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DEVELOPMENT OF MULTI-PATH ADAPTIVE TABU SEARCH ALGORITHMS

This doctoral thesis proposes the multi-path adaptive tabu search algorithms or
MATS. The proposed algorithms consist of three important mechanisms namely
partitioning mechanism assigned to subdivide the entire search space, and choose a
proper initial solution for each search unit, sequencing mechanism to keep all search
units working sequentially, and discarding mechanism to eliminate the search unit(s)
with low-quality solution(s). To assess search performances, MATS has been tested on
six surface optimization problems, five results of which show that the MATS is faster
than the ATS. On one of the test problems, the ATS is faster than the MATS due to the
simplicity of the problem. Convergence analysis of the MATS is presented in this thesis.
Two real-world problems, i.e. controller design for the Illinoise roadway simulator
(IRS) system and identification of the cart plus pendulum (CPP) system, solved by the

proposed MATS, are also presented in this thesis. Satisfactory results have been

obtained.
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d v
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TSW = aﬁnmmmm'iﬁ'umuumm (tabu search worker)
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where
(SF) (32 -16 0 16 32 -32 .. 0 16 32
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WMINR05 U9 ATS
Wandu | a3all | Sedl | Swou BT AR TC
nagey | M3 | ms | f1Aeu P o4 g | Count
) ) Re [ K" | ¥901 | 9292 | 92903 J
AU | AUM | Thafeq max mn
02 J<0.1 J<0.001
BF [2,-2] 30 5 5 - 10,000 | 10e-9
(5%) R=0.002 | R=10e-4
0.2 J<0.1 J<0.001
RF [2,-2] 30 5 5 - 10,000 | 10e-8
(5%) R=0.002 | R=10e-4
[40, 0.8 J<5 J<2
SF 30 5 5 - 10,000 | 0.999
401 | (1%) R=0.2 R=0.1
(10, 1 J<-100 | J<-150
ShF 30 5 5 - 10,000 | -186
2101 | (5%) R=0.1 | R=0.015
[500, 100 J<100 <10 I<1
ScF1 20 5 5 10,000 | 10e-4
-500] | (10%) R=50 | R=0.01 | R=0.001
[500, 1 J<10 <1
ScF2 20 5 5 - 10,000 | 10e-4
400] | (1%) R=0.01 | R=0.001
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Wandu
ATS MATS
nAAeL
1-path #2 #4 #8 #16 #32 # 64
BF 53940 | 5.0516 | 4.8901 | 2.3435 | 23309 | 4.1309 | 3.3029
RF 8.2067 | 6.5863 | 6.9925 | 7.2175 | 4.5316 | 5.0078 | 7.3221
SF 22837 | 1.8818 | 1.7697 | 1.8134 | 1.3918 | 1.7944 | 1.8431
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Wandu MU OUMIAUNIRAEAMINAADY 50 ASS (701)
nagoy ATS MATS
1-path #2 #4 #8 #16 #32 # 64
BF 556.06 530.20 | 507.94 186.82 142.70 | 202.34 173.76
RF 759.80 685.40 | 603.78 | 713.26 | 327.32 | 313.48 200.32
SF 108.22 79.84 72.96 64.62 30.62 54.04 36.16
ShF 342.54 291.56 | 282.16 75.68 73.02 61.68 70.12
ScF1 336.24 304.88 | 294.44 | 241.56 | 268.22 | 263.18 131.10
ScF2 31.24 30.02 29.20 26.48 24.26 21.58 19.96
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ATS MATS
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1-path 42 #4 48 #16 #32 # 64
BF 0.00 635 934 | 5655 | 5679 | 23.42 38.77
RF 0.00 19.74 | 1480 | 1205 | 4478 | 3898 10.78
SF 0.00 17.60 22.51 20.59 39.06 21.43 19.29
ShF 0.00 12.24 7.68 29.25 23.19 33.37 13.38
ScF1 0.00 20.36 9.14 26.00 11.53 8.56 23.28
ScF2 0.00 4.08 -3.45 -19.31 -27.40 -72.48 -501.86
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ScF2 31.24 31.02 | 3220 | 3348 | 3926 | 52.58 82.96

{ P-4 ° o {
A1319% 5.8 1WoSIFUANITANAIUDITIUIUTDUMITAUKIIVOI MATS ASUNU ATS LA

e ﬂ'1Lﬂai’ﬁus‘fﬂﬁaﬂawmﬁmamﬁmmiﬁ'ummﬁﬂﬁﬁuy,aﬁmm ATS (%)
Wanau
ATS MATS
nagol
1-path #2 #4 #8 #16 #32 # 64
BF 0.00 3.75 5.06 56.51 50.96 | 12.36 40.88
RF 0.00 9.13 0.79 3.23 50.08 43.74 65.34
SF 0.00 21.60 | 2519 | 1996 | 23.66 | 21.42 8.37
ShF 0.00 14.59 16.75 9.29 1.89 19.80 0.60
ScF1 0.00 7.84 10.94 23.70 9.82 12.21 42.27
ScF2 0.00 0.70 -3.07 717 | -25.67 | -68.31 -165.56

aunginlinaimssummeaeuiinunfeouss MATS#64 LIANATIINYOT ATS LUUAY?
4 1 H 4
WINAINAT DIRIITUIINATNANUAIVDI ScF2 Tuun® 3 m15197 3. 1 Usznou aznuiuA?
12 A 1 ° 2 PR ' Y )

lulinquuseusvesmmourwaummzaulsing iiiluglasinaenisAuninives ATS
= 2 & a Y < < = =P

HUVIAET 1AL Y9I MATS 5230913 9UMIAuMmINLYUIAIGaNAa391n ScF1 D3 100 111 3Tl
y < D v Y ° v . Y

aunglv ATS buuAed 19a1deeuInlunsAUMIAINBUIININT aIU MATS HUAB

= 1 =y a 9 o 9 = = U é [

@ornawialiginisdumiaiunaln PM uazdadesdanardnaiuniiallnunainesay

v o 1 Y S = ' FY = 9 £

na'ln SM UsznounudiuIuniiedunINTLINDI 64 HUIBAUNIVEI MATS#64 190919

L’JﬁWﬂWﬁﬁJUWWNWﬂﬁQﬂﬁh’)iﬂll’gﬁﬁ}ulﬂﬁ



76

A3 199 5.5 LAAITIUIUTOUMIAURUNATINMINATOVYDI ATS LUVIAST LAZUD
Y Y 1 v Y
MATS Wailiive ldasavdonnugnassvesarainmsaunin MATS 14 11dae uenvini
o FY = ~ 1% P [ 9
TIUIUTOUMTAUNUNDIINMTNATOUVDI ATS HuBAe) Tuasanii 1 dsgnldiunun
[ Z’, 1 a 4 ~ { o
MansUsuaInmsilmesnsisenly DM vea MATS araithimuisnazans uIusouns
Y A v PR ' A A
AUNIVDY MATS Lilon150A1MsauIues MATS Iitieonitues ATS unudaed luiga
~ 1 a Y o ]
1NATNN 5.5 WU MATS nagstianazpniensuldsiuiusoumsauriosnives ATS
~ 1 [ 9 1 % o 9 o 9y 9y !
uuuaed ua hildnuiea1ua1 MATS nadargimsaurimaeuaanite1dizanan ATS
A ' ~ ’ o = ) 9 A Y 9
HUUIALY 1UNT VDI WINTU SchF2 ATS riladunia awdoyaluaisined 5.5 msdun s
FIUIUTBUNTAUNUNAN 31.24 70U HI MATSH4 MATSHS MATSH#16 MATS#32 1A g
MATS#64 1¥31UIUTOVAITAUNLRAEN 2920 2648 2426 21.58 1A% 19.96 50 1)
o W a ) 1o a { a < v
ey faauuun 1l Taeg lumia8953TumRT09 MATS a1ud laesuneud naznlan
3}4 a e ) <3 1 H 4 o 1
MATS M98 HaN110158 U1 1152091 ATS HUV1Ae7 11999105 1UIUTO U 08N
' A A a ' ] A Ay A ' Y Y o qu
HAALDIUNBNITDNAMIAA UK UR AN 1A TUAITAI1T190 5.4 WU MATS N6 149

Y A = Bldy < o [l Y] =
LIATNTAUNTININNIN ATS LL‘U’U!QEJ'JG!,GBH WHINSIZTIUIUHUIIAUK VD MATS YN

a [ < ' a = v Y Yo
Lﬂ‘LthJ VZAUNALNUUIT ATS BUULIA YD ﬁuwu’mﬂuﬁﬂ%m’mmu"lﬂ Useua 323501

o ¥ A

A Y Y £ ° Y ]
Nl 1rue ATS uuu@e 1l 16 MATS#4 doaviidiaaulannaliwunielu 8 seuns
AU TU MATSH8 @010 4 T0UMITAUN d21U MATS#16 a3 1¥s0umsAuriInu
B o v ) A £ ' o Y o A v
A9950UABIIMA VN T WY daziuay liaunsoiinar ldana1 ATS uuu@en laae
AUV MATS#32 89810011009 MATS#16 1W512@09 19N 1930 UM TAUNUNDID1F UL
N 4 o 9 44 &
ATS 1uURe) adauved MATS#64 suilu ) Tuldnagsus ATS uuu@e 1Hio991AntI950U
Y < 9 1 ~ 9 o

N1SAUNIVDI MATSH64 N 151721010071909 ATS nuutae ludr1iues anvana
v A y 9 I A 9 A o ax v A
ATt Al asoagliduuuanemaiaen]e iy MATS W30 0ano3sunsAunIdUla
) [ k) 1 A v A [ asR Y [
dmTuunarimsma e Ngan o) A5aendaneI sy liyaNnuanyuzyeIlam
A Y a Aa A o v 9 =\ ] = 9
e lvnadszansaimnismaugega vuieanunaminiyiiaiuaiealsiasnls
[ AR A [IEY] 9 ~ Y o Y Y <3 1 1 ~
ganessuh lidudeunanniolimaou ldgndewaz sias1nzmuzaundt uamnilynin
= ' v Y A Y o aR 1 ' ] Y o Y Y Y
nanugeengudeumsionlgoaneituedisiteen iamisaldmaou ldgndowaz 14

Y o S o0 I Y A 9 o Ak Aa a a R =
namﬁﬂumﬂm@‘umuﬂmuJu@auaanhaanm‘ﬁm/mﬂszﬁmquwum%wmm

o Y o a 2 Y ==X T @
Glm%wum@aﬂ@iﬁwmnmumu"lﬂmmqﬂzmmzfmmmum



71

' - 4 ¥ . . o
“AnUosIFUANITANAIVDIULIAIAUK W?’E] “% search time reduction” AT A

Tugnsneh 5.6 Idvinmsulasdeyaninnmise 5.4 Areaumsi (5.4)

avergesearch timeof ATS-avergesearch timeof MATS)
_ x100 (5.4)
avergesearchtimeof ATS

% search timereduction = (

1o average search time of ATS A91I81NSAUNURAVDI ATS HAY average search time of
{ 3 < @ 1
MATS ﬁanmmiﬁ'umm?wmm MATS mﬂﬁlmuﬁmmmmmsammﬁﬁjumsum MATS
Y v
ﬁe'fjuw%uﬂmmwm ATS !LTJ‘]JL?]EJ’J@‘(’JNIIS ﬁ?ﬂﬁj\lﬁiﬂugﬂWiﬁjuﬁW‘U@\i MATS AN319U04
= v s 3 v S v 9
ATS nywaed vz ltdesisudanisanasveosatauvnuduyan lunisasenuadw
Y a4 A v s 3 o

WINANTTOULMTAUTIVOI ATS LUVIABIANTIVEY MATS 12 115 uanisanasveaan
Y I ~ o o = & = 1 g’/ v =
AU uaL 910A15199 5.6 AANUN 2 FUTUNAYDI ATS LUVIAYY WUNNIHANINFUIZH
1 1 W o v g)/ { A o {

ﬂ]LW]ﬂUﬁuﬂLﬁﬁﬂuﬂUﬁNﬂ VNﬁLﬁi’Nfﬂ”Iﬂﬂ?ﬁﬂTH’Jm@”liJﬁiJﬂ"li‘ﬁ (5.4) Taguny averaged
search time of MATS d1%5UNT 8l MATS #HatduN19¥992 A 1n1ny average search time of

3 Y

& o q Yy Y1 & 7 sd v "o 22 o =
ATS HULBDJ Tlﬂﬂllﬂﬂuﬂuﬁuﬂ ﬂﬂllﬂﬁlcﬁuﬁﬂWiﬂﬂaQﬂJi’)ﬂL’mTﬂuﬁ1L‘Vﬂﬂ‘]Jf‘quJuENVITWL!TV]
I~ 9 [ 1 d’ddy ~ 1 = [
Lﬂumuummmz'H’JNﬁmmuz‘nﬂmuuazﬂmiﬂuzmwawm MATS mgunuvald ATS
TGN

1 s 2 14 a g}; 1 [}
ﬂ'llﬂ?J5LG]51JﬁﬂWiaﬂﬁﬂﬂl@ﬂnﬁWﬁju‘ﬂ']eUﬂi MATS Lﬁi’)Uﬂﬂ%uﬂﬂﬂ!t@tlﬂﬂﬁ@ﬂﬂuﬁﬂ

Yy 9
é Y J

k) < A A [} 9 Z}/ Jo 9 A g 1
ﬂu’ﬂ1“’!]1!ﬂi$1/]\11’iﬂﬁUﬁWU’Jﬂﬂu‘VﬂiuTN‘ﬂﬂﬁ\iﬂG]fuﬁ’J‘Ll3JﬂTLTJu“U'Jﬂiﬂﬂﬂ’]'Wiu\WNuulm'ﬂ\n
1 (= ) A 1 A @ 1 1 ~ J v
MATS ﬁjuiﬂmuﬁiiﬂugﬂﬁﬂu‘ﬂﬁ/]ﬂﬂ?n ATS HUULRYT AIDYTNUBU ﬂimﬂlﬁlﬂﬂﬂﬂ"]ﬁu SF
Y1 s < 4 9 v a3 ~ '
MATS#16 ’fﬁ‘iﬂ‘iﬂclfl’iﬂHﬂ’E]‘iLG]ﬂJ@lﬂ?‘iaﬂﬁﬁ"llﬁNL’J’ﬁWﬂu‘ﬁ1klﬂlﬂu‘]J’Jﬂ!La$QQ‘VlE]ﬂsl,L!ﬂ’sjiJ
{ A o o d o 1
MATS iag ATS LL‘U‘UL?]EJ’J T]‘iﬂﬂﬁﬁll‘!‘IﬂﬂWﬁ’é)U’Nﬂ’ilN‘Uuﬁﬁﬂ“]fu SF ﬁj’JElﬂW 39.06% Liag ﬂiiil
s o ' P-4 Y Ay A ' <
"Uﬂﬁﬁﬂﬂ%u ShF ﬂuﬂaiwummiaﬂawmnmﬂuwmuawqﬂuﬂqmm MATS Lﬂuﬂl’é)\i
= < 3o = B~ = = 9 ~ [
MATS#4 Uf1 7.68% “If\‘lﬂilﬂﬂ\'iilﬂﬂﬂu‘u’Jﬂclf\u!,ﬁﬂ\m\‘iﬁuiiﬂu%ﬂﬁﬂu‘ﬁﬁl@ﬂ MATS “VIf,;(\'iﬂ’N
39 v = o A
VD3 ATS L']JL!@IL! ﬂﬂl?ﬂﬂiﬂ!ﬂl@ﬂﬁ\‘]ﬂ%u ScF2 N MATS#4 MATS#8 MATS#16 #32 Llas #64
[ <3 A ]
Glﬁ'm!,ﬂai«vuﬁmﬁaﬂawammﬁ’um'lﬁ'mau %Qﬁﬂ’ﬂi]ﬁllﬁfnﬁlliiﬂu%ﬂﬁ?%)L!WWGIJ’EN
Ay 1 A ! s d v
MATS naognia1 ATS LUUAYD Iﬂ‘c’Jﬂ”I!‘]J’é]ﬁL“lﬂ!@]ﬂ"lﬁﬁﬂﬁ\i‘u’f)\u’m"lﬂlwﬂsllﬂﬁ MATS#4 #8
#16 #3211a% #64 T ul, ﬁ’ﬁ’a -3.45% -19.31% -27.40% -72.48% 1A% -501.86% A1 A 1A U
A 994 72 o ) ~ o o =
L“IN’EﬂWL‘HL!ﬂTWL‘]_I’f)i!,“]f‘Llﬁlﬂﬁﬁﬂﬁﬁlﬂ\i!ﬂﬁ?ﬂuﬁﬁmﬂ MATS megunu ATS ¥ALRUUUINUUTUD

Tugdununsluns naasdagln 5.2



78

1
Seo
g
Teo 5655% 56.78%

g
3 38.76%
54 I
g 23.41%

220
S

O L L L L L L
w #4 # oo M6 w2 oA
(n) BF

1

Ssot

B

=

Beo

g

k=] .05%¢

z 20 39.05%

g 22501% 2050% 21.42% 19,29%
<% i
[=)

O L Il L L L L
# #4 # o 416  #R2  #o64
(M) SF

1
g8

g

=
B 60
=
4

26.00%

g 1 2035% 1 23.28% |
S - 9.14% . -11-53% 8.55% .
0 L L 1 L L L
w0 # o M6 M2 #eA

(9) ScF1

1
g8
M
0,
g o 4A78% o oo
-g 19.74%
g0 14.79% 1205% 10.78%,
O - ‘ \ : : ‘
2o B g ¥ W2 i
(W) RF
1
580
g
B 60
£
- 40 il
5 29.25% ——
g 23.19%

. |
80 1000 13.37%
(0 ‘ ‘ ‘ ‘ ‘

> 1 # g #16 #32 #64
(9) ShF
o -408%
- -345% 19.31%
o
£-100
>
8
E-ZCD*
=-300
O
8 400
B3
-500 ‘ ‘ ‘ ‘ -501.86%)
#0 #4 #8 o #16 #32 #64
(R) ScF2

A 1 -4 Y A )
3‘]_]‘1/] 52 ﬂﬁ']V\ILL'V]\1L‘]J’E]iL“]ﬂ!ﬂﬂWiaﬂaQGU@QL’m"Iﬂu‘Vi']‘U@Q MATS meguny

= Jd o
ATS HuuReIuuneanTu

TIWIUTOUNTAUNIRAGUDI MATS duyant ATSHDUIAYD HTAIAIAI5199 5.7

Y o A o = 9 ~
]’lﬂ%TﬂﬂTiﬂWU'Jm@TllﬁllﬂWSV] (S.S)IﬂfJGTﬂfJﬂlﬂﬁiJvﬁﬂTiliEJﬂ1611 DM 910A19 19N 5.2 sznou

MATS search rounds equivalent to ATS = Z dm, xn,

i=1

(5.5)



79

Tag? MATS search rounds equivalent to ATS NUIHDI TIUIUTDUATAUNIVI MATS ﬁﬁi\lyja
[ A k) A ~ 9 s’:}a A . A o 1 9 1
AU ATS dm, AnsauMsAumINIMsienls DM asan i n, AedIuntieauiIneuns
=) 9 g’a A . @ v 1 o [ A = o A 9
iFenls DM ATaN i @redramsutlasmdmiun1snain 5.7 nsalvedilyri BF Audumsaum
A28 MATS#4 Tago1dodoya1na15197 5.5 wunlesuiuseumsdunune 507.94 501
H Y H
sanudeya 11nA15199 5.2 NUM3iFenls DM Swudesassluseumsauniii 5 uag 10
Y Y H
amdny TagriinsusniinsaaiuIunIIeA U AT UIBAUNT LAZATINdDIanDN
& ' Y o Yy A A £y P~ o ° Y A '
NUUIeAUIM iMases i anum luNgaun e N N u19nI1 iWannuaadluy

=

~ Y o ~ o Y A
qUN1IN (5.5) %gulﬂﬂ\‘iﬁhﬂWTH (5.6) UIUTDUNMTAUNURAYTUYAUDI MATSH2 WA
i ' T v 9
527.94 591 c’?ﬁﬁ’aﬂmmﬁmumumﬁumm%mm ATS LUVIAYD “?Qﬁﬂ'l 556.06 59U ANUU
A a Y A A 9 a A R Y 1
IHONWAITUUIDINITAUNURAIVDI MATSH2 nly Ull] 4.8901 3UIN BIUBYNINIVDI ATS

nuuded #al9la) 5.3940 w0
MATS #2 search rounds equivalent to ATS =507.94x1 + 5x 2+ 10x1=527.94 (5.6)

nsdlvoetlynl SEAUTUNITAUNIAIE MATSH64 Tngp1fodoya1na1s19i 5.5
T951uaus0unsAUNIRGY 36.16 50U FAUNDTRYA1NA151970 5.2 110n15i5en1d DM
v 9 H
fruniiensalusounsaumi 1 ud1MIn15ans1UIUMUIBAUNIAY 63 NUIBAUN
A 1 A Y o A o Y =
wounumasluaunisi (5.5) e ldnaaunisi (5.7) NUIUTOUMTAUNUNAYAUYAVD
&

MATS#64 A1 99.16 391 $9110801191UIUTOUNITAURURAIUDI ATS LUVIAYI FaTan
Y

a R

Y ) ] v
108.22 39U A9 NITUMIAINMTAUNUNAEU0I MATS#64 N4 1) 1.8431 11 Farloe
[ d‘ né 9! a A R A Y o
N9 ATS nuniae #9191 2.2837 Uil Velianudumqaura udangaaiiuiusou

MIAUMIRATENYAANINYEY ATS tuuided 18 linnfa
MATS #64 search rounds equivalentto ATS = 36.16x1 + 1x63=99.16 (5.7)

nitlvelyni ShF dutiumsnuniaie MATS#32 Tasordedoyanina1stsluaisied
Yo Y ~ U [ P 1A ~ Y
5.5 1531UIUTOUNIAUKUNGY 61.68 30U 3IUNVIDYAINAIT1N 5.2 1M iTen 19 DM
) v 1]
UIUNTIAT I UToUMIAUMIN 1 1d29INTAATIUIUNUIGAUNIAL 28 HUIAUNT MDD
NUIUNUIBAUN TUITOUMIAUNIVDI MATS 90 4 HU8AUN ounuaadluaunisn
Y v A o F) A =
(5.5) 92 1@AadunI59 (5.8) TIMIUTOUMIAUHURNDIANYAVOI MATSH32 31 274.72 501

v H H ] v 1
C‘]?Q'ﬁl}@Elﬂfﬂfﬁﬁ,.!’J‘L!if’]‘]Jﬂ"I'if’?I}uWTmaEJ"U@\i ATS UULIAYD FaTia 342.54 591 AatULaNITaN



80

NAIMIAUKIRAEUDI MATS#32 N1% 11 2.2640 Ju17 Fatlosnued ATS tuumed Fald'll

a AR A A A o o o a6 1 Y A
3.3978 31U WUANUAULHATUHND ﬁﬂﬂu?ﬁﬂ!ﬂ@lﬁ?ﬂiﬂﬂiyﬂ'ﬂlﬂﬂ DMUIUNUIYAUNTIANYIAD

A

' ° Y] g 1 &R A A O A Y] o Vo
ﬂ@uﬂ']TWUﬂ'19']E]U'JQﬂ'J'NUbJGlGIfWU\HWNQUﬂﬁmﬂ'JHlﬂ Lu’f]\ﬁ]'lﬂlai]@ulﬂwEﬂfﬂilﬂﬁl]ll@]\‘]ﬂ'l DM

Y Ed
%

v ' v A & v v A X 2 a a L a
umwmmm% N, ﬂﬂﬂﬂﬂﬁﬂ’iu\ii]%GlWWﬂﬂWiﬂuﬁTﬂﬂeUu MNUBDTUNAIINTITUBIAUDINURT
Y o Y = Vo & Ay v A Y
ShF ﬂﬁgﬂﬂﬂﬂﬁﬂﬂWWfJU’J\‘]ﬂ’JW\?ﬂﬁ 18 AN ﬂmumimau‘nNﬂummmaaimamummum
' & Y T v Ay Y o Y @ @ & Y < 49! J
3J1ﬂﬂ’)11/iu\'il,ﬁu‘1/]1\‘il‘1/]Tﬂ“]JHJﬂIEJﬂ1ﬁ1ﬂW‘1Jﬂ1§]?)‘U’Nﬂ’J%W]’Jslﬂﬁﬂﬁ'u\‘]ulﬂiﬁﬂl‘i'ﬁluﬂ’ﬂ

A A =& Y Y 3 3 9
ﬂTﬂJLWEJ\‘]‘Viu\‘lL’LTu‘V]NﬂﬁﬂUW1ﬂ!’ﬂu11ﬂ
MATS #32 search rounds equivalentto ATS = 61.68x4 + 1x 28 = 274.72 (5.8)

n3tlvelayni ScF2 AU sAUNIAI MATS#2 Tageidedoyaninaisteluaisied
Yo Y = 1 [ A S ~ 9y
5.5 199 1UIUTBUNMIAUNUREAY 30.02 30V TIWAVTDYAIINAIT1IN 5.2 31UN3380 19 DM
[ ) v l
faunieasluseumsdunin 1 udnihmsaaduauniieaunIag 1 nideaunl e
1 A Y o ~ ° Y d‘
Aaaluaunisi (5.5) 9 14AadunIs i (5.9) SIUTBUNTAURURASTUYAVDI MATSHS
A = g "o ) A A & A
U1 31.02 391 910N TIUINIOUNITAUNURAGYDI ATS HUVLAYD FINA1 31.24 501
A A v = Aq ¥ N = " v '
oW1 UIAINTAUN URAUYDI MATSHS 1% 11) 0.2419 Ju1di wufesninues ATS
A =< Y a AR A A % 1 o Y
puuRe dalall 0.2522 Fui TedluGeaRaumaRanUIEHINTIUIUTOUMTAUNI ALY

AUNAIMIAUNIRAY
MATS # 64 search rounds equivalent to ATS = 30.02x1 + 1x1=31.02 (5.9

n3tlvelyn ScF2 AuiumMsAuMIAIe MATS#S Tagedodoyaninaiseluaisied
5.5 131U UM IAUHIRDY 26.48 50U SAUNDTOYAINAIT1N 5.2 1TnsHEenls DM
v Y H ]

Puaunilens luseumIaumi 1 ud21nsaatuIunLBAUNIAY 7 HHoAUN Wounu
' { Y o { o A
Aadluaunish (5.5) vz laasaunish (5.10) SurusoUMSAUNIRAGANYAVDI MATSHS
= =< 1" o y A ~ R A A
A1 33.48 50U FWINNNTIUIUTOUMIAUNUNALUDI ATS HUDIAD F9TA1 31.24 501 10
A Y A ~Aq Y a A X ' '
W91TUIAINTAUN IR0 MATSHS N1 14 11/ 0.3009 TU1T TINVUIININNT1VDI ATS

= = 9 a a KR 3 A ~ [ 1 o vy
puw@aed ¥9l4 1) 02522 Judi JuiluFesnaumguanuszniediuausoumMsAUMIANYa

[ 9 A A a [ tg a 1T A =S 9
AUIAINITAUNURAY LUDNWIITUININANHUSWUNIVUDY ScF2 NUNULTIVLLDEAIALDYILUN

=) e

[ Y a o Yy ] 1 Y =2 J 9 Y ) [ af
ﬂ?@’f)‘]JTNﬂ’JNGL‘LWJﬂ‘VIﬂ‘VIN ‘VIﬂ‘ﬁllFI’NZN"IEJG]’E)ﬂ”ISﬂLWI”IleLﬂu"llﬂllmlﬁﬂﬂﬁiﬁiﬂﬂaﬂ@i‘ﬁll

e

= v Y A F) =] 3 Y Y < o Y
UlllﬂJﬂ'Nll“]f‘U“]fﬂuGluﬂTiﬂﬁSN')aNaVIﬁ]z(lclfna'llwfNLaﬂui’)ffluﬂ’]ﬁﬂuﬂ]ﬂWUﬂ]ﬁ@U’JQﬂ?]ﬂqﬂ



81

' v & ) = g o ) Yy
Iﬂfl\‘l'lfl@'lﬁ] muuﬂmum ScF2 Iﬂflﬂ'liﬂuﬁ'lﬂl'ﬁ]ﬂ MATS#8 i]\‘i]lllﬁ'liﬂiﬂ‘l/nnﬁ']ﬂ'liﬂuﬂ'IUlWME]EJ

NI ATS LR 18 ArognalazNseTUIeRINa 1T 1eAY
MATS #64 search rounds equivalentto ATS = 26.48x1 + 1x7 =33.48 (5.10)

HAMINATOUANTTOULYDI MATS MeUN YOI ATS LUUReT A2e1yr1n1snia
A a dy a 2 Jd o a U J I Jd o 1 < @
Mg NgaFINUAIN TNy Tasiarsannnauleiguaonsidiuanmin)suilga
[ d' 1 9 J v 9 1 g‘/ a
awaaslugii 52 wudidenduusnldun BF RF SF ShF az ScF1 MATS 1anniia
d 1 l a . 1 o <3 °
AWANUUADINUIBA UMD UDIHNAVANUIGAUMA NS 0ITIANINEINTAUMNAIADDIN S

Yt = ' ) 9 Y A A ' Y
188011 ATS nuwden aruilansuganie laun scF2 lifies MATS HuUA0IHUBAUN
v YA ° < v Y A \ A Y a A A Y
MITUNAIUIT011A 0590157 UN 1AANI1 ATS uuUAe) rudni1riianvias ldun
' o < Y A 9 =
MATSH#4 #8 #16 #32 uag #64 MianninmianuEalianinves ATS uuu@enld s
G = { o o ' { )
IiH U MATS Ta1105230 08 1umsaumaneuaIng ATS HULRSIUID

=

= Y s <2 o Y )
N3fUed BF MATS#16 amsnldanlesidudmsanasvesnainuni ldgegaia
[ o = ~ Y A < Y J 3 4
56.79% Mueuny ATS tuume) azhtiosigailuves MATS# laauesidudnisanas
] a Y o A a P 4
YOINAAU NG 6.35% INAIABIN VYD ATS LUVIABI NIAVDI RF 1losiFudnmsanaivod
) .
AIAUNIGIGA 44.78% 11 UUD1 MATSA16 1aZN1TAAAIVOIIAIAUN T oo gA 10.78%

< ~ 1 J J Y @ I
11 uved MATS#64 nTalv0d SF ANledigudnIsanatvednalAurIgIgadinuiluves

v v

A 9 =1

o I
MATS#16 %118 39.06% nazioongaitiluves MATS#2 1A17i09 17.60% N5l v ShF
I Jou A AA o 9 1 2 o = Y
WuenFuderddidineurandauinnimilesminey I MATS#32 laninisanasueaan
A I 1
AU 33.37% uazilosNgaluvod MATS#4 A28A1N15AARIVDINAIAUKIZITA 7.68%
=~ 1 J 3 4 9 I o vy
N38Ve4 ScF1 Andoiiduamsanasvosnmaumgegailuves MATS# Taosinla 26.00%
Y Y A I A ~ 9 I 1 A '
naz MATS#32 lddeengaiilunoe 8.56% nsdigaiieiluves ScF2 guiiioulunanuaisves
A Y 9 v a 0 1% 1A A 9 ' 1% ddy < ~
ScF1 tiloanindesFlsndunndiamdaassaunuualiginsaumiaienuy nsaitilunsdl
A & A Y s & v ! s 2
wiey osnniinsalesidudmsanasuesnadumuuuuinuazawlesiFudnsanasves
) = =2 Y 1 = 'y S A a dq
NARUMLLUALFIHNBDITINT ATS LUVIALI 5900ga10 Tao MATSH2 1ifuifioasiiai 14
' P 4 v 3 A ' A A Y
Andesisudanisanasvesnainunuiuninie 4.08% aauiimae laun MATS#4 MATS#8
LV Y J Jd I J Y I A
MATS#16 ttaz MATS#32 ldmsasidiulesigudmsanasvosnadunuiluauioe -3.45%
o w J J o
-19.31% -27.40% U@ -72.48% AWA19 Y Tagmniy MATS#64 1dAulesidudnisanasves
Y A = & = o Y ° Y Yy A ¥
namuIARauuInga Fauueduinsdummaeulnielasnngaluvesnangu ATS

A 9 ' s o Y
Uy Liae MATS mamyﬂmmummiaﬂawammﬂuﬁ1 -501.86%



82

U J < 4 Y . ¥
“ﬂ']lﬂﬂjlclfu@ﬂ1§aﬂaqm@\15aﬂﬂuw’]” W%ﬂ “% search round reduction” @QLlﬁﬂ\jiu

= Y P ~ v A
BTN 5.8 ”lmnﬂmmﬂawmgamﬂﬂmiww 5.7 @uaunN1In (5.11)

% search round reduction
(avergesearch round of ATS- MATSsearch rounds equivalent to ATS) 100 (5.11)
= X
avergesearch round of ATS

1o average search round of ATS ABTIUIUTOUNMTAUNURABUDI ATS LUVIAY?
1A MATSsearch rounds equivalent to ATS ADNUIUTOUMIAUNURABUDI MATS ‘ﬁﬁugaﬁ’u
~ ~ = d o 1 9 S <3 4
VDI ATS HUULAYI I1NAT1TINN 5.8 ﬂimﬂlﬂ\iﬂﬁﬂ%u BF Wu21 MATS#8 Gl‘l’iL‘]JﬂiL“]ﬂ.!@ﬂTiaﬂ
o Y A A 1 A Y A A I
‘1]111’31!5?)1]ﬂiiﬂUWTﬁNHaﬂQNTﬂV]QQﬂ’O 56.51% ﬁ)uﬂuﬂﬂﬂfjﬂﬂ@ 3.75% L‘iJLl"U@Q
o @ =) d v 1 Y J I 4 o
MATS#2 ﬁ"l'ﬂi‘]Jﬂiﬂ!sUi’Nﬂ\‘]ﬂ“]fu RF WU MATS#64 1‘HLﬂ@i!%u@]ﬂiiﬁﬂﬂWN’JHﬁ@‘UﬂWi
Y ~ A 1 v s 3 o Y
AUMITUYAAINNTAND 65.34% aIU MATS#4 141103 1FUANITaATIUIUTOUNITAUN
Y} A A = S o ' v v v o ~
ﬁiJiJ”ﬂﬁ\iu@EJT]’QI@ﬂﬂ 0.79% ﬂimﬂlﬂﬂﬁ\iﬂ%u SF W‘]J’Ni‘ﬂNﬁG]ixﬁﬂHﬂﬂiJﬂiJﬂiﬂHlEN RF
A v P o Y A A '
19 MATS#4 gl‘ﬂlﬂ@imﬂm]fﬂiﬂ@]fl]11!’J‘L!ii’)ﬂﬂ?iﬂﬂﬁ'lﬁhlqlﬁﬁ\‘]iﬂﬂ”ﬂ@ﬂﬂﬂ 25.19% d3U
v -4 ° v Yy A A ~
MATS#64 GL’ViL‘]JE]5!“Bu@]ﬂ'liﬁﬂi]TL!’)“IJTEJ‘Uﬂ1iﬂuﬂ1ﬁﬂuyﬁﬁﬂu@ﬂﬂ@'ﬂﬂfl 8.37% NTUUDI
¢ o ! ) 23 @ ° {
ﬁm%u ShF Wu1 MATS#32 Glﬂ!.‘]J’E]ilcﬁuﬂfﬂiﬁﬂi]']uﬁuiﬂUﬂWiﬁu‘VﬂﬁNHaﬂ\‘lNWﬂﬁﬁjﬂﬁﬂ
, PR 9 =
19.80% @21 MATS#64 1d1lo51duanisandiuiuseumsaumauyaaiiosngane 0.6%
~ ’ o ' 9 s 3 o ° Y A
ﬂimﬁ\‘iﬂ%u ScF1 Nu31 MATS#64 Gl“ﬁ!,ﬂﬂi!ﬁ]flmﬂﬁﬁﬂiﬂLl’Jui’E‘J“]JﬂTiﬂu?ﬂﬁiJﬂaljﬁaﬁﬂﬂﬂﬂEjﬂ
A 1 v P-4 o v Y A A
19 42.27% 93U MATS#2 Glfl"iLﬂﬂi!“ﬁu@lﬂﬁﬁﬂ%WH’Juiﬂﬂﬂﬁﬂu‘l’ﬂﬁiﬂgaﬁﬁu’é)ﬁmijﬂﬂﬂ 7.84%
= ) J o 1 Y Jd < o o Y
Lla$ﬂiﬂ!q9ﬂ18ﬁ\‘iﬂ°ﬁu ScF2 Wu21 MATS#2 611’?!,‘]J’f)ﬁL“l)’i!@ﬂﬁﬁﬂ‘iﬂu’Juﬁ’ﬂ‘ﬂﬂﬁﬂuﬂ"lﬁiﬂgaaﬁ
~ A ' v s 3 o ° Y Y A
M1ﬂﬂ@'ﬂﬂ@ 0.70% d@IU MATS#64 Gl‘mﬂ@ﬁL“l)’ﬂﬁﬂ'liaﬂ%TLl’J‘L!36Uﬂ1§ﬂﬂﬁ1ﬁﬂbﬁﬁﬁﬂl&@ﬂﬂgﬂ
A A J A A o k) A 1 o
9 -165.56% mﬂuamummﬂ MATS mmmuia‘umiﬂummaaawﬁammmwmmsau
Y ~ A & @ Y1 - o
NITAUNURNAYIUDI ATS UUUIRYT UUIDN Lm%@']%ﬁﬂlﬂﬂ%??ﬂ%ﬂﬂil“ﬁﬂﬂﬂﬁﬁﬂﬁ\‘lﬂlﬂﬁﬂ?ﬂ?ﬂ
9 = 9 o % 9 [ [ 1 S < 4
i’é]‘Uﬂ']ﬁﬂ‘L!ﬁ']llLLH’JI‘HMﬂl@\‘l@nmﬂlll‘]JGluaﬂ‘HﬂwﬂaWEJﬂ‘L!ﬂ‘UﬂWL‘]JfJiL“])’Mﬁf‘l'liﬁﬂﬁﬂ"’ll’f)xﬂ’)ﬁ?

