A o w A
shift 0.7 2.07 mmmugumm@"b 552.0
shift-and-check 0.7 0.49 NUAINOL 1,000.0
. 2 o 1 d' o w 9
shift 0.8 2.08 mmmu‘gummﬂ‘la 540.0
shift-and-check 0.8 0.42 NUAINOL 1,000.0
. 2 o I Ao o Y
shift 0.9 2.09 mmmu;uwnﬂ@'la 520.0
shift-and-check 0.9 0.49 NUAINOU 1,000.0
. 2 o I Ao o Y
shift 1.0 2.11 mmmu;uwnﬂ@'la 519.0

shift-and-check 1.0 0.50 NUAINOU 1,000.0
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1.4 Nﬁﬂ”l’iﬂﬂﬁ@ﬂﬁﬂﬂﬂgﬁ? RandomRoyalRoad

HanN13NAaoINUTQY11 RandomRoyalRoad 1M NYUIA AT T Tsuupd GA
< a a 4 ¥ o A . .
poniu 2 vurade 1,000 T tag 10,000 Ua tionaasld@aduiiums shift 1o shift-and-
9 v g 1 =3 1 Aaa A @ A
check A288AT1ALA 0.1 D3 1.0 WU Tag Ty Tsunangalamanumuz auaaaadlun1ien
o w 3 1 ' ]
22 1Az 23 MUEINY AU shift 118 shift-and-check $281% LZWGA a¥1aTas TuTeud
a1 49! v o A L ] Y 9 d‘d 1
UAMANUNNZANGIVY Tagadautiums shift 52819 LZWGA a3191as Ty Taunsainimy
N ANASYINI LZWGA 535001 1.45 11 Tuvmz @aduiiums shift-and-check 7014

LZWFA a5191a3 Ty Teuhlinmnuingaumasgandl LZWGA 555581 1.79 11

MNATNIAUDN 0513 shift w0 Tl 19 Tas TuTewdlisnnumnz ay
' Y 9 v
masgavueue i) aniulumsi il 1daas 196a51ms shift Nszaunasiolszunm 0.5 3992
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4 AS s Y 278 W
M9 22 MmNz auvedlas Tulsunanga Noas1NT shift szAUA199) Tutlgyn
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IEMINARDY
9NN shift shift-and-check

shift 145 shift MANUNUZ TN dAu menumnza i

mae G)) mae (1)
0.1 228.8 315.2 1.38 485.2 2.12
0.2 228.8 351.6 1.54 502.1 2.19
0.3 228.8 413.2 1.81 522.6 2.28
0.4 228.8 397.5 1.74 534.4 2.34
0.5 228.8 420.8 1.84 566.4 2.48
0.6 228.8 430.9 1.88 575.0 2.51
0.7 228.8 441.6 1.93 548.2 2.40
0.8 228.8 427.5 1.87 560.8 2.45
0.9 228.8 440.2 1.92 602.7 2.63

1.0 228.8 438.6 1.92 610.8 2.67
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0.2 2,468.0 3,012.6 1.22 3,702.4 1.50
0.3 2,468.0 3,108.7 1.26 3,402.5 1.38
04 2,468.0 3,215.3 1.30 3,853.3 1.56
0.5 2,468.0 3,104.2 1.26 3,820.5 1.55
0.6 2,468.0 3,208.9 1.30 3,904.8 1.58
0.7 2,468.0 3,301.4 1.34 4,002.6 1.62
0.8 2,468.0 3,238.6 1.31 3,976.5 1.61
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1.2 wannminaaodianfeumsuanuendIas I Tsunldlumsdumdinou

A ~ Aq Y Y] °
wavnMInaasaisnfssumeunnue Ias Iulsunly lunmsaurimaey Iae

{ S 1w o A . . :
1917y11 OneMax uaaalum15197 25 d2PUNAIRUTUMNS shift 118 shift-and-check F81H

LZWGA lda1uenTas TuTauanaunae 16.28% ag 68.05% uaiany

M3199 25 AWeUedlns I leu LZWGA nlFlumsaummaeuilym OneMax

YUIA shift shift-and-check
ai shift : .

My anwennld  anaa%)  anwennld  anaa%)
1000 92 85 7.61 50 45.65
2000 180 140 22.22 75 58.33
3000 252 210 16.67 90 64.29
4000 318 260 18.24 100 68.55
5000 420 320 23.81 115 72.62
6000 476 380 20.17 125 73.74
7000 510 430 15.69 140 72.55
8000 605 510 15.70 155 74.38
9000 682 600 12.02 170 75.07
10000 750 670 10.67 185 75.33
AN 15 T Tar

800

200 — | O Tai shift

600 | | T shift

500 - | ™™ shift-and-check

400

300

200

100 - A‘————{r____{y____ir____13————4k—-——ir————ik————{r————ﬂ

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ety

1000 2000 3000 4000 5000 6000 7000 8000 9000

10000

mui 23 anwenlas lulsuues LZWGA flslumsdumaaeuilaymi OneMax
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A ~ Aq Y v °
wavnMsnaasaisnfieumeunnue Ias I lsun ¥ lunmsaurimaey Iae

H 2 1w o A . . g
1917y11 RoyalRoad taaalum1s19f 26 azifiuN@Iduiums shift 110 shift-and-check 28

1% LZWGA l¥anuenTas TuTauanainae 16.38% 1as 68.21% auaiany

M3197 26 AWE1IUE3 1A Tu sy LZWGA #lFlumssumimaeuilyn RoyalRoad

shift shift-and-check
vinatlar 14 shift . :

i anuenly anad%)  ANNeNNlY  anae%)
1000 95 85 10.53 50 47.37
2000 180 140 22.22 75 58.33
3000 250 210 16.00 90 64.00
4000 320 260 18.75 100 68.75
5000 420 320 23.81 115 72.62
6000 480 380 20.83 125 73.96
7000 510 430 15.69 140 72.55
8000 600 515 14.17 155 74.17
9000 680 600 11.76 170 75.00
10000 750 675 10.00 185 75.33

AN 1T T Tar

800

200 | | = lai shift

oo =T shift

~25= shift-and-check

500

400 -

300

200 -

100 M

0 ! ! ! ! ! ! ! Y

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

mui 24 anwenIas luTsuues LZWGA #lslumsdummaevuilaymi RoyalRoad
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tﬂ' = o 1 d' Y o
1.3 #HaanmanaasuioToumeusugunlslumsnumaeu
A = o 1 ~ ) 9
HavInMInaaonelTeueuTIugUINUMaoD Taglailan OneMax
Y I~ 1 o o a [ o
e lUa13199 27 LR UNAIAUIUMT shift tag shift-and-check F281% LZWGA 1¥81171

sulumsdummaouanaunie 44.19% 1ag 68.63% AR

m3191 27 Swauguilas ey LZWGA 2lFlumsnudimouilymi OneMax

shift shift-and-check
vuadar 1 shift . .

) fauguinly  aeaa®%) fuauguinly anad(%)
1000 40.7 18.9 53.56 11.5 71.74
2000 41.2 20.3 50.73 11.3 72.57
3000 39.8 26.8 32.66 13.3 66.58
4000 50.1 26.2 47.70 12.8 74.45
5000 46.2 234 4935 14.4 68.83
6000 44 259 41.14 14.1 67.95
7000 50.7 28.7 43.39 15.7 69.03
8000 49.5 31.4 36.57 18.6 62.42
9000 46.4 26.6 42.67 15.2 67.24

10000 44.9 25.1 44.10 15.5 65.48
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== "1 shift
=B ghift

=2 shift-and-check

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Mui 25 Saugunlas sy LZWGA AlFlumsnumaevuilaymi OneMax

vinatym

d‘ = o 1 d’ o
HavINNIINaaeuNpIsumeuIIUIUIUNIAT Tu ey LZWGA wudaoulu

1 S 1w o A . . iy
11 RoyalRoad taraelua131ai 28 91fiu@ 1@ utiums shift uag shift-and-check 2019

LZWGA ldsmujulumssummaouanaunie 39.60% 1ag 63.83% ANE1AY

Mm519h 28 Saugunlng luley LZWGA nlslumsnudineuilym RoyalRoad

UUIR

shift-and-check

4d shift . .
aym Sugunly anad(%) fnougunld  anas%)
1000 38.8 27.7 28.61 11.6 70.10
2000 51.2 20.3 60.35 13.1 74.41
3000 34.5 20.2 41.45 13.6 60.58
4000 40.8 27.1 33.58 13.7 66.42
5000 38.5 22.3 42.08 13.4 65.19
6000 39.5 22.3 43.54 15.8 60.00
7000 475 30.9 34.95 21.1 55.58
8000 46.9 30.5 34.97 18.3 60.98
9000 429 27.9 34.97 16.8 60.84
10000 417 27.9 4151 17.1 64.15
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2. wamsnaaeuie IalszansnmveamsiSuilgadaduiiums shift-and-check (ISC)