MIAUN

d
54 AATIZHNAMINATOU
nananiinageviieglujililesidudnisanasuenainissun deuaasly

H Y H H
A1519915.6 FI0AAUENAMNTNYDI MATS NATUNI ATS uuuped ladte q dremsdaunah

A A g 1 = Ao J A 1 =
IATOINNIE TINHANY UUINUFAII MATS UAUTTOUSNANIT ATS HLUULAYI LA INY



83

4 a [ :, 1 v Y o [
IATOINIAAAVUETAIIT MATS UarusIauza1n Faliieansalansu ScF2 §115U MATS

]
=

a [ 9 9 1 g}.; [} = 9 Y A Y Y ~ 1
AUNI 2 A UNAUN UMY aaudarmiianFuimiao MATS 1¥nanisnaaaualIuanIn
{ g’; Qy 4 a (% ¥ a g/} J o [
ATS HUUAINIAY 1oHTUINNANHULNURIVDININNIINFUsEABUNUNANINAA DU
18 mwsoagd1din MATS Tdman1sAuninandt ATS unuiden ldile Ty w1l
ANUFUFOULAZADINITNITEITINNHAINHAIUAZNIIVNIUNIIND 0819 AUDININTU
<3 Y 9 ~ du AW 1 v 9 ' °
BF RF SF ShF tag ScF11iludu dnsalvealansun lulinnusudouodis ScF2 a3
A A [ 9 o v =\ = [ = A 9
MATS NUANMVFUFDUUDINITAIUIVUNINANV BT oUNeVUND ATS LUVLASI N1FN5

° ] < 9 o £Y o <
f’nu’)ﬂ!lluu']ﬂﬂﬁWN']ﬁﬂGlWWUﬂ'lﬂ@ﬂ’Nﬂ'ﬂﬂulf‘?l’clul')ﬁ’]'ﬂuﬁ')ﬂ!ﬁ’)

N
T
— =

w

T
—=ATS a1 5.765 Tuf RseunsAunA 543
—=—MATSH#2 1517a1 5.344 Surit fiseunmsdumil 4ss |
—— MATSH4 151081 4.750 Tunfh Rseumsdumii 446
—— MATSH8 141901 2.156 3unft Rsoumsduma 177
—— MATSH16 14iha1 2.609 3undt fseumsdumnd 138
\ —o— MATSH32 1910an 4.860 Tui Hsoum3Aumi 199

—— MATSH64 19181 3.063 3undi Aseumsaumin 172 ]

N

=
—t
—

Objective function values
o
——

Time (sec)

[ )
517 5.3 nslgimAne 191909 ATS 1ag MATS 14 6 tia nutlywi BF

19 ° v o A 9 Y I K wa v 9

nsmlmsgEinmmaonaendie asgli 5.3 desmsuaaaliriudsgaamiansgam
) a Y ] J v Y
AMA9VNNI1V0I ATS 1z MATS Nnwiia Tasenddeg19landy BE uenaintiainvely
molunmlngdidesnmsdeddeliidrlwaves sM i ldinananesiaildszez v

) 1 [ ] Y [ = ~ 9 I ] [

youmnonlurrwsneuungiehie uanelinsisonld DMifluszes q ¥19v19909
° oY o S A A = A A A A
Maouludinudinouves MATS NAoY 9 anas aunaoIies t1Agd Taeh tAviaunden

ATS 808 139 ATS tuUae? 15 lumsdurisaouuaazsol



84

A 1 o v J oA N
ATS Ljﬂﬁ}uﬂ'ﬁﬁ}uﬂ’lﬁjgﬂﬂ’lﬁ\‘]ﬂﬂfuﬂﬁﬂﬂig'ﬁilﬂ 0.9740 Lﬁ'ﬁ]ﬂ'lluuﬂ’ljﬁluﬂ']@ﬂllﬂ

q

= Y A = v o Y ' Jo o % 10 X
IUDIITIDUNITAUNIN 543iN‘W‘]Jﬂll?ﬂ@]ﬁ]“uﬂ?ﬁ]ﬂTﬁ\iﬂﬂfU?@Qﬂigﬁﬂﬂ 33177x 10 %3

Yy Y
v A

Y o A a Y Y Y a = ' o 1 (%
doandeenuiou lugamsnunt Tasldnardunm lunsdu 57650 i uaagminourleny
Uszunme = 5.7650 7131/543 TOUMIAUNIA 0.0106 IU1T

Y Y a Y = 3 Y o Y A 9
MATS 1y 2 idunnduni Intaesduniin 1ifludwudinenaandis Taeisuau
Y 9 ' Jou  w J o 9y P~ = v o
MIAUNIAIEANINTUIARYT2a9A 1.2018 IUNTZNITOUNITAUNIN 486 TWNUN VA 1A
' Jou o J - ¥ 2 a
nndumesalanduiaglszasd 63224 x 10" TagldnadunmlUnedu 53440 Jud
Y v ~ ' Y} A & 9 ° Y A 9
MATS uu 4 tdunnanunt Indreauniin 3 ludnudianeuisniie Tagisudu
9 9 1 J o [ 4 o 9 d‘ = [ o
MIAUMIAIEAININTUIANUT2aea 1.8234 IUNTZNITOUNITAUNITN 446 TWNUAVA1ADY
' Jdo o 4 E y 2 a
nndedremianduinglszean 6.6243 x 10 Taeldnanum lunsau 4.8600 2uni
Y Y A ' Y} A 3 9 ° Y A 9
MATS uu 8 tdun1anunl dnreaumi 2 1udnudineuisniie Tagisudu
Y Y ! Jo o 4 & Y A = v o
MIAUMIAIEANINTUIAnUT2aen 1.2972 9UNTZNITOUNMIAUNIN 177 TANUAUAIADY
J Jou 4 g 3', 2 a
nndedeamlenduiaglszasn 1.8157 x 10" Taeldnaidunilunsau 2.1500 ud
Y v = ' Y A 3 v o ] A 9
MATS 11 16 1dunieanml Inuredunmiin 9o flugwodinonirendie Tasisudu
v v 1 o s < Y = = v o
MsAUMIAIeANINTUIAnU Tz aed 2.7822 9UNTZNITOUNMIAUNIN 138 TANUA LA 1A
J Jdo o J 4 3’, 2 Aa
nnedreamlenduiaglsyaed 17153 x 10 Tagldardusinlunsau 2.6090 ui
D ) a0 g = ST ° v 4 9
MATS 11 32 iduneaum Iniaeausi 11dudnufiaouianin TaoGudu
Y ¥ 1 do W s & P ~ = v o
MsAUMIAoAININTUIAn T2 aen 1.3982 AUNTLNITOUNMTAUNIN 199 TINUAVAIADY
1 Jo W J - g 2 a
nndemealesnduiaglssasn 66220 x 10" Taglgaidunt iy 2.1500 ud
¥ ) a0y = 9. v ° Y 4 9
MATS 11 64 1dun1eaun iniaeauniin 13 Hugnudiaoulrenin TaoGudu
Y Y 1 dou o s < Y = = v o
MSAUMAIEANINTUTARUT2aeA 2.8961 IUNTZNITOUMIAUNIN 172 TWNUA DA 1A
1 Jou o J - 3 2 a
wndedremlanduinglszeasn 2.9307 x 107 Taeldnanum lunsau 3.0630 2uni
HAY®d DM AoaImsaumasoduna ldvinszezvitcvesdinounogsanu
Y vy ° Y o = 9 <
Vudunsnsgeinmsaeu9ni awaaslug Ui s3duuugailuves MATS uuu
° ~ ' ° o A < 4
64 1FUNAUKT A1ABVINTOVN 1 HvanmineuduTuaw tunal 13tiilounudie
A A A I a =1 1 o A I
t~ 0.0106 W17 Amiluat 13 x 0.0106 = 0.1378 TH LAz IMMIABDNTOUTN 2 1Tunan

sz 64t 9211152391 64 x 0.0106 = 0.6784 U



85

25 T
\
* 25 !
20 E} ' - ATS 1811 7.92723m1i 17:I‘JE)‘1Jﬂ‘Iif9]’uW‘I‘I7:I 735 |
<,‘.|| 20‘5\ = MATSH#2  14hm 6.89043m1i ﬁiaumiﬁ'umﬁ 634 | |
o - MATS#4 14 6.71755mi fiseumsdumi 70
% “‘.““ - MATSH8  131aa1 8.05633u1i fisoumaaumii 710
2 1543 15¢ ~+- MATS#16 14iaa 385563 fisoumadumifi e | |
% { ‘\‘I‘-l [‘ -+ MATS#32 ldia1 5.77803u1 ﬁiaumiﬁ’umﬁ 262 |
E I‘\:‘-‘ 10 “ —o- MATS#64 14101 3.8664717 Niseumsdumi 233§
2 \
g
S

Time (sec)

H Y
519 5.4 nslgEmIdIne 1IN VDI ATS 1tag MATS 119 6 ¥ia nulaynl RF

v 9 o ) @ A Y Y I X A L))
nsmmsguEinmmaenanIg aagin 5.4 deamsuaasidiudgueauianmsgum
) a Y] 1 Jd o e
AADUIINI1NUDI ATS 1ag MATS NNFUA 1AB8NA29619MINTU RF UONINUA TS0
To Y a A =2 9 Y 9 A o Y a R o Y
melunmingdidesnisesuiedendeiulminlanaves sM mhlvinanainesdsarinly
] o 1 [} ] = I~ ] 1
52arr19v0dMA0 L IUF T NEIIUINN BN uanelinsisonly DM iHluszey o ¥29119
o o w o =3 A =1 = A A A A
voumaeu luaIAUMAo UV MATS NABDY 9 anad IUHADINEY t A7 Taeh t ABauRaeN
] A d‘ 9 o 3
ATS 808 139 ATS uuuae) 1¥lumsdummaouuaaz o
A 1 d o ] 4 4 o a 1
ATS Fudumsdumalemlanduiaglszacn 21.6416 iloduiunsaumiae 11
= Y} A = ) Y ' S w  w s 29
IUDITOUNIIAUKIN 735 AN VA UAIN0UAIIAININTUIAQY I aIn 1.4393x 10
= 9 o A a Y 9 9 3’, Qy a = 1 o ]
FadoanaosnuNou lugAnisaunt Tagldaiduw ldnedu 7.9272 Juii uaazdnounig
sz t=7.9272 31141 / 735 S9UMIAUN A 0.0108 JU19
Y v A 1 Y A 3 v ° ] A 9
MATS HUT 2 IFUNWAUNT UHUIBAUNIN 2 1 udnuaineuandng Tagsudau

9 9 1 Y 4 < k) A = (Y o
ﬂTﬁﬂuﬁTQQﬂﬂTﬁﬂﬂsﬁug@]Qﬂigﬁﬂﬂ 13.8441 AUNTENITOUNITAUYIN 634 WNUNUAINDU

Y y
anhadeanlanduiaguszasa 5.9878 x 10° Tasldnardum lvedu 6.8904 3unit



86

) Y A Y = 3 9 ° Y A 9
MATS #4UU 4 1 HNNAUKT U UIIAUNIN 1 L“]J‘Ll@‘W‘]JﬂW]?J‘]J’Nﬂ’JN Iﬂﬂlih@]u

[

v Y ) ¢ & ) = = v o
msfummealansuiaglszaen 18.7604 9UN5ZNITOUMIAUNIN 470 TNV UAIADL
U Jou o 4 - 3 2 a
nnddremianduinglszeaen 1.8926 x 10° Taoldadum lunedu 6.7175 Jund
Y v A Y = S 9 ° ¥ A 9
MATS u 1 8 tdun1aum Jrtdeaunin 2 1uduudinenirindie Taoisudu
Y Y du o s & Y = = v o
msfummealansuiaglszaen 14,9392 9unszNIsoUMIAUNIN 710 WU UAIADL
1 Jou o 4 - 3 2 a
nndumemilanduinglseasd 2.9660 x 10° Tagldnadum lunedu 8.0563 Jud
Y Y a v A g9 ° Y A 9
MATS 1y 16 1dun1anuml indleaunmin siflugwodiaeureniie Tasisudu
9 9 1 d @ (% 4 o 9 ~ = [ o
MIANHIAIeMIINTUIAYUszaen 8.3607 9uNTZNITOUNTAUKNIN 294 TanuADMADL
J Jdo o 4 g y 2 a
nndedremanduingszaen 2.141 x 107 TaolHardum luveau 3.8556 Ui
Y} Y ~ ' ) A 3 v ° Y, A 9
MATS 11 32 1 dun1eaun Snuaeauniii 24 Judnumaonianin TasGudu
9 9 1 J % 4 ) 9 ~ = [ o
MIAUHIAIEMTINTUIAY52a9A 8.8237 IUNTZNITOUNMTAUNIN 262 VaNUADAIADY
' Jo o Jd - 3', 2 a
Anndremlenduinglszan 9.3481x 107 Taeldadum lisau 5.7780 Jui
¥ v a0y = ST ° ) L 9
MATS HUD 64 1dUNNAUNI Hniaeauniii 36 iugnumaouinin Tassudu
v v 1 Jo o s < Y d‘ = )
msfumealansuiaglszaed 17.9332 9unszniseumsaunii 233 nunudiney
1 o o @ - ¥ 2 a
nnemealenduinglszan 4.8136 x 10” Taoldaadun lnsau 3.8664 Ju1i
HAYDI DM AD1IAINITANHIAINITDEUNA IR0 INTzezHIv0ImaoUNogFanY
9y 'Y ° Y o = 9 <
vudunsmsgriimdinouaraning awaasluzdn 54 i duuugailuves MATS un
Y Y ° = 1 ° oA 9 3 4 Y
641 dUNIAUNI MABVINITOVN 1 H1snndIaouAuTuaY 1T el 13tilounudie
a A a d a = 1 o A <
£~ 0.0108 2u17 AALiua1 36 x 0.0108 = 0.3888 U9 HAZHINIINMABUIITOUN 2 1T unan

Uszanm 64t 9zl una1lszana 64 x 0.0108 = 0.6912 U



87

m; T T T
] _ . :
\ - ATS 191981 2.1311 3119 NTLUMIAUNINL02
\ ] 1
4505 8- MATSH2  1411a1 1.7091 3119 Rseumsaumi 77
\ 1 1
5\ -0 MATS#4  1d1ia1 1.7724 1% NI0UMIAUNIN 67
= \ -
4CD \ a A P~
\ -—%--- MATSHS  1917a1 1.6458 3UH NI0UMITAUNIN 56
\ a ~ A =
o 350% N -+ MATSHL6 1417a1 2.3843 Jufi Aseumsaunin 41 |
[} \ \ a oA =
% \ \ -4 MATSH32 1410a1 1.7513 Funil Aseumsaumnii 52
\ \ - ; 4
Z 3001 \ -0 MATSHOA 141701 1.9834 3117 NsoUMIAUNNT 32 | -
(@) \ \
= \ \
| 8] Y \
S 250 ‘\ \ B
E \ \
g y \
1 \
£2007 N\ |
[¢F] A \
Sl N
\ \
150 .
0 =3 W NRSRm—
0 0.5 1 1.5 2 25
Tine (sec)

1 Y
510 5.5 nswlgiimidmaenaen19und ATS tag MATS W3 6 atia nuilyn SF

)] ° Y o A v Yy 3 X wa )
ﬂi'W\lﬂ']iQLGU']W']ﬂ1ﬁ@‘U'Nﬂ'NQ ﬂ@gﬂ‘ﬂ 5.5 @@Qﬂ’lﬁ!lﬁ@\ﬂﬂ!ﬁuaﬁﬂqﬂ!ﬁﬂﬂﬁﬂWigWWﬁ’]
) a @ ] Y g
ﬂWﬂﬂU'JQﬂ'SHQ"U@\‘] ATS uuas MATS nﬂ%uﬂ Tﬂﬂﬂﬂ@]?@ﬂ”l\iﬂ\iﬂﬂfﬂ SF u@ﬂ%’lﬂﬁﬂ’]W‘Uﬂ’]‘(’J

=

molunningdidesnmsesuredenideruldidnlanaves sM M ldinanaineedai i
1 o 1 R Y 1 = = 9 I ] ]
srezivesmaeuTugiwsneuunNTIeie tanelinsison1d DM illuszez q ¥aevi1g
° o ¥ o <3 A A =2 A A a A
youmnou ludiduminouves MATS NAve < anad undeLiiel tifed Taed t Aonaunaon

ATS 808 139 ATS tuUae? 15 lumsdurisaouuaazysol

o

A 1 d o 4 4 o a 1
ATS sudumsdumaleamianduinglszaed 24.6516 lodniiunisaumiael
= 9 ~ = @ ) 9 U J o w 4 & 9 [
MWDITOUMIAUMIN 102 Tanunumasudrenianduiaglszaen 0.9980 Faaeandoeny
] v Y
RoulugAansaunt Tagldardun ldvedu 2.1311 3wl naazMaeuriesnulszuu
t=2.2837 3U171/108.22 50UMIAUNI A 00211 FU17l
¥ v a v A 39 ° v 4 9
MATS 11 2 idunnduni Jntaedunmin 21 udnudineulrndie Taoisudu
9 9 ' do s & v A = v o
mMsfummealeansuinglseaen 442.5451 AUNTZNITOUMIAUNIN 77 TANUAUAIADL

Q

1 o o g’; 2 a
nnfudeslanduiaglszasd 0.9984 TaolHnaidum luiaau 1.7091 3und



88

) Y A Y = 3 9 ° Y A 9
MATS #UU 4 1 UNNAUKI UHUAIAUNIN 3 L“]J‘Ll@‘W‘]JﬂW]?J‘]J’Nﬂ’JN Iﬂﬂlih@]u

[

v Y ) ¢ & ) = = v o
msfummealeansuiaglszaen 116.1422 9uNszNITOUMIAUNIN 67 TNV UAIADL
U Jou o 4 ¥ 2 a
nnddremianduinglszeasd 0.9985 Tasldnanum lnsau 1.7724 3ui
Y Y A ¥ = 3 Y ° v A 9
MATS #i1 8 tdun1aum Jrvreaunin 6 1iuduudinonrindie Taoisudu
) Y 1 o o ¢ < Y = = v o
MIAUMIAIEANINTUTARUT2aeA 56.1972 IUNTTNITOUNITAUNIN 56 TWHUN VA 1ADY
' Jo o 4 ¥ 2 a
nndumemilanduiaglszasd 0.9980 Taeldaidum lnsau 1.6458 uni
Y Y a Y S 3 9 ° ¥ A 9
MATS 41U 16 1 dun1eaun inuasaunin 9 1iudnudinouriniie Tasisudu
9 9 1 d v W 4 o FY A = [ )
mMIfumseAanFuIagUszaed 361.0743 WuNTZNITOUMIAUNIN 41 TanuNUMADY
1 o v 4 y 2 a
nnddremianduiaglseasn 0.9981 Tasldnainum lunsau 23843 2uii
Y Y ~ ' ) A 3 v ° Y A 9
MATS #1321 dun1eaun Snuaegauini 23 ifudnudineuiinin Tassudu
9 9 1 J o [ o @ 9 d‘ = (% o
MsAumAemlansuIagUseaen 492.4344 WUNTZNITOUMIAUKIN 52 TNV UAIADLY
' Jou W d ¥ 2 a
nndamealenduiaglszasn 0.9982 Taoldadum lnsau 2.3843 Jui
¥ v Ay = ST ° ) L 9
MATS HUD 64 1duN1AUNI Iniaeaunii s4 dugnumaonianin Tassudau
v Y ' Jo s < Y = = v o
MIAUIAIemMITINTuIngseaen 29.2753 AunszNIsoUNIAUYIN 32 Tanunumae
1 Jo 4 ¥ 2 a
nnedremilanduingilszan 0.9980 Tagldnardunlinedn 1.9834 Junii
HAYDI DM AB1IAIMIANHIAINISDFUNA IR 1NTzozri19veImInpUNogTANY
Y 'Y ° Y o = 9 <
vudunsmmsgriimdinouaaning awaaluzdn 5.5 duuugailuves MATS un
Y Y ° = 1 o oA 9 I 4 Y
641 dUNIAUNT MIABVINITOVN 1 H1snndIaouA TNy 1T ual s4tiilounudie
a A a d a ~ 1 o A <
tA20.0211 217 Aanilunet 54 x 0.0211 = 1.1394 U3 Az 199 INMABUTOUN 2 1Huna