v
Naﬂﬁ‘i/lﬂaﬂﬂﬂﬂﬂiyﬂ”l OneMax 1422 RoyalRoad WUNIAIAUUUNT shift-and-check

1 =3 Y ® 9 Y o . ] ' R
uaz ISC a1nye1h LZWGA nudiaou 14 15190 29 uaassiuiujumasinumnoy lag

(Z

1.33 !,‘V]'ﬂuﬂtllu‘HT OneMax (182 RoyalRoad M1ue1A1

M99 29 TIUFUANUAIADY

o Aa 1 o <3 ' o o Aa
AIAUUUNT ISC “]f')ﬁlglﬁ! LZWGA WUﬂW]?J‘Uhlﬁ}Li’)ﬂ'JW]'Jﬂ'ILHUﬂ1§ shift-and-check 1.40 iLag

ﬂﬂluﬁ1 OneMax RoyalRoad
LZWGA 535481 Taiww Tsiww
LZWGA i 19@ s ufiums shift-and-check 951 998
LZWGA RAl¥dadufiums Isc 682 751

d115017yn1 RandomRoyalRoad LZWGA viidaeu luny aanumingauans

. . L, e
TasTuTsunanaa uaaalua1snai 30 10151992 UI LZWGA NlFaaduiiuns 1sC
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a513a1as Ty Tounlian Nz auuInI shift-and-check 1.09 111 taza31alas TuTsund

AANVNVIZANNINNI LZWGA 55501 1.70 111

M3197 30 MmNz auvedlas I lsunanga luilyn1 RandomRoyalRoad

Ty MANTINL ALY
LZWGA 5571491 6,256
LZWGA H14@duiiums shifi-and-check 9,778
LZWGA RAl¥daduiiums 1sc 10,616

H 1 v
AManumzavvedlas Inlsunangaluudazuvesddaunis luns 3 dayn,

Q

< ' A

HAAIAININD 27, 28 Ilag 29 AAIAY ISINUI LZWGA ‘ﬁﬁiiJﬂWﬁ%}NIﬂ‘iIMIG]SNﬂNﬂWﬂ’NN

o Aa

' 1 H Y H
Mugaumnga U LZWGA  flFaaduiiums 1sC i szadalas Ty Taudlininim

1 ANGINI LZWGA R 19adutiuns shift-and-check

AANUNVIZ AN
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== 1o shift
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3. HANMINAABINDINTZTiUTZANTMNUMINNUVDIFHIAUTUMNS Shift a2 Shift-and-
check 14 LZWGA

Y o Yy 4 Aa A v o A . . a

1190 1aanTzrilse@nEnmauesda@ utiums shift 11az shift-and-check (OAN 11AY
151A5T, 2552) TasinamsunT1zHlseansmmnunaaduiiums shift 110 shift-and-check
) Y 1 = A d? G 1 a [Y] d‘
M Tas TuTsudrulvguaanumuneaunuyurIom AN aataadlun1i1an 31 wag 32

o g ° ]
(n Ao Ao Ins Tulew, 7C Ao S1uaulns TuTsuyngUuuniilu 1 Iduazihwdums
shift @) Woiviua Tas Tulay LZWGA vua 4 dusiis wundnilas Ty Tawn
o ] o a { g 3’4
shift-and-check NnAWrUe ags1 ldinaTas Tu Tauiiluly 1dnaua 480 nuy (4x@+1)1) Tag
= d’d 1 A tg A 1 Aa <K

221 1ns Ty TsunTaa e dunuIurIomuanna 441 uuuluilari OneMax, 363 U
Tuilayn1 RandomMax, 475 uuuluilayni RoyalRoad, ag 471 unuluilgywi

RandomRoyalRoad

v [ v Y
3199 31 1w Ias TuTouh shift uda ldmanumngaumuiunsomuan Tutlym

NAAOL
$1ulnsTuasun Shift ua2 1AMIANMHINSTMNNVUTYIIO
AN

n TC

Random
OneMax RandomMax RoyalRoad

RoyalRoad
4 480 287.0 357.0 411.0 471.0
5 3,600 1,921.0 2,545.0 2.918.0 3,484.0
6 30,240 14,282.0 21,106.0 23,284.0 28,567.0
7 282,240 123,754.0 189,484.0 211,649.0 262,522.0
8 2,903,040 1,153,254.0 1,881,839.0 2,127,639.0 2,642,015.0
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d’ o A . 9 FA A 49! A 1T A
3197 32 91 Tas T Taua shift-and-check a2 TAMANUHINE FUHBIUNI DN UAY

Tutlyvmadou
Sulasiulasui Shift-and-Check ta3lamanumnzan
Q' ; A T a
INNAUKIDINUAN
n TC
Random
OneMax RandomMax RoyalRoad
RoyalRoad
4 480 441 363 475 471
5 3,600 3,252 2,715 3,548 3,497
6 30,240 26,928 22,174 29,540 28,825
7 282,240 248,157 209,327 273,577 266,326
8 2,903,040 2,523,477 2,220,282 2,802,036 2,704,113

A o 9 A o ' 1 3 Y Yo
WerhdeyaIna13199 31 uaz 32 Msuumanuiaziuudimanivez 1aas
A & J 1 I Ao o a . 9 A
NN 30 1A 31 FIFAAIAIANUUIIUNAIA U UNT shift-and-check a5191A5 11 Tl
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lumsnaa fJ‘UfT‘UﬂﬂJuﬁ1 OneMax, RandomMax, RoyalRoad, t81¢ RandomRoyalRoad
v Y
WUN AU shift usaas1alas I Tsunavunsominu Ias T Tsuaudlieniy

Wz umasnn 0.50, 0.69, 0.78, 1A% 0.94 ANEINY AIUAIAUTIUMS shift-and-check

Y
Aa X

9 A Vo A v ' 2 A " w
asaasalas I lasunavurseminy Ias 1u Tsuauaienuu1ilunagminy 0.89,
o w A 1 I o 1 = 1 2K Y
0.75, 0.97, uaz 0.95 MNAINV 1HBI91AANNUITUAINA1ITNINNI 0.5 edawa 1+
o [~ 49! A A dﬂl A Yo o A
LZWGA Wufmaouia13unse 1a 1ns TuTsuddmanumunz augauiie ldaaduiiums

shift-and-check

a 4 1 I~ a 4 [ a a @
M3INTAHNANMINAADILIBONTIU 3 NIAAD JTaINANIIAUTEANTAINYDIA
o A n . a 4 [ a A o @
AUIUMS shift 110 shift-and-check, 70158IHANTIAYTEANTMWVOINTUTV 960
o A . a t4 a 4 a A ¥ o A .
AUUUNIT shift-and-check HAZINTAUNANITUATIZHUTEANTAINVOIAIAUUUMT shift LAz

shift-and-check
a d (Y] a A v o A
1. 'J‘i]'ﬁmﬂafni3ﬂﬂi$ﬁﬂﬁﬂ1wm'ﬂ@ﬂ3ﬂ1!uuﬂ1§ shift (1@ shift-and-check

@ a a v o A I
HANINARDIATZANTANUDIAIAULIUNT shift 1AL shift-and-check 111 1)o7
a A v o A : . 1 =3 Y Y A
AUUAFIUAD AR UHUNS shift 1Az shift-and-check AN 1H LZWGA a3131n3 Tu Tasund
Y [ Y
ANz angau luyngureddianinms aaluilym OneMax 118z RoyalRoad W
LZWGA n1982a8uiiums shift-and-check 81113037QMIIUNLMA0U' 14 a9U LZWGA
[ Y
T¥adutiums shift Tuamnsomaeu lawuiioananminaaesiinszinunguy
< [ 1 ] < v o A
Uszmnsvuadn giseldnenanesldnquilszannsvuialyg) (1,000) Fedaduiiums shift