Uszanm 64t 9zl una1lszana 64 x 0.0211 = 1.3504 3



89

- i ——e- a o p
R SN ! +--ATS Id1a1 3.2472 Fu1i Nseumsdunmnz2e
~~~~~ ! e Flee a { {
@ \,_?"ﬁ 8-- MATSHZ  14iha1 2.8314 3117 Nseumsaumiizg2 |
i , ,
= L —-0-- MATS#  1417a1 2.7621 3117 Aseumsdumnes7
11 1 v
; Vi --%-- MATSH3  141an 2.9898 311 AseumsAumih 74 .
I L ' .
-% bt -—+-- MATSH16 191a1 1.2276 3% AsoumMsAuNIf 64
i a { {
E bt —-te-- MIATSE3?2 191901 1.1088 311l Aseumsduwmin st |
T il v
h ) a  aaA v =
o u;rw' —-o-- MATSHE4 1171 1.2573 Uil Nseumsauni es
- — [} —
5 |
QL 1
e} !
noo E
1
*4 vl
\ o
\ I
‘. ¥
\ 1
1 1 *
1 1

"

S

| | | | I
15 2 25 3 35
Time (sec)

o
o
o

H

] 9
511 5.6 nalgEiMIAIADYINTNVBT ATS 1Az MATS 13 6 wstia nuilayw1 ShF

v 9 o Y @ A Y Y I X A L))
namsgEmnen9n I as3Un 5.6 Aeamsudaaldimiudiguantianisgeim
o a o 1 Jd o g
A1ADUIINI19UDI ATS 1Ay MATS Nn¥iia 1agonA10819WanFU ShF UONINUNTNYE1Y
melunnlvgdsdesnsesuedenederuliiinlonaves sM nhldinanainessainl
] o 1 [ Y 1 = = Y I 1 1
szozivesmaonlurasneuIuNEIe tanolinmsizon1d DM Huszey 9 32911
o o v o S A A = A A A A
yosmmonludiaumineuves MATS Nfoe 9 anad Auvaoiiied t1Aed Tagh t Aoraunden
v A a Y o !
ATS 698 W30 ATS 1uUAe7 19 lumsaunimaouuaazsol
2 1 Jo @ J 4 o A 1
ATS FuauMsAUmMalomleanduinglszaed -18.9087 tilodutiunsauniae li
= Y ] = ) Y do ¢ = Y
IUDITOUMIAUKIN 329 TINVAUMADUAIIANINTUING 52099 -186.7053 FIA0ANA0
v A a 9 9 ) ¥y 2 a = ' ° ' o
nueu lugamaaum Tagldadunldndu 3.2472 3uii uaazdneurienuilszuio
t=3.2472 3U11/329 SOUMIAUNI A 0.0099 F117
Y v a 1 Y A 3 v ° v A 9
MATS HUD 2 idUNWAUN Briaeaumn Liludnudinouaning Taasudu
9 9 1 o W 4 o 9 ~ = [ o
MIAUMIAIIMITINTUIAUszan -20.1502 IUNTLNITOUMTAUNIN 282 PWNUAVMIADY

v Y
anudemlanduiagiszasd -186.7088 TaolHnardum luisau 2.8314 3uni



90

) Y A Y = 3 9 ° Y A 9
MATS #4UU 4 1 UHNINAUKI U UAIAUYIN 4 L“]J‘Ll@‘W‘]JﬂW]?J‘]J’Nﬂ’JN Iﬂﬂlih@]u

[

) Y o ¢ < ) = = v o
MIAUmIAIAITaRTUIngUsyass -13.1016 3IUATENITOUMIAUNIN 277 WNUAURADY
U Jou o J 3 2 a

nnddremilanduinglszeasd -186.7259 Taoldardum lunedu 2.7621 Jud
Y Y A ¥ = 3 Y ° v A 9
MATS uu1 8 tdunaunt Inureduniin siludwudiaouirsniie Tassudu
Y Y . o o ¢ < Y = = v o
MIAUMIAIAITIRFUTAgseasd -10.4622 AuNTENITOUMIAUNIN 74 TanuRumIADL
' Jou o J ¥ 2 a
nndumemilanduiagilseasd -186.7214 Tagldnadum lUnedu 2.9898 Jud
Y Y a Y = <Y ° Y A 9
MATS t1U 16 idun1eaun Jnuedusiii 15 1udnudmaouiindie Tassudu
9 9 1 J o [ o @ 9 d‘ = [ o
MIAUMIAEATINTUTARUT2aen -22.8046 IUNTLNITOUNTAUNIN 64 TINVAUAIADY
' Jdo o 4 y 2 a
nndedremianduinglszeasd -186.7286 Taoldaidum lunedu 1.2276 Juni
9 Y ~ ' ) A 3 v ° Y} A 9
MATS 11U 32 1dun 19Ul uuneauin 15 iuduudiaeuiiniie Tassudu
9 9 1 J o Y] o @ 9 A = [ )
MIAUMIAEATINTUTARUT2aan -50.7880 IUNTLNITOUNTAUNIN 51 Tanun iAo
' Jo o d ¥ 2 a
nndamemlenduiaglszasn -186.7270 Tasldaidunilunsau 1.1088 3ud
¥ ) Ay = ST ° ) L 9
MATS 1Y 64 1duN1AUNI Iniaeauniin 29 Hugnumiaonirinin Tassudu

@ % [

Y Y 7o s < ) = =
MIAUIAEA TN TUIngU s aed -26.9757 IUNITLNITOUNIAUNIN 65 TINVAVAIADY
' do @ ¥ L a

nndamealenduiagdszean -186.7307 Tasldarausilunsau 1.2573 3ui
HAYDI DM AD1Ia1MIANMIAINISDFUNA IR 1NTzozr19veImInoUNogTaAnY
Y 'Y o Yy o = ¥ S
vudunsmsgriniidineu19n I asnaaslugli 56 iduvugailuves MATS 1w
Y Y o = 1 ° o A Y g A Y
64 IFUNWAUNT AIADVIINITOVN 1 W19 UANTNAYN 1TUa1 29t tounuaag
a A a I a =1 1 o ~ I
£~ 0.0099 IUN AT NI 29 X 0.0099 = 0.2871 TUIN LATHIIINAINBUITOUN 2 1T]U

naszanm 64t a2Slunan e 64 x 0.0099 = 0.6336 JUH



91

80Q, \
1
7m“‘> m T T T T T - T '\
i =+ ATS  Idi9en 34.670 3u1fi iseumsdunii 307
i b - . .
K 001 —8-— MATS2 141731 34.896 3u1# Hiseumsauniii 304
600 \ 2 § § B
! ool =0 MATS# 141731 33.310 3017 Hisounsauni 202
1 - ' v
(2] [ 2
S 1 ‘ #-- MATSB 1413a1 29.231 Tufil Aisoumisdumii 237
i . ‘.‘ - : '
S 50014 500 ==+ MATS#16 14171 37.276 Su1it fiseunmsdumiii 244 .
() > : o ad ;
= \X‘\ -~ MATS#32 1419a1 33.650 3u1fl Hiseumsaumidi 236
o s, k. . - : .
s i 400 o= MATS#64 41721 20.960 3117 ATOUMITAUNIN 123
< 400my .
\
- \ 300
SRR SN
= {9‘
2 [
3 300 2001 .
o 4
(@) H
H
]
1
2000 4
[
i
100
0 SN .. A W WS ‘ .
0 20 40
Time (sec)

v 9
10 5.7 nsmlgimdneaanieued ATS wag MATS 19 6 tia nuilayw ScF1

] o v o A 9 Y3 = wa )

nsmsguinmAneu1ane aagn 5.7 Aeamstaaslidudgaauianmsgem
o a (% v d dy

AADUIININNUDY ATS g MATS NN¥A 1aoena10619W9nu ScF1 uanaInlinInuee
To Y a A =2 9 Y 9 A o Y a R o ]
melunmIngdidesnisesuiedengerulmnlanaves sM i lvinanainessarinly

] o 1 [} ] = I~ ] 1
52arr19v0dmA0 L IUFIINEIIUINN B uanelinsisonly DM Hluszes o ¥29119
o o @ o =3 A = = A A A A
voumao L luaaUAIne UV MATS NABY 9 aAad AUHaBLied t1Ag) 1agh t ABIaLRaeN

ATS 808 1139 ATS tuU1Re7 15 lumsdurisaouLaay ol

[

2 ' v s { o a 1
ATS Fudumsaumiatealensuiaglszasn 2644531 Weduiumsauniaoe li
= P A = ) Y} ' Ju o s -5
IUDITOVNITAUNIN 307 TNV UAIABURIoAINIATUTAQY T2 a9R 7.5484 x 10
= Y o A a Y 9 Y ¥ 2 a = ' o 1
Faaeangosnuiou lugansauni TagldnadunilUnedu 34.6698 311l uaaz Aol
AUz t = 34.6698 U17/307 FOUMIAUNT A 0.1129 FU1d
Y v A ! Y A 3 v ° ] A 9
MATS 11 2 idunnduni Jvvsedumii 21 uduuminenarandie Taoisudu
v Y do v I < v A = v o
MIAUMIAAITINTUTAQUsZ IR 424.5487 JUNTZNITOUMIAUKIN 304 TanunumAo

Y y
anhamealasfuiaguszasd 2.8246 x 10° TaglFaAum Tisdu 34.8964 unit



92

¥ Y a v a4 39 o v L 9
MATS 11U 4 1idunnduni Jnvsedunmii 41fudwudinenlrndie Taeisudu
o % ' s @ s & P A = v o
MIAuMIAIeATaNTUIngUsyasd 345.5825 WuNTzNITOUMIAUNIN 292 Tanunumao
U Jou o J - 3 2 a
nnddremilanduinglszeaen 2.6840 x 10° Taoldardum lunsdu 33.3102 Jud
Y v A Y = S 9 ° ¥ A 9
MATS ui 1 8 tdun A um Jrvreaunin 71 uduumineniindie Taoisudu
Y Y ' Jo o J @ 9 A 2 v o
msfumaemleansuinglszaen 785.3802 9UNTZNITOUMIAUNIN 237 DanUNUMAOY
1 Jou o 4 - 3 2 a
nndumemilanduiaglseasd 6.4241 x 10° Tagldnardum ldnsau 292314 Jui
Y Y A Y = < 9 ° Y A 9
MATS 1y 16 1dun1eaunl inaeaunii 12 Jugnudiaouianin Taosudau
9 9 1 v o 4 o 9 ~ = [ o
MIAUMAIATINTUIANY 529 546.5490 PUNTZNITOUMTAUNIN 244 TINVAVAAOV
1 Jou o 4 . y 2 a
nndudremanduiagiseasn 4.5600 x 107 Taoldardum luvedu 37.2757 Jud
Y Y a ' Y] A 3 v ° Y} A 9
MATS #U1 32 1 dun1eaun Snuaeauiii 31 dudnumaouianin TasGudu
9 9 1 v o 4 o 9 ~ = [ o
MIAUMAIIATINTUIANYTZaed 429.7522 WUNTZNITOUMITAUNIN 236 TINUAUMADY
' Jo o Jd - 3', 2 Aa
nnndremlanduinglszan 53005 x 10° Tagldnadun lnsdn 33.6501 Juni
¥ v a0y = ST ° ) L 9
MATS HUD 64 1duN1AUNI Inaeauniii 62 iugnumaouirinin Tassudau
v Y o o ¢ < Y = = v o
MIAUMAIeAITanTUIagUszaes 483.3001 9UNFZNITOUMTAUNIN 123 TanuAUMAOU
1 Jo o d - 3’, 2 Aa
nnndremlanduingiszasn 9.6385 x 10° Taoldaardun lnsdn 20.9605 Juni
HAYDI DM AD1IAINIANHIAINITDFUNA IR0 INTzezHIv0ImaoUNogFanY
9y 'Y ° Y o = 9 <
vudunsmmsgriimdinouaaning awaasluzdn 5.7 i duuugailuves MATS uu
Y Y ° = 1 ° oA 9 3 4 Y
641 dUNIAUNT MIABVINTOVN 1 H1snndIaouA TNy 1T el 62t iilounudie
a A a I a =1 1 o ~ I
tA20.1129 U717 Andunal 62 x 0.1129 = 6.9998 Tu# Az W19 INAIAB DTN 2 1Tu

naszanm 64t axdlunanssina 64 x 0.1129 = 7.2256 JuH



93

400 T T I T
-+ ATS 141781 0.2430 Ju1d AFPUMIAUMIR 31
3508, 8-~ MATS#  141a1 0.2754 3 Asoumsaumi 3o -
S —-0--- MATS#4 14191 0.2761 Funii Aseumsaumii 290
0k S —-k--- MATSH8  1910a1 0.3645 T11# AseumMaAumIN 32 h
- . ---¢--- MATS#16  1917a1 0.4212 Junii fiseumsaumii 23
<5} A a  aa =
= N -4 MATSH32  1910a1 0.6723 311 AiseumadumIh 22
[ = . A ad < B
; 20 . -—-e--- MATSH64  1910a1 1.1745 3u1ii AToumsAumii 20
S N
c - S —
£ 200
— N,
(3] ‘\\
=
© ~
8150 |
o) .
¢
100~ |
*, \\
m7 \\\~\\ \\ _
S — 4;\ AN
------ o
S DS 4 Loala sy, \\\.\ &
oo b4
0 0.1 0.2 0.3 04 05 0.6 0.7
Tine (Sec)

v 9
719 5.8 nslgEimAneUIINIeUDe ATS ttaz MATS 13 6 ia nullayn1 ScF2

v 9 o 9 [ A Y Y I X A ()
nsmsguimmaenaendie aegi 5.8 deamsuaasliimiudsguautianmsgeim
o a @ ] d dy
AADUIININUDY ATS g MATS Nn¥ia Taoenal10619Wendu ScF2 uananlinInuee
To Y a A = 9 Y 9 A o Y a 2 o Y
melunmIngdidesnisesuiedendeiulmnlanaves sM i lvinanainessarinly
] o 1 [} ] = I~ ] 1
52arr19v0dMA0 L IUFITNEIUINN B uanelinsisonly DM Hluszes o ¥29119
o o w o =3 A ~ = A A A A
voamaou ludUMADUUBI MATS NADE < anad dUMaiied t (Agd Taeh t Avaunaeh
] A d‘ 9 o 3
ATS 808 139 ATS uuuae) 1¥lumsdummaouuaaz o
A [ J v @ 4 4 o a [
ATS FuAUNMIAUMIA8A TN TUIAgUsean 3.8933 ioduiunisaunmiae li
= v ~ = v o ] ' Ju o s 52 Y
WTOUMIAUNIN 31 TanunuMasualeAlsnFuinglszass 9.2335x 10° Feaeandos
[ Y Y
nudou lugamaaum Tagldaidum ldnsdu 0.2430 3uii uaazdneurenuilszuiu
t=0.2430 AUIN/31 IDUMIAUKI A 0.0078 TUITN
Y v A 1 Y A 3 v ° v A 9
MATS 101 2 idunnduni Jvvredumii Liduduudinouaandie Taoisudu
9 9 1 Jo o 4 @ 9 A = o o
MsAUMIAIeAININTUIAgUszaen 10.2621 9UNTTNITOUNITAUNIN 30 TANUAUAIADY

Y y
anhameanlasFuiaguszasa 6.5441 x 10° Taeldardum lvedu 0.2754 3uii



94

¥ Y a v a4 39 o v L 9
MATS 1y 4 1idunnduni Jnusedunin 31iuduudineulrindie Taeisudu
o o 1 do o s & P A = o o
MSAUNIAIEAININTUTARUTaeA 4.8644 PUNTENITOUNTAUHNIN 29 TanuAUMIADY
1 Jou o 4 - 3 2 a
wndedremilanduinglszasn 6.0615 x 107 Tagldardum lunedu 0.2761 Jud
Y v A Y = S 9 ° ¥ A 9
MATS u1 8 tdun 1A unI Jrtdeaunin 6 1uduuminenrindie Taoisudu
) Y . o o ¢ < Y = = v o
MIsAUmIAemIInTuInglseasn 27.7010 9UNTZNITOUMIAUNIN 32 Tanunumao
1 Jou o 4 - 3 2 a
nndumemilenduiaglseasd 3.1892x 10° Tagldnadum lunsdu 03645 3ud
Y Y A Y = < 9 ° Y A 9
MATS (1Y 16 1dun 19U H1ineauii 16 1iuduumiaeuianiie TasGsudu
9 9 1 J v [ 4 ) Y d' = [ o
MIAUHIAIeMTINTUIAgszasn 77.9601 9uNTZNITOUNSAUHNIN 23 TanuN DA IR
1 Jou v 4 . y 2 a
nndumeanlanduiaglszasd 7.1796 x 10° Tagldardum ldnsau 04212 Jui
Y Y a ' Y] A 3 v ° Y} A 9
MATS #U1 32 1 dun1eaun Snuaeauiii 28 iugnumaouianin TasGudu
9 9 1 J v [ 4 ) 9 ~ = [ )
MIAUHIAIeMTINTUIAYs2aenA 13,7801 WUNTZNITOUNMSAUHNIN 22 Tanunud A
' Jo Jd - 3', 2 a
nndremlenduiaglszan 7.5479 x 10° Taeldnadum lisau 0.6723 Juii
¥ v a0y = ST ° ) L 9
MATS HUD 64 1dUNNAUNI Hniaeauiii 59 Hugnumaouinin Tassudu
) Y Jo 4 < Y ] = v o
msfumealansuiaglszaed 353.8478 AUNTzNITOUNMTAUKIN 20 TWNVAUAIADY
1 Jo o d - 3’, 2 Aa
nndameamlenduiaglszan 3.6446 x 10° Taeldadunm lisau 1.1745 Jui
HAYDI DM AD1IAINITANHIAINITDEUNA IR0 INTzezHIv0ImaoUNogFanY
9y 'Y ° Y o = 9 <
vudunsmmsgriimdinouaaning awaasluzdn 5.8 iduuugailuves MATS un
Y Y ° = 1 ° oA 9 3 4 Y
641 dUNIAUNI MIABVINITOVN 1 H1snndIaouA U uAY 1T umal 20t tlounudie
a A a I a =1 1 o ~ I
tA 0.0078 U717 Antiua1 20 x 0.0078 = 0.1560 I Az HIVINAIABDITOUN 2 1T]U

naszana 64t a2dlunan s 64 x 0.0078 = 0.4992 U

55 asid

Q

v k4
mslszivaussouzves MATS ldduiiununulymimsmanmng Agadanui
o ' Jd o Jd o aa Jd o
$1uu 6 guuu laun (1) TenduTusnasdad BF) @Wandusidasnu (RF) (3) Wanaud

wavlend laa (SF) (4) WadFusyidsn (ShF) () Wandusilauuufinils (ScF1) uag

=

Jd o { =t v o o o
(6) WanFuadanunides (ScF2) TaoufSeuiiouny ATS uuumed Jouuzihdmsug e

A I Y a 4 ~ aa 9 ' A a
ot UUUINIIMTAIAINISININDT PM ﬂimﬁty‘ﬁwum 24§ m%ﬁ’lﬂWiﬂllUﬂﬂﬁQNﬂ’lﬁ

Y I a 1 = = v o A A A A Y g dy A '
ﬂuﬁ'lf]’f]ﬂlﬂugﬂﬂﬁ\uislnﬂmﬁ LBU AUAININTE VT ALHAYUNUANT NIUNDANUTEAIN TIU

q

A ¢ ad o Ay v ) "o " v o d'
WITTURDT SM ﬂiﬂ!uﬂWﬂuﬂﬂ\iﬂub 1 99UMTAUNTIMINUNDNUUIIAUN Eﬁ%ﬂ?ﬂﬂiﬂlﬂﬁﬂu

a < o [ [ 1 1 a 4
Wﬁ13Jm’€)iﬁ]1u’)ui@ﬂﬂﬁﬁjuﬂ"|‘llﬂﬁ SM "lﬁ’l,!mﬂmaﬂuﬁlmmawuaﬂﬁ’um HAZWIITULADT

Y o 1 < ¥
gate DMMsasmsoumsisenlys DM saudsgluuumsaasiuauriiedumasnamninns



95

o y ¢
]’lﬁliﬂﬂéj‘l%ﬁ'lﬂﬂ'J’l‘JJLWiJ’IgﬁiJSU'fJ\?ﬁiLJW'I ﬂ’]i!ﬂﬂwaﬂ'liﬂﬂﬁ@‘ﬂﬂﬂﬂiﬂ N3IV93I MATS
= A 9 9 1o A 9 A a Y Y o = A
uay ATS I,HJU!,ﬂfJ'Ji]3&5‘“@]u@l'JElﬂ']ﬁ?qfiJﬂ'115]'E]Uliuﬁuﬂ'lﬂﬂﬁgllﬂ'ﬁﬂuﬂ'lua? UUNNLIAIN
1 % 4 o o %’ o g’l 1 1
@aﬂ@i%ullﬁﬂgﬂji%}Lﬁ@WWﬂ'lﬁ@Uﬁqﬂ'SHQ NIHKIPTUIUN 50 AT !Lé}'JWWﬂ'ILﬂaEJL'Ja']ﬂ'Iﬁ
k) @ g’/ =* o 1 9 = g’/ o af J I 4 9 ~
AUNN 'ﬂ'ﬁ\'iﬂ’lﬂuuFi]\1UW]']L']a’lﬂ’]ﬁﬂUWuﬂ'ﬁEI‘VN'ﬁ’f]\‘]@aﬂ@3‘ﬁlmWW'IHJ@iLG]fu@L'Jﬁ']ﬂ'liﬂuW'Wl
¥y 2 Ay o v Y
afaN Waﬂ’]i‘ﬂﬂﬁ’ﬂ‘ﬂl!ﬁﬂﬂiﬁlﬂuﬁ’lﬂﬁmﬁﬁﬂ%u BF a1 sauviiued MATS ﬁ'liniﬂﬁﬂﬂ\?llﬂ
v A ~ @ A =) I @ v '
TENIN 6% - 131% LUBDINIUNUUDI ATS HUULRYD ﬂimﬁ\?ﬂ%u RF aﬂa\illﬂig‘ﬂ'ﬂq 12% -
< o [ = o o
81% NIAUMNINFU SF anad IATEH I 21% - 64% 1Az NTAWINFUSCF1 MATS a131392Aa4
4 1 A = @ A 1 = A A
1@531’?31\‘] 9% -35% LUBDINIVUNUVUDI ATS UUULAYI UANTUUDIScF2 UINYI MATS
a ' v v Y A v A Yy !
FUA2UUIIAUNIUNTIUUY VIﬁ']il']ﬁﬂﬁﬂl')ﬁ']ﬂWiﬂuﬂ']Lﬂaﬂa\?llﬂu@ﬂﬂ'l']‘llﬂﬂ ATS
~ [ A A (] Y = Y Y '
HUULRYY 93U MATS ¥UADU <) ll‘lJﬁWiJ']ﬁﬂﬁﬂ!?ﬁ'\ﬂ'ﬁﬂﬂﬁ“ﬂaﬂiﬂu@ﬂﬁﬁﬂ?’]'ﬂl@\‘] ATS
A v & 2 A 7o A o A a A1 ) ° Yy =R g
LL‘U‘UL@EJ'JUI,Q mumm%mﬁﬁﬂ%u ScF2 UanNHUSWUANINIIYNDNITAUNIAINDLIINNIN ’aNL“]Ju

[} a { @ a [y 1 H ) I~
Tomaloanaisuni Insaas190anes sy FUFo U081 ATS LULAI TIANUEINITAUN

R

1&An11v09 MATS Wuies wennniigeruamsafneidfiufunersunavennuauiag
Ao ausTauzmMIAuYed 140N azBsaiuAuve s iauna Indhady aansoAnE LRGN
1#917 (Kluabwang et al, 2009) ¥veda liifludr0d19n15152gnd 196 MATS oAy
N9RINIAINTTWIT 0901580 ANLVFIAIVANA NS U VLT 10098 B UR GO AU

daauesd (Illinois roadway simulator : IRS)



UNN 6

4 U U
m3dszgnaly nu MATS AUM3eenuuUINILAN

\ o
6.1 NAIUI
9 Y [ a a o v Aa a 4 @ dy
mMstlszgnalyau MATS Autdgriesalunadainssy dusSuInetinusaivi
= 'y vy A 1 @ Y ' o 4 o =R '
togale daedyminuanarenulann Joynminissziyendnbalszuunaiadsoznaid
= [ @ dy 1 =® Iq Y
s1wazidealunnia ) uaz Jyimseonuuuainiugy Tasunivznandamsdszygna e
[ @ o @ o A J 1T a a J
U MATS Mtlgyrin3eoniuUAIAILANEIMSVIZ VU0 UBUATD T IV IDAA LD
9
(Illinois roadway simulator : IRS) Un i ldluennIn1emMssuljeaussouznanoUa U VDY
9 9 ' A & @ A Y v oo
szuu RS Hawuuanis 1dun nuannivilamamdinadinivguiadinudaniugu
¥ a { @ 1 v a A 1 [ ¥ a {
auaN nuamenaeImsUsuuasnmsiiimes nuldnuainiuguauay tazuuaneiiay
@ T a 4 ¥ o ¥ a @ o A e @
M3USVUAINIMNI NN DI VBINIAIAIVANAUANLAZAIAIUAUNA MIAUTUNIUNIHNADIFY

T1/51n55 MATLAB Wamsfun1a1e MATS aninil5uljinaneuauevesszuy IRS 144

t%l 9 1 (] zé =\ = [ dy
mu”lmmamwa% mmwazmaﬂmm"lﬂu

) Jd T U ] d
6.2 53‘”‘”"01@@32]'Iuﬂ‘i-!ﬂﬂ@ﬁ]u!!ﬁﬂaﬁauﬂﬂﬁ
A Aq ¥ A = 9 Yo A= Y]
5$1J'1J1/'|@ﬁ@ﬂﬂiﬂigﬂﬂﬂiﬂﬂW@ﬁﬂH'lﬂiS;“]J'Juﬂ'liﬂﬁgQﬂﬁiﬂf@ﬁﬂaﬁﬁuﬂ'ﬁﬂu’ﬂ'l
N v W ax A = = Yy Ay 1
LLUU@WHL%QTJ?TJ@]WQ'IEJ']Q LWE]ﬂ'JWiJﬁzﬂ'Jﬂiuﬂ’liﬁﬂH'l"l]\iﬂ')fl'@]@\?ﬂﬂ]’i]ll”ﬂﬂlﬂﬂigﬂﬂﬂEJ'N
~ = Y A Y A Y o Jd 1 1 a a < . .
IWYIND GINQHJEJ‘LIUIQLEI@ﬂ‘l"]ﬁgll'ﬂi]'laﬁ)\iﬂ?uﬂu@]ﬂ@ﬁ')uu‘ﬁ\?@aauﬂﬂﬁ (IllanIS roadway
simulators : IRS) ﬁjﬁﬂﬂﬂ;ﬂu Brennan and Alleyne (2000); Brennan and Alleyne (2001)

» 4 a PR i
Poanavsesnamuiomsanyszy Usngeglugii 6.1



97

9
NAUINVDIOATINTRE?

(positive yaw rate)

{ a 4 a 4 o ] [
5U7 6.1 MUUAAINAMUNDNIAATIZHUB IV UTIAD GO TIUNINUL RS
[ 1 a Y I o Y ) [ Ao dy
MIIRTIUVUIATI TN T UUUIATZAVHDINAADIT T UTZUY IRS VoIAM IV
Y a a2 . . AN Yo [ ' A A = a A Y
91999N9 B UN Buckingham-Pi N 1a5un1sepusuinredouazilszaninmlndifes
[ 9 a o [} 1 o A YR A g =
AunslFvesasauuudiansgaaiIusasud IRS nlavelidse loviaedenisAnyinay
J I 1 A o [ o o ] 1 4 ¥
MAgAAINNIINEIUIUMT U819 FIMTUITNIINILDUTIa0g0aIUTDIUA IRS U
4 o a a 4 (] ] v A
IBANAZAINVIANTUMTIUATIZH 08194910 9 TULDUABITLAVBATY (two degrees of
v Y
freedom) TABWA1TUINATE K UINUITLAY (lateral position) 1A AYNIAYD (yaw angle)
Koyy ¥ 2 Y 1 9 o o YAy & 1wy
uonnnida ldlszunaldanuaeivesdeguiimnuuazisuvensddonmnusnaie
g’/ o a 4 o [} 1 J { 1
Tuaudwsg lduuusasnnadiamansvenusiaesdodiusneud IRS Hogluglauns

A Y 1 dy
ADIUSAUFTUNITN (6.1) VAU

_ Caf +Car _U _ aCaf _bCar Caf 0
X= mu mu X+ m u 6.1
| aC,, -bC,, a’C,, +b’C,, aC,, d '

LU LU Lo,



98

{ LT ¢ s 4
Tagit x=[V ] u=[8, AT] mfewravessnoud I, Ao Tumudusuios
A IS ' = Y 1 A A
aMutuanny z U fAoanuiiivessasuaniunuied salszinaldliained dou vV fe
< s A 1 do_ A o A oa A
ANNIFIVOITDIUANINUUIVIN Y ADYNIAEIVEITRBUATANBUNUNYAY C , uaz C, D
= dy Y = Y Y Y [ o w A % A vy Y
usuFsamuvazi@ed Inwsnuderiiuazdendinuday 5, Aeyuidundeuvesdenii

a U 1 1

AT AoduUNAEIUA1VDILTITATLIAADU(differential steering torque input) WIS1LADTA 9

q

o 1 9 Yy Y 9 a (] 1 134 a o VA Y
ﬂ\iﬂﬁ'l')"lﬂ\i@luﬁ'luulﬂ"ﬂ'lﬂﬂﬁ‘ﬂﬂﬁ@‘iﬁ]i\i BYNITUH M |Z waz VvV uaniumwsumaIsuNAInNaes

° v Y ° ' ' A Yy A = < a g9

NINIIIANIYAITNYTINATUIN DYILBU Caf LUag Car !u@\’iﬂWﬂﬁﬂQﬁ@ﬂ\iﬂﬂﬁJlﬂUl%\ﬂﬁu
' o A Yy o o A Y] o A Yy 4 I Yo o '

TEHINUNVUIAADUADNVYNVULIAGDUAD A YuvULAapUaslan 9 Glﬁhlﬂuu!@\‘] AIDYIN

J a 4 @ Jd o 4 ] {
mwnmmmmmmﬂﬂimuuaziaﬂummﬂﬁau 4 ’5}’6 Llﬁﬂﬂﬂgil‘!ﬁ"lﬁﬁﬁ 6.1

{ a 14 v 1 a o 4 I (% 1
A1519% 6.1 WITIUADT TS VVIDAIUNIMUSVUAIDUY IRS (V937D INTUIU Lﬁﬂlﬂuﬂﬂ’ﬂﬂﬁ)

m Iz a b Caf Car Uscale
sznnmiriug i
(kg) | (kgem) | (m) (m) | (N/rad) | (N/rad) | (m/s)
FOINTEIU 2WS2WD1997 | 1.47 | 0.0236 | 0.13 | 0.15 46 46 1.2
FOOUA 4WSAWD1998 2.61 | 0.0656 | 0.15 | 0.185 117 97 1.2

HUVTIA0INATAUDITZUY IRS AdaumI (6.1) vonlvins s Inaveaszui
pgile oo uBuyATUIAdoY 92 IAGNNMTANYULINNIZ (characteristic equation) LN

A8 A(S) Aaaumsn (6.2)

C,;+C,) N (@C,, +b’C,)

A(S) =5+
®) mU |L.U
CafCar L2 (acaf _bcar)
+ —— =0 (6.2)
ml U I,

d v U U a t% A Y Y o o @ dy 9
ﬁ\iﬂ“b’uﬂTt’JI@ui%ﬁ'}N@uV\!@]fﬂiéll‘]_lLﬂﬁf]u‘ll’f)\1a’OWUTﬂULEﬂﬁV!ﬂﬂﬂi%ﬁﬂ’ll!ﬁﬂﬂUlﬂ

Y A d v 1 a 1 1 a o A v W dy
AVYTNNITN (6.3) L!ﬁgﬁﬁﬂGBL!0'1EJI?]LlelJﬁN’E)u‘V‘!ﬂﬁ'J“Ll@N"’U’ENLLi\TUﬂ"’U‘ULﬂﬁﬂuqﬂﬂﬁﬂﬁﬁﬂﬁﬂﬁ

J 1% 2 y9 ~ o w
Lﬂ?@]ﬂ@i’]@i']Laflflllﬁﬂﬂvlﬂﬂjﬂﬁﬂﬂ15ﬂ (6.4) MmUY
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aCaf CafCarL
j I . mul
ve L : 6.3)
5, (s) A(s)

d _d(c,+C,)

S+
y(s) _ rl, rmul,
AT () A(S)

(6.4

d‘ d' 1 a 4 d‘ 1Y 1 Y
AUNIIN (6.3) AL (6.4) WBUNUATNITIUADIIINAIT NN (6.1) YDITNINTYIUITIUNY
M3UTLNIUAIIANITNATOVITI (Brennan and Alleyne, 2001) 32 lauvusiassszuunaia
o ] 1 I - 1 Y] Y] [ {
VYOITNINTYIUYDFIU LﬂumJuﬂqﬂ%umymuwnmmuﬂuam AENNITN (6.5) ung (6.6)

AN

CW(s) | 8135+679.9

_ - (6.5)
5,(s) s’ +18.97s+90.54

f

CW(s) | 7.097s+58.41

= =— (6.6)
AT(S) s" +18.97s+90.54

1un191/§17A Brennan and Alleyne laa31wyafdnu1 dimiunsalvesuuuiansdiu

'
I o v w

FOINTOIU UAAIRIBUHUN TN 93107 6.2 RTDUNATuATITUIATOU (steering command) 1@z

7 & 2
mmwmﬂuemmm (yaw rate)
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- =

M uInae Y

A4
Q

%
UDIY1UIUA

A 4
)

+
o O

1 o dxl
--------------- o AT NAY?

1

!

o 1
ISUUNAINA .
1

1

{ I ) 1 1 [
g‘]J“I?] 6.2 UAUNNUADNUDILLUUINNDIYDAIUIDINTYIU IRS w%’amwumuqu

HHUN MRV RS d115 V50903810 naaenizili 6.2 Usznondiedesdiunan

= @ <]

Y 1 o =R () A < A g o 4 a
”lmmmummwmummmgmaﬂuaawa@ﬂﬂaua@ﬂ Gd mﬂummauwummauw@

@ A 9 J [ < A g v o J a A o A 14
ﬂmmaauwm"lﬂmmwm nuvasn G mﬂummau‘wum1ﬂauwmﬁmmumaau”lﬂmmwm

1 A Y = 1Y [ < Yy 13 o Y A
ﬁﬁuﬂﬁ@ﬂqﬂllﬂi$ﬂﬂﬂﬁﬂﬂﬂuﬂﬂﬂ’JfJﬂu’fﬂiJ“Ua@ﬂ llﬂl,!,ﬂ‘]Jﬁ@ﬂ Gdc MAUINYAUTINITIUNIU

u

<] J <] 1 o { {
vaen G, ludrudloulmi nazvden G, Tudiuilounay aumsi (6.7) uaasiuives

< ~ A I o w
vaen G uag gun1sn (6.8) LLEAINUIVDIVADN Gd AU

G- B(s) _Fﬂﬂﬂﬂi@ﬂ { NaIAUDY } [Waﬁ”@meﬁﬂﬁmu}
!

CAG) | dlesdu 1390ADUNA | | NUBUNAUIILATY
_{L} (1027)) [ 7.097s +58.41 } 67
1.5 | s* +10272)(0.7)s +(10(27))" | LS* +18.975+90.54 '

S) DRIV NadAYed | | WalnvueIInIenu

@
o
Il
o
—
Il

4 1w J o ’ v A @
A, (s) |maweuaedu| |wes T | [Audunevudenih

:[L] (527))° { 81.35+679.9 } 69
" +5(27)(0.7)s +(5(27))" | Ls”* +18.975+90.54 '
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Y
53‘U‘Uﬂ’JU?;IIJfPNL@’IM@f]ﬂl!ll‘Uﬂ'liJ‘Viaf‘lﬂ']i‘lJﬂﬂ@]ﬂﬂﬁﬂﬂuﬂﬁllﬂﬂ(ﬁ?aﬂﬂ (model reference

controller) ¥11% 1dmvesudon G, G, way G, Asaumsi (6.9) (6.10) az (6.11)

Gy =- By __50) (6.9)
BA, G(5)
- Te) (6.10)
R(s)
S(s
. _5() (6.11)
R(s)
delansugieTou R(s) S(s) uag T(s) WanIRaaunIs (6.12) - (6.14) AUEIRD
R(s) =5’ +155.3s° +3727s + 20714 (6.12)
S(s) =—5.181s +49.98s” + 52945 + 48142 (6.13)
T(s) =103s’ +18542s + 834385 (6.14)

I { ] Jd o U
waruanuaaluaunsh (6.7) uaz (6.8) amsndeula lnilugdunudendunie

Touaaaunsn (6.15) tag (6.16) AUE1AL

2.802x10*s+2.306x10°
G= 4 3 4.2 5 5 (6'15)
1.55* +94.438° +7.308x10*s> +1.183x10°5+5.361x 10
4 5
d 8.024x10*s+6.710x10 6.16)

- 1.3s* +53.250s" +1.943x10°s” +2.693x10*s +1.162x 10
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a1nauay G, dmnsosiuin lanudunish (6.9) Tagerdearnindunisi (6.7)
uag (6.8) I@radusuaaIdsaunIsn (6.17) daummﬁ”;mmu G, tay Gy, AWTOAUIN
Tdauaunisn (6.10) uaz (6.11) Tago1dea191naunIsh (6.12) - (6.14) lawadniuanq

AaNNITN (6.18) 1AL (6.19) AIUAIAL

103s” +1.8542x10*s +8.34385x10°

= 6.17
T §® 4155352 +3.727x10°s +2.0714x10* ©6.17)
—5.1818° +49.985% +5.294x10°s + 4.8142x10*
Gfb = 3 2 3 4 (6-18)
S +155.35° +3.727x10°s+2.0714x10
~ -1.2036x10°s’ —8.584 x10°s* — 6.497 x10"s’
*3.6426%10%s’ +1.792x10°s* +6.671x10"s’
-1.44x10"s> —1.224x10"s -3.598 x 10"
_ (6.19)

41.202x10°8% +9.464x10°S +2.679 x10"

a [ { = d @ J
W%Wiﬂﬂ’i%ﬂﬂﬂ\‘il!ﬂﬂﬂ1wgﬂﬁ 6.2 AT VINLAAININFUD 18 ToUVDITTUY

G,.(s) Mawde il

Y(s) G,+G-G,+G-G,
“R()  14G-G,

G,.(5) (6.20)

iethveyaassunteToudaauniin(.1s) - (6.19) unuasluaunisn (6.20) 1218

Ed
v o U %

Y U (% { % v W 4 =
Wanguoelou G, (s) Usiwazideantaunisi (6.21) FIUOUAD 27 LALHIUAININOUAD 23

Irs

W15 23 euag Iwa 27 a2) tazd Inads Isuaadluais1an 6.2
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~3.075x10"'s™ +1.721x10"s” +4.525x 10" s™

G
1.598x10°s” +9.423x10"s* +2.671x10"s*

irs

+7.624%x10"%s™ +9.327x10%*s" +8.798 x10*s"
+4.957%x10"% s +6.805%x10"s” +7.331x10'°s™

+6.618x10*s" +4.055x10°°s'"* +2.048x10%*s"”
+6.423%x10"s” +4.678x10*°s” +2.873x10%s"

+8.590x10%s" +3.006x10's"” +8.779x10%"s"
+1.503x10s"™ +6.729x10”s"7 +2.590x 10" 5"

+2.136x10™s" +4.307x10”s" +7.143x10” s
+8.580x10%'s" +2.445x10™s"* +5.979x10"'s"

+9.645%1077s* +1.048 x10”s” +9.037 x10%s°
+1.251x10”s"2 +2.225x10*s" +3.346x10”°s"

+6.075x10%s” +3.107x10"s* +1.165x10* s’
+4.219%10%°s’ +4.417x10"s* +3.797x10%*s’

+3.016x10"s” +4.813x10"s
+2.643x10%s° +1.462x10"s’ +6.265x10%s*

+3.565x 10"
+2.001x10"s> +4.480%x10"s> +6.265x10"s+4.115x10"

(6.21)

M137199 6.2 Tnauazd15veaszuy G, (S)

Tna %15
-127.3012 -127.3012
-115.8802 -90.926

-21.9887 + 58.8502i -89.0961

-21.9887 - 58.8502i -21.9887 + 58.8501i
-21.9888 + 58.8500i1 -21.9887 - 58.85011
-21.9888 - 58.8500i -21.9887 + 58.85011
-18.5383 + 47.4510i -21.9887 -58.8501i
-18.5383 - 47.4510i -11.0577 +29.5344i




d' = 1
M37199 6.2 Tnauazd15ue932UU G, (5) (A10)
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Tna %15
-10.9913 +29.4219i -11.0577 -29.5344i
-10.9913 - 29.4219i -10.9234 +29.3097i
-10.9906 + 29.4219i -10.9234 -29.3097i
-10.9906 - 29.4219i -19.7672

-28.1278 -9.7597 + 0.74841
-19.7672 -9.7597 - 0.74841

-14.4695 + 1.8194i

-9.5470 + 0.97471

—14.4695 — 1.8194i

-9.5470 - 0.97471

-10.2948 + 0.58741

-9.2581 + 0.8693i

-10.2948 - 0.5874i

-9.2581 - 0.8693i

-9.8044 + 1.21211

-9.3953 + 0.2974i

-9.8044 - 1.21211

-9.3953 - 0.29741

-9.2252 + 1.2026i

-8.3718

-9.2252 - 1.2026i1

-8.1530 + 0.0785i

-8.7626 + 0.7548i

-8.1530 - 0.07851

-8.7626 - 0.7548i

-8.1946 + 0.2609i

-8.1946 - 0.26091

-8.0341

Ho3180952 0D G, (S) MUAUNT (6.21) 1NOATIVADUHAADUAUDIAD Ty 7y 194

ﬁeg

Y A

g 9

[} té 1 9 (% d' 4'2 = 1 [ . . a =\
U u”lﬂwuwmﬂ ”lﬂwamuﬁmﬂlugﬂm 6.3 GHQ?JL’J@WlIGISSﬂ‘]J (rise time) 0.231 IUIN £IA1

1917 (settling time) 0.552 3417 128105279 (delay time) 0.0019 UM 1AL SLAUHAADUAUDI

luanizegd’ 8.663 151AUADIUMN
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10 T T T T T T T

0 Mgaie = 8.663 151AUADIUIT

8 - uluéy - a a Y A a a —

nanladu =0.231 3l nandii =0.552 Jund

2L ]
3 of «
'\./]
o
g s |
£
& 4T o 2 a i
> manevaueUUIuTu lave s DDAUAL
[a+] 3 v o —
- 30 Tantaiduiaguseasd 1= 102

2r 4

1 F - - - 7

1a15239=0.0019 319
() | Il Il Il Il | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (sec)

v 9
517 6.3 wanouauouuILIu lavesszuy G, (S)

o 2 ) s A g y= ) ! a ¢ v o
wudeaeuils lawauaie 19fnymiounmlinesasunnaa aslsing luauns
9 v
= @ [ a 1 a 4 % 1 @
(6.15) 1Az (6.16) UONINTGIL AIAIVANAUAY NTIUAINITIVIABIATUNNAUTUNUY
alsngluauns (6.17) (6.19) Feaz 148198 unomseonuuusInIuanInid1e0anes 5y
Y a [ (% as Y s 9
MIAUH VDT TUAI1 1890 T2 0D G (S) DAUTIOULATUNAADUAUDY

g’/ [} d’ddy 1 a v 9 (Y] 1 =< % )
meuuuvlﬂmeuummm TﬂEJ“H’J‘II’f)i]ﬂul‘]_]’1)8ﬂﬁ'l’m\iLL‘L!’J‘VI'Nﬂ'li’f)’i]ﬂlmﬂﬂﬂﬂﬁ‘llﬂualﬁuﬂ’m

(% v <} 1 o
NILUNTNAINIUAY PD L"ﬂﬁﬂﬂﬂﬁ'ﬂﬂ Gﬁ Ti%@ﬂWi@]fJﬂWﬁLﬂﬂ (cascade) HUHION

63  MIMaAAARIAILAN PD 1HVVERN G,
9| v ldy A a A <
L‘]Jﬂ"iMWﬂElUﬂWi@f]ﬂﬁ'z]ﬂ'J‘UﬂﬁJﬁlﬁiJu ieaaa1dszlsas naztnuanuia luns

s 1 % 1

vy X X Qg A Y Y a v
apuaued i iy saniluiinsuiuaddaniugu PD ensasisuntayinanlssiiie
o ' Y A A < 9 ' = A a
W91l D uazaanal laszAunIomuANE I UAUBIRIEN P 510aziBennuanising
] Jd o ' @ {
¢ 11U Sujitjorn et al. (2010) jUunuWInFUmaTouvRIAINIVAN PD W30 Gy Nz ldlums
g’/ dy [ ~ o [ (Y] <
PNULUATIY taadag luaumsh (6.22) vagdmuniaves G,, manaegnuuasnves G,

HaAIAIgUN 6.4
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Gpp = Kps+K, (6.22)

fdadunaeu E
r g, .
l
> G sTUUNAIR !
dc @ :
VDIYTUHYUN !
i
U :+h’
C: G . .G " G _AO__.. y
X ’
-------------- = G ERTGIe)
G
b

=~ Aa o A o <}
319 6.4 3201 IRS NUMIMMAAAIAIVAN PD 130 G,y VAN G

Y )
MATS gAWAUIUUAI91 18T MATLAB " 1W0AIUHZAINIDINTZUIUNITAUN
d o o -4 1 @ d o o 4
Feadralansuinglszasndienist MATLAB M isunu uazWenduiagiseasnnuieds
d v { ) [ A A . a { o J I @ ya/
Wendunlddmsumsdseduaanaulanndunansuuar Idieanaeen Tz ia
lunszuaumsaumeanatinismsdymmsmaununzigaddnyidiiin aanaula
o (% dyd g‘/ Y a 9 v o ]

dmiviymilfenanoudussuniuiinlavesszuunseutla G, Tae1demida siep vo4

y o g}J o a 4
MATLAB™ Control System Toolbox (o i1a03Hanpuauotutuiiu laninmsldnesves
T ! 2 o { a J
szuuilonld e ldwanouauesoonui91n Toolbox MitmHaneUdUOIN TANIINTIZY

1 [ 9 A a J 2 4 1T Aa
natlaszau (t,) vawind (t,) nalszda (t,) vaz nlesiduanisyanu (P.0.) NaaoUAUDT
Y o ! 4 v A o ' ' o

puuguivlanialszaesnnmendansiinainiugy PD 1dun msaaasueanal laszau nal
9 ~ a [ =Y 1 9 Jou o o o %’, =
i alsgas uaz dsiannmsyanu uamsadwilenduiagilszasd laerkinissauned
a SN Y = Y ] 9y o v & A a = ' = o A o Y
wisiees Bluaunsdernu sulludesildnsamnsiimesiviladernuniesild

’ o (g a o ' ' ¢ ¢
15w1i2e (dimensionless) 018 TuntiidonlFismsi 1w 15miae Ineglugivewlosisud uag

J @ J o

1dadafanduingiszasAanindoiinuagussouzainilszns fe t. t, uaz P.o. Tagll

o 1 9 <3| Y
ANUAIANIIN t, vzanasmeilunanaes |
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= 1 [ I I 4 o J 1 J o [ J
ﬂﬁﬂ!"’UENL')aTulﬂi3@‘].]’1]814%‘].]@3&“])’1!@]%1?7@1@ff'n!sllf]\‘]ﬂH'Ja"lulﬁﬁ$ﬂ‘1JGh'T3J¢l’€Iﬂ"I!'Ja'1

v 1
laseauaaay LaaIAIauNsN (6.23)

_ tr_new
L = X 100 (6.23)
r_old
A A J I J 1 [ T ' v & a