< ' 9 o Y 1 v XK 9 G 0 ]
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UDNVINAIAULUNIT shift 118 shift-and-check 323819 1a3 Ty Tyuiiannumn a
v Y Y
muAundn §1958 1% LZWGA eaeula lagldanuendlas T Tsudunin LZWGA uazld
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I 1 o o
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A Shift Operator for LZWGA

oniy] sOAAENE] Uaz ITIATHG FI5IAN

M IR AT

ANLINGIMANT TTINGFUNYATIANT
25164149 @ku.ac.th, worasait.suwannik(@gmail.com

unfage
Mg iauuy LZW ?uﬁumau?‘ﬁ:%ﬁugniw
(LZWGA) M?’m.rummIr?ifuﬂSt:ﬁsi?eﬁugnm (Genetic
Algorithm) — TamidsviaTas TuTyuTugvaemsiivaa
LZWGA vwaawnaved Ins uTyuuazannsouhlym
vinalngiuin 18 udiiof1danamera Tns Tu Tywvoq
LZWGA Tinaw ldwednvimuiavesimenlu  GA
ud i W limwsonuiiney 18 ynanwiiiaueda
duiiumsmaiugnssuia lndiendy “shifi” Fuiums
doudmmivveTas TuToy LZWGA wdauoniiigu1d
anuaumdeniisduomia wamanaaoeiulonii
ianwe1 Ins v lvumudidadwiiums shifi - vl
LZWGA awnsanyimeu Ruasdmiudymil LZw6A
widnew liny @aduiiums shifi 932015 Tz Ty Tauii 14

- =
WA NAHINS T HGIVY

¥
& =

Many: MITHTIUY LZW AU BImaiugnisy

ERLRNTITLE
Abstract

LZW encoding in GA (LZWGA) is an algorithm
developed  from  Genetic  Algorithm  (GA). LZWGA
encodes  chromosome in  a  format  that can  be
decompressed using Lempel-Ziv-Welch (LZW) algorithm.
This encoding reduces the length of the chromosome and

enables the algorithm to solve very large problems. This

paper presenls a new operator called “shift”. A shift
operator randomly selects a shifi position and left-shifts
numbers in an LZWGA chromosome. The result shows
that a shift operator for LZWGA can solve problems with
a shorter chromosome length. For problems, which
original LZWGA can not find a result, a shift operator

will produce a chromosome that has better fitness value.

Keywords: LZWGA, GA, Operator
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A Performance Analysis of a Shift-and-Check Operator in LZWGA
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Abstract

LZW encoding in Genetic Algorithm (LZWGA) is an
algorithm developed from Genetic Algorithm (GA). LZWGA encodes
a chromosome in a compressed format. This algorithm can use the
same genetic operators as GA, which are crossover and mutation. In our
previous work, a shift-and-check operator was proposed to improve the
performance of LZWGA. In this paper, we present an analysis of the
operator, The result shows that the shift-and-check operator can
produce a chromosome whose fitness is higher than or equal to the

original one with probability greater than 0.5,
Keywords: LZWGA, GA, Shift-and-check operator
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Abstract
LZW encoding in Genetic Algorithm (LZWGA) is an
algorithm developed from Genetic Algorithm (GA). LZWGA encodes
chromosome in a format that can be decompressed using Lempel-Ziv-
Welch (LZW) algorithm. Similar to GA, LZWGA consists of selection,
crossover, and mutation. This paper compares the performance of
LZWGA with various selection and crossover methods. The result

shows that LZWGA is best performed using tournament selection,
Keywords: LZWGA, GA, Selection
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An Improved Shift-and-Check Operator for LZWGA

Animar Rotsianglum and Worasait Suwannik
Department of Computer Science, Kasetsart University, Bangkok, Thailand.
Email: animar_tookta@hotmail.com, worasait.suwannik@gmail.com

Abstract

LZW encoding in Genetic Algorithm (LZWGA) is
an algorithm developed from Genetic Algorithm
(GA). LZWGA encodes chromosome in a format that
can be decompressed using Lempel-Ziv-Welch (LZW)
algorithm. This encoding reduces the length of the
chromosome and enables the algorithm (o solve very
large problems. In our previous work, a shift-and-
check operator was proposed to improve the
performance of LZWGA. The operator randomly
selects a shift position and lefi-shifts integers in an
LZWGA  chromosome. This  paper presents an
improved shift-and-check operator which the shifting
probability is different for each position. The result
shows that the new operator can improve the LZWGA
performance.

Keywords: Genetic Algorithm, LZWGA, Operator,
Shift.

1. Introduction

Genetic algorithm (GA) is a search technique that
imitates the natural evolution process [1]. To solve a
problem using GA, solutions are encoded in binary
strings chromosome. Larger chromosome means the
larger search space. For instance, the search space
size is 2'** for 128-bits OneMax problem. But for one
million bits OneMax problem, the search space size
WI” be 2]n|JUr]m.

To reduce the search space size, LZWGA was
proposed [2]. LZWGA is developed from GA.
LZWGA uses a compressed encoding. The length of
a compressed chromosome is shorter than that of an
uncompressed  chromosome. A compressed
chromosome is decompressed before its fitness can
be evaluated. For example, a compressed
chromosome {1,0.2.4} can be decompressed to a
binary string 1010101

The LZWGA chromosome is an integer array.
Shifting integers in a chromosome for one position

often affect its fitness value. In our previous work
[3], we proposed an operator called “shift-and-
check™. This operator shifts a position in LZWGA
chromosome. The result shows that LZWGA with the
shift-and-check operator has better performance than
the original LZWGA.

Using the shift-and-check operator in different
positions in a chromosome results in various fitness
values. We hypothesized that the probability of this
operator for each position should not be equal. The
probability should be different according to a position
in a chromosome. We conducted a preliminary
experiment to test our hypothesis as explained in
section 3. From the result, we propose an improved
shift-and-check operator, which adjusts shifting
probabilities for different positions in a chromosome.
The improved shift-and-check operator is shown in
section 4.

2. LZWGA
2.1 Algorithm

The main difference between LZWGA and simple
GA is that LZWGA chromosome is in a compressed
format. Therefore, it has to be decompressed before
its fitness can be evaluated. The flowchart of
LZWGA is shown in figure 1.
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Figure 1. LZWGA Flowchart.



The algorithm begins by creating the first
generation of compressed chromosomes. Before
evaluating the fitness of each chromosome, the
compressed chromosome is decompressed using the
LZW decompression algorithm. After that, the new
population is created and replaces the old population.
The algorithm repeats the process of decompression,
fitness evaluation, and creating a new population
until the termination criterion is met. The algorithm
terminates when a solution is found or a maximum
generation is reached.

2.2 Chromosome

Unlike a simple GA, the LZWGA chromosome is
integer encoding. A chromosome in LZWGA is in a
compressed format. Each integer in a chromosome is
a code for an index of an entry in a compression
dictionary. Chromosomes in the first generation are
created randomly with the constraint that the M
integer of a chromosome must not have value greater
than i+1. Otherwise, the dictionary look up in will be
failed after the (i+1)™ digit is read.

LZWGA chromosomes in the first generation are
randomly generated from equation 1.

a; =rmod(i+1),i €{1,2,3,....n} (1)

Where ¢, is a value of the /" position in
LZWGA chromosome
r is a random integer
n is the length of an LZWGA chromosome

2.3 Decompression

Because the chromosome in LZWGA s
compressed, it has to be decompressed before its
evaluation. A compressed chromosome is
decompressed using LZW decompression algorithm
[4].

The length of the output chromosome is not fixed.
If the length is more than the size of the solution, the
excess bits are discarded. If the length is less than the
size of the solution, the remaining bits are filled with
0’s or the fitness evaluation would be stopped when
reading to the end of the string. Then, the fitness of
the decompressed binary string is evaluated. The
fitness of a compressed chromosome is equals to the
fitness of a decompressed chromosome.
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2.4 Operators for LZWGA

Similar to GA, LZWGA uses the current
population to create the next generation. The two
genetic operators for LZWGA are crossover and
mutation.

e Crossover is a genetic operator that combines
two parent chromosomes to produce new offsprings
[5].

« Mutation is a genetic operator that positions in
a chromosome are randomly mutated.