we  t, Ao wedidudvesta laszauInidenanlaszauauay
A ! v Ay v o
t ., #onatlaszanlninldnnmsiiaes
' o & oa ' o ° ¥ a
t g nonalaszauauauesszuunoumssulge fmua’lin 0231 Jud

~ 1A YA A <3 dy ] o Y] 3’/ 1T A
’iﬂﬂgﬂ‘l’l (6.3)‘1’1']ﬂﬁZ‘]JTJGI,VHJ‘VIUl@l3JWEWI?JUﬁu@ﬂ“ﬂi')mi'ﬁluﬂ@ﬂﬂflﬁ tr qaUNIUAY

ild1den t, desndmilaSonefitud dredagu t, ., =0.161 3nd Weunuasly
aumsh (6.23) vz 1dasaumsi (6.24)
0.161
L= x100 = 69.70% (6.24)
0231

vy Ay Y A v 1 o q ¥ A 1 o q Y Y1
me‘ﬁ1ﬂ'i$‘]J‘]JEl?i3mllﬂ‘JJNﬁ@lﬂﬂﬁum%mmﬂﬂm‘ﬂﬂﬁ tr Y1INIUAY ﬁ’\jwa‘ﬂﬁlﬁl‘ﬂllﬂﬂﬁl

< J @ '

s a = g 4 R A v I A () d'dy 1
t”— UANNUHIT ot oS igua G]Nﬂ@'ﬂl'ﬂuWﬁﬁ@ﬂﬁu@ﬂﬂqﬂﬂﬂ\‘lﬂWﬁiuﬂu AIDYINLTU

t e = 0.242 31071 sitounuaaluerumsi (6.23) v 1ddsaumsi (6.25)
0.242
.= x100 = 104.76% (6.25)
0.231

= 9 o

! ] Y
Nouluwiednassnmauia t, @'e'NmtiQﬂﬂmu@ﬁ"mmﬁﬂzijwawﬁ “t t, <100
[ ) a 2 a @ <
Tvewsuat, 1ude t, =t, dwuiulifasdremsdivinuiu t, =100~
= Y A J 3 J o 1 U Y A [ 1 1 Y
nsdlvesrand i nudesidudnndadivvesaraniinniaeniar laszau
v

AUAY LAAIAITUNITN (6.26)
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t
t; = —=—x100 (6.26)
r_old
A A -4 Y A ' ' v ¥ a
$V13} tsj e Lﬂ@iwumammmmiwumnm"lmmummu
A Y 1Ay v °
ts new 10 L’Jﬁuﬂlﬁ/lbh’i‘lﬂ/lll@iﬂf‘lﬂﬁiﬂa@\i
9 [
tr old ﬁ’f] L’Jﬁ'l]lﬁig@‘Uﬂ\ilﬂh%@\ﬁgﬂﬂﬂ@uf‘lﬁﬂi‘ﬂﬂ?ﬂ ﬂﬂfiuﬂ]’l’a}‘ﬁ 0.231 ’J‘lﬂﬁ

a 1 1 a ' o < y 4 o A
Unduds t, vziien imuviunives t, JadmuaidiuGenluiedadssquauia t

2y

nldnnaunsi (6.26) Arvassnzdneaeil “«dit; <5*t, Idvewiunit, wufe t; =1
F

a o 9 a [ <

duiu Il frasdromsdsuiny t ifu t, =100~

4 ] 9

~ o o T A g ' S = vy = v A
nsalveudodruamswaunwiluandeosiFudodudave hidewasunilas uamu

U

[ Y v
eulunisaaassal P.O. @1ea5ined19a193 “61P.0. <0 1dsousua1 P.O. 1udo

Y
a @ a [ <
P.0.=1 Hwuinlfrasdrenmsaliuiny P.O.ilu P.O. =100~
e a 1 [ g’z ?.’, 1 o a d o
lTuntazasnavowrandszidldaou dniuivuasuas lsduiiunmsadranansu
[ <Y =\ a a 9 g.l/ a d A o [
aglsvasAnlonasIWNRiFAlaIF U UV UM ARt t uay P.O. dwiy

oA Y o A = = Y v A
MATS 91!,1!1!ﬂ"lﬁ‘ﬂll‘ﬁ']ﬂTﬂ@‘]J‘ﬂLW?JW%“VIQ’@@'HJT?OL‘Uﬂullﬂﬂﬂﬁllfﬂﬁ‘l/l (6.27)

J=at; +a,t; +a,P.O. (6.27)
4 1 o o 4
e J Ao Amlsnsuinglszasd
A 4 o 1 [
t; Ao wodudvosan laszau
A s 3 o 9
t Av 1losiIFudvoIIa NN
I 3 J 1T A
P.O. Ao wosiduanmsanu

t.uaz P.O.auaia

rjsj

a Qd 1 %}} C
o, o, ez o, Ao dulszansarniminvest

Y
(% @ [ a

) [ Y Qddy Y ) J v R o Y
ﬁ'n’iﬁ‘]Jﬂ']if’)@ﬂL!UUﬂ:]fl')‘ﬁuclﬁﬂfnllﬁTﬂfUﬂUVNﬁW?JWTin@@iWH Q| ﬂuﬂ\iﬂ']ﬁuﬂiﬁ

o a £ @ ' v o I Jd v
yuravesdulszansnearvanniny Vedmualiidu o,=a,=a,=1 9z TaMenFu

v

S (J dy [ A
@Q‘]Jﬁgﬁﬁ\iﬂ‘ﬂﬂximuﬂ"ﬁ@@ﬂuﬂﬂﬁﬁﬂﬁﬂﬂu PD U AN NUNITN (6.28)
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J=t;+t;+P.O. (6.28)

a

1 A o a Jd o < [ @ <
WUﬁ}’ENﬂ'lﬁLWlIﬂ'JTJJﬁWﬂﬂJU"U@\‘lWTi"IiJWI@ﬁG]'Jﬁlﬂﬂlﬁt’lﬁ‘]_lﬁﬂ"llL!W]ﬁll‘]J§$ﬁ°l/l‘ﬁ

Y
%

&
MNUNIN

-pdvy

o A S A

[ o w a J o
Q 1ﬁQQﬂa1maau GluVl'lﬁﬂﬁﬁﬂusﬁj']llﬁ']ﬂ?’s{@ﬂﬂ']ﬁﬁﬂﬂ'l']uﬁ']ﬂmu‘ll@\‘]W']i']NL@ﬂi adlaniies

4
a A

@ [ g’/ 9};, Voo A ) ?1)/ a 1 o o 4
Ysuvmaduilsgansuulndinndrpuiiues vuasunslsziiumvoaianguingilszasn

awnsoagl1dasgli 6.5

Rl

? o do w s
ﬂlu@@uﬂﬁﬂWHﬁmﬂl@ﬂﬂﬂﬂﬂfu’)@‘@ﬂ’i%ﬁ\iﬂ
Y

~ A v
YUADUN [ (NTITUAU)

Fua K, 1ag K,
F2

Yuaoun 2 (F1899mM 3 Uszun IRS 1u11sunsy MATLAB)

o [

a d a 1 v o g
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Pi-s qQi_a Iy A6 b
ATS#1 ATS#1 ATS#1 ATSH1 ATSH]
pl:[203 -103] ql:[-5.18 -5.18] rl:[1.0 1.0] al:[3.64x10* 3.64x10"] b1:[-1.20x10° -1.20x10°]

p2:[1.85x10* 1.85x10"]
p3:[8.34x105 8.34x10°]

q2:[49.98 49.98]
43:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x10%]

2:[155.3 155.3]
13:[3.73x10° 3.73x107]
r4:[2.07x10* 2.07x10%]

a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10']

b2:[-8.58x106 -8.58x10]
b3:[-6.50x10% -6.50x10°]
bd:[-1.44x10'" -1.44x10'"]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#2
pl:[103 103]
p2:[2.85x10* -1.85x10%]
p3:[8.34x10° 8.34x10%]

ATS#2

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10% 5.29x10°]
q4:[4.81x10* 4.81x107]

ATS#2

1210 1.0]

r2:[155.3 155.3]
r3:[3.73x10° 3.73x10°]
r4:[2.07x10% 2.07x107

ATS#2
al:[3.64x10* 3.64x10%]
a2:[1.79x10° 1.79x10°]
3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10” 9.46x10°]
26:[2.67x10'°2.67x10")

ATS#2

b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x10]
b3:[-6.50x10°® -6.50x10%]
b4:[-1.44x10'" -1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#3

pl:[103 103]
p2:[1.85x10% 1.85x10%]
p3:[8.54x10° 8.34x10°]

ATSH#3

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10%]
q4:[4.81x10* 4.81x10%]

ATS#3

r1:[1.0 1.0]

r2:[155.3 155.3]
13:[3.73x10° 3.73x10°]
r4:2.07x10* 2.07x10"]

ATS#3
al:[3.64x10* 3.64x10"]
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10']

ATS#3
b1:[-1.20x10° -1.20x10°]

b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10° -6.50x10%]
b4:[-1.44x10'" -1.44x10"°]
bs5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#4
pl:[103 103]

p2:[1.85x10* 1.85x10]
p3:[8.34x10° 8.34x10°]

ATS#4

ql:[-5.18 -6.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x10%]

ATS#4
£1:[1.0 1.0]

12:[155.3 155.3]
13:[3.73x10° 3.73x10°]
4:[2.07x10* 2.07x107]

ATS#4
al:[3.64x10" 3.64x10']
a2:[1.79x10° 1.79x10°]
3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
26:[2.67x10'°2.67x10')

ATS#4
b1:[-1.20x10% -1.20x10°]

b2:[-8.58x10° -8.58x10]
b3:[-6.50x10% -6.50x10%]
b4:[-1.44x10'° -1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'']

ATS#5

pl1:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x10°]

ATS#5

ql:[-5.18 -5.18]
q2:[49.98 40.98]
43:5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x10%

ATSH#S5

rl:[1.0 1.0]

2:[155.3 155.3]
r3:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10%]

ATSH#5

al:[3.64x10* 3.64x10%]
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10']

ATS#5
b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10® -6.50x10%]
bd:[-1.44x10'" -1.44x10'"]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATSH6

pl:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x10°]

ATSH#6

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.30x10°-5.30x107]
q4:[4.81x10* 4.81x10%]

ATSH#6

r1:[1.0 1.0]

2:[155.3 155.3]
13:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10%]

ATSH#6
al:[3.64x10* 3.64x10"]
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10']

ATSH#6
b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10* -6.50x10%]
bd:[-1.44x10'" -1.44x10'"]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#7

p1:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x10°]

ATS#7

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10°]
q4:[4.82x10* 4.81x10%

ATS#7

r1:[1.0 1.0]
12:[155.3 155.3]

13:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x107]

ATSH#7

al:[3.64x10* 3.64x10']
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
26:[2.67x10'°2.67x10')

ATSH#7

b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x10]
b3:[-6.50x10° -6.50x10%]
b4:[-1.44x10'0 -1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'']

ATS#8

p1:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x10°]

ATSH#8

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10%]
q4:[4.81x10* 4.81x10%]

ATSH#8

r1:[3.0 0.1]

12:[155.3 155.3]
13:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x107]

ATS#8

al:[3.64x10* 3.64x10']
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
26:[2.67x10'°2.67x10')

ATS#8

b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x10]
b3:[-6.50x10° -6.50x10%]
b4:[-1.44x10'0 -1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'']
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Pi-s qQi_s Ty A b
ATSHO ATS#9 ATS#9 ATS#9 ATSH#9
pl:[103 103] ql:[-5.18 -5.18] rl:[1.0 1.0] al:[3.64x10* 3.64x10"] b1:[-1.20x10° -1.20x10°]

p2:[1.85x10* 1.85x10%]
p3:[8.34x10 5 8.34x107]

q2:[49.98 49.98]
¢3:[5.29x10% 5.29x10°]
q4:[4.81x10* 4.81x10%]

12:[155.3 -150.3]
13:[3.73x10° 3.73x107]
r4:[2.07x10* 2.07x10%]

a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10” 9.46x10’]
a6:[2.67x10'°2.67x10')

b2:[-8.58x106 -8.58x1(F]
b3:[-6.50x10% -6.50x10%]
b4:[-1.44x10'° -1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'']

ATS#10

p1:[103 103]
p2:[1.85x10* 1.85x10]
p3:[8.34x10° 8.34x10%]

ATS#10

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x10%]

ATS#10

r1:[1.0 1.0]
12:[155.3 155.3]
r3:[3.73x10° 3.73x107]
r4:[2.07x10* 2.07x10%]

ATS#10
al:[3.64x10*
a2:[1.79x10°
a3:[6.67x107
a4:[1.20x10° 1.20x10°]
a5:[9.46x10” 9.46x10°]
26:[2.67x10'°2.67x10']

3.64x10"]
1.79x10°]
6.67x107]

ATS#10
b1:[-1.20x10° -1.20x10°]

b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10° -6.50x10%]
b4:[-1.44x10'" -1.44x10')
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#11

p1:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x10]

ATSH#11

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10% 5.29x10°]
q4:[4.81x10* 4.81x10%]

ATS#11

r1:[1.0 1.0]

12:[155.3 155.3]
13:[3.73x10° 3.73x10%]
r4:[2.07x10%2.06x10° |

ATS#11

al:[3.64x10*
a2:[1.79x10°
a3:[6.67x107
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10']

3.64x10]
1.79x10°]
6.67x107]

ATSH#11

b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x10F]
b3:[-6.50x10° -6.50x10%]
bd:[-1.44x10'° -1.44x10'"]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATSH#12

p1:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x107]

ATSH#12

q1:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10%]
q4:[4.81x10* 4.81x107]

ATS#12

rl1:[1.0 1.0]

r2:[155.3 155.3]
r3:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10%]

ATS#12

al:[3.64x10°-1.64x10%]
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10” 9.46x10°]
26:[2.67x10'°2.67x10']

ATS#12
b1:[-1.20x10° -1.20x10°]

b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10% -6.50x10%]
b4:[-1.44x10'°-1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#13

pl:[103 103]
p2:[1.85x10* 1.85x10%]
3:[8.34x10° 8.34x107]

ATS#13

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10% 5.29x10°]
q4:[4.81x10* 4.81x10%]

ATS#13

rl:[1.0 1.0]

r2:[155.3 155.3]
1‘3:[3.73X103 3.73X10§]
r4:[2.07x10* 2.07x10%]

ATS#13

al:[3.64x10* 3.64x10"
a2:[1.79x10°1.78x10°]
3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
26:[2.67x10'°2.67x10']

ATS#13
b1:[-1.20x10° -1.20x10°]

b2:[-8.58x10° -8.58x1(]
b3:[-6.50x10% -6.50x10°]
b4:[-1.44x10'° -1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#14

p1:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x10°]

ATS#14

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10% 5.29x10°]
q4:[4.81x10* 4.81x10]

ATS#14

r1:[1.0 1.0]

12:[155.3 155.3]
13:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10°]

ATS#14

al:[3.64x10* 3.64x10*]
a2:[1.79x10° 1.79x10¢]
a3:[6.67x107 6.66x107 |
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10')

ATS#14

b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x10¢]
b3:[-6.50x10°® -6.50x10%]
b4:[-1.44x10'° -1.44x10']
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#15
pl1:[103 103]

p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x107]

ATS#15

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x10%]

ATS#15

r[1.0 1.0]

2:[155.3 155.3]
13:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10%]

ATS#15

al:[3.64x10* 3.64x10']
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.30x10°1.00x10° |
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10']

ATS#15

b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x10]
b3:[-6.50x10° -6.50x10%]
b4:[-1.44x10'° -1.44x10'"]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#16

p1:[103 103]
p2:[1.85x10* 1.85x10]
p3:[8.34x10° 8.34x10°]

ATS#16

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10% 5.29x10°]
q4:[4.81x10* 4.81x10%]

ATS#16

r1:[3.0 0.1]

12:[155.3 155.3]
13:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10]

ATS#16

al:[3.64x10* 3.64x10°]
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.56x10°9.36x10° |
a6:[2.67x10'°2.67x10']

ATS#16

b1:[-1.20x10° -1.20x10%]
b2:[-8.58x10° -8.58x1(F]
b3:[-6.50x10° -6.50x10°]
b4:[-1.44x10'" -1.44x10')
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]
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Pis Qi4 Iy a6 b,
ATS#17 ATS#17 ATS#17 ATS#17 ATS#17
p1:[103 103] ql:[-5.18 -5.18] r1:[1.0 1.0] al[3.64x10* 3.64x10] | b1:[-1.20x10°-1.20x10°]

p2:[1.85x10% 1.85x10%]
p3:[8.34x10° 8.34x10°]

q2:[49.98 49.98]
q3:[5.29x10% 5.29x10°]
q4:[4.81x10* 4.81x10%

21553 155.3]
13:[3.73x10° 3.73x10%]
r4[2.07x10¢ 2.07x10%]

a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.68x10'°2.67x10"]

b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10° -6.50x10°]
b4:[-1.44x10'° -1.44x10']
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#18

pl:[103 103]
p2:[1.85x10% 1.85x10%]
p3:[8.34x10° 8.34x10%]

ATS#18

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x10%]

ATS#18

r1:[1.0 1.0]

r2:[155.3 155.3]
r3:[3.73x10° 3.73x10°]
4:[2.07x10% 2.07x107]

ATS#18

al:[3.64x10* 3.64x10"]
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10'

ATSHIS
b1:[-1.10x10°-1.40x10°]
b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10" -6.50x10%]
b4:[-1.44x10' -1.44x10']
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#19

pl:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x10°]

ATS#19

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10°]
g4 [4.81x10* 4.81x107]

ATS#19

r1:[1.0 1.0]

201553 155.3]
13:[3.73x10° 3.73x10%]
4[2.07x10% 2.07x10%]

ATSH#19

al:[3.64x10* 3.64x10%
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10']

ATS#19
b1:[-1.20x10° -1.20x10°]

b2:[-6.58x10°-16.58x10°]
b3:[-6.50x10" -6.50x10%]
b4:[-1.44x10' -1.44x10']
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#20
pl:[103 103]

p2:[1.85x10% 1.85x10%]
p3:[8.34x10° 8.34x10°]

ATS#20

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10% 5.29x107]
q4:[4.81x10* 4.81x10%]

ATS#20
r1:[1.0 1.0]

12:[155.3 155.3]
13:[3.73x10° 3.73x10°]
4:[2.07x10* 2.07x10%]

ATS#20

al:[3.64x10* 3.64x10"]
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10']

ATS#20
b1:[-1.20x10° -1.20x10°]

b2:[-8.58x10°-8.58x10°]
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p1:[103 103]
p2:[1.85x10* 1.85x10%]
p3:8.34x10° 8.34x107]

ATS#21

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10% 5.29x10°]
q4:[4.81x10* 4.81x10%]

ATS#21

rl:[1.0 1.0]

r2:[155.3 155.3]
13:[3.73x10° 3.73x10°]
14:[2.07x10% 2.07x107]

ATS#21

al:[3.64x10* 3.64x10"]
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10']

ATS#21

b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10" -6.50x10%]
b4:[-1.44x10"°-1.54x10]
bs:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#22
pl:[103 103]

p2:[1.85x10* 1.85x10]
p3:[8.34x10° 8.34x10°]

ATS#22
ql:[-5.18 -5.18]
q2:[49.98 49.98]

q3:[5.29x10° 5.29x10%]
q4:[4.81x10* 4.81x10%

ATS#22

rl:[1.0 1.0]

r2:[155.3 155.3]
3:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10]

ATSH22

al:[3.64x10* 3.64x10%]
a2:[1.79x10° 1.79x10°]
a3:[6.67x10" 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
6:[2.67x10'°2.67x10']

ATS#22
b1:[-1.20x10° -1.20x10°]

b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10° -6.50x10°]
bd:[-1.44x10 -1.44x10']
b5:[-1.22x10™-1.42x10"]
b6:[-3.60x10'" -3.60x10'"]

ATS#23
pl:[103 103]

p2:[1.85x10* 1.85x10%]
3:[8.34x10° 8.34x10%]

ATS#23

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x10"]

ATS#23

r1:[1.0 1.0]

12:[155.3 155.3]
13:[3.73x10° 3.73x10°]
r4:[2.07x10% 2.07x10%]

ATSH23

al:[3.64x10*
a2:[1.79x10°
a3:[6.67x107
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
26:[2.67x10'°2.67x10']

3.64x10"]
1.79x10°]
6.67x107]

ATSH#23
b1:[-1.20x10° -1.20x10°]

b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10" -6.50x10%]
b4:[-1.44x10'" -1.44x10']
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10*-3.70x10"]
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p2:[2.85x10°-1.85x10%]
p3:[8.54x10° 8.34x107]

q4:[4.82x10* 4.81x10°]

:[2.08x10* 2.06x10%]

AMnouuny

Ke, Kpuag D5 Qig Iy a6 b,

K,:[1.00] ql:[-5.18] rl:[1.0] al:[3.6426x10"] b1:[-1.2036x10°]

K,:0.07] q2:[49.98] 12:155.30] a2:[1.7918x1(F] b2:[-8.5835x1(F]

pl:[103] 43:05.294x10°] 13:[3.727x10°] a3:[6.6708x107] b3:-6.4974x10"]

p2:[1.8542x10] q4:[4.8142x107] r4:[2.0714x10] ad1[1.2024x10°] ba:[-1.4397x10"]

p3:[8.3438x10°] a5:[9.4644x10°] b5:[-1.2241x10']

a6:[2.6788x10""] b6:[-3.5978x10' |

U5ginmsAum

Ke, Kp 11az Py_3 qQi4 T4 4 b,
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r4:[
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p1:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x107]

43:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x10%]

13:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10%]

a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10” 9.46x10°]
26:[2.67x10'°2.67x10"]

| di4 h_4 a6 b,
ATSH#1 ATSH#1 ATS#1 ATS#1 ATS#]
KP:[Z 0] ql:[-5.18 -5.18] rl:[1.0 1.0] al:[3.64x10 3.64x10] b1:[-1.20x10 -1.20x10 ]
K5:[0.07 0.07] q2:[49.98 49.98] r2:[155.3 155.3] a2:[1.79x10° 1.79x10°] b2:[-8.58x10°-8.58x10¢]

b3:[-6.50x10° -6.50x10%]

b4:[-1.44x10'° -1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#2

Ko:[l 1]

Ky :2 0]

p1:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x107]

ATS#2

ql:[-5.18 -5.18]
q2:[49.98 49.98]
43:[5.29x10° 5.29x107]
q4:[4.81x10* 4.81x10%]

ATS#2

r1:[1.0 1.0]

r2:[155.3 155.3]
13:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10%]

ATS#H2

al:[3.64x10 3.64x10]
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10'"|

ATS#2
bl1:[-1.20x10 -1.20x10 ]

b2:[-8.58x106 -8.58x10°]
b3:[-6.50x10° -6.50x10°]
b4:[-1.44x10'° -1.44x10'""]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATSH#3

Kool 1]

K,:[0.07 0.07]
p1:[503 -103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x10°]

ATSH#3

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10% 5.29x10°]
q4:[4.81x10* 4.81x10

ATSH#3
rl:[1.0 1.0]

r2:[155.3 155.3]
r3:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10%]

ATS#3
al:[3.64x10 3.64x10]

a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
26:[2.67x10'°2.67x10'°)

ATS#3
b1:[-1.20x10 -1.20x10 ]

b2:[-8.58x10° -8.58x1(F]
b3:[-6.50x10% -6.50x10°]
b4:[-1.44x10'° -1.44x10']
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATSH4

Ko:[1 1]

K,:[0.07 0.07]

pl:[103 -103]
P2:[2.85x10%-1.85x10*]
p3:[8.34x10° 8.34x10°]

ATS#4

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10%]
q4:[4.81x10* 4.81x10"]

ATSH#4
rl:[1.0 1.0]

12:[1553 155.3]
r3:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x107]

ATS#H4
al:[3.64x10* 3.64x10"]

a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
26:[2.67x10'°2.67x10'°)

ATSH4
b1:[-1.20x10° -1.20x10°]

b2:[-8.58x10° -8.58x1(F]
b3:[-6.50x10% -6.50x10°]
b4:[-1.44x10'° -1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATSH#s

Kol 1]

K,:[0.07 0.07]
pl1:[103 103]
p2:[1.85x10* 1.85x107]
P3:[8.54x10° 8.34x10° |

ATS#5
ql:[-5.18-5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x107]

ATSH#5
rl:[1.0 1.0]
r2:[155.3 155.3]

13:[3.73x10° 3.73x10°]
4:[2.07x10* 2.07x10%]

ATSH#5

al:[3.64x10* 3.64x10%]
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10']

ATSH5

b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x10¢]
b3:[-6.50x10° -6.50x10°]
b4:[-1.44x10'° -1.44x10'""]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'']

ATSH6

Ko:[1 1]

K,:[0.07 0.07]
p1:[103 103]
p2:[1.85x10* 1.85x10%]
P3:[8.34x10 ° 8.34x10°]

ATS#6

ql:[5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x10%]

ATS#6

r1:[1.0 1.0]

12:[1553 155.3]
13:[3.73x10° 3.73x10°]
4:[2.07x10% 2.07x10%]

ATSH6

al:[3.64x10*
a2:[1.79x10°
3:[6.67x107
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
26:[2.67x10'°2.67x10'")

3.64x10°]
1.79x10°]
6.67x107]

ATSH#6

b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x1(F]
b3:[-6.50x10° -6.50x10%]
b4:[-1.44x10' -1.44x10']
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATSH#7

Kol 1]

K,:[0.07 0.07]

pl:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10 % 8.34x10°]

ATS#7

ql:[-5.18 -5.18]
q2:[49.98 -49.98]
q3:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x104

ATS#7

rl:[1.0 1.0]

2:[155.3 155.3]
3:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10%]

ATS#7

al:[3.64x10*
a2:[1.79x10°
a3:[6.67x107
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10']

3.64x10°]
1.79x10°]
6.67x107]

ATSH#7
b1:[-1.20x10° -1.20x10°]

b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10° -6.50x10°]
b4:[-1.44x10'° -1.44x10']
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATSH#8

Kool 1]

K,:[0.07 0.07]

pl:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10°5 8.34x10°]

ATS#8

q1:[5.18 -6.18]
q2:[49.98 49.98]
q3:[5.30x103-5.30x10°
q4:[4.81x10* 4.81x107]

ATSH#8

rl:[1.0 1.0]

r2:[155.3 155.3]
13:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10%]

ATS#8

al:[3.64x10* 3.64x10]
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
26:[2.67x10'°2.67x10']

ATS#8

b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10% -6.50x10°]
b4:[-1.44x10'°-1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'']
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p1:[103 103]
p2:[1.85x10* 1.85x107]
p3:[8.34x10° 8.34x10°]

q3:[5.30x10° -5.30x107]
q4:[4.82x10% 4.81x10%]

13:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10]

a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
26:[2.67x10'°2.67x10'°]

Pis di4 Iy a4y b,
ATSH9 ATS#H9 ATSH#9 ATSH#9 ATSHO
Ke:[1 1] ql:[-5.18 -5.18] rl:[1.0 1.0] al:[3.64x10* 3.64x10*] | b1:[-1.20x10° -1.20x10°]
K,:0.07 0.07] q2:[49.98 -49.98] 2:[155.3 155.3] a2:[1.79x10° 1.79x10F] | b2:[-8.58x10° -8.58x10f]

b3:[-6.50x10° -6.50x10%]

b4:[-1.44x10'0-1.44x10'"]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#10

Ko:[1 1]

K,:[0.07 0.07]

pl:[103 103]
p2:[1.85x10* 1.85x10]
p3:[8.34x10° 8.34x10°]

ATS#10

ql:[-5.18 -5.18]
q2:[49.98 49.98]
43:[5.29x10° 5.29x107]
q4:[4.81x10* 4.81x10%]

ATS#10

rl:[3.0 0.1]

r2:[155.3 155.3]
r3:[3.73x10° 3.73x10%]
r4:[2.07x10* 2.07x10*]

ATS#10

al:[3.64x10* 3.64x10']
a2:[1.79x10° 1.79x10°]
3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10” 9.46x10°]
a6:[2.67x10'°2.67x10']

ATS#10

b1:[-1.20x10% -1.20x10°]
b2:[-8.58x106 -8.58x10°]
b3:[-6.50x10° -6.50x10%]
b4:[-1.44x10'° -1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATSH#11

Koo[1 1]

K,:[0.07 0.07]

pl1:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x10°]

ATS#11

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x10%]

ATSH#11

r1:[1.0 1.0]

r2:[155.3 -150.3]
13:[3.73x10° 3.73x10°]
4:[2.07x10* 2.07x10%]

ATS#11

al:[3.64x10* 3.64x10°]
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x107 1.20x10%]
a5:[9.46x10” 9.46x10°]
a6:[2.67x10'°2.67x10']

ATS#11
b1:[-1.20x10° -1.20x10°]

b2:[-8.58x10° -8.58x1(¢]
b3:[-6.50x10% -6.50x10°%]
b4:[-1.44x10'° -1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#12

Kool 1]

K,:[0.07 0.07]

pl:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x107]

ATS#12

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10%]
q4:[4.81x10* 4.81x10%]

ATS#12
rl1:[1.0 1.0]

12:[1553 155.3]
r3:[3.73x10° 3.73x107]
r4:[2.07x10* 2.07x10%]

ATS#12

al:[3.64x10* 3.64x10*]
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10'°|

ATS#12
b1:[-1.20x10° -1.20x10°]

b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10° -6.50x10°]
b4:[-1.44x10'° -1.44x10""]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'']

ATSH#13

Ko:[1 1]

K,:[0.07 0.07]
pl1:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x10°]

ATS#13

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x10%]

ATS#13

r1:[1.0 1.0]

12:[155.3 155.3]
13:[3.73x10° 3.73x10°]
r4:[2.08x10% 2.06x10%]

ATS#13

al:[3.64x10* 3.64x10']
a2:[1.79x10° 1.79x10°]
3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
26:[2.67x10'°2.67x10"°)

ATSH#13

b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10° -6.50x10%]
b4:[-1.44x10' -1.44x10']
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATSH#14

Kol 1]

K,:[0.07 0.07]
pl:[103 103]
p2:[1.85x10* 1.85x107]
P3:[8.34x10 5 8.34x10°]

ATSH14

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10°]
q4[4.81x10* 4.81x10°]

ATS#14

rl:[1.0 1.0]

r2:[155.3 155.3]
r3:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10%]

ATS#14

al:[3.84x10* -1.64x10%]
a2:[1.79x10° 1.79x10°]

a3:[6.67x107 6.67x107]

a4:[1.20x10° 1.20x10°]

a5:[9.46x10° 9.46x10°]

26:[2.67x10'°2.67x10""]

ATS#14
b1:[-1.20x10° -1.20x10°]

b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10° -6.50x10%]
b4:[-1.44x10'" -1.44x10')
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#15

Kool 1]

K,:[0.07 0.07]

p1:[103 103]
p2:[1.85x10% 1.85x10]
p3:[8.34x10° 8.34x10°]

ATS#15

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10%]
q4:[4.81x10* 4.81x10]

ATS#15

110 1.0]

12:[155.3 155.3]
13:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10%]

ATS#15

al:[3.64x10* 3.64x10']
22:[1.80x10° 1.70x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10']

ATS#15
b1:[-1.20x10° -1.20x10°]

b2:[-8.58x10° -8.58x10°]
b3:[-6.50x10® -6.50x10%]
b4:[-1.44x10'° -1.44x10"°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#16

Ko:[1 1]

K,:[0.07 0.07]

pl:[103 103]
p2:[1.85x10* 1.85x10]
p3:[8.34x10° 8.34x10°]

ATS#16

q1:[5.18 -6.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x107]

ATS#16

r1:[1.0 1.0]

12:[155.3 155.3]
13:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10]

ATS#16

al:[3.64x10* 3.64x10']
a2:[1.79x10° 1.79x10°]
23:[6.69x107 6.66x107 |
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10']

ATS#16

b1:[-1.20x10° -1.20x10°]
b2:[-8.58x106 -8.58x10°]
b3:[-6.50x10° -6.50x10%]
b4:[-1.44x10'° -1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]
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p1:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10° 8.34x10°]

q3:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x10%]