3. Background
3.1 Shift-and-Check Operator (SC)

In our previous work, we presented a new
operator for LZWGA called “shift-and-check” (SC).
The SC operator randomly left-shifts numbers in an
LZWGA chromosome. The SC algorithm was
explained in [3].

After shifting, we prevent the value of the /'
position of chromosome from becoming 0 (except
when the position is already 0). That is if ., mod
(i+1) = 0 and @+, is not equal to 0 then the value of
the " position is obtained from equation 2.

h

@ =au;— 1 (2)
3.2 Background of the proposed operator

A new mutation method for LZWGA was
suggested in [6]. Different mutation rates that depend
on positions were proposed. From this research, we
got an idea to observe our SC operator in every
position. We would like to know about the change in
fitness values when SC at different positions.

To observe the change, we generated an original
chromosome. Then we used an SC operator in every
position and evaluated the fitness using OneMax
function. The experiment was repeated 1,000 times.
The observation was started at 4™ to 15" positions of
LZWGA chromosome. Average fitness values were
shown in table 1.

From table 1, a fitness value was varied depend
on a shifted position. Shifting at left positions often
produced higher fitness value than right positions.
From this result, probability for using an SC operator
should not be equal in every position. It should be
different according to the position in LZWGA
chromosome.



Table 1. Average fitness values from using SC operator at every position of LZWGA chromosome.
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Chromosome Shifted Position
length 1 2 | 3| a| 5|6 | 78| o |1w0|nn|[12]1]14]:1s
4 52| 37| 31| 27
5 73| 52| 45| 40| 37
6 98| 69| 60| 54| 50| 48
7 122 91| 81| 71| 66| 62| 60
8 149 111 | 94| 85| 80| 75| 73| 7.1
9 174 | 130 [ 113|103 | 96| 92| 88| 85| 83
10 194 | 147 [ 13.1 [ 120 | 11.1 [ 106 [ 103 | 100 | 97| 96
1 222 | 166 | 150 | 13.4 | 125 | 120 | 116 | 11.4 | 11.0 | 108 | 10.7
12 248 | 192 | 16.8 | 157 | 14.7 | 14.0 | 136 | 13.2 | 12.8 | 126 | 125 [ 12.3
13 288 | 219|192 | 173 | 164 | 156 | 152 | 147 | 144 | 141 [ 138 | 136 | 135
14 309 | 234 | 208 | 192 | 184 | 174 | 17.0 | 164 | 161 | 158 | 156 [ 154 | 152 | 150
15 346 | 268 | 239 | 21.7 [ 207 | 199 | 193 | 185 | 183 | 180 | 177 | 175 | 173 | 17.1 | 17.0

4. Improved Shift-and-Check Operator (Improved
SC)

This section explains our method for improving
the SC operator. We produce different probabilities
for using this operator by assigning weigh for every
position of chromosome.

P; denotes probability that the SC operator is
used at the /™ position. It is defined as follows:

w,
. —— iy W I )
w
J
J=1
Where i 1s the current position in chromosome
J is the position in chromosome
n is the length of chromosome

w; is the chromosome weight of the "

position, the value of w; is defined as follows:
w; = (nt+1)—=i (4)

For instance, we have a 5-positions LZWGA

chromosome and values of w; and P; were shown in

table 2. The first position has the most chance to be

chosen and chances of the next positions will
decrease slowly.

Table 2.Values of w;and £, of each position in a 5-
ositions LZWGA chromosome.

Position 1 2 3 4 5
W, 5 4 3 2 1
F 0.33 0.27 020 | 013 0.07

5. Experiment
5.1 Test Problems

Our test problems are OneMax, RoyalRoad, and
RandomRoyalRoad.

5.1.1 OneMax

OneMax is a simple problem. The objective of
this problem is to maximize the number of 1’s in a bit
string. This problem models an optimization problem
that every variable is independent.

For example,
Chromosome I111101111011111
A fitness value of this chromosome is 14 because
this chromosome contains 14 bits of | ’s.

5.1.2 RoyalRoad

RoyalRoad problem models bit relationship
within a chromosome. A chromosome is divided into
n blocks. Each block is £ bits long. The solution is all
block contains 1’s. If every bit in block are 1’s, the
fitness of that block is equal to block size, but if a
block contains at least one 0. Its fitness is zero.

For example,
Chromosome ITIT 1011 1101 1111
Every bit in the 1 and 4" block are 1’s.
Therefore the fitness value of this chromosome is 8.



5.1.3 RandomRoyalRoad

RandomRoyalRoad problem resembles
RoyalRoad but the difference is a solution block is
generated randomly [7]. If all bits in a block are the
same as the bits in the solution block, the fitness of
that block is equal to the block size. But if a block
differs from the solution block, a fitness of that block
is zero.

For example,
Solution
Chromosome

1101 1101 1101 1101
1101 1110 1101 1101

The 2™ block differs from the solution block. The
1, 3 and 4™ are similar to the solution block, so the
fitness value of this chromosome is 12 (3 equal
blocks x 4 bits per block).

5.2 Parameters

We used the same parameters (shown in table 3
and 4) for 3 methods, which are original LZWGA,
LZWGA with SC operator, and LZWGA with
improved SC operator. Each experiment was repeated
for 10 times. We compared the performance by using
fitness values.

Experimental parameters are shown in table 3 and
4. We focused on large problems, small population
size, and no mutation. For crossover and selection
methods, we used uniform crossover and tournament
selection because they work well for LZWGA [8, 9].
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6. Result

For OneMax and RoyalRoad problems, both SC
and improved SC can help LZWGA found a solution.
Tabel 5 shows the generation that a solution can be
found. LZWGA with improved SC found a solution
faster than LZWGA with SC 269 and 247
generations in OneMax and RoyalRoad problems
respectively, but original LZWGA cannot find a
solution.

Table 5. The generation that a solution can be found.

Problems OneMax RoyalRoad
Original LZWGA Not found Not found
LZWGA with SC 951 998
LZWGA with improved SC 682 751
For RandomRoyalRoad problem, a solution

cannot be found by using LZWGA. The best fitness
value from 3 methods was shown in table 6.
Chromosomes from LZWGA with improved SC have
better fitness value than LZWGA with SC 1.09 times
and better than original LZWGA 1.70 times. The
improved SC operator helped LZWGA produced the
best chromosome.

Table 6. The best fitness value in RandomRoyalRoad

Problems RandomRoyalRoad
Original LZWGA 6256
LZWGA with SC 9778
LZWGA with improved SC 10616

Table 3.
Parameter for OneMax and RoyalRoad problems.
Parameter Value
Population size 300
LZWGA Chromosome length 1,000
Solution fitness 100,000

Tournament selection

SaRgtion mathied Tournament size=4

Crossover method Uniform crossover

Crossover rate 80%
Shift rate 50%
Max Generation 1,000
Block size 10

Table 4. Parameter for RandomRoyalRoad problem.

Parameter Value
Population size 300
LZWGA Chromosome length 2,000
Solution fithess 100,000

Tournament selection

Selction method Tournament size=4

Crossover method Uniform crossover

Crossover rate 80%

Shift rate 50%

Max Generation 1,000

Block size 4

Figure 2 shows best fitness values from original
LZWGA, LZWGA with SC, and LZWGA with
improved SC when solving OneMax, RoyaRoad, and
RandomRoyalRoad.

The figure shows that original LZWGA produced
the worst chromosomes. In addition, the improved
SC operator produced chromosomes that have better
fitness value than original LZWGA and LZWGA
with SC in every generation of our test problems.
Thus, the improved SC operator can  enhance the
performance of LZWGA.

7. Conclusion

This paper proposed an improved shift-and-check
operator or improved SC. The operator assigns
different probabilities for using the shift-and-check
operator for each position of LZWGA chromosome.
The improved SC operator can improve the
performance of LZWGA because the operator helped
LZWGA to find a solution faster than the SC
operator 1.39 times in OneMax problem and 1.32
times in RoyalRoad problem. For RandomRoyalRoad
problem, a solution cannot be found. But LZWGA
with improved SC produced better chromosome than




SC 1.09 times and produced better chromosome than
original LZWGA 1.70 times.

Although LZWGA  with the improved SC
operator has good efficiency, but for difficult
problems (e.g., RandomRoyalRoad), solutions still
cannot be found. In the future, we will keep on
finding a new technique to solve this problem.
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Figure 2. Fitness values from original LZWGA,
LZWGA with SC, and LZWGA with improved SC.
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