r3:[3.73x10° 3.73x10°]
4:[2.07x10* 2.07x10%]

a3:[6.67x107 6.67x107]
24:[1.30x10° 1.00x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10')

Pis di4 h_4 a6 b,
ATS#17 ATS#17 ATS#17 ATS#17 ATS#17
Kp:[1 1] ql:[-5.18 -5.18] rl1:[1.0 1.0] 8.1:[3.64)(104 3.64X104] bl:[-l.20X105-1.20X105]
K,:[0.07 0.07] q2:[49.98 -49.98] 12:[1553 155.3] a2:[1.79x10° 1.79x10°] | b2:[-8.58x10° -8.58x10°]

b3:[-6.50x10° -6.50x10%]

b4:[-1.44x10'° -1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#18

Ko:[l 1]

K,:[0.07 0.07]

pl:[103 103]
p2:[1.85x10* 1.85x10]
p3:[8.34x10° 8.34x10°]

ATS#18

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10°]
q4:[4.81x10* 4.81x10"

ATS#18

r1:[1.0 1.0]

12:[1553 155.3]
13:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10"]

ATS#18

al:[3.64x10* 3.64x10']
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
25:[9.56x10° 9.36x10°]
a6:[2.67x10'°2.67x10']

ATSH#18

b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x10F]
b3:[-6.50x10° -6.50x10°]
b4:[-1.44x10' -1.44x10')
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#19

Ko:[1 1]

K,:[0.07 0.07]

p1:[103 103]
p2:[1.85x10* 1.85x10"]
P3:[8.34x10 5 8.34x10°]

ATS#19

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x10%]
q4:[4.81x10* 4.81x10%]

ATS#19

rl:[1.0 1.0]

r2:[155.3 155.3]
3:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10%]

ATS#19

al:[3.64x10* 3.64x10°]

a2:[1.79x10° 1.79x10°]

a3:[6.67x107 6.67x107]

a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]

26:[2.68x10'°2.66x10'""]

ATS#19

b1:[-1.20x10° -1.20x10°]
b2:[-8.58x10° -8.58x1(°]
b3:[-6.50x10° -6.50x10%]
b4:[-1.44x10' -1.44x10'°]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'"]

ATS#20

Kool 1]

K,:[0.07 0.07]

p1:[103 103]
p2:[1.85x10* 1.85x10%]
p3:[8.34x10 % 8.34x107]

ATS#20

q1:[-5.18 -5.18]
q2:[49.98 49.98]
43:15.29%10% 5.29x107]
q4:[4.81x10* 4.81x10%]

ATS#20

rl:[1.0 1.0]

2:[1553 155.3]
13:[3.73x10° 3.73x10°]
r4:[2.07x10* 2.07x10%]

ATS#20

al:[3.64x10* 3.64x10%]
a2:[1.79x10° 1.79x10°]
a3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10° 9.46x10°]
a6:[2.67x10'°2.67x10']

ATS#20
b1:[-1.10x105-1.40x10%]

b2:[-8.58x10° -8.58x1(F]
b3:[-6.50x10° -6.50x10%]
b4:[-1.44x10'° -1.44x10'"]
b5:[-1.22x10'" -1.22x10'"]
b6:[-3.60x10'" -3.60x10'']

ATS#21

Ko:[1 1]

K,:[0.07 0.07]
p1:[103 103]
p2:[1.85x10% 1.85x10]
p3:[8.34x10° 8.34x10°]

ATS#21

ql:[-5.18 -5.18]
q2:[49.98 49.98]
q3:[5.29x10° 5.29x107]
q4:[4.81x10* 4.81x10%]

ATS#21

rl:[1.0 1.0]

12:[155.3 155.3]
13:[3.73x10° 3.73x10°]
14:[2.07x10* 2.07x107]

ATS#21

al:[3.64x10* 3.64x10"]
a2:[1.79x10° 1.79x10°]
3:[6.67x107 6.67x107]
a4:[1.20x10° 1.20x10°]
a5:[9.46x10” 9.46x10°]
a6:[2.67x10'°2.67x10']

ATS#21

b1:[-1.20x10° -1.20x10°]
b2:[-6.58x106-16.58x10¢]
b3:[-6.50x10° -6.50x10°]
b4:[-1.44x10'" -1.44x10'°]
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o a 4 a o £ I o 1 Aa
HUVADINNAUAFITATVUDITE VY CPP Glmma%ﬂﬁu,ﬂmmumam"lwmgﬁu
o 4 4 { 4 . . :
Wsmuweﬁummﬂﬁumimimﬁeu‘ﬁmmmﬂimﬂ (Lagrange’s equation of motion) G']iﬁ aA1nNI1U
~ o " W 1 1 o 4 . . @ [ 4 .
ﬁ]augﬂmwuﬂclﬁ’mmuwamﬁzmnwmmmau (kinetic energy) LAZWAIINUANY (potential

energy) U943¢1U1U (Cannon, 1967, Bloch, Leonard, and Marden, 2000) aartana luaunisn (7.9)
7o\ A 7.
L<¢:y:¢7y>:K(¢7y:¢7y)_V<¢) (7.9)

e L() e Manduains g K() Ao waanuvay V() Ao naanudng wasaueay K ()

I @ J @ J o
Wuraswveamdsneaivessa (K,,,,) uasndinuaiveagndu (K, ) daaasly

cart

aunsh (7.10) uag (7.11) A1ua19 L

K(6,3.6,3) =Ko + K joa (7.10)

K(¢,y.,5)= %M (Vo) + %m (Vs )2 (7.11)

Y ]
v A A A

d' _ Wd‘ _ é o 9 a o (,l ]
Wov,,, =9 VNV, =[V,0u orionar Vpend vericar] TIVEABINDTANAIUADIUDNHUA 11
Y

gnduundalniegdiuanvessa v,

=[y +1cos(@)d,—Isin(¢4)h] Sufuaunsii (7.10) ansn

= [ +1cos(#)d, Isin(#)d] waziilodmualigndy

1 "9
undelniegdruuuvessa v,

= T3 o A o g o s A
Lmﬂu"lﬁhlwmﬂumﬁumsw (7.12) uaz (7.13) ﬁumsmﬂma!,ﬂuﬁumﬁwmmmaummﬁzmm
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K(6.,6.7) =2 M (5 +2m|(3) + 2067 c0s(8) + 1% (6 (7.12)

¢
Y

mi? ml cos(¢)

micos(¢) M +m (7:13)

K(6..6.5) =210 J]




150

) @ @ 4 I @ v 1% v
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v A @ v 1 1w 4 ] @ a [ ?x}z @ v
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Llaﬁﬁl'lua'lﬁ"llﬂ\iiﬂ NAITUANIIZUTAIAITUNITN (7.14) uag (7.15) @uanay

V(¢)=—mglcos(¢)

(7.14)

V(¢)=mglcos(¢) (7.15)

[ Y 4 9 1 ]
dvuald a=ml® p=ml y=(M+m)uaz D=mgl iegnquunisinieg
Y 1

AuaveIIIay D

A 9 ' 1y Jd o s
—mgl 1Wognauunislniegduuuvessn Menduainsiud L()
vwiou lddeaumsi (7.16)

L(6..6.5) =

a(qB)Z +2/3cos(¢)q3y+y()>)2}+Dcos(¢)

(7.16)

o 9 A @ a A @ a 9 = A
Mviuale Py A TN UANITIYY tag p, AD INNUANFUAY Fauaadluaunish
(7.17) wag (7.18) aua1nl

s, =§—g—a¢5+ﬂcos(¢)y‘ 717
oL . ,
P, =——=7y+ PBcos(d)d (7.18)
dy

4 { C{O o QI 1
AUMINMIATOUNVBIAINTIUIGMTUTLUD CPP LEAAIAIENNITN (7.19) wag (7.20)

(7.19)
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d oL

9 _ 20
dt Oy / (7.20)

1AM (7.19) wag (7.20)  annsoweu lalvaitludsaqunmsn (7.21) uag (7.22)

AUAIA
ad + B cos(p)j+Dsin(p) =0 (7.21)
79 + B cos(o)p-B(4) sin(p) = f (7.22)

WeuNUA o £ yuag D adluaunish (7.21) uag (7.22)513“1@91'uuuﬁmaww
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MUBVDITD HUUTIA0INAAAM NI VDITLVY CPP laiFudu uaaadaaunish (7.23)
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uag (7.24) suaau FuiupsAnd M IVOUITON

G £ c08(¢) + 0.5mlsin(2p) ()2 + (M + m)gsin(¢)
I[[mcos®(¢) - (M +m)]

(7.23)

. f +0.5mgsin(2¢) + misin(¢)(¢)?

> (7.24)
[(M + m)—mcos”(¢)]

Y Y
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~JeM + Lu® + Mu+ Nu™ + 0 (7.25)
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o C4 @ U 1 J {
nIzUIUMITZYENanyainIsAadeyadIuautazaIvlateeen Iimaomwizdiunarad

Y

VAN d 1M UA T UNITIZYeNANHALAZNITATIVADUAINYNABIVDILUUTIAD
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7.6 MIITYONANHAIZUUNAINAIEY MATS
1 Y

ﬂ'lif!'g'lall’ﬂﬂﬁﬂ'Hiﬁ%zﬂﬂﬂﬂﬂa’l’)ﬁ’lluuﬂ’liﬁ}ﬁﬂ MATS Lﬁ@ﬁ']ﬂ'lW'li'liJW]ﬂgVI\i 15 611
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MATLAB™ Tagfi91521iNas1uA1AINA1AIAAD UA1AI@D Y (sum square of error : SSE)

= Y =1 o 1 ~ Y a ~ k) o
FaldnnmsufFeuieunusening Hmummummgﬂﬂumwmw"lﬂmﬂmsﬂ1mm (Peomp)
v = Y a Ay ¥ o 1%
ﬂmgummmummgﬂ@umwmﬂm1ﬂm§’m (@0 ) HAAIAITUNT (7.26)
E 2
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MIMUIUA ¢ (FUAUABAWMIMUUAAT / a1uaumsh (7.25) udwmuasly
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o aR =} ax v o A
2ANDITUVBITSIUYUITTINNAMDUALT

Roe

U 1 Mvualyrl Y UUAYBIMABY MIATY 1Az UIUIANIZAIUIN
wazmvuamEuaulinudiuseumMImuIn i =0 Me
f0INTU Y = f(t,y), a<t<bh, y(a)=a 1ag N mumau

2 A ) [ 9 o (b_a)
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a1 Tilsunsa MATS fisienndrs MATLAB™

% T15un3u ATS NW@NdI8 MATLAB™

% Fuduilszavg Taoneaiiu 0135nY (2002)

% W mazlsulge Taoman Wiea12504 (2003)

o% W nduUsunsu MATS Tassnsngual waeudi (2008)

% a1 33aanssu luih wiinedemaTuladgsuis

Tilsunsu MATS ¥7ia 2 ¥128AUNW 130 DATS.m
function [overall_best_neighor,overall_best_error, time, radius,count,locall]J=DATS(N)

xlimit=[2 2;-2 -2];

1% 3 a
% Tilsunsunani N iludunaveslilsunsy
% N AR IILITNIIABS NADINITAUMT (N = 2 ieiludied1a)
% 1o 1enAves 11l51nsuAe
% Amsine s iangansemmiae a1 (overall_best_neighor)
% AwlanduingiszasAnaiiga (overall_best_error)
' = ) \
% awran g lumsdum time)
"o v ¥
% AITIUIUTOUMSAUNINGHUA (Count)
% AsenIAUIIve ATSL uaz ATS2 (radiusl ta radius?)
% AMAeUIUAYNDIAUYBY ATSL ag ATS2 (locall uag local2)
% fnualigiimsaumvesmsiiimes
A .. A a I
% 1929 1 ¥e xlimit AvVoLIVALUVBINITINADS

= | ' a s
% 1929 2 Yo Xlimit ADVDVIVADIIVDINITINIADT

% Start Partitioning Mechanism

' a a 14 I U
% PM utiafsgiimsdumaesmsilimeseeniluassdiuaunuiveu

xlimitl=[ xlimit(1) xlimit(3);mean([xlimit(1) xlimit(2)]) xlimit(4)];
xlimit2=[ mean([xlimit(1) xlimit(2)]) xlimit(3); xlimit(2) xlimit(4)];

forr=15

S(r,:)=((xlimit1(1,:)-xlimit1(2,:)).*rand(1,N))+xlimit1(2,:);

end

v 9
% PM guinenisudumeluiliglimsdumdosisaeaudazdisiuim 5 aa

o v o R ' -
% TagefeANNTUNUT (Xp,i- X )rand+ x,;, for i=1,...,5v0aMUIgAUMNNIL
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for k=1:size(S,1)
ysim=0bj(S(k,1),S(k,2));
costvalue(k,1)=ysim;
end
[best_error,index]=min(costvalue);

S01=S(index,:);

forr=15

a ) - < o .
% 1lsziiiuArmaeudlsTilsunsy obj.m uduiu 13 luduls ysim

2 ‘o o s 3 '
% mumﬁaﬂ%mmqﬂs:ﬁmm 5 ﬂ1y1'3kl‘1«! costvalue

'
=

' o o { <
% wialsnduiagszasantiosiigalu costvalue udauiu13lu best_error

a

°

' du o s { 3 o 2 '
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a a

% furiiaed Taeifn13u S01

] v
% PM quﬁmammﬁ'umﬂ“lmﬁgnmtsﬁ'umaaamﬁammxmimau 5 >a
o @ v d -
% TagoAsANUTUNUT (Xn,i- Xi)rand+ x,;, for i=1,...,5

o W ' 9 q’
% THTURUWAUNINT DY

S(r,))=((xlimit2(1,:)-xlimit2(2,:)).*rand(1,N))+xlimit2(2,:);

end

for k=1:size(S,1)

ysim=0bj(S(k,1),S(k,2));
costvalue(k,1)=ysim;
end

[best_error,index]=min(costvalue);
S02=S(index,:);

S00=[S01;502];

% Initial solutions evaluated
best_error01=0bj(S01(1),501(2));

best_error02=0bj(S02(1),S02(2));

xlimitl=xlimit;

xlimit2=xlimit;

% Shared parameters
max_count=10000;

radius=0.2;
Number_neighb=30;
count=0;

% Initialize all individual parameters
% sub search space # 1

radius1=0.2;
best_neighbor01=S01,;

overall_best_errorl=best_error01;

% Usziiiummaon lduduiu 13 ludanls ysim

2 ‘o o s 3 '
% Lﬂﬂﬂ1ﬁ\1ﬂ%u’)§lﬂﬂ5&’ﬁﬂﬂﬂ\‘i 5 m"li”lu costvalue

' du o = = 2
% walanduinglszasantesiigalu costvalue udunul3lu best_error

' do o { ° S o 2 '
% uazalanduinglszasddosiigarzgnimualiilumaeuisuduvesniioe
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a ' LA s o
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a v Jou J o
% sziiumifanduingiseasdvesinen S02

F
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' a a o @
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e
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% SeimIfumGuduveIrIsRunnrHaTmua’ls 0.2
s o A I .
% wumaeuisudu ATS1 147 best_neighbor01

% fviua overall_best_errorl i1y best_neighbor01

overall_best_neighborl=best_neighbor01;
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tt1=0; % mvuamauaeud iy tabu_list ves ATS1
ttt1=0; % mvuamduasud sy best_error_list vea ATS1
n_back_tracking1=0; % fvuamisuduvesiuiumsizonldna lnfousesmsaurives ATS1

% sub search space # 2
radius2=0.2; % Faumsaumisuduueaniledunaosirua 1y 0.2

best_neighbor02=502; % rfufmeuidudu ATS2 137 best_neighbor02

overall_best_error2=best_error02; % rvua overall_best_error2 iy best_neighbor02
overall_best_neighbor2=best_neighbor02;
% mvua overall_best_neighbor2 im1nu best_neighbor02

n2=0; % MnUAMEUAUYITIIUMITUMTAeY Yed ATS2
t2=0; % Svuamandeudmsy local vos ATS2

tt2=0; % fmuamdRoud iy tabu_list vos ATS2

ttt2=0; % fmuamdndeud iy best_error_list o3 ATS2
n_back_tracking2=0; % hnuamBuduvesiivaumsizenldna lndeusesmsfumues ATS2
tic; % Budusmunan 1T

% Start ATS

t1=t1+1; % USuiitumdraeudmsy locall ves ATSL

ttl=tt1+1; % PsuiiuadrAudn tabu_listl ves ATS1
ttt1=ttt1+1; % Vsumumdanaeudsa best error listl vea ATSL
t2=t2+1; % Psuiiumdndoudmi local2 vos ATS2

tt2=tt2+1; % 1Suiumaaeud My tabu_list2 voy ATS2
ttt2=ttt2+1; % Usuiumduaoud iy best_error_list2 ves ATS2

disp([count overall_best_errorl overall_best_error2]);
% uaasal count, overall_best_neighborl wag overall_best_neighbor/

% Sub search space # 1

local1(t1,1)=count; % 1 count 13 unodinid 1 veq locall
local1(t1,2:3)=best_neighbor01,; % 1A best_neighbor01 Kunedniii 2 uaz 3 veq locall
local1(tl,4)=best_error01; % AU best_error01 13lunednii 4 ves locall
tabu_list1(tt1,1)=count; % 1fiuA1 count 131unediniA 1 ves tabu_listl

tabu_list1(tt1,2:3)=best_neighbor01; % Aum best_neighbor01 $lunediniii 2 uas 3 ves tabu_list 1
tabu_list1(tt1,4)=best_error01; % 1fiuAn best_error01 13luneduniii 4 ves tabu_list 1

best_error_list1(ttt1,1)=count; % 1R count 13lunedindii 1 vea best_error_listl
best_error_list1(ttt1,2:3)=best_neighbor01;
% iU best_neighbor01 RBlunednin 2 waz 3 ves best_error_listl

best_error_list1(ttt1,4)=best_error01; % ifum best_error01 $unediniii 4 vos best_error_listl

% Sub search space # 2
local2(t2,1)=count; % v count 13luaedini® 1 ves local2

local2(t2,2:3)=best_neighbor02; % num best_neighbor02 1$lunediniii 2 uaz 3 ves local2

local2(t2,4)=best_error02; % Ay best_error02 13lunednii 4 ves local2
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tabu_list2(tt2,1)=count; % s count 13lunedindii 1 vea tabu_list2
tabu_list2(tt2,2:3)=best_neighbor02; % ifius best_neighbor02 '13luneduniii 2 uas 3 ves tabu_list 2
tabu_list2(tt2,4)=best_error02; % Aum best_error02 1$unedinii 4 vos tabu_list 2

best_error_list2(ttt2,1)=count; % 1fiuat count 13lunedinid 1 vea best_error_list2
best_error_list2(ttt2,2:3)=best_neighbor02;
% AU best_neighbor02 Hunedinii 2 uaz 3 veq best_error_list2

best_error_list2(ttt2,4)=best_error02; % ifua best_error02 Runodindii 4 vos best_error_list2

% Path Enabling
flagl=1; % fmuanisuAy flagl ves ATSL whdunHade a1

flag2=1; % fvuanisuau flag2 ves ATS2 hduniaielvyianu

% Start ATS

while (count<max_count) % AUTOUAITAUM
] ES '
count=count+1,; % 1S count AU INAN A
% Path 1
if (flagl==1) % nﬁm@g“lu'mm~nﬁﬁ’ummm ATS1 matiumelddonly flagl==1 mniu

S101=random_neigh(Number_neighb,radius1,xlimit1,S01);
% isonld 1150051 random_neigh.m e guarlndifeaseusney SO1

% dunaussilanduiiie Number_neighb, radiusl, xlimitl uagz SO1

% Lmﬁwmﬁaﬁﬂﬂﬁlﬁm S101 dwawinu Number_neighb (30 @)
[best_error101,best_neighbor101,best_error01,best_neighbor01]=objective(S101,best_error01,S01);
% ison1¥11sunsu objective.m ritotlsziiumIndifoaigu1d

% Bumavealanduiifie S101, best error01, uaz SO1
% Lmﬁwmﬁa best_errorl101, best_neighbor101, best_error0luag
% best_neighbor01

if (best_errorl01-best_error01)>1e-18

nl=nl+1,;
else
n1=0;
end % asdeumstivesnidmeon Iaenieufieusening best_errorl01 uag
% best_error01 ghiinisah 1¥lSudius nl
tt1=tt1+1; % VSuiuadaRoudniy tabu_listl vea ATS1
tabu_list1(tt1,1)=count; % 1fiuA1 count 131unedinid 1 ves tabu_listl

tabu_list1(tt1,2:3)=best_neighbor101;
% 1iua best_neighbor101 13luneduiin 2 was 3 ves tabu_listl

tabu_list1(tt1,4)=best_error101; % 1AuA1 best_error101 13 unediniii 4 veq tabu_listl
tttl= ttt1+1; % Vsuiumdndoudmsy best_error_listl ¥93a ATS1
best_error_list1(ttt1,1)=count; % i count 13 lunedindi 1 veq best_error_listl

best_error_list1(ttt1,2:3)=best_neighbor01,;

% Aum best_neighbor01 $unediniii 2 uaz 3 vos best_error_listl
best_error_list1(ttt1,4)=best_error01;

% 1fiuAn best_error01 13 luneduniii 4 ve best_error_listl
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% Start AR mechanism

if best_error01<=1e-1
radius1=2e-3;

end

if best_error01<=1e-3

radius1=2e-4;
end

if (overall_best_errorl<le-9)
t1=t1+1;

tt1=tt1+1;

locall1(t1,1)=count;
locall(t1,2:3)=best_neighbor01;
locall1(t1,4)=Dbest_error01,;
disp=("Path 1 Strikes");

break;

end

% Start BT mechanism

% sub search space # 1
if n1>=5

(Fmualitil 2 Gou luieiudied)

% 1Jou'luii 1) &1 best_erroro1 < 1x 101 udy  radiusl=2 x 10°®

% idou'lvii 2) 1 best_error01< 1x 10%uéy  radiusl=2 x 10

% mmaaummwfqamsﬁ’um iiio best_error01< 1 x 10° ud2
% USuriiudadendmsy locall

% USuifinendaudoudmsy tabu_listl

% ifurh count 13luneduniil 1 ves locall

% 1AuA best_neighbor01 $unediniii 2 uaz 3 ves locall
% 1iiuA best_error01 13 luneduniii 4 ve locall

% uaasnad 'Path 1 Strikes'

% gAmMIAUNI

A& o 2 "o o A o
% 1BIUIUMTHIVOIAIANINDUININDY 5 (LWE’JL‘]JUWJ?JEJN)

n_back_trackingl=n_back_trackingl+1;

% tiind n_back_trackingl

TEMP1=tabu_list1(count-3:count+1,:);

I ' a o ' o v o w
% MUMWITINe3 I 5 yagameneumsiadey 13u TEMP1

[MAXZ,INDEX1] = max(TEMPL(:,4));

RANK1(5,:) = TEMPL(INDEXL,);

neighborl=RANK1(5,2:3);
S01=neighbor1l,;
best_error01=RANK1(5,4);
nl1=0;

else

S01=best_neighbor01;
best_error01=best_error01;

end

% Path # 1

if overall_best_errorl>best_error01
overall_best_errorl=best_error01;

% wianlanduinglszasdgeganazaeuiily TEMPL

% iummnimesAniadiuagiszaargegalilu RANKL
% AuA1 RANK1 1411 neighborl

% unua1 SO1 42w neighborl

% unua best_errord1 a2s RANK1

% 1/5ue1 n1=0

% limfuudy

% unuan SO1 a2e best_neighbor01

% wnwue best_error01 #1e best_error01

overall_best_neighborl=best_neighbor01;

end

countl=count;

end

% &1 overall_best_errorl > best_error01 ud3

% overall_best_errorl=best_error01
% overall_best_neighborl=best_neighbor01

% unual countl ade countl

v
% fruqmuiaumiﬁ'umﬂum ATS1
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% Path 2
if (flag2==1)

% sub search space # 2

S102=random_neigh(Number_neighb,radius2,xlimit2,S02);

[best_error102,best_neighbor102,best_error02,best_neighbor02]=objective(S102,best_error02,502);

% Path # 2

if (best_error102-best_error02)>1e-18

n2=n2+1,;
else
n2=0;

end

tt2=tt2+1;
tabu_list2(tt2,1)=count;

tabu_list2(tt2,2:3)=best_neighbor102;

tabu_list2(tt2,4)=best_error102;

ttt2= ttt2+1;
best_error_list2(ttt2,1)=count;

best_error_list2(ttt2,2:3)=best_neighbor02;

best_error_list2(ttt2,4)=best_error02;

% Start AR

if best_error02<=1e-1
radius2=2e-3;
end

if best_error02<=1e-3

radius2=2e-4;
end

if (overall_best_error2<le-9)
t2=t2+1;

tt2=tt2+1;

local2(t2,1)=count;
local2(t2,2:3)=best_neighbor02;
local2(t2,4)=best_error02;

Y A v
% m3naeglurseunsaunves ATS2 matuneldineuly flag2==1 mniu

% SonlHlandu random_neigh ritoguarlndifivasousnoy S02
¥
% auwmsumﬂﬂﬁwuﬁa Number_neighb, radius2, xlimit2 tag S02

% Lmﬁwmﬁaﬁﬂﬂé’gﬁm $102 drawinu Number_neighb (30 @)

A g J o . . 4 a {
% isonldand objective iolsziiua Indinoaigula
Vv
% Bunaveslenduilie S102, best_error02, uaz S02

% Lmﬁwmﬁa best_error102, best_neighbor102, best_error02uag
% best_neighbor02

H ' o '
% asdoumssvosmmeaoy laofSeufisuszyag best_errorl02 wag

o Fagie A
% best_error02 giimsan 1w S umina1 n2

% USumiusduaeudmsy tabu_list2 ve1 ATS2

% ifiveh count 13lunedinifi 1 ves tabu_list2
% 1fiuA1 best_neighbor102 131unedinid 2 ias 3 ves tabu_list2

% AU best_error102 Hlupediniii 4 voq tabu_list2
% Usuiiumanaoudmsy best_error_list2 ves ATS2

% tAua count 13 lunedinii 1 ves best_error_list2

% AU best_neighbor02 $unediniii 2 uas 3 ves best_error_list2
g 1 o A .
% nua1 best_error02 13lunedunin 4 ved best_error_list2

(Fvualiy 2 Gouluieludieda)

% idou'ludi 1) &1 best_error02< 1x 10 udh  radiusl=2 x 103
% ivou'luii 2) &1 best_error02< 1x 103 udy  radiusl=2 x 10°*

% asavdeUINAIgAMIALN ile best_error02< 1 x 10° uda
% Suiiinsdadendmy local2

% Vsuiumdndoudmiy tabu_list2

% riud1 count 13lunednii 1 vea local2

% 1R best_neighbor02 13luneduiA 2 uas 3 ves local2

% AU best_error02 Hunedinii 4 voa local2
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disp=('Path 2 Strikes"); % uaasnad 'Path 2 Strikes'

break; % gAMIAUN

end

% Start BT % mnaaummw‘{qamiﬁ’um il best_error01< 1 x 10 ud>
if n2>=5

n_back_tracking2=n_back_tracking2+1,;

% 1ium n_back_tracking2
TEMP2=tabu_list2(count-3:count+1,:);

% MUMWITINe3 111U 5 yagareneunmstadey 13u TEMP2
[MAX2,INDEX2] = max(TEMP2(:,4)):

% manledFutaguszasdgegaunzdiduily TEMP2

RANK2(5,:) = TEMP2(INDEX2,)); % tiua1 RANK2 131u neighbor2

neighbor2=RANK2(5,2:3); % 1uA1 RANK2 1311 neighbor2
S02=neighbor2; % unua1 S02418 neighbor2
best_error02=RANK2(5,4); % unuan best_error02ades RANK2
n2=0; % 1/5ua1 n2=0

else % imuiuud
S02=best_neighbor02; % unua1 S02 728 best_neighbor02

best_error02=best_error02; % unus1 best_error02 fe best_error02
end

% Updating Path # 2

if overall_best_error2>best_error02
overall_best_error2=best_error02;
overall_best_neighbor2=best_neighbor02;

end % t overall_best_error2 > best_error02 12

% overall_best_error2=best_error02
% overall_best_neighbor2=best_neighbor02

count2=count; % unuA1 countl A count2

v
end % ﬁuqmumumsﬁ'umﬂum ATS2

% Start Discarding Mechanism
if count==250 % JoulumsFenld DM fnuamuseumsfum

% (idenseumsAumi 250 riveriludandi)
if (overall_best_error2<overall_best_errorl)
J do @ Y
% nlfouivuanlanduiagiszasaaniuues ATS1 uag ATS2

A o w "y A Jo o 7 ' v
% !aﬂﬂﬂ'ﬁ]ﬂﬁu?ﬂﬂuﬂWﬂMﬂ"lﬁiﬂ‘]fu'Jﬁqﬂi&’ﬁﬁﬂqﬂﬂ'ﬂ@'ﬂﬂ%']ﬂ'Ni@‘Uﬂ']iﬂu?n

flag1=0; % aaemsmuani flag = 0

else
flag2=0;
end
end

disp([count overall_best_errorl overall_best_error2]);
% udadn1 count, overall_best_errorl, overall_best_error2
end
time=toc % qanﬁﬁmmmsﬁ'umﬂum DATS
return
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Tisunsu obj.m

function y=obj(x,y)

% Tdsunsy ObJ AeTusunsudnualsdduiaglszasd
o g o aa y @ o '

% mvualiidluladsunansnu evedudiedg)

% dunavesli)sunsufiennamasy x,y)

A ‘u o 7 Ao o o ' 4
% 1o1mnanealanTuiaglszasfuesiinamaey x,y) asaumsae 1l

y=(X."2)+(y.*2)-(10*cos(2*pi*x))- (10*cos(2*pi*y))+20;

return

Tsunsy objective.m

function [best_errorl,best_neighborl,best_error,best_neighbor]=objective(S1,best_error,S0)

error=[];

for k=1:size(S1,1)
ysim=o0bj(S1(k,1),S1(k,2));
error(k,1)=ysim;

end

[best_errorl,index]=min(error);

best_neighbor1=S1(index,:);

if best_errorl<best_error

best_error=best_errorl;

best_neighbor=S1(index,:);
else

best_neighbor=S0;

end

return

% Tulsunsu objective 1iuTusunsudszifiumlndReaiiquidson SO
% ’Suwmaﬂﬂmﬂmﬁﬁa S1, best_error, wag SO

% Lmﬁwmﬁa best_errorl, best_neighborl,

% best_error, uag best_neighbor

% siauls error dvsusessusmlasduiagiseeaad

% vosm IndiAesi 1o 1nms du

% sziiius Indidselu S1 delanduingszasalulisunsy obj

g ‘o o s ' 2
% LﬂUﬂ1ﬁ\1ﬂ“]5u’<l§]qﬂi3ﬁx‘lﬂsllﬁ]\1ﬂﬂﬂé}!,?‘lﬂi‘ﬂﬂ’mﬂ

~

% wmialsnTuinglszadidosiigalunssmailndifes

% wazifin 131y best_errorl

% ifummsiinesve s Indineaiii 1

% AnlansuiagUszasiinniooiiqa’ls-1u best_neighborl
% 1/5ve best_error

% best_errorl < best_error

% Ifunuan best_error #e best_errorl

% LazuNUAMINIADS best_neighbor @78 S1(index,:)

% iiguniunda

% unuan best_neighbor ae SO
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Talsunsu randl.m

function x=rand1(a,b)

x=a+rand*(b-a);

return

Tisunsu random_neigh.m

function S1=random_neigh(Number_neighb,radius,xlimit,S0)

for u=1:Number_neighb

for k=1:size(xlimit,2)

S1(u,k)=S0(1,k)+(radius*(xlimit(1,k)-xlimit(2,k))*rand1(-1,1));

while ( S1(u,k)>xlimit(1,k) | S1(u,k)<xlimit(2,K) )

S1(u,k)=S0(1,k)+(radius*(xlimit(1,k)-xlimit(2,k))*rand1(-1,1));

end
end
end

return

% Tsunsw rand1 fuTusunsugquamsiiaes lusedfidiua
% dunaved lsunsufeveuALUYEIMIINDS (b) 1Ay

% VOUIYAA1IVBIMNITINDT @)

% Tavedsnnuduiius (b- ayrand + a

J A 1 ' a o ' =<
% 191 NAYDI 11/5UNTUABHAYEINTFUAIMNITNNDT 1UFI a D3 b

% TaJsunsu random_neigh iuTisunsuguarlndidsaseudinen SO
2
% ﬂuwmaﬂﬂmﬂiwﬁa Number_neighb, radius, xlimit, uaz SO

% 1o s nanen1 IndiAes (S1) S1uauwiiy Number_neighb

% imsdualndifoaTasendonnudusiug

% S1 = Sp + (radius-randl; (-1,1)- (Xni- X)),
% for i =1, ... ,Number _ neighb

% ison191sunsu randl Taelihmsquarlugag -1 89 1
% ﬁuwmammmmiqwﬁumagﬁluﬁmq So + ((radius)- (Xni- X))

Y v i

] Yo A ]
% f’ﬂﬁlﬂﬁmEN‘qull‘lﬂﬂ$ﬁﬂﬂ@ﬂﬂ181uﬂl@Ulﬂlﬁlﬂullﬁgﬂlﬂﬂﬂlﬁa_lﬂ

9

% vosrmsimes M lndiRvaniguld

% UAUAUVBVIVADULAZ VO LIUAA AR UA

% limimsguarlndinealni
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Y a v @ ad o @ o o [
Iﬂi!lﬂﬁl]ﬂ'ﬁﬂuw']LUJUﬂ’lul%\iﬂjﬂﬁjwa'lﬂ’gaﬁ’]wjﬂﬂ']ia@ﬂllﬂﬂmjﬂjﬂﬂﬂﬁ']wjﬂ

Y
5211 IRS U51gazdeana 1)1l

% k4

v.1.1  Tsunsu MATS AWande MATLAB™

= v o v

% Tsunsuiidlullsunsueenuuudiniuandmsussu IRS

< Y EJ a [ A
% WUMIDONUUUAIMIAUMILUMYTITVAIMaETD
% Tlsunsuldsumsaudis MATLAB™

o 3 o = 3
% a1 Tagdnsnguel 1AABDII (2008)
% a1 3x3aanssu luih wiinedemaTuladgsuis

| v )

Tsunsu MATS %4 2 ¥HI8AUY1 130 DATS _PD.m

function [overall_best_neighbor,overall_best_error, time, radius,count,local1]]J=DATS_PD(N)
% Tulsunsumanil N uduwaveallsunsu

% N fosuIumsdimes naoan1sfium (N = 2)
% L’f]WTV!G]‘UﬂﬂﬂﬁLLﬂiﬂJﬁi‘J
' A I A 0 o Y .
% AT IUNBINANTANTOAINIADLIININ (overall_best_neighor)
' do o At A
% mlaiFuianszaasnanga (overall_best_error)
% awrarnlalumsiumi time)
) ) 3
% AINIUIUTOUMIAUNINIHUA (count)
% AseiimIAuIued ATSL ay ATS2 (radiusl taz radius2)
% AmaeLaUALN0eauYe ATSL ay ATS2 (locall wag local2)
xlimit=[2 2;0 0]; % fnualiglimsdunvesmnsiiimes
= .A a P
% 1999 1 vod xlimit ADVDUUAVUVDINITINADT

d' LA ' a s
% 11997 2 vo9 xlimit ALV VIVAAINUBINITIUNDT

% Start Partitioning Mechanism

% PM wu'qﬂ?gﬁmﬁﬁ'ummmmﬂﬁm@%ﬂamﬂuﬁmdaummmauﬂu
xlimitl=[ xlimit(1) mean([xlimit(3) xlimit(4)]); xlimit(2) xlimit(4)];
xlimit2=[ mean([xlimit(1) xlimit(2)]) xlimit(3); xlimit(2) xlimit(4)];

i v
% PM qusaeuisuaunieluiligiimsdunidosnsdesuaazadisiuiu s ga

% Tavodoanuduius (x, - X,)rand+ x,;, for i=1,...,.5
% dmTUnBAUANilG
forr=1:5

S(r,))=((xlimit1(1,:)-xlimit1(2,:)).*rand(1,N))+xlimit1(2,:);
end
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for k=1:size(S,1)
ysim=0bj(S(k,1),5(k,2));
costvalue(k,1)=ysim;

end

[best_error,index]=min(costvalue);

S01=S(index,:);

for r=1:5

S(r,))=((xlimit2(1,:)-xlimit2(2,:)).*rand(1,N))+xlimit2(2,:);

end

for k=1:size(S,1)

ysim=0bj(S(k,1),S(k,2));
costvalue(k,1)=ysim;
end

[best_error,index]=min(costvalue);
S02=S(index,:);

S00=[S01;502];

% Initial solutions evaluated
best_error01=0bj(S01(1),501(2));

best_error02=0bj(S02(1),502(2));

xlimitl=xlimit;

xlimit2=xlimit;

% Shared parameters
max_count=10000;

Number_neighb1=5;
Number_neighb2=5;

count=0;

% Initialize all individual parameters
% sub search space # 1

radius1=0.2;
best_neighbor01=S01;

overall_best_errorl=best error01;

overall_best_neighborl=best_neighbor01;

n1=0;
t1=0;

A 1o . < o .
% Usziiummaoumellsunsy obj.m uduiu 13 ludwals ysim

g Co 2% '
% !ﬂﬂﬂWﬂQﬂ“ﬁu’mi}ﬂiZﬁﬁﬂﬂﬂ 5 m"l.i”lu costvalue

sy A

' v o <
% wianlsnduagszasantiosiigalu costvalue ndauiu13lu best_error

a

°

' du o e { 3o 2 '
% Lmzmﬁm“vmmqﬂi:mﬂﬁ'aﬂﬁamznnﬂmuﬂiﬁlﬂuﬂmamiuﬁummﬁmﬂ

a £

% furinfiaed Teaiu 131y 01

v v
% PM qusmeuisuaunieluligiimsdunidosnideuaazdisiuiu 5 ga
o @ o .
% TavodoANUEURUT (Xqi- X )rand+ x;, for i=1,...,5

% dmsumitedunInaea

% Usziiumimaey ldudunv 13 uduls ysim

2 ‘o o s 3 '
% mumﬁm%mmqﬂizamm 5 m"li”lu costvalue

% manladsuianilszasdmissiigalu costvalue ududn1ilu best_error
Y

a

d

' Y { ° 3 o 2 '
% Lm:mﬁqﬂﬁvmmqﬂﬁzmﬂuaﬂﬁqm:gﬂﬂmuﬂ“lﬁﬂummmiuﬁ'u@uawmﬂ

% fumiaes Taodul3lu S02

%Lﬁuwwﬁﬁmaélv%wm S01 uaz S02'131w S00

a ' LAY 'd o
% dsziiiumianduingiszasfvesmaey SO1

a v Jou o J °
% szmuanlanguingilseasdvesinen SO2

F]
[

' a a o @
% Ausnls piimsdumvesmsilimes Inua ATS1
v

% fAusl3 glimsAunivesmsiiimes 1N ATS2
% SIIUTOUMIAUNIGIFR

% srumautufesiualy 30 a1

v v oo 9 2 9 o Vv g o
% muummumumiﬂumﬁmum‘ﬁuﬂimﬂug{ua

% $emIfuMTuANveINeRUANHafuals 0.2
3 o A { .
% wumeeuisudu ATSL 147 best_neighbor01

% v overall_best_errorl iy best_neighbor01

% mvua overall_best_neighborl m1fu best_neighbor01
VA ° 3 )
% fnuamIENAUURITIUIUMITTIvBIAIMaDY YBd ATSL

% fnuamaudeudmsy local vea ATS1
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tt1=0; % mvuamauaeud iy tabu_list ves ATS1
ttt1=0; % mvuamduasud sy best_error_list vea ATS1
n_back_tracking1=0; % fvuamisuduvesiuiumsizonldna lnfousesmsaurives ATS1

% sub search space # 2
radius2=0.2; % Faumsaumisuduueaniledunaosirua 1y 0.2

best_neighbor02=502; % rfufmeuidudu ATS2 137 best_neighbor02

overall_best_error2=best_error02; % rvua overall_best_error2 iy best_neighbor02
overall_best_neighbor2=best_neighbor02;
% mvua overall_best_neighbor2 im1nu best_neighbor02

n2=0; % MnUAMEUAUYITIIUMITUMTAeY Yed ATS2
t2=0; % Svuamandeudmsy local vos ATS2

tt2=0; % fmuamdRoud iy tabu_list vos ATS2

ttt2=0; % fmuamdndeud iy best_error_list o3 ATS2
n_back_tracking2=0; % hnuamBuduvesiivaumsizenldna lndeusesmsfumues ATS2
tic; % Budusmunan 1T

% Start ATS

t1=t1+1; % USuiitumdraeudmsy locall ves ATSL

ttl=tt1+1; % PsuiiuadrAudn tabu_listl ves ATS1
ttt1=ttt1+1; % Vsumumdanaeudsa best error listl vea ATSL
t2=t2+1; % Psuiiumdndoudmi local2 vos ATS2

tt2=tt2+1; % 1Suiumaaeud My tabu_list2 voy ATS2
ttt2=ttt2+1; % Usuiumduaoud iy best_error_list2 ves ATS2

disp([count overall_best_errorl overall_best_error2]);
% uaasal count, overall_best_neighborl wag overall_best_neighbor/

% Sub search space # 1

local1(t1,1)=count; % 1 count 13 unodinid 1 veq locall
local1(t1,2:3)=best_neighbor01,; % 1A best_neighbor01 Kunedniii 2 uaz 3 veq locall
local1(tl,4)=best_error01; % AU best_error01 13lunednii 4 ves locall
tabu_list1(tt1,1)=count; % 1fiuA1 count 131unediniA 1 ves tabu_listl

tabu_list1(tt1,2:3)=best_neighbor01; % Aum best_neighbor01 $lunediniii 2 uas 3 ves tabu_list 1
tabu_list1(tt1,4)=best_error01; % 1fiuAn best_error01 13luneduniii 4 ves tabu_list 1

best_error_list1(ttt1,1)=count; % 1R count 13lunedindii 1 vea best_error_listl
best_error_list1(ttt1,2:3)=best_neighbor01;
% iU best_neighbor01 RBlunednin 2 waz 3 ves best_error_listl

best_error_list1(ttt1,4)=best_error01; % ifum best_error01 $unediniii 4 vos best_error_listl

% Sub search space # 2
local2(t2,1)=count; % v count 13luaedini® 1 ves local2

local2(t2,2:3)=best_neighbor02; % num best_neighbor02 1$lunediniii 2 uaz 3 ves local2

local2(t2,4)=best_error02; % Ay best_error02 13lunednii 4 ves local2
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tabu_list2(tt2,1)=count; % v count 13lunedinin 1 vea tabu_list2
tabu_list2(tt2,2:3)=best_neighbor02; % ifius best_neighbor02 '13luneduniii 2 uas 3 ves tabu_list 2
tabu_list2(tt2,4)=best_error02; % Aum best_error02 1$unedinii 4 vos tabu_list 2

best_error_list2(ttt2,1)=count; % 1fiuat count 13lunedinid 1 vea best_error_list2
best_error_list2(ttt2,2:3)=best_neighbor02;
% AU best_neighbor02 Hunedinii 2 uaz 3 veq best_error_list2

best_error_list2(ttt2,4)=best_error02; % ifua best_error02 Runodindii 4 vos best_error_list2

% Path Enabling
flagl=1; % fmuanisuAy flagl ves ATSL whdunHade a1

flag2=1; % fvuanisuau flag2 ves ATS2 hduniaielvyianu

% Start ATS

while (count<max_count) % AUTOUAITAUM
] ES '
count=count+1,; % 1S count AU INAN A
% Path 1
if (flagl==1) % nﬁm@g“lu'mm~nﬁﬁ’ummm ATS1 matiumelddonly flagl==1 mniu

S101=random_neigh(Number_neighb,radius1,xlimit1,S01);
% isonld 1150051 random_neigh.m e guarlndifeaseusney SO1

% dunaussilanduiiie Number_neighb, radiusl, xlimitl uagz SO1

% Lmﬁwmﬁaﬁﬂﬂﬁlﬁm S101 dwawinu Number_neighb (30 @)
[best_error101,best_neighbor101,best_error01,best_neighbor01]=objective(S101,best_error01,S01);
% ison1¥11sunsu objective.m ritotlsziiumIndifoaigu1d

% Bumavealanduiifie S101, best error01, uaz SO1
% Lmﬁwmﬁa best_errorl101, best_neighbor101, best_error0luag
% best_neighbor01

if (best_errorl01-best_error01)>1e-18

nl=nl+1,;
else
n1=0;
end % asdeumstivesnidmeon Iaenieufieusening best_errorl01 uag
% best_error01 ghiinisah 1¥lSudius nl
tt1=tt1+1; % VSuiuadaRoudniy tabu_listl vea ATS1
tabu_list1(tt1,1)=count; % 1fiuA1 count 131unedinid 1 ves tabu_listl

tabu_list1(tt1,2:3)=best_neighbor101;
% 1iua best_neighbor101 13luneduiin 2 was 3 ves tabu_listl

tabu_list1(tt1,4)=best_error101; % 1AuA1 best_error101 13 unediniii 4 veq tabu_listl
tttl= ttt1+1; % Vsuiumdndoudmsy best_error_listl ¥93a ATS1
best_error_list1(ttt1,1)=count; % i count 13 lunedindi 1 veq best_error_listl

best_error_list1(ttt1,2:3)=best_neighbor01,;

% Aum best_neighbor01 $unediniii 2 uaz 3 vos best_error_listl
best_error_list1(ttt1,4)=best_error01;

% 1fiuAn best_error01 13 luneduniii 4 ve best_error_listl
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% Start AR mechanism

if best_error01<90

radius1=0.1;
end

if best_error01<70

radius1=0.05;
end

if (overall_best_error1<65)
t1=t1+1;

tt1=tt1+1;

locall1(t1,1)=count;
locall(t1,2:3)=best_neighbor01;
locall1(t1,4)=Dbest_error01,;
disp=("Path 1 Strikes");

break;

end

% Start BT mechanism

% sub search space # 1
if n1>=5

(Fmualitil 2 Gou luieiudied)

% 1Jou'luii 1) &1 best_error01< 901ds  radius1=0.1

% idou'lvii 2) &1 best_error01< 70 s  radius1=0.05

% mmaaummwfqamsﬁ’um iiio best_error01< 65 11dn

% USuiiiuadadendmsy locall

% USuifinendaudoudmsy tabu_listl

% ifurh count 13luneduniil 1 ves locall

% 1AuA best_neighbor01 $unediniii 2 uaz 3 ves locall
% 1iiuA best_error01 13 luneduniii 4 ve locall

% uaasnad 'Path 1 Strikes'

% gAmMIAUNI

A& o 2 "o o A o
% 1BIUIUMTHIVOIAIANINDUININDY 5 (LWE’JL‘]JUWJ?JEJN)

n_back_trackingl=n_back_trackingl+1;

% tiind n_back_trackingl

TEMP1=tabu_list1(count-3:count+1,:);

I ' a o ' o v o w
% MUMWITINe3 I 5 yagameneumsiadey 13u TEMP1

[MAXZ,INDEX1] = max(TEMPL(:,4));

RANK1(5,:) = TEMPL(INDEXL,);

neighborl=RANK1(5,2:3);
S01=neighbor1l,;
best_error01=RANK1(5,4);
nl1=0;

else

S01=best_neighbor01;
best_error01=best_error01;

end

% Path # 1

if overall_best_errorl>best_error01
overall_best_errorl=best_error01;

% wianlanduinglszasdgeganazaeuiily TEMPL

% iummnimesAniadiuagiszaargegalilu RANKL
% AuA1 RANK1 1411 neighborl

% unua1 SO1 42w neighborl

% unua best_errord1 a2s RANK1

% 1/5ue1 n1=0

% limfuudy

% unuan SO1 a2e best_neighbor01

% wnwue best_error01 #1e best_error01

overall_best_neighborl=best_neighbor01;

end

countl=count;

end

% &1 overall_best_errorl > best_error01 ud3

% overall_best_errorl=best_error01
% overall_best_neighborl=best_neighbor01

% unual countl ade countl

v
% fruqmuiaumiﬁ'umﬂum ATS1
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% Path 2
if (flag2==1)

% sub search space # 2

Y A v
% m3naeglurseunsaunves ATS2 matuneldineuly flag2==1 mniu

S102=random_neigh(Number_neighb,radius2,xlimit2,S02);

% SonlHlandu random_neigh ritoguarlndifivasousnoy S02
¥
% auwmsumﬂﬂﬁwuﬁa Number_neighb, radius2, xlimit2 tag S02

% Lmﬁwmﬁaﬁﬂﬂé’gﬁm $102 drawinu Number_neighb (30 @)

[best_error102,best_neighbor102,best_error02,best_neighbor02]=objective(S102,best_error02,502);

% Path # 2

A g J o . . 4 a {
% isonldand objective iolsziiua Indinoaigula
Vv
% Bunaveslenduilie S102, best_error02, uaz S02

% Lmﬁwmﬁa best_error102, best_neighbor102, best_error02uag
% best_neighbor02

if (best_error102-best_error02)>1e-18

n2=n2+1,;
else
n2=0;

end

tt2=tt2+1;
tabu_list2(tt2,1)=count;

tabu_list2(tt2,2:3)=best_neighbor102;

tabu_list2(tt2,4)=best_error102;

ttt2= ttt2+1;
best_error_list2(ttt2,1)=count;

H ' o '
% asdoumssvosmmeaoy laofSeufisuszyag best_errorl02 wag

o Fagie A
% best_error02 giimsan 1w S umina1 n2

% USumiusduaeudmsy tabu_list2 ve1 ATS2

% ifiveh count 13lunedinifi 1 ves tabu_list2
% 1fiuA1 best_neighbor102 131unedinid 2 ias 3 ves tabu_list2

% AU best_error102 Hlupediniii 4 voq tabu_list2
% Usuiiumanaoudmsy best_error_list2 ves ATS2

% tAua count 13 lunedinii 1 ves best_error_list2

best_error_list2(ttt2,2:3)=best_neighbor02;

best_error_list2(ttt2,4)=best_error02;

% Start AR

if best_error02<90

radius2=0.1;
end

if best_error02<70

radius2=0.05;
end

if (overall_best_error2<65)
t2=t2+1;

tt2=tt2+1;

local2(t2,1)=count;
local2(t2,2:3)=best_neighbor02;
local2(t2,4)=best_error02;

% AU best_neighbor02 $unediniii 2 uas 3 ves best_error_list2
g 1 o A .
% nua1 best_error02 13lunedunin 4 ved best_error_list2

(Fvualiy 2 Gouluieludieda)

% ivou'ludi 1) &1 best_error02< 90 1dh  radius2=0.1

% ivou'luii 2) &1 best_error02< 70 1dh  radius2=0.05

% asavdeUINAUIGAMIALN ile best_error02< 65 uda

% Suiiinsdadenudmy local2

% Vsuiumdndoudmiy tabu_list2

% riud1 count 13lunednii 1 vea local2

% 1R best_neighbor02 13luneduiA 2 uas 3 ves local2

% AU best_error02 Hunedinii 4 voa local2
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disp=('Path 2 Strikes"); % uaasnad 'Path 2 Strikes'
break; % gAMIAUN

end

% Start BT % Gonld BT

if n2>=5

n_back_tracking2=n_back_tracking2+1,;

% 1iuA n_back_tracking2
TEMP2=tabu_list2(count-3:count+1,:);

% MUMWITINe3 111U 5 yagareneunmstadey 13u TEMP2
[MAX2,INDEX2] = max(TEMP2(:,4)):

% manledFutaguszasdgegaunzdiduily TEMP2

RANK2(5,:) = TEMP2(INDEX2,)); % tiua1 RANK2 131u neighbor2

neighbor2=RANK2(5,2:3); % 1uA1 RANK2 1311 neighbor2
S02=neighbor2; % unua1 S02418 neighbor2
best_error02=RANK2(5,4); % unuan best_error02ades RANK2
n2=0; % 1/5ua1 n2=0

else % imuiuud
S02=best_neighbor02; % unua1 S02 728 best_neighbor02

best_error02=best_error02; % unus1 best_error02 fe best_error02
end

% Updating Path # 2

if overall_best_error2>best_error02
overall_best_error2=best_error02;
overall_best_neighbor2=best_neighbor02;

end % t overall_best_error2 > best_error02 12

% overall_best_error2=best_error02
% overall_best_neighbor2=best_neighbor02

count2=count; % unuA1 countl A count2

v
end % ﬁuqmumumsﬁ'umﬂum ATS2

% Start Discarding Mechanism
if count==50 % JoulumsFenld DM fnuamuseumfum

% (1denseumsAumi 50 iveriudandi)
if (overall_best_error2<overall_best_errorl)
J do @ Y
% nlfouivuanlanduiagiszasaaniuues ATS1 uag ATS2

A o w "y A Jo o 7 ' v
% !aﬂﬂﬂ'ﬁ]ﬂﬁu?ﬂﬂuﬂWﬂMﬂ"lﬁiﬂ‘]fu'Jﬁqﬂi&’ﬁﬁﬂqﬂﬂ'ﬂ@'ﬂﬂ%']ﬂ'Ni@‘Uﬂ']iﬂu?n

flag1=0; % aaemsmuani flag = 0

else
flag2=0;
end
end

disp([count overall_best_errorl overall_best_error2]);
% udadn1 count, overall_best_errorl, overall_best_error2
end
time=toc % qanﬁﬁmmmsﬁ'umﬂum DATS
return
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Tsunsy obj.m
function J=obj(Kd,Kp) % Talsunsy obj Ae Tulsunsusnamilanduinglszasd
% dunavesllsunsuemsiimes Kd uaz Kp

s ' du o s o
% 101naneAandTuinglszann lneindaeu (Kd, Kp)

% # 1 G : Main Plant
G=tf([0.2802e5 2.3057e5],[1.5 94.4284 7.3078e3 1.1831e5 5.3616€5]);

) sy 1 7w
% a3 1elangunie Touvesnauanan

% # 2 Gd : Additional Plant
Gd=tf(]0.8024e5 6.7103e5],[1.3 53.2495 1.9425e3 2.6928e4 1.1617€5]);

% adralanduaie Touvoanaiudses

% # 3 Gdc = Bc/Ac : Compensator:
b1=-1.2036€5;

b2=-8.5835¢6;

b3=-6.4974e8;

b4=-1.4397e10;

b5=-1.2241e11;

b6=-3.5978e11;

a1=3.6426¢4;

a2=1.7918¢e6;

a3=6.6708e7;

a4=1.2024¢9;

a5=9.4644e9;

a6=2.6788e10;

Gdc=tf([bl b2 b3 b4 b5 b6],[al a2 a3 a4 a5 ab]));

Y o 1 o
% a3 1langumeTouvesdiniuan Gde

% # 4 Gff = T/R : Feedforward module
ri=1;

r2=155.3;

r3=3.727e3;

r4=2.0714e4;

t1=103;

t2=1.8542¢4;

t3=8.34385¢5;

Gff=tf([tl t2 t3],[rl r2 r3 r4]);

% a¥1alsnFusTouvesdnruaw Gff

% #5 Gfb = S/R : Feedbadk module
$1=-5.181;
$2=49.98;
$3=5.294e3,;
s4=4.8142¢e4;
Gfb=tf([s1 s2 s3 s4],[r1 r2 r3 r4]);
% af1lsndudisTouvesdnrugu Gb
% # 6 Gdl = S/R : PD controller
GdI=tf([Kd Kp],[1 0]);
% a¥19lsndudsTouvesdnruau Gdl
% The original IRS system
Girs0=(Gd+G*Gdc+G*Gff)/(1+G*Gfb);
% a¥1alsnFudsTourssevilavesszuuauay Girso
% IRS system
Girs=(Gd+G*Gdc+G*GdI*Gff)/(1+G*Gfb);
% aieiansuteTouraseutlavesszuulwi Girs (Wfou Gdl)

a=real(pole(Girs)); % W15 1nve4 Girs
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if a<0 % itouludhsy Girs doaliiadosnm Tasiinsanin Inanadideailuuin
Ea '
A= irs); 6 HINAABUTUBUIUY ¥4 Girs aaerdaste
t]=step(Girs % MwanouauewUIHIY laves Girs 4

% 1o Miynde y Mt

if y(length(y))>8.66 & y(length(y))<8.67
% 3o lvue y AoliAniiegszning 8.66 i 8.67

% Find rise time
i=find(y>0.1*(y(length(y))-y(1))&y<0.9*(y(length(y))-y(1)));
tr=t(i(length(i)))-t(i(1)); % mAnarldvuan y 429 10-90%

trj=(tr*100)/0.23096393759434; % iasanan lavui Idiiusmi anize (normalization)
% deminan At uaud tr =0.23096393759434

% udahldidunlod i Fud

% Find overshoot
Mp=100*(max(y)-y(length(y)))/y(length(y));

Mpj=Mp; % ¥AIMIYUnY
. N . A
% Find setling time % 1111181907

for i=1:length(y)
y(length(y)+1)=y(length(y));
dy(i)=y(i+1)-y(i);

end

i=find(~(dy<1e-3)); % Wansan ey egiavisenlasumlaciesnii 1 x 10°

ts=t(i(length(i)))-t(i(1);

tsj=(ts*100)/(0.23096393759434*5); % ulasmmanadan Iditluarmilaiae (normalization)

' ' 2 Y A o 2 s 3 o
% 28815 mveatan v uauay ud i lidunlesidud

% Set constraints
% For rise time

if trj<100 % fnuadenlu tr midesanasnindu ude trj dewosnd1 100%
trj=trj;

else 9% Nz u Tny i trj=1000
rj=1000;

end

% For percent of overshoot
if Mpj<0.001 % Need no Overshoot % fvuaeulvdes hitimsvanuiiude Mpj<0.001

Mpj=1;
else

Mpj=1000; % lruiinezdsu Iny 1% Mpj=1000
end

% For setling time

if tsj<5*tr % fmuaitouly ts luidesanasniudy dude trj S*trj
tsj=1;
else % iz uIny W sj=1000
tsj=1000;
end
% Set objective function % a%’nﬁaﬁﬂ?u'j"mqﬂszmﬁﬁmmmﬂmﬁnﬁﬁﬁé’fmmiﬁa tr ts uaz Mp

J=trj+Mpj+tsj; % 13udd
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else
J=1000;

end

else
J=1000;

end

return

Tusunsu objective.m

% Tl Sulnuld J = 1000

% i ual3uTnul¥ J = 1000

function [best_errorl,best_neighborl,best_error,best_neighbor]=objective(S1,best_error,S0)

error=[];

for k=1:size(S1,1)
ysim=0bj(S1(k,1),S1(k,2));
error(k,1)=ysim;

end

[best_errorl,index]=min(error);

best_neighbor1=S1(index,:);

if best_errorl<best error

best_error=best_error1,;

best_neighbor=S1(index,:);
else

best_neighbor=S0;

end

return

Yasunsu randl.m

f unction x=rand1(a,b)

x=a+rand*(b-a);

return

% Talsunsu objective fuTilsunsulsziiumlndifosiigu1&son SO
% SunaveaTlsunsuiiiie S1, best_error, uaz SO

% Lmei'vmﬁa best_errorl, best_neighborl,

% best_error, t1az best_neighbor

% sauls error dnsusessumlasduiaguszaad

' 9 iy ¥ '
% voir IndtAeei lavinmsgu

a 1 =1 Jou o .
% sziiumndifoslu S1 Meanduinguszasalullsunsy obj
v
% inualanduingiszasdvesm Indifoananua

~

% mimiladiuiagszadidosiigalunssmmindiaes
% uazii 131w best_errorl

% iRummsfimesvesiIndinufivilyf

% AnledFufaguszassiaiosiign’l3lu best_neighborl
% 15un1 best_error

% ™ best_errorl < best_error

% Iunua best_error @3¢ best_errorl

% azunUAMIines best_neighbor #2u S1(index,:)
% lhgufund

% unua1 best_neighbor ae SO

% Tsunsw rand1 fuTusunsugquamsiimes lusedidiua
% dunaved lsunsufeveulaLUvEIINeS (b) Ay

% VOUIVAA1IVBIMNTNINDT @)

% Tavedsnnuduiius (b- ayrand + a

o = ! N a P4 1 =
% Lﬂ'](ﬂw‘ﬁﬂl?NI“]Jillﬂillﬂf)Nﬁ"lll’:Nﬂﬁﬁquﬂ”lWﬁ']iJ!@]6511&%’3\1 andb
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Tisunsu random_
neigh.m

function S1=random_neigh(Number_neighb,radius,xlimit,S0)

for u=1:Number_neighb

for k=1:size(xlimit,2)

% Talsunsy random_neigh ifuTusunsuguarlndidsaseudinen SO
4
% ﬂuwﬂmaﬂﬂmﬂiuuﬁa Number_neighb, radius, xlimit, uag SO

% 1o dnanen IndiAes (S1) S1uauwiiy Number_neighb

S1(u,k)=SO0(1,k)+(radius*(xlimit(1,k)-xlimit(2,k))*rand1(-1,1));

° U v YA @ v o
% hmaguarlnaifes lagerdennudunug
% Sy = Sp + (radius-randl; (-1,1)-(Xni- Xi.1)),
% for i =1, ... ,Number _ neighb
% ison 14 T1lsunsu randl Taelihimsquarlugag -1 89 1

=

i Y
% ﬁuﬁummmmmit}nuﬁumgiumq So + ((radius)-(Xni- X))

while ( S1(u,K)>xlimit(L,k) | S1(u,k)<xlimit(2,k) )

EY EY H

] Y A ]

% mIndinsangu ldvzdesegneluveuvauumazveuuaa1e
' A S Y 1 Yy A v

% voemITIAe; MaIndinsangula

% HAUAUVBVIVATULAZ VO LA N UA

% lhhmsguarlndifealn

S1(u,k)=S0(1,k)+(radius*(xlimit(1,k)-xlimit(2,k))*rand1(-1,1));

end
end
end

return
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(Y J 1'%
.1 Iﬂﬁl!ﬂiﬂi%u!@ﬂﬁﬂﬂmi%ﬂﬂ CPP 238 MATS
Tsunsumsaumuuumydaliudivaieindmsunsszyendnyalsyuy CPP
Y Y
Tuamiseinendinusniinil Ts1eazidoadsae TUi

a1 Tdsunsu MATS N¥enag MATLAB™

y
<3| o o o
% TusunsuililuTdsunsuseapendnualdmsusyuy cpp
< Y Y a [ A
% WUMIDONUUUAIMIAUMILUMYTITVAIMaETD
% Tlsunsuldsumsaudis MATLAB™
g 3 o = 3
% Vi Tadnsngual 1AADDII (2009)

% a1 3x3aanssu luih wiinedemaTuladgsuis

Tisunsu MATS ¥#a 15 HU8AUY1 139 MATS15.m
function [time,overall_best_error, overall_best_neighbor,count]=MATS15(N)
% Talsunsumani N uduwavealsunsuy

o A 7
% N ADTIMIUWII NI NdIMIAun (N = 15)
o

% 101anauea 11/5unsune

' a s A 1o Y .
% AT IUNBINANTANTOAINIADLIININ (overall_best_neighor)

' du o st
% alanaudagiszaennaiiga (overall_best_error)

"o v ¥
% A1 IUIUTDUMIAUNINGHUA (count)

Jd a ' do o L4
TC=3.1895; % inuaigaM A umIAeRIendL il s aan

xlimit=[5 552 226 5101 1211 5.
-5-5-1-2-2-2-6-5-10-1-1-2-1-1-5];
% Mnualigiinsaumyeansiimes i 15 @
% unafi 1 vea xlimit AeveulwauuvesIiineT

= | ' a s
% 1929 2 Yo Xlimit ADVDVIVADIIVDINITINIADT

xlimit1=[50.10.10.10.10.10.10.10.10.10.10.10.10.10.1;...
-50.1010101010101010.10.10.10.10.10.1];
xlimit2=[0.150.10.10.10.10.10.10.10.10.10.10.10.10.1;...
0.1-5010101010101010.10.10.10.10.10.1];
xlimit3=[0.10.150.10.10.10.10.10.10.10.10.10.10.10.1;...
0101-101010101010101010.10.10.10.1];
xlimit4=[0.10.10.120.10.10.10.10.10.10.10.10.10.10.1;...
010101-201010101010101010.10.10.1];
xlimit5=[0.10.10.10.120.10.10.10.10.10.10.10.10.10.1;...
01010101-2010101010101010.10.10.1];
xlimit6=[0.10.10.10.10.120.10.10.10.10.10.10.10.10.1;...
0101010101-20.101010.10.10.10.10.10.1];
xlimit7=[0.10.10.10.10.10.160.10.10.10.10.10.10.10.1;...
010101010101-60.10101010.10.10.10.1];
xlimit8=[0.10.10.10.10.10.10.150.10.10.10.10.10.10.1;...
01010101010101-50101010.10.10.10.1];
xlimit9=[0.10.10.10.10.10.10.10.1 100.10.10.10.10.10.1;...
0101010101010101-100.10.10.10.10.10.1];
xlimit10=[0.10.10.10.10.10.10.10.10.1 10.10.10.10.10.1;...
0101010101010.10101-10.10.10.10.10.1];
xlimit11=[0.10.10.10.10.10.10.10.10.10.1 10.10.10.10.1;...
0101010101010.101010.1-10.10.10.10.1];
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xlimit12=[0.10.10.10.10.10.10.10.10.10.10.1 20.10.10.1;...
0101010101010.101010.10.1-20.10.10.1];
xlimit13=[0.10.10.10.10.10.10.10.10.10.10.10.1 10.10.1;...
01010101010101010101010.1-10.10.1];
xlimit14=[0.10.10.10.10.10.10.10.10.10.10.10.10.1 10.1;...
0101010101010101010101010.1-10.1];
xlimit15=[0.10.10.10.10.10.10.10.10.10.10.10.10.10.15;...
0101010101010.101010.10.10.10.10.1-5];

v
% fvumfigiimsdumdesns 15 15qi

forr=1:5
S(r,:)=((xlimit2(1,:)-xlimit1(2,:)).*rand(1,N))+xlimit1(2,:);
end
for k=1:size(S,1)
ysim=0bj(S(k,1),S(k,2),S(k,3),S(k,4),S(k,5),S(k,6),S(k,7),S(k,8),S(k,9),S(k,10),S(k,11),S(k,12),S(k,13),S(k,14),
S(k,15));
costvalue(k,1)=ysim;
end
[best_error,index]=min(costvalue);
S01=S(index,:);

% guidenmaenisududmiuminedumni 1 lnlsgimsdumdesi 1

for r=1:5
S(r,:)=((xlimit2(1,:)-xlimit2(2,:)).*rand(1,N))+xlimit2(2,:);
end
for k=1:size(S,1)
ysim=0bj(S(k,1),S(k,2),S(k,3),S(k,4),S(k,5),5(k,6),S(k,7),S(k,8),5(k,9),5(k,10),S(k,11),S(k,12),S(k,13),S(k,14),
S(k,15));
costvalue(k,1)=ysim;
end
[best_error,index]=min(costvalue);
S02=S(index,:);

oA o A 9y o o "y = a Y oA
% FUEADNAINDULIUAUT NI UM UIWAUYIN 2 ﬁlulﬁﬂvilﬂ'liﬂuﬂ']ﬂﬂﬂﬂ 2

for r=1:5
S(r,2)=((xlimit3(1,:)-xlimit3(2,:)).*rand(1,N))+xlimit3(2,:);
end
for k=1:size(S,1)
ysim=0bj(S(k,1),S(k,2),S(k,3),S(k,4),S(k,5),5(k,6),S(k,7),S(k,8),S(k,9),5(k,10),S(k,11),S(k,12),S(k,13),S(k,14),
S(k,15));
costvalue(k,1)=ysim;
end
[best_error,index]=min(costvalue);
S03=S(index,:);

oA o P A ) I = a Y oA
% FUEABNAMNBDULITNAUT NI UNUIWAUNIN 3 °luﬂ‘§g11miﬂumaaam 3

for r=1:5
S(r,2)=((xlimit4(1,:)-xlimit4(2,:)).*rand(1,N))+xlimit4(2,:);
end
for k=1:size(S,1)
ysim=0bj(S(k,1),S(k,2),S(k,3),S(k,4),S(k,5),5(k,6),S(k,7),S(k,8),S(k,9),5(k,10),S(k,11),S(k,12),S(k,13),S(k,14),
S(k,15));
costvalue(k,1)=ysim;
end
[best_error,index]=min(costvalue);
S04=S(index,:);

% guidenmasuisuaud S UileAunn 4 lulSglimsdumdesi 4
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for r=1:5
S(r,2)=((xlimit5(1,:)-xlimit5(2,:)).*rand(1,N))+xlimit5(2,:);

end

for k=1:size(S,1)

ysim=0bj(S(k,1),S(k,2),S(k,3),S(k,4),S(k,5),5(k,6),S(k,7),S(k,8),S(k,9),5(k,10),S(k,11),S(k,12),S(k,13),S(k,14),
S(k,15));

costvalue(k,1)=ysim;

end

[best_error,index]=min(costvalue);

S05=S(index,:);

oA o A 9 o o I = a Y oA
% FUEABNAIADUVLITUAUT IV IUNUIAUNIN 5 ﬁlulﬁﬂvilﬂ'liﬂuﬂ']ﬂﬂﬂﬂ 5

for r=1:5
S(r,2)=((xlimit6(1,:)-xlimit6(2,:)).*rand(1,N))+xlimit6(2,:);
end
for k=1:size(S,1)
ysim=0bj(S(k,1),S(k,2),S(k,3),S(k,4),S(k,5),5(k,6),5(k,7),S(k,8),S(k,9),S(k,10),S(k,11),S(k,12),S(k,13),S(k,14),
S(k,15));
costvalue(k,1)=ysim;
end
[best_error,index]=min(costvalue);
S06=S(index,:);

% guidonmauEUAUA M UNeRuR 6 lulglinsaumdesn 6

for r=1:5
S(r,:))=((xlimit7(1,:)-xlimit7(2,:)).*rand(1,N))+xlimit7(2,:);
end
for k=1:size(S,1)
ysim=0bj(S(k,1),S(k,2),S(k,3),S(k,4),S(k,5),S(k,6),S(k,7),S(k,8),S(k,9),S(k,10),S(k,11),S(k,12),S(k,13),S(k,14),
S(k,15));
costvalue(k,1)=ysim;
end
[best_error,index]=min(costvalue);
S07=S(index,:);

% guidenmapuFuRUA S UeruR 7 luliginsdumdesn 7

forr=1:5
S(r,2)=((xlimit8(1,:)-xlimit8(2,:)).*rand(1,N))+xlimit8(2,:);
end
for k=1:size(S,1)
ysim=0bj(S(k,1),S(k,2),S(k,3),S(k,4),S(k,5),S(k,6),5(k,7),S(k,8),S(k,9),S(k,10),S(k,11),S(k,12),S(k,13),S(k,14),
S(k,15));
costvalue(k,1)=ysim;
end
[best_error,index]=min(costvalue);
S08=S(index,:);

% guidenmasuEuAUd T UMINeAumN 8 luligimsdumdesn 8

forr=1:5
S(r,:)=((xlimit9(1,:)-x1imit9(2,:)).*rand(1,N))+xlimit9(2,:);
end
for k=1:size(S,1)
ysim=0bj(S(k,1),5(k,2),S(k,3),S(k,4),S(k,5),S(k,6),5(k,7),S(k,8),S(k,9),S(k,10),S(k,11),S(k,12),S(k,13),S(k,14),
S(k,15));
costvalue(k,1)=ysim;
end
[best_error,index]=min(costvalue);
S09=S(index,:);

% guidenmasuEuAUd T UMIesumA 9 luligimsdumedesn 9
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for r=1:5
S(r,:)=((xlimit10(1,:)-xlimit10(2,:)).*rand(1,N))+xlimit10(2,:);

end

for k=1:size(S,1)

ysim=0bj(S(k,1),S(k,2),S(k,3),S(k,4),S(k,5),5(k,6),S(k,7),S(k,8),S(k,9),5(k,10),S(k,11),S(k,12),S(k,13),S(k,14),
S(k,15));

costvalue(k,1)=ysim;

end

[best_error,index]=min(costvalue);

S10=S(index,:);

% quidendaeuisududmiumitedumi 10 lnfgimsdumdesi 10

for r=1:5
S(r,)=((xlimit11(1,:)-xlimit11(2,:)).*rand(1,N))+xlimit11(2,:);
end
for k=1:size(S,1)
ysim=0bj(S(k,1),S(k,2),S(k,3),S(k,4),S(k,5),S(k,6),5(k,7),S(k,8),S(k,9),S(k,10),S(k,11),S(k,12),S(k,13),S(k,14),
S(k,15));
costvalue(k,1)=ysim;
end
[best_error,index]=min(costvalue);
S11=S(index,:);

% guidenmasuEuaud s Uenun 11 lulsgiimsdumidesh 11

for r=1:5
S(r,:))=((xlimit12(1,:)-xlimit12(2,:)).*rand(1,N))+xlimit12(2;:);
end
for k=1:size(S,1)
ysim=0bj(S(k,1),S(k,2),S(k,3),S(k,4),S(k,5),S(k,6),S(k,7),S(k,8),S(k,9),S(k,10),S(k,11),S(k,12),S(k,13),5(k,14),
S(k,15));
costvalue(k,1)=ysim;
end
[best_error,index]=min(costvalue);
S12=S(index,:);

% guidenmapuEuRuA s UNenumn 12 luils piimsdunidesi 12

forr=1:5
S(r,2)=((xlimit13(1,:)-xlimit13(2,:)).*rand(1,N))+xlimit13(2,:);
end
for k=1:size(S,1)
ysim=0bj(S(k,1),S(k,2),S(k,3),S(k,4),S(k,5),S(k,6),5(k,7),S(k,8),S(k,9),S(k,10),S(k,11),S(k,12),S(k,13),S(k,14),
S(k,15));
costvalue(k,1)=ysim;
end
[best_error,index]=min(costvalue);
S13=S(index,:);

% guidenmapsuEuAud T Umesumn 13 lulsgiimsdumdosh 13

forr=1:5
S(r,:)=((xlimit14(1,:)-xlimit14(2,:)).*rand(1,N))+xlimit14(2,:);
end
for k=1:size(S,1)
ysim=0bj(S(k,1),S(k,2),S(k,3),S(k,4),S(k,5),S(k,6),5(k,7),S(k,8),S(k,9),S(k,10),S(k,11),S(k,12),S(k,13),S(k,14),
S(k,15));
costvalue(k,1)=ysim;
end
[best_error,index]=min(costvalue);
S14=S(index,:);

% guidenmasuEuAud M UmIesumn 14 luilsgiimsdumdosh 14
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for r=1:5
S(r,:)=((xlimit15(1,:)-xlimit15(2,:)).*rand(1,N))+xlimit15(2,:);
end
for k=1:size(S,1)
ysim=0bj(S(k,1),S(k,2),S(k,3),S(k,4),S(k,5),5(k,6),S(k,7),S(k,8),S(k,9),5(k,10),S(k,11),S(k,12),S(k,13),S(k,14),
S(k,15));
costvalue(k,1)=ysim;
end
[best_error,index]=min(costvalue);
S15=S(index,:);

% quidendaeuisududmiumitedumi 15 lnlgimsdumdesi 15

xlimitl=xlimit;
xlimit2=xlimit;
xlimit3=xlimit;
xlimit4=xlimit;
xlimit5=xlimit;
xlimit6=xlimit;
xlimit7=xlimit;
xlimit8=xlimit;
xlimit9=xlimit;
xlimit10=xlimit;
xlimitl1=xlimit;
xlimit12=xlimit;
xlimit13=xlimit;
xlimitl4=xlimit;
xlimit15=xlimit;
% fmual3glinsfumdesiiann WuhiuiuS glginsdumsay

v
MeKida % a5aau PM

S00=[S01;S02;S03;S04;S05;S06,S07;S08;S09;510;S11;512;S13;S14;S15];
% iumnouEuAung 15 #2130 S00

best_neighbor01=S01;

best_neighbor02=S02;

best_neighbor03=S03;

best_neighbor04=S04;

best_neighbor05=S05;

best_neighbor06=S06;

best_neighbor07=S07;

best_neighbor08=S08;

best_neighbor09=S09;

best_neighbor10=S10;

best_neighbor11=S11,;

best_neighbor12=S12;

best_neighbor13=S13;

best_neighbor14=S14;

best_neighbor15=S15;

% humasuiEuduaazar131ude best_neighbor
best_error01=0bj(S01(1),S01(2),5S01(3),501(4),S01(5),501(6),S01(7),S01(8),501(9),S01(10),501(11),501(12),

S01(13),501(14),S01(15));

best_error02=0bj(S02(1),502(2),502(3),S02(4),502(5),S02(6),502(7),502(8),502(9),502(10),S02(11),502(12),
S02(13),502(14),S02(15));

best_error03=0bj(S03(1),503(2),S03(3),S03(4),S03(5),S03(6),503(7),503(8),S03(9),5S03(10),S03(11),503(12),
S03(13),S03(14),S03(15));

best_error04=0bj(S04(1),S04(2),S04(3),S04(4),S04(5),S04(6),5S04(7),S04(8),S04(9),S04(10),S04(11),5S04(12),
S04(13),504(14),S04(15));

best_error05=0bj(S05(1),S05(2),5S05(3),S05(4),S05(5),S05(6),5S05(7),505(8),S05(9),505(10),S05(11),505(12),
S05(13),505(14),S05(15));
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best_error06=ob;j(S06(1),S06(2),506(3),S06(4),506(5),506(6),506(7),S06(8),506(9),S06(10),S06(11),506(12),
S06(13),S06(14),506(15));
best_error07=obj(S07(1),507(2),507(3),507(4),507(5),S07(6),507(7),S07(8),507(9),507(10),507(11),507(12),
S07(13),507(14),507(15));
best_error08=obj(S08(1),S08(2),508(3),508(4),508(5),S08(6),508(7),508(8),S08(9),S08(10),S08(11),508(12),
S08(13),508(14),508(15));
best_error09=obj(S09(1),509(2),509(3),509(4),509(5),509(6),509(7),509(8),S09(9),509(10),S09(11),509(12),
S09(13),509(14),509(15));
best_error10=obj(S10(1),510(2),510(3),S10(4),510(5),510(6),510(7),510(8),S 10(9),510(10),S10(11),510(12),
$10(13),510(14),510(15));
best_error11=obj(S11(1),511(2),511(3),S11(4),511(5),S11(6),S11(7),S11(8),511(9),511(10),511(11),511(12),
S$11(13),511(14),511(15));
best_error12=obj(S12(1),512(2),512(3),512(4),512(5),512(6),512(7),512(8),512(9),512(10),512(11),512(12),
$12(13),512(14),512(15));
best_error13=obj(S13(1),513(2),513(3),513(4),513(5),513(6),513(7),513(8),513(9),513(10),513(11),513(12),
$13(13),513(14),513(15));
best_error14=obj(S14(1),514(2),514(3),S14(4),S14(5),514(6),S14(7),514(8),S14(9),514(10),514(11),514(12),
S14(13),514(14),514(15));
best_error15=obj(S15(1),515(2),515(3),S15(4),515(5),S15(6),515(7),515(8),515(9),515(10),S15(11),515(12),
S15(13),515(14),515(15));

' du o I3 o 2 ' @ 2 v
% ‘H']ﬂ'lﬁ\iﬂ%uﬁﬂQﬂii‘iﬁﬂﬂ‘l]@\?ﬂ']ﬁ@‘u!illﬁ’uLmazﬁl’JLLé}'Mﬂ‘UMﬂﬂ‘l'ﬂuﬂ'MLﬂﬁ

% ¥o best_error uAazda

[Y,I]=min([best_error01 best_error02 best_error03 best_error04 best_error05 best_error06 best_error07
best_error08 best_error09 best_error10 best_errorll best_errorl2 best_errorl3 best_errorl4 best_errorl5]);

' du o s o 2 § {
% mmﬁm%mmqﬂizmﬂmmmmmmﬁuﬁ%ﬂﬁqﬂ

= = Y <

o ' Jo o 7o 4 {
overall_best_error=Y; % m‘ﬁuﬂm‘ﬂaﬂmumqﬂizmﬂﬁﬁaﬂwmw"lmmﬂu overall_best_error

a

if 1I==1
overall_best_neighbor=S01,;
elseif 1==
overall_best_neighbor=S02;
elseif ==3
overall_best_neighbor=S03;
elseif I==
overall_best_neighbor=S04;
elseif I==
overall_best_neighbor=S05;
elseif 1==6
overall_best_neighbor=S06;
elseif 1==7
overall_best_neighbor=S07;
elseif 1==8
overall_best_neighbor=S08;
elseif 1==9
overall_best_neighbor=S09;
elseif 1==10
overall_best_neighbor=S10;
elseif 1==11
overall_best_neighbor=S11;
elseif 1==12
overall_best_neighbor=S12;
elseif 1==13
overall_best_neighbor=S13;
elseif 1==14
overall_best_neighbor=S14;
elseif 1==15
overall_best_neighbor=S15;

end % #naduyia overall_best_neighbor vessmilsiduiagilszasdiiosiiga
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% Shared parameters
max_count=10000; % InauAgANIAUMA oI LIS UMIAUNIZIgR
count=0;

%%%%%% %% % %% % %% % %% % %% % %% %% %% %% % %% % %% %% %% %% %
%% Initialize all individual parameters %%
%%%%%% %% %% %% %% % %% % %% % %% %% %% %% % %% % %% %% %% %% %

% sub search space # 1
overall_best_errorl=best_error01; % fmualst overall best_errorl fiawn1iu best_error01
overall_best_neighborl=best_neighbor01;

% rimuali overall_best_neighborl fisunriu best_neighbor01

radiusl=radius; % emsaun radiusl iy radius
nl1=0;

t1=0;

tt1=0;

ttt1=0;

n_back_tracking1=0;

countl=count;

% sub search space # 2
overall_best_error2=best_error02;
overall_best_neighbor2=best_neighbor02;
radius2=radius;
n2=0;
t2=0;
tt2=0;
ttt2=0;
n_back_tracking2=0;
count2=count;
% sub search space # 3
overall_best_error3=best_error03;
overall_best_neighbor3=best_neighhor03;
radius3=radius;
n3=0;
t3=0;
tt3=0;
ttt3=0;
n_back_tracking3=0;
count3=count;
% sub search space # 4
overall_best_errord4=best_error04;
overall_best_neighbor4=best_neighbor04;
radius4=radius;
n4=0;
t4=0;
tt4=0;
ttt4=0;
n_back_tracking4=0;
count4=count;

% sub search space # 5
overall_best_error5=best_error05;
overall_best_neighbor5=best_neighbor05;
radius5=radius;

n5=0;

t5=0;

tt5=0;

ttt5=0;

n_back_tracking5=0;
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count5=count;

% sub search space # 6
overall_best_error6=best_error06;
overall_best_neighbor6=best_neighbor06;
radiusé=radius;

n6=0;

16=0;

tt6=0;

ttt6=0;

n_back_tracking6=0;

count6=count;

% sub search space # 7
overall_best_error7=best_error07;
overall_best_neighbor7=best_neighbor07;
radius7=radius;

n7=0;

t7=0;

tt7=0;

ttt7=0;

n_back_tracking7=0;

count7=count;

% sub search space # 8
overall_best_error8=best_error08;
overall_best_neighbor8=best_neighbor08;
radius8=radius;

n8=0;

t8=0;

tt8=0;

ttt8=0;

n_back_tracking8=0;

count8=count;

% sub search space # 9
overall_best_error9=best_error09;
overall_best_neighbor9=best_neighbor09;
radius9=radius;

n9=0;

19=0;

tt9=0;

ttt9=0;

n_back_tracking9=0;

count9=count;

% sub search space # 10
overall_best_error10=best_errorl0;
overall_best_neighbor10=Dbest_neighbor10;
radius10=radius;

n10=0;

t10=0;

tt10=0;

ttt10=0;

n_back_tracking10=0;

countl0=count;

% sub search space # 11
overall_best_errorl1=best errorll;
overall_best_neighborll=Dbest neighborll,;
radiusl1=radius;

n11=0;

t11=0;

tt11=0;
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ttt11=0;
n_back_tracking11=0;
countll=count;

% sub search space # 12
overall_best_error12=best_errorl2;
overall_best_neighbor12=Dbest_neighbor12;
radius12=radius;

nl12=0;

t12=0;

tt12=0;

ttt12=0;

n_back_tracking12=0;

countl2=count;

% sub search space # 13
overall_best_errorl3=best_errorl3;
overall_best_neighbor13=best_neighborl3;
radius13=radius;

n13=0;

t13=0;

tt13=0;

ttt13=0;

n_back_tracking13=0;

countl3=count;

% sub search space # 14
overall_best_errorl4=best_errorl4;
overall_best_neighborl4=best_neighborl4;
radiusl4=radius;

n14=0;

t14=0;

tt14=0;

ttt14=0;

n_back_tracking14=0;

countl4=count;

% sub search space # 15
overall_best_errorl5=best_errorl5;
overall_best_neighbor15=Dbest_neighbor15;
radius15=radius;

n15=0;

t15=0;

tt15=0;

ttt15=0;

n_back_tracking15=0;

countl5=count;
%%%%%%% %% %% %% %% %% %%
tic;
%%%%%%% %% %% %% %% %% %%
% Path # 1

t1=t1+1;

tt1=ttl+1;

ttt1=ttt1+1;

% Path # 2
t12=t2+1;
tt2=tt2+1,;
ttt2=ttt2+1;

% Path # 3
t3=t3+1;
tt3=tt3+1;




214

ttt3=ttt3+1;

% Path # 4
t4=t4+1;
tt4=tt4+1,
ttt4=ttt4+1,

% Path #5
t5=tb+1;
tt5=tt5+1;
ttt5=ttt5+1;

% Path # 6
t6=t6+1;
tt6=tt6+1;
ttt6=ttt6+1,;

% Path # 7
t7=t7+1;
t7=tt7+1;
H7=ttt7+1;

% Path # 8
t8=t8+1;
1t8=tt8+1,;
ttt8=ttt8+1;

% Path # 9
t9=t9+1;
tt9=tt9+1;
ttto=ttt9+1,;

% Path # 10
t10=t10+1;
tt10=tt10+1;
ttt10=ttt10+1;

% Path # 11
t11=t11+1;
t11=tt11+1;
tt11=ttt11+1;

% Path # 12
t12=t12+1,
tt12=tt12+1,
ttt12=ttt12+1;

% Path # 13
t13=t13+1;
tt13=tt13+1;
ttt13=ttt13+1;

% Path # 14
t14=t14+1,
tt14=tt14+1,
ttt14=ttt14+1,

% Path # 15
t15=t15+1;
tt15=tt15+1;
ttt15=ttt15+1;
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disp([count overall_best_errorl overall_best_error2 overall_best_error3 overall_best_error4
overall_best_error5 ...
overall_best_error6 overall_best_error7 overall_best_error8]);

disp([count overall_best_error9 overall_best_error10 overall_best_errorll overall_best_errorl2 ...
overall_best_errorl3 overall_best_errorl4 overall_best_errorl5]);

% Sub search space # 1

locall(tl,1)=countl;

locall1(t1,2:16)=best_neighbor01;

locall(t1,17)=best_error01;

tabu_list1(tt1,1)=countl,;

tabu_list1(tt1,2:16)=best_neighbor01;

tabu_list1(tt1,17)=best_error01;

best_error_list1(ttt1,1)=countl,;

best_error_list1(ttt1,2:16)=best_neighbor01;

best_error_list1(ttt1,17)=best_error01;

% Sub search space # 2
local2(t2,1)=count2;
local2(t2,2:16)=best_neighbor02;
local2(t2,17)=best_error02;
tabu_list2(tt2,1)=count2;
tabu_list2(tt2,2:16)=best_neighbor02;
tabu_list2(tt2,17)=best_error02;
best_error_list2(ttt2,1)=count2;
best_error_list2(ttt2,2:16)=best_neighbor02;
best_error_list2(ttt2,17)=best_error02;

% Sub search space # 3
local3(t3,1)=count3;
local3(t3,2:16)=best_neighbor03;
local3(t3,17)=best_error03;
tabu_list3(tt3,1)=count3;
tabu_list3(tt3,2:16)=best_neighbor03;
tabu_list3(tt3,17)=best_error03;
best_error_list3(ttt3,1)=count3;
best_error_list3(ttt3,2:16)=best_neighbor03;
best_error_list3(ttt3,17)=best_error03;

% Sub search space # 4
local4(t4,1)=count4;
local4(t4,2:16)=best_neighbor04;
local4(t4,17)=best_error04;
tabu_list4(tt4,1)=count4;
tabu_list4(tt4,2:16)=best_neighbor04;
tabu_list4(tt4,17)=best_error04;
best_error_list4(ttt4,1)=count4;
best_error_list4(ttt4,2:16)=best_neighbor04;
best_error_list4(ttt4,17)=best_error04;

% Sub search space # 5
local5(t5,1)=count5;
local5(t5,2:16)=best_neighbor05;
local5(t5,17)=best_error05;
tabu_list5(tt5,1)=count5;
tabu_list5(tt5,2:16)=best_neighbor05;
tabu_list5(tt5,17)=best_error05;
best_error_list5(ttt5,1)=count5;
best_error_list5(ttt5,2:16)=best_neighbor05;
best_error_list5(ttt5,17)=best_error05;

% Sub search space # 6
local6(t6,1)=count6;
local6(t6,2:16)=best_neighbor06;
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local6(t6,17)=best_error06;
tabu_list6(tt6,1)=count6;
tabu_list6(tt6,2:16)=best_neighbor06;
tabu_list6(tt6,17)=best_error06;
best_error_list6(ttt6,1)=count6;
best_error_list6(ttt6,2:16)=best_neighbor06;
best_error_list6(ttt6,17)=best_error06;

% Sub search space # 7
local7(t7,1)=count7;
local7(t7,2:16)=best_neighbor07;
local7(t7,17)=best_error07;
tabu_list7(tt7,1)=count7,
tabu_list7(tt7,2:16)=best_neighbor07;
tabu_list7(tt7,17)=best_error07;
best_error_list7(ttt7,1)=count7;
best_error_list7(ttt7,2:16)=best_neighbor07;
best_error_list7(ttt7,17)=best_error07;

% Sub search space # 8
local8(t8,1)=count8;
local8(t8,2:16)=best_neighbor08;
local8(t8,17)=hest_error08;
tabu_list8(tt8,1)=count8;
tabu_list8(tt8,2:16)=best_neighbor08;
tabu_list8(tt8,17)=best_error08;
best_error_list8(ttt8,1)=count2;
best_error_list8(ttt8,2:16)=best_neighbor08;
best_error_list8(ttt8,17)=best_error08;

% Sub search space # 9
local9(t9,1)=count9;
local9(t9,2:16)=best_neighbor09;
local9(t9,17)=best_error09;
tabu_list9(tt9,1)=count9;
tabu_list9(tt9,2:16)=best_neighbor09;
tabu_list9(tt9,17)=best_error09;
best_error_list9(ttt9,1)=count9;
best_error_list9(ttt9,2:16)=best_neighbor09;
best_error_list9(ttt9,17)=best_error09;

% Sub search space # 10
local10(t10,1)=count10;
local10(t10,2:16)=best_neighbor10;
local10(t10,17)=best_error10;
tabu_list10(tt10,1)=count10;
tabu_list10(tt10,2:16)=best_neighborl0;
tabu_list10(tt10,17)=best_error10;
best_error_list10(ttt10,1)=count10;
best_error_list10(ttt10,2:16)=best_neighborl0;
best_error_list10(ttt10,17)=best_error10;

% Sub search space # 11
local11(t11,1)=countl1;
local11(t11,2:16)=best_neighborll;
local1l1(t11,17)=best_errorll;
tabu_list11(tt11,1)=count11;
tabu_list11(tt11,2:16)=best_neighborll,;
tabu_list11(tt11,17)=best_errorll;
best_error_list11(ttt11,1)=count11;
best_error_list11(ttt11,2:16)=best_neighborll;
best_error_list11(ttt11,17)=best_errorll,;
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% Sub search space # 12
local12(t12,1)=count12;
local12(t12,2:16)=best_neighbor12;
local12(t12,17)=best_errorl2;
tabu_list12(tt12,1)=count12;
tabu_list12(tt12,2:16)=best_neighborl2;
tabu_list12(tt12,17)=best_errorl2;
best_error_list12(ttt12,1)=count12;
best_error_list12(ttt12,2:16)=best_neighborl2;
best_error_list12(ttt12,17)=best_errorl2;

% Sub search space # 13
local13(t13,1)=count13;
local13(t13,2:16)=best_neighborl3;
local13(t13,17)=best_errorl3;
tabu_list13(tt13,1)=count13;
tabu_list13(tt13,2:16)=best_neighborl3;
tabu_list13(tt13,17)=best_errorl3;
best_error_list13(ttt13,1)=count13;
best_error_list13(ttt13,2:16)=best_neighborl3;
best_error_list13(ttt13,17)=best_errorl3;

% Sub search space # 14
local14(t14,1)=count14;
local14(t14,2:16)=best_neighborl4;
local14(t14,17)=best_errorl4;
tabu_list14(tt14,1)=count14;
tabu_list14(tt14,2:16)=best_neighborl4;
tabu_list14(tt14,17)=best_errorl4;
best_error_list14(ttt14,1)=count14;
best_error_list14(ttt14,2:16)=best_neighborl4;
best_error_list14(ttt14,17)=best_errorl4;

% Sub search space # 15
local15(t15,1)=count15;
local15(t15,2:16)=best_neighbor15;
local15(t15,17)=best_errorl5;
tabu_list15(tt15,1)=count15;
tabu_list15(tt15,2:16)=best_neighborl5;
tabu_list15(tt15,17)=best_errorl5;
best_error_list15(ttt15,1)=count15;
best_error_list15(ttt15,2:16)=best_neighborl5;
best_error_list15(ttt15,17)=best_errorl5;

% Define flag
flagl=1;
flag2=1;
flag3=1;
flag4=1;
flag5=1;
flag6=1;
flag6=1;
flag7=1;
flag8=1;
flag9=1;
flag10=1;
flagl1=1;
flagl2=1;
flag13=1;
flagl4=1;
flag15=1;
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% Start ATS
while (count<max_count)
count=count+1,;

OB R T
% Path 1
R R R R R R R S B R S B R B B A B R

if (flagl==1)

% sub search space # 1
S101=random_neigh(Number_neighb,radius1,xlimit1,S01);
[best_errorl01,best_neighbor101,best_error01,best_neighbor01l]=objective(S101,best_error01,S01);

% Path # 1
if (best_errorl01-best_error01)>1e-18
nl=nl+1;
else
n1=0;
end
tt1=tt1+1;
tabu_list1(tt1,1)=count;
tabu_list1(tt1,2:16)=best_neighbor101;
tabu_list1(tt1,17)=best_error101,;
tttl= ttt1+1;
best_error_list1(ttt1,1)=count;
best_error_list1(ttt1,2:16)=best_neighbor01;
best_error_list1(ttt1,17)=best_error01;

% Start AR mechanism

% Path # 1

if best_error01<20
radiusl=1e-2;

end

if best_error01<8

radiusl=1e-3;

end

if best_error01<3.5
radiusl=1e-4;

end

if (overall_best_errorl<=TC)
t1=t1+1;

tt1=tt1+1;

locall(tl,1)=count;
locall(t1,2:16)=best_neighbor01;
locall(t1,17)=best_error01;
pp='Path 1 Strikes';
overall_best_error=best_error01;
overall_best_neighbor=best_neighbor01;
break;

end

% Start BT mechanism

% sub search space # 1

if n1>=5
n_back_trackingl=n_back_trackingl+1;
TEMP1=tabu_list1(count-3:count+1,:);
[MAX1,INDEX1] = max(TEMP1(:,17));
RANKZ1(5,:) = TEMP1(INDEX1,:);
neighborl=RANK1(5,2:16);
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S01=neighboril;
best_error01=RANK1(5,17);
nl=0;

else

S01=best_neighbor01;
best_error01=best_error01;
end

% Updating Path 1

% Path # 1

if overall_best_errorl>best_error01
overall_best_errorl=best_error01;
overall_best_neighborl=best_neighbor01;

end

countl=count;

end

R R T T T 1 R T T R T R R
% Path 2
R R R R R T

if (flag2==1)

% sub search space # 2
S102=random_neigh(Number_neighb,radius2,xlimit2,S02);
[best_error102,best_neighbor102,best_error02,best_neighbor02]=objective(S102,best_error02,502);

% Path # 2

if (best_errorl02-best_error02)>1e-18
n2=n2+1,

else
n2=0;

end
tt2=tt2+1,;
tabu_list2(tt2,1)=count;
tabu_list2(tt2,2:16)=best_neighbor102;
tabu_list2(tt2,17)=best_error102;
ttt2= ttt2+1;
best_error_list2(ttt2,1)=count;
best_error_list2(ttt2,2:16)=best_neighbor02;
best_error_list2(ttt2,17)=best_error02;

% Start AR

% Path # 2
if best_error02<20
radius2=1e-2;
end
if best_error02<8
radius2=1e-3;
end
if best_error02<3.5
radius2=1e-4;
end
if (overall_best_error2<TC)
t12=t2+1;
tt2=tt2+1,
local2(t2,1)=count;
local2(t2,2:16)=best_neighbor02;
local2(t2,17)=best_error02;
pp='Path 2 Strikes';
overall_best_error=best_error02;
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overall_best_neighbor=best_neighbor02;
break;
end

% Start BT

% sub search space # 2

if n2>=5
n_back_tracking2=n_back_tracking2+1;
TEMP2=tabu_list2(count-3:count+1,:);
[MAX2,INDEX2] = max(TEMP2(:,17));
RANK2(5,:) = TEMP2(INDEX2,:);
neighbor2=RANK2(5,2:16);
S02=neighbor2;
best_error02=RANK2(5,17);

n2=0;

else

S02=best_neighbor02;
best_error02=best_error02;

end

% Updating Path 2

if overall_best_error2>best_error02
overall_best_error2=hest_error02;
overall_best_neighbor2=best_neighbor02;

end

count2=count;

end

Ot R R R
% Path 3
OOt R R R

if (flag3==1)

% sub search space # 3
S103=random_neigh(Number_neighb,radius3,xlimit3,S03);
[best_error103,best_neighbor103,best_error03,best_neighbor03]=objective(S103,best_error03,5S03);

% Path # 3

if (best_errorl03-best_error03)>1e-18

n3=n3+1,

else

n3=0;

end

1t3=tt3+1;

tabu_list3(tt3,1)=count;
tabu_list3(tt3,2:16)=best_neighbor103;
tabu_list3(tt3,17)=best_error103;
ttt3=ttt3+1;
best_error_list3(ttt3,1)=count;
best_error_list3(ttt3,2:16)=best_neighbor03;
best_error_list3(ttt3,17)=best_error03;

% Start AR mechanism

% Path # 3
if best_error03<20
radius3=1e-2;
end
if best_error03<8
radius3=1e-3;
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end

if best_error03<3.5
radius3=1e-4;

end

if (overall_best_error3<TC)
t3=t3+1;

tt3=tt3+1,;

local3(t3,1)=count;
local3(t3,2:16)=best_neighbor03;
local3(t3,17)=best_error03;
pp='Path 3 Strikes';
overall_best_error=best_error03;
overall_best_neighbor=best_neighbor03;
break;

end

% Start BT mechanism

% sub search space # 3

if n3>=5
n_back_tracking3=n_back_tracking3+1;
TEMP3=tabu_list3(count-3:count+1,:);
[MAX3,INDEX3] = max(TEMP3(:,17));
RANK3(5,:) = TEMP3(INDEX3;:);
neighbor3=RANK3(5,2:16);
S03=neighbor3;
best_error03=RANK3(5,17);

n3=0;

else

S03=best_neighbor03;
best_error03=best_error03;

end

% Updating Path 3
% Path # 3
if overall_best_error3>best_error03
overall_best_error3=best_error03;
overall_best_neighbor3=best_neighbor03;
end
count3=count;
end
Ot T
% Path 4
R R
if (flagd==1)
% sub search space # 4
S104=random_neigh(Number_neighb,radius4,xlimit4,S04);
[best_error104,best_neighbor104,best_error04,best_neighbor04]=objective(S104,best_error04,S04);

% Path # 4
if (best_errorl04-best_error04)>1e-18
n4=n4+1;
else
n4=0;
end
tt4=tt4+1,;
tabu_list4(tt4,1)=count;
tabu_list4(tt4,2:16)=best_neighbor104;
tabu_list4(tt4,17)=best_error104;
tttd= ttt4+1;
best_error_list4(ttt4,1)=count;
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best_error_list4(ttt4,2:16)=best_neighbor04;
best_error_list4(ttt4,17)=best_error04;

ot T T R T
% Start AR
Ot A A
% Path # 4

if best_error04<20

radius4=1e-2;

end

if best_error04<8

radius4=1e-3;

end

if best_error04<3.5

radius4=1e-4;

end

if (overall_best_error4<=TC)

t4=t4+1;

tt4=tt4+1,;

local4(t4,1)=count;
local4(t4,2:16)=best_neighbor04;
local4(t4,17)=best_error04;

pp='Path 4 Strikes';
overall_best_error=best_error04;
overall_best_neighbor=best_neighbor04;
break;

end

OOt
% Start BT
OOt R R

% sub search space # 4

if n4>=5
n_back_tracking4=n_back_tracking4+1;
TEMP4=tabu_list4(count-3:count+1,:);
[MAX4,INDEX4] = max(TEMP4(:,17));
RANKA4(5,:) = TEMP4(INDEX4,:);
neighbor4=RANK4(5,2:16);
S04=neighbor4;
best_error04=RANK4(5,17);

n4=0;

else

S04=best_neighbor04;
best_error04=best_error04;

end

% Updating Path 4

% Path # 4

if overall_best_errord>best_error04
overall_best_error4=best_error04;
overall_best_neighbor4=best_neighbor04;

end

count4=count;

end

O R R R R R R R R H R

% Path 5

O R R R R R R R T T R R T R T R R R 1

if (flags==1)
% sub search space # 5
S105=random_neigh(Number_neighb,radius5,xlimit5,S05);

[best_errorl05,best_neighbor105,best_error05,best_neighbor05]=objective(S105,best_error05,S05);
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% Path # 4
if (best_errorl05-best_error05)>1e-18
n5=n5+1;
else
n5=0;
end
tt5=tt5+1;
tabu_list5(tt5,1)=count;
tabu_list5(tt5,2:16)=best_neighbor105;
tabu_list5(tt5,17)=best_error105;
ttt5= ttt5+1;
best_error_list5(ttt5,1)=count;
best_error_list5(ttt5,2:16)=best_neighbor05;
best_error_list5(ttt5,17)=best_error05;

Ot BB A
% Start AR
OOt A A
% Path #5

if best_error05<20

radiusb=1e-2;

end

if best_error05<8

radiusb=1e-3;

end

if best_error05<3.5

radiusb=1e-4;

end

if (overall_best_error5<=TC)

t5=t5+1;

t5=tt5+1;

local5(t5,1)=count;
local5(t5,2:16)=best_neighbor05;
local5(t5,17)=best_error05;

pp='Path 5 Strikes';
overall_best_error=best_error05;
overall_best_neighbor=best_neighbor05;

break;
end

Ot
% Start BT

R R R R T R R R R R R

% sub search space # 5

if n5>=5
n_back_tracking5=n_back_tracking5+1;
TEMP5=tabu_list5(count-3:count+1,:);
[MAXS5,INDEX5] = max(TEMP5(:,17));
RANKS5(5,:) = TEMP5(INDEXS5,:);
neighbor5=RANKS5(5,2:16);
S05=neighbor5;
best_error05=RANK5(5,17);

n5=0;

else

S05=best_neighbor05;
best_error05=best_error05;

end

% Updating Path 5

% Path #5

if overall_best_error5>best_error05
overall_best_error5=best_error05;
overall_best_neighbor5=best_neighbor05;




224

end
count5=count;
end

R R

% Path 6

QOB A A

if (flagb==1)

% sub search space # 6

S106=random_neigh(Number_neighb,radius6,xlimit6,S06);
[best_error106,best_neighbor106,best_error06,best_neighbor06]=objective(S106,best_error06,S06);

% Path # 6
if (best_error106-best_error06)>1e-18
n6=n6+1;
else
n6=0;
end
tt6=tt6+1;
tabu_list6(tt6,1)=count;
tabu_list6(tt6,2:16)=best_neighbor106;
tabu_list6(tt6,17)=best_error106;
6= ttt6+1;
best_error_list6(ttt6,1)=count;
best_error_list6(ttt6,2:16)=best_neighbor06;
best_error_list6(ttt6,17)=best_error06;

OO T T T
% Start AR
OO
% Path # 6

if best_error06<20

radius6=1e-2;

end

if best_error06<8

radius6=1e-3;

end

if best_error06<3.5

radius6=1e-4;

end

if (overall_best_error6<=TC)

t6=t6+1;

tt6=tt6+1;

local6(t6,1)=count;
local6(t6,2:16)=best_neighbor06;
local6(t6,17)=best_error06;

pp='Path 6 Strikes';
overall_best_error=best_error06;
overall_best_neighbor=best_neighbor06;
break;

end

OOt
% Start BT
OO

% sub search space # 6

if n6>=5
n_back_tracking6=n_back_tracking6+1;
TEMP6=tabu_list6(count-3:count+1,:);
[MAX6,INDEX6] = max(TEMP6(:,17));
RANKG6(5,:) = TEMP6(INDEXS,:);
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neighbor6=RANKS6(5,2:16);
S06=neighbor6;
best_error06=RANKG6(5,17);
n6=0;

else

S06=best_neighbor06;
best_errorO6=best_error06;
end

% Updating Path 6

% Path # 6

if overall_best_error6>best_error06
overall_best_error6=best_error06;
overall_best_neighbor6=best_neighbor06;

end

counté=count;

end

OOHHHHHHHHHHHH A ]

% Path 7

OB T T A R T R

if (flag7==1)

% sub search space # 7

S107=random_neigh(Number_neighb,radius7, xlimit7,S07);
[best_errorl07,best_neighbor107,best_error07,best_neighbor07]=objective(S107,best_error07,S07);

% Path #7
if (best_errorl07-best_error07)>1e-18
n7=n7+1;
else
n7=0;
end
t7=tt7+1,;
tabu_list7(tt7,1)=count;
tabu_list7(tt7,2:16)=best_neighbor107;
tabu_list7(tt7,17)=best_error107,;
ttt7=ttt7+1;
best_error_list7(ttt7,1)=count;
best_error_list7(ttt7,2:16)=best_neighbor07;
best_error_list7(ttt7,17)=best_errorQ7;

OOt HHHHH A A A
% Start AR

OO T R R
% Path #7

if best_error07<20

radius7=1e-2;

end

if best_error07<8

radius7=1e-3;

end

if best_error07<3.5

radius7=1e-4;

end

if (overall_best_error7<=TC)

t7=t7+1;

t7=tt7+1,;

local7(t7,1)=count;
local7(t7,2:16)=best_neighbor07;
local7(t7,17)=best_error07;

pp='Path 7 Strikes';
overall_best_error=best_error07;
overall_best_neighbor=best_neighbor07;
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break;
end

OOt
% Start BT
Ot

% sub search space # 7

if n7>=5
n_back_tracking7=n_back_tracking7+1;
TEMP7=tabu_list7(count-3:count+1,:);
[MAX7,INDEX7] = max(TEMP7(:,17));
RANK7(5,:) = TEMP7(INDEX7,:);
neighbor7=RANK?7(5,2:16);
S07=neighbor7;
best_error07=RANK7(5,17);

n7=0;

else

S07=best_neighbor07;
best_error07=best_error07,

end

% Updating Path 7

% Path # 7

if overall_best_error7>best_error07
overall_best_error7=Dbest_error07;
overall_best_neighbor7=best_neighbor07;

end

count7=count;

end

VOHBHEH I 1 I R S R R S

% Path 8

OB T T T T T

if (flag8==1)

% sub search space # 8

S108=random_neigh(Number_neighb,radius8,xlimit8,S08);
[best_error108,best_neighbor108,best_error08,best_neighbor08]=objective(S108,best_error08,S08);

% Path # 8
if (best_error108-best_error08)>1e-18
n8=n8+1;
else
n8=0;
end
{t8=tt8+1;
tabu_list8(tt8,1)=count;
tabu_list8(tt8,2:16)=best_neighbor108;
tabu_list8(tt8,17)=best_error108;
8= ttt8+1;
best_error_list8(ttt8,1)=count;
best_error_list8(ttt8,2:16)=best_neighbor08;
best_error_list8(ttt8,17)=best_error08;

Ot A
% Start AR

Vot HHHHHHHHH R R
% Path # 8

if best_error08<20

radius8=1e-2;

end

if best_error08<8
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radius8=1e-3;

end

if best_error08<3.5
radius8=1e-4;

end

if (overall_best_error8<=TC)
t8=t8+1;

tt8=tt8+1,;

local8(t8,1)=count;
local8(t8,2:16)=best_neighbor08;
local8(t8,17)=best_error08;
pp='Path 8 Strikes';
overall_best_error=best_error08;
overall_best_neighbor=best_neighbor08;
break;

end

OB R T R T e R T R R T R i
% Start BT
R R T R R

% sub search space # 8

if n8>=5
n_back_tracking8=n_back_tracking8+1;
TEMP8=tabu_list8(count-3:count+1,:);
[MAX8,INDEX8] = max(TEMPS(:,17));
RANKAS(5,:) = TEMP8(INDEXS,:);
neighbor8=RANKS(5,2:16);
S08=neighbors;
best_error08=RANKS(5,17);

n8=0;

else

S08=best_neighbor08;
best_error08=best_error08;

end

% Updating Path 8

% Path # 8

if overall_best_error8>best_error08
overall_best_error8=best_error08;
overall_best_neighbor8=best_neighbor08;

end

count8=count;

end

Ot R

% Path 9
OOt R R A

if (flag9==1)

% sub search space # 9

S109=random_neigh(Number_neighb,radius9,xlimit9,S09);
[best_error109,best_neighbor109,best_error09,best_neighbor09]=objective(S109,best_error09,S09);

% Path # 9

if (best_error109-best_error09)>1e-18
n9=n9+1;

else
n9=0;

end

tt9=tt9+1;

tabu_list9(tt9,1)=count;

tabu_list9(tt9,2:16)=best_neighbor109;
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tabu_list9(tt9,17)=best_error109;

ttt9= ttt9+1;

best_error_list9(ttt9,1)=count;
best_error_list9(ttt9,2:16)=best_neighbor09;
best_error_list9(ttt9,17)=best_error09;

O L S L R S L
% Start AR
OOt
% Path # 9

if best_error09<20

radius9=1e-2;

end

if best_error09<8

radius9=1e-3;

end

if best_error09<3.5

radius9=1e-4;

end

if (overall_best_error9<=TC)

t9=t9+1,

tt9=tt9+1;

local9(t9,1)=count;
local9(19,2:16)=best_neighbor09;
local9(t9,17)=best_error09;

pp='Path 9 Strikes';
overall_best_error=best_error09;
overall_best_neighbor=best_neighborQ9;

break;
end

OOt
% Start BT

R R T T R R R T

% sub search space # 9

if n9>=5
n_back_tracking9=n_back_tracking9+1;
TEMP9=tabu_list9(count-3:count+1,:);
[MAX9,INDEX9] = max(TEMP9(:,17));
RANKO9(5,:) = TEMP9(INDEX9;,:);
neighbor9=RANK?9(5,2:16);
S09=neighbor9;
best_error09=RANK9(5,17);

n9=0;

else

S09=best_neighbor09;
best_error09=best_error09;

end

% Updating Path 9

% Path # 9

if overall_best_error9>best_error09
overall_best_error9=best_error09;
overall_best_neighbor9=best_neighborQ9;

end

count9=count;

end

R R R T R R R R R R T R AT

% Path 10

O R R T

if (flagl0==1)
% sub search space # 10
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S110=random_neigh(Number_neighb,radius10,xlimit10,510);
[best_error110,best_neighbor110,best_error10,best_neighborl0]=objective(S110,best_errorl0,S10);

% Path # 10
if (best_error110-best_error10)>1e-18
n10=n10+1;
else
n10=0;
end
tt10=tt10+1;
tabu_list10(tt10,1)=count;
tabu_list10(tt10,2:16)=best_neighbor110;
tabu_list10(tt10,17)=best_error110;
ttt10=ttt10+1;
best_error_list10(ttt10,1)=count;
best_error_list10(ttt10,2:16)=best_neighborl0;
best_error_list10(ttt10,17)=best_error10;

OOt HHHHH A
% Start AR

OO T T R R R
% Path # 10

if best_error10<20

radius10=1e-2;

end

if best_error10<8

radius10=1e-3;

end

if best_error10<3.5

radius10=1e-4;

end

if (overall_best_error10<=TC)
t10=t10+1,

tt10=tt10+1;

local10(t10,1)=count;
local10(t10,2:16)=best_neighbor10;
local10(t10,17)=best_error10;

pp='Path 10 Strikes";
overall_best_error=best_error10;
overall_best_neighbor=best_neighbor10;
break;

end

B
% Start BT
OOt R R

% sub search space # 10

if n10>=5
n_back_tracking10=n_back_tracking10+1;
TEMP10=tabu_list10(count-3:count+1,:);
[MAX10,INDEX10] = max(TEMP10(:,17));
RANK10(5,:) = TEMP10(INDEX10,));
neighborl0=RANK10(5,2:16);
S10=neighbor10;
best_errorl0=RANK10(5,17);

n10=0;

else

S10=best_neighbor10;
best_errorl0=best_error10;

end

% Updating Path 10
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% Path # 10
if overall_best_errorl0>best_errorl0
overall_best_error10=best_errorl0;
overall_best_neighbor10=best_neighbor10;
end
count10=count;
end

A T T T T R T T T

% Path 11

oM B R R T T T R R R T

if (flagl1l==1)

% sub search space # 11

Sl11l=random_neigh(Number_neighb,radius1l,xlimit11,S11);
[best_errorlll,best_neighborlll,best errorll,best _neighborll]=objective(S111,best_errorll,S11);

% Path # 11
if (best_errorl11-best_errorll)>1e-18
nll=nl1l1+1;
else
n11=0;
end
tt11=tt11+1,;
tabu_list11(tt11,1)=count;
tabu_list11(tt11,2:16)=best_neighborl11;
tabu_list11(tt11,17)=best_errorlll;
ttll=ttt11+1;
best_error_list11(ttt11,1)=count;
best_error_list11(ttt11,2:16)=best_neighborll;
best_error_list11(ttt11,17)=best_errorll;

VOt BB HHHHHHH R R R
% Start AR
OOt
% Path # 11

if best_error11<20

radiusll=1e-2;

end

if best_error11<8

radiusl1=1e-3;

end

if best_error11<3.5

radiusll=1e-4;

end

if (overall_best_errorl1<=TC)
t11=t11+1;

tt11=tt11+1,;

local11(t11,1)=count;
local11(t11,2:16)=best_neighborl1;
local11(t11,17)=best_errorll;

pp='Path 11 Strikes";
overall_best_error=best_errorl1,;
overall_best_neighbor=best_neighborl1;
break;

end

R R R R R R R R
% Start BT
R R R T R I R T R R

% sub search space # 11
if n11>=5
n_back_trackingll=n_back_trackingll+1;
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TEMP11=tabu_list11(count-3:count+1,:);
[MAX11,INDEX11] = max(TEMP11(:,17));
RANK11(5,:) = TEMP11(INDEX11,:);
neighbor11=RANK11(5,2:16);
S1l=neighborll,;
best_errorl1=RANK11(5,17);

n11=0;

else

S11=best_neighborll,;
best_errorll=best_errorll,;

end

% Updating Path 11

% Path # 11

if overall_best_errorl1>best_errorll
overall_best_errorll=best_errorll;
overall_best_neighborll=Dbest neighborll,;

end

countll=count;

end

R

% Path 12

OHH T T R R R R R

if (flagl2==1)

% sub search space # 12

S112=random_neigh(Number_neighb,radius12,xlimit12,S12);
[best_error112,best_neighborl12,best_error12,best_neighborl2]=objective(S112,best_errorl2,512);

% Path # 12
if (best_errorl12-best_error12)>1e-18
nl2=nl12+1;
else
n12=0;
end
t12=tt12+1,;
tabu_list12(tt12,1)=count;
tabu_list12(tt12,2:16)=best_neighborl12;
tabu_list12(tt12,17)=best_errorll2;
tt12=ttt12+1;
best_error_list12(ttt12,1)=count;
best_error_list12(ttt12,2:16)=best_neighbor12;
best_error_list12(ttt12,17)=best_errorl2;

OO R R
% Start AR

Ot A
% Path # 12

if best_error12<20

radius12=1e-2;

end

if best_error12<8

radius12=1e-3;

end

if best_error12<3.5

radius12=1e-4;

end

if (overall_best_error12<=TC)

t12=t12+1,

tt12=tt12+1;

local12(t12,1)=count;

local12(t12,2:16)=best_neighbor12;

local12(t12,17)=best_errorl2;
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pp='Path 12 Strikes";
overall_best_error=best_error12;
overall_best_neighbor=best_neighbor12;
break;

end

R R R R R R R
% Start BT
R R R R T R R R R R

% sub search space # 12

if n12>=5
n_back_tracking12=n_back_tracking12+1;
TEMP12=tabu_list12(count-3:count+1,:);
[MAX12,INDEX12] = max(TEMP12(:,17));
RANK12(5,:) = TEMP12(INDEX12,});
neighbor12=RANK12(5,2:16);
S12=neighbor12;
best_errorl2=RANK12(5,17);

n12=0;

else

S12=best_neighborl2;
best_errorl2=best_error12;

end

% Updating Path 12

% Path # 12

if overall_best_errorl2>best_errorl2
overall_best_errorl2=best_errorl2;
overall_best_neighbor12=best_neighbor12;

end

countl2=count;

end

QR AR

% Path 13

Ot R R R R

if (flagl3==1)

% sub search space # 13

S113=random_neigh(Number_neighb,radius13,xlimit13,513);
[best_error113,best_neighborl13,best_errorl3,best_neighborl3]=objective(S113,best_errorl3,S13);

% Path # 13
if (best_error113-best_errorl3)>1e-18
n13=n13+1;
else
n13=0;
end
tt13=tt13+1;
tabu_list13(tt13,1)=count;
tabu_list13(tt13,2:16)=best_neighborl13;
tabu_list13(tt13,17)=best_errorll3;
ttt13=ttt13+1,;
best_error_list13(ttt13,1)=count;
best_error_list13(ttt13,2:16)=best_neighborl3;
best_error_list13(ttt13,17)=best_errorl3;

R
% Start AR

O
% Path # 13

if best_error13<20

radius13=1e-2;
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end

if best_error13<8

radius13=1e-3;

end

if best_errorl3<3.5

radius13=1e-5;

end

if (overall_best_error13<=TC)
t13=t13+1;

tt13=tt13+1;

local13(t13,1)=count;
local13(t13,2:16)=best_neighbor13;
local13(t13,17)=best_errorl3;
pp='Path 13 Strikes";
overall_best_error=best_errorl3;
overall_best_neighbor=best_neighborl3;
break;

end

R R T R R
% Start BT
Ot R

% sub search space # 13

if n13>=5
n_back_tracking13=n_back_tracking13+1;
TEMP13=tabu_list13(count-3:count+1,:);
[MAX13,INDEX13] = max(TEMP13(:,17));
RANK13(5,:) = TEMP13(INDEX13,:);
neighbor13=RANK13(5,2:16);
S13=neighborl3;
best_errorl3=RANK13(5,17);

n13=0;

else

S13=best_neighborl3;
best_errorl3=best_errorl3;

end

% Updating Path 13

% Path # 13

if overall_best errorl3>best_errorl3
overall_best_errorl3=best_errorl3;
overall_best_neighbor13=best_neighborl3;

end

countl3=count;

end

O R R R

% Path 14
S A
if (flagl4==1)

% sub search space # 14
S114=random_neigh(Number_neighb,radius14,xlimit14,S14);
[best_errorl14,best_neighborl14,best_errorl4,best_neighborl4]=objective(S114,best_errorl4,S14);

% Path # 14

if (best_errorl14-best_errorl4)>1e-18
nl4=nl14+1;

else
n14=0;

end

tt14=tt14+1,

tabu_list14(tt14,1)=count;
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tabu_list14(tt14,2:16)=best_neighbor114;
tabu_list14(tt14,17)=best_errorll4;
ttt14=ttt14+1,;
best_error_list14(ttt14,1)=count;
best_error_list14(ttt14,2:16)=best_neighborl4;
best_error_list14(ttt14,17)=best_errorl4;

Vot HHHHHHHHH A
% Start AR

OOt HHHHH A A
% Path # 14

if best_error14<20

radiusl4=1e-2;

end

if best_error14<8

radius14=1e-3;

end

if best_errorl4<3.5

radiusl4=1e-4;

end

if (overall_best_errorl4<=TC)
t14=t14+1;

tt14=tt14+1,

local14(t14,1)=count;
local14(t14,2:16)=best_neighborl4;
locall4(t14,17)=best_errorl4;

pp='Path 14 Strikes";
overall_best_error=best_errorl4;
overall_best_neighbor=best_neighbor14;
break;

end

R R T T R R R T
% Start BT
R R R R T R e R i R R e R i

% sub search space # 14

if n14>=5
n_back_trackingl4=n_back_trackingl4+1;
TEMP14=tabu_list14(count-3:count+1,:);
[MAX14,INDEX14] = max(TEMP14(:,17));
RANK14(5,:) = TEMP14(INDEX14,’);
neighbor14=RANK14(5,2:16);
S14=neighborl4;
best_errorl4=RANK14(5,17);

n14=0;

else

S14=best_neighborl4;
best_errorl4=best_errorl4;

end

% Updating Path 14

% Path # 14

if overall_best_errorl4>best_errorl4
overall_best_errorl4=best_errorl4;
overall_best_neighborl4=best_neighborl4;

end

countl4=count;

end

OOt T
% Path 15
Ot T
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if (flagl5==1)

% sub search space # 15

S115=random_neigh(Number_neighb,radius15,xlimit15,S15);
[best_errorl15,best_neighborl15,best_errorl5,best_neighborl5]=objective(S115,best_errorl5,S15);

% Path # 15
if (best_errorl15-best_errorl5)>1e-18
n15=n15+1;
else
n15=0;
end
tt15=tt15+1;
tabu_list15(tt15,1)=count;
tabu_list15(tt15,2:16)=best_neighborl15;
tabu_list15(tt15,17)=best_errorl15;
ttt15= ttt15+1,
best_error_list15(ttt15,1)=count;
best_error_list15(ttt15,2:16)=best_neighborl5;
best_error_list15(ttt15,17)=best_errorl5;

oM T T T R R
% Start AR

R R R R R R
% Path # 15

if best_error15<20

radius15=1e-2;

end

if best_error15<8

radius15=1e-3;

end

if best_error15<3.5

radius15=1e-5;

end

if (overall_best_errorl5<=TC)
t15=t15+1;

tt15=tt15+1;

local15(t15,1)=count;
local15(t15,2:16)=best_neighborl5;
local15(t15,17)=best_errorl5;

pp="Path 15 Strikes";
overall_best_error=best_errorl5;
overall_best_neighbor=best_neighbor15;
break;

end

O T
% Start BT
O

% sub search space # 15

if n15>=5
n_back_tracking15=n_back_tracking15+1;
TEMP15=tabu_list15(count-3:count+1,:);
[MAX15,INDEX15] = max(TEMP15(:,17));
RANK15(5,:) = TEMP15(INDEX15,:);
neighbor15=RANK15(5,2:16);
S15=neighbor15;
best_errorl5=RANK15(5,17);

n15=0;

else

S15=best_neighborl5;
best_errorl5=best_errorl5;

end
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% Updating Path 15

% Path # 15

if overall_best_errorl5>best_errorl5
overall_best_errorl5=best_errorl5;
overall_best_neighbor15=best_neighborl5;

end

count15=count;

end

disp([count overall_best_errorl overall_best_error2 overall_best_error3 overall_best_error4 overall_best_error5 .
overall_best_error6 overall_best_error7 overall_best_error8]);

disp([count overall_best_error9 overall_best_error10 overall_best_errorll overall_best_errorl?2 ...
overall_best_errorl3 overall_best_errorl4 overall_best_errorl5]);

% DM Stage | reduce no. of paths from 15 to 8
if (count==10)
[Y,1]=sort([overall_best_errorl overall_best_error2 overall_best_error3 overall_best_error4...
overall_best_error5 overall_best_error6 overall_best_error7 overall_best_error8...
overall_best_error9 overall_best_error10 overall_best_errorll overall_best_errorl2...
overall_best_errorl3 overall_best_error14 overall_best_errorl5]);
for i=9:15
if 1(i)==1
flag1=0;
elseif 1(i)==2
flag2=0;
elseif 1(i)==3
flag3=0;
elseif I(i)==4
flag4=0;
elseif 1(i)==5
flag5=0;
elseif 1(i)==6
flag6=0;
elseif 1(i)==7
flag7=0;
elseif I(i)==8
flag8=0;
elseif 1(i)==9
flag9=0;
elseif 1(i)==10
flag10=0;
elseif 1(i)==11
flag11=0;
elseif 1(i)==12
flag12=0;
elseif 1(i)==13
flag13=0;
elseif 1(i)==14
flag14=0;
elseif 1(i)==15
flag15=0;

end
end
end

% DM Stage Il reduce no. of paths from 8 to 4
if (count==20)
[Y,1]=sort([overall_best_errorl overall_best_error2 overall_best_error3 overall_best_error4...
overall_best_error5 overall_best_error6 overall_best_error7 overall_best_error8...
overall_best_error9 overall_best_errorl10 overall_best_errorll overall_best_errorl2...
overall_best_errorl3 overall_best_errorl4 overall_best_errorl5]);
for i=5:8
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if 1(i)==1
flag1=0;
elseif I(i)==2
flag2=0;
elseif 1(i)==3
flag3=0;
elseif 1(i)==4
flag4=0;
elseif 1(i)==5
flag5=0;
elseif I(i)==6
flag6=0;
elseif I(i)==7
flag7=0;
elseif 1(i)==8
flag8=0;
elseif 1(i)==9
flag9=0;
elseif 1(i)==10
flag10=0;
elseif 1(i)==11
flag11=0;
elseif 1(i)==12
flag12=0;
elseif 1(i)==13
flag13=0;
elseif 1(i)==14
flag14=0;
elseif 1(i)==15
flag15=0;
end
end

end

% DM Stage Il reduce no. of paths from 4 to 2
if (count==30)

[Y,1]=sort([overall_best_errorl overall_best_error2 overall_best_error3 overall_best_error4...
overall_best_error5 overall_best_error6 overall_best_error7 overall_best_error8...
overall_best_error9 overall_best _errorl0 overall_best errorll overall_best errorl2...

overall_best_errorl3 overall_best_errorl4 overall_best_errorl5]);
fori=3:4
if 1(i)==1
flag1=0;
elseif I(i)==2
flag2=0;
elseif 1(i)==3
flag3=0;
elseif 1(i)==4
flag4=0;
elseif 1(i)==5
flag5=0;
elseif I(i)==6
flag6=0;
elseif 1(i)==7
flag7=0;
elseif 1(i)==8
flag8=0;
elseif 1(i)==9
flag9=0;
elseif 1(i)==10
flag10=0;
elseif 1(i)==11
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flag11=0;
elseif 1(i)==12
flag12=0;
elseif 1(i)==13
flag13=0;
elseif 1(i)==14
flag14=0;
elseif 1(i)==15
flag15=0;

end
end
end

% DM Stage IV reduce no. of paths from 2 to 1
if (count==40)
[Y,1]=sort([overall_best_errorl overall_best_error2 overall_best_error3 overall_best_error4...
overall_best_error5 overall_best_error6 overall_best_error7 overall_best_error8...
overall_best_error9 overall_best_errorl10 overall_best_errorll overall_best_errorl2...
overall_best_errorl3 overall_best_error14 overall_best_errorl5]);

fori=2:2
if 1(i)==1
flag1=0;
elseif 1(i)==2
flag2=0;
elseif 1(i)==3
flag3=0;
elseif I(i)==4
flag4=0;
elseif 1(i)==5
flag5=0;
elseif 1(i)==6
flag6=0;
elseif 1(i)==7
flag7=0;
elseif I(i)==8
flag8=0;
elseif 1(i)==9
flag9=0;
elseif 1(i)==10
flag10=0;
elseif 1(i)==11
flag11=0;
elseif 1(i)==12
flag12=0;
elseif 1(i)==13
flag13=0;
elseif 1(i)==14
flag14=0;
elseif 1(i)==15
flag15=0;
end
end
end
end
time=toc
% pp
overall_best_error
% overall_best_neighbor
% obj_plot(overall_best_neighbor(1),overall_best_neighbor(2),overall_best_neighbor(3),...
% overall_best_neighbor(4),overall_best_neighbor(5),overall_best_neighbor(6),...
%

overall_best_neighbor(7),overall_best_neighbor(8),overall_best_neighbor(9),overall_best_neighbor(10)...
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% ,overall_best_neighbor(11),overall_best_neighbor(12),overall_best_neighbor(13),overall_best_neighb

or(14),overall_best_neighbor(15))
return

TU5unsy obj.m

function [SSE]=obj(A,B,C,D,E,F,G,H,1,J,K,L,M,N,0)
% global SSE SSE1v SSE2i SSE3i SSE4i SSE5i SSE6V

% Runge-Kutta method to solve nonlinear CPP model
% by Jukkrit Kluabwang

% Tue 23nd June 2009

% Notation list

% x = iteration time

% h =sampling time

% x1 = angular angle in radian

% x2 = derivative of angular angle in radian/sec

% x3 = horizontal displacement in meter

% x4 = derivative of horizontal displacement in meter/sec
% m = mass of pendulum in kilogram

% | = length of pendulum rod in meter

% g = gravitational acceleration in square meter/sec
% M = mass of cart in kilogram

% A = coefficient of the 7th input variable

% B = coefficient of the 6th input variable

% C = coefficient of the 5th input variable

% D = coefficient of the 4th input variable

% E = coefficient of the 3rd input variable

% F = coefficient of the 2nd input variable

% G = coefficient of the 1st input variable

% H = the last coefficient of the variable

% clear all,close all,clc

% Initialization; values of M-H came from Prof.Deacha'’s thesis
x=0 ;

h=0.15;

m=0.251;

1=0.40;

0=9.81;

T=0.15;

R=0.025;

% Loading input u
load DATA_PENDULUM_AFTER_CORRECTION_TAKE_2.mat

ul=U_Sensor(31:280);
al=AP_Sensor(30:280);
y1=CP_Sensor(30:280);

u2=U_Sensor(331:580);
a2=AP_Sensor(330:580);
y2=CP_Sensor(330:580);

u3=U_Sensor(631:880);

a3=AP_Sensor(630:880);

y3=CP_Sensor(630:880);

load DATA_PENDULUM_AFTER_CORRECTION_TAKE_3.mat

u4=U_Sensor(31:280);
a4=AP_Sensor(30:280);
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y4=CP_Sensor(30:280);

u5=U_Sensor(331:580);
a5=AP_Sensor(330:580);
y5=CP_Sensor(330:580);

u6=U_Sensor(631:880);
a6=AP_Sensor(630:880);
y6=CP_Sensor(630:880);

Qo L O] S

x1=-0.3497;

x2=0.0153;

x3=0.0154;

x4=0.002;

u=ul;

aa=al;

yy=yL;

a=aa(2:251);

y=yy(2:251);

rr=yy/R;

r=rr(2:251);

for i=1:250
rdot(i)=rr(i+1)-rr(i);

end

for i=2:250
r2dot(1)=rdot(1);
r2dot(i)=rdot(i)-rdot(i-1);

end

for i=2:250
adot(1)=aa(2)-aa(1);
adot(i)=a(i)-a(i-1);

end

for i=2:250
a2dot(1)=adot(1);
a2dot(i)=adot(i)-adot(i-1);

end

for i=2:250
ydot(1)=yy(2)-yy(1);
ydot(i)=y(i)-y(i-1);

end

for i=2:250
y2dot(1)=ydot(1);
y2dot(i)=ydot(i)-ydot(i-1);

end

% Numerical process according to Runge-Kutta approach

for i=1:250

% Phase |
k1=h*obj1(x2);

ml=h*obj2(x1,x2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,l,J, K,L,M,N,
o,m,l,9);
n1l=h*ohj3(x4);

pl=h*obj4(x1,x2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,1,J,K,LM,N,
0o,m,1,9);

% Phase 11

k2=h*obj1(x2+m1/2);

m2=h*obj2(x1+k1/2,x2+m1/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,
1,JK,L,M,N,0,m,1,g);
n2=h*obj3(x4+p1/2);
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p2=h*obj4(x1+k1/2,x2+m1/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I
J,K,L,M,N,O,m,l,9);

% Phase 111

k3=h*obj1(x2+m2/2);

m3=h*obj2(x1+k2/2,x2+m2/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E ,F,G,H,
1,JK,L,M,N,0,m,l,g);
n3=h*obj3(x4+p2/2);

p3=h*obj4(x1+k2/2,x2+m2/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I
J,K,L,M,N,0,m,l,0);

% Phase 1V

k4=h*obj1(x2+m3);

m4=h*obj2(x1+k3,x2+m3,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,1,J,
K,.L,M,N,0,m,l,g);
n4=h*obj3(x4+p3);

p4=h*obj4(x1+k3,x2+m3,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i)adot(i),a2dot(i),A,B,C,D,E,F,G,H,1,J, K
,L,M,N,O,m,l,9);
% Derivative stage
del_x1=(k1+2*k2+2*k3+k4)/6;
del_x2=(m1+2*m2+2*m3+m4)/6;
del_x3=(n1+2*n2+2*n3+n4)/6;
del_x4=(pl+2*p2+2*p3+p4)/6;
% Saving solution
solu(i)=x1;
% Updating variables
x1=x1+del_x1;
x2=x2+del_x2;
x3=x3+del_x3;
x4=x4+del_x4;
% Updating iteration time
X=x+h;
end
% Sum Square Error (SSE)
SSElv=sum((a-solu’)."2);

OOHHHHHHHHIHHHHAHH | OtH2  HHHHHHHHHHHHHHHAHH

x1=-0.0522;

x2=0.0092;

x3=-0.176;

X4=-4e-4;

u=uz;

aa=az;

yy=y2;

a=aa(2:251);

y=yy(2:251);

rr=yy/R;

r=rr(2:251);

for i=1:250
rdot(i)=rr(i+1)-rr(i);

end

for i=2:250
r2dot(1)=rdot(1);
r2dot(i)=rdot(i)-rdot(i-1);

end

for i=2:250
adot(1)=aa(2)-aa(1);
adot(i)=a(i)-a(i-1);

end

for i=2:250
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a2dot(1)=adot(1);
a2dot(i)=adot(i)-adot(i-1);
end
for i=2:250
ydot(1)=yy(2)-yy(1);
ydot(i)=y(i)-y(i-1);
end
for i=2:250
y2dot(1)=ydot(1);
y2dot(i)=ydot(i)-ydot(i-1);
end
% Numerical process according to Runge-Kutta approach
for i=1:250
% Phase |
k1=h*obj1(x2);

ml=h*obj2(x1,x2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,l,J, K,L,M,N,
o,m,l,9);
nl=h*obj3(x4);

pl=h*obj4(x1,x2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,1,J,K,LM,N,
o,m,l,g);

% Phase 1l

k2=h*obj1(x2+m1/2);

m2=h*obj2(x1+k1/2,x2+m1/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,
1,JK,L,M,N,0,m,1,g);
n2=h*obj3(x4+p1/2);

p2=h*obj4(x1+k1/2,x2+m1/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I
J,K,L,M,N,O,m,l,9);

% Phase 111

k3=h*obj1(x2+m2/2);

m3=h*obj2(x1+k2/2,x2+m2/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,
1,JK,L,M,N,0,m,1,g);
n3=h*obj3(x4+p2/2);

p3=h*obj4(x1+k2/2,x2+m2/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I
J,K,L,M,N,O0,m,l,9);

% Phase 1V

k4=h*obj1(x2+m3);

m4=h*obj2(x1+k3,x2+m3,u(i),y(i).ydot(i),y2dot(i),r(i).rdot(i),r2dot(i).a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,1,J,
K,L,M,N,0,m,l,g);
n4=h*obj3(x4+p3);

p4=h*obj4(x1+k3,x2+m3,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E ,F,G,H,I,J,K
,L,M,N,O,m,l,9);
% Derivative stage
del_x1=(k1+2*k2+2*k3+k4)/6;
del_x2=(m1+2*m2+2*m3+m4)/6;
del_x3=(n1+2*n2+2*n3+n4)/6;
del_x4=(p1+2*p2+2*p3+p4)/6;
% Saving solution
solu(i)=x1;
% Updating variables
x1=x1+del x1;
x2=x2+del_x2;
x3=x3+del_x3;
x4=x4+del_x4;
% Updating iteration time
X=X+h;
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end
% Sum Square Error (SSE)
SSE2i=sum((a-solu').*2);

VotHHHHHHHHHHHHAHHHAA LOW3 HHHHHHHHHHHAHAHAAA

x1=0.178;

x2=0.1657;

x3=-0.1212;

x4=0.0317;

u=us3;

aa=a3;

yy=y3;

a=aa(2:251);

y=yy(2:251);

rr=yy/R;

r=rr(2:251);

for i=1:250
rdot(i)=rr(i+1)-rr(i);

end

for i=2:250
r2dot(1)=rdot(1);
r2dot(i)=rdot(i)-rdot(i-1);

end

for i=2:250
adot(1)=aa(2)-aa(1);
adot(i)=a(i)-a(i-1);

end

for i=2:250
a2dot(1)=adot(1);
a2dot(i)=adot(i)-adot(i-1);

end

for i=2:250
ydot(1)=yy(2)-yy(1);
ydot(i)=y(i)-y(i-1);

end

for i=2:250
y2dot(1)=ydot(1);
y2dot(i)=ydot(i)-ydot(i-1);

end

% Numerical process according to Runge-Kutta approach

for i=1:250

% Phase |
k1=h*obj1(x2);

ml=h*obj2(x1,x2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,|,J,K,L,M,N,
o,m,1,9);
n1l=h*ohj3(x4);

pl=h*obj4(x1,x2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,1,J,K,LM,N,
O,m,l,g);

% Phase 11

k2=h*obj1(x2+m1/2);

m2=h*obj2(x1+k1/2,x2+m1/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,
1J,K,.L,M,N,0,m,l,9);
n2=h*obj3(x4+p1/2);

p2=h*obj4(x1+k1/2,x2+m1/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I
J,K,L,M,N,0,m,l,0);

% Phase 111

k3=h*obj1(x2+m2/2);
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m3=h*obj2(x1+k2/2,x2+m2/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,
1,JK,L,M,N,0,m,1,g);
n3=h*obj3(x4+p2/2);

p3=h*obj4(x1+k2/2,x2+m2/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I
J,K,L,M,N,O,m,l,9);

% Phase 1V

k4=h*obj1(x2+m3);

m4=h*obj2(x1+k3,x2+m3,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,1,J,
K,L,M,N,0,m,1,g);
nd=h*obj3(x4+p3);

p4=h*obj4(x1+k3,x2+m3,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,1,J, K
,L,M,N,O,m,l,9);
% Derivative stage
del_x1=(k1+2*k2+2*k3+k4)/6;
del_x2=(m1+2*m2+2*m3+m4)/6;
del_x3=(n1+2*n2+2*n3+n4)/6;
del_x4=(p1+2*p2+2*p3+p4)/6;
% Saving solution
solu(i)=x1;
% Updating variables
x1=x1+del_x1;
x2=x2+del_x2;
x3=x3+del_x3;
x4=x4+del_x4;
% Updating iteration time
X=x+h;
end
% Sum Square Error (SSE)
SSE3i=sum((a-solu’)."2);

OOHHHHHEHHIHHIHEHHEHE LOWHA HHHHHEHHEHEHHEHHEHEHE

x1=0.0123;

x2=-0.0123;

x3=-0.0092;

x4=-0.007;

u=u4;

aa=a4,;

yy=y4;

a=aa(2:251);

y=yy(2:251);

rr=yy/R;

r=rr(2:251);

for i=1:250
rdot(i)=rr(i+1)-rr(i);

end

for i=2:250
r2dot(1)=rdot(1);
r2dot(i)=rdot(i)-rdot(i-1);

end

for i=2:250
adot(1)=aa(2)-aa(1);
adot(i)=a(i)-a(i-1);

end

for i=2:250
a2dot(1)=adot(1);
a2dot(i)=adot(i)-adot(i-1);

end

for i=2:250
ydot(1)=yy(2)-yy(1);
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ydot(i)=y(i)-y(i-1);
end
for i=2:250
y2dot(1)=ydot(1);
y2dot(i)=ydot(i)-ydot(i-1);
end
% Numerical process according to Runge-Kutta approach
for i=1:250
% Phase |
k1=h*obj1(x2);

ml=h*obj2(x1,x2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,|,J, K,L,M,N,
o,m,l,9);
n1l=h*ohj3(x4);

pl=h*obj4(x1,x2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,1,J,K,LM,N,
O,m,l,g);

% Phase 1l

k2=h*obj1(x2+m1/2);

m2=h*obj2(x1+k1/2,x2+m1/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,
1,J,K,L,M,N,0,m,l,9);
n2=h*ohj3(x4+p1/2);

p2=h*obj4(x1+k1/2,x2+m1/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I
J,K,L,M,N,O0,m,l,9);

% Phase 111

k3=h*obj1(x2+m2/2);

m3=h*obj2(x1+k2/2,x2+m2/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,
1,J,K,L,M,N,0,m,l,9);
n3=h*obj3(x4+p2/2);

p3=h*obj4(x1+k2/2,x2+m2/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I
J,K,L,M,N,0,m,l,9);

% Phase 1V

kd=h*obj1(x2+m3);

m4=h*obj2(x1+k3,x2+m3,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,1,J,
K,L,M,N,0,m,1,g);
n4=h*obj3(x4+p3);

p4=h*obj4(x1+k3,x2+m3,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I,J,K
,L,M,N,O,m,l,9);
% Derivative stage
del_x1=(k1+2*k2+2*k3+k4)/6;
del_x2=(m1+2*m2+2*m3+m4)/6;
del_x3=(n1+2*n2+2*n3+n4)/6;
del_x4=(p1+2*p2+2*p3+p4)/6;
% Saving solution
solu(i)=x1;
% Updating variables
x1=x1+del_x1;
x2=x2+del_x2;
x3=x3+del_x3;
x4=x4+del_x4;
% Updating iteration time
x=x+h;
end
% Sum Square Error (SSE)
SSE4i=sum((a-solu")."2);
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OOHHHHHHHHIHHHHHIHI | OtHD  HHHHHHHHHHHHHHHHHEH T
x1=-0.1319;
x2=0.1350;
x3=0.1757;
x4=0.0735;
u=u5;
aa=ab;
yy=y5;
a=aa(2:251);
y=yy(2:251);
rr=yy/R;
r=rr(2:251);
for i=1:250
rdot(i)=rr(i+1)-rr(i);
end
for i=2:250
r2dot(1)=rdot(1);
r2dot(i)=rdot(i)-rdot(i-1);
end
for i=2:250
adot(1)=aa(2)-aa(1);
adot(i)=a(i)-a(i-1);
end
for i=2:250
a2dot(1)=adot(1);
a2dot(i)=adot(i)-adot(i-1);
end
for i=2:250
ydot(1)=yy(2)-yy(1);
ydot(i)=y(i)-y(i-1);
end
for i=2:250
y2dot(1)=ydot(1);
y2dot(i)=ydot(i)-ydot(i-1);
end
% Numerical process according to Runge-Kutta approach
for i=1:250
% Phase |
k1l=h*obj1(x2);
ml=h*obj2(x1,x2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,l,J, K,L,M,N,
Oom,Lg);
nl=h*obj3(x4);

pl=h*obj4(x1,x2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,1,J,K,LM,N,
Oo,m,1,g);

% Phase 11

k2=h*obj1(x2+m1/2);

m2=h*obj2(x1+k1/2,x2+m1/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E ,F,G,H,
1,JK,L,M,N,0,m,l,g);
n2=h*obj3(x4+p1/2);

p2=h*obj4(x1+k1/2,x2+m1/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I
J,K,L,M,N,O0,m,l,9);

% Phase 111

k3=h*obj1(x2+m2/2);

m3=h*obj2(x1+k2/2,x2+m2/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,
1,JK,L,M,N,0,m,1,g);
n3=h*obj3(x4+p2/2);
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p3=h*obj4(x1+k2/2,x2+m2/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I
J,K.L,M,N,0,m,1,g);
% Phase IV

k4=h*obj1(x2+m3);

m4=h*obj2(x1+k3,x2+m3,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,1,J,
K,L,M,N,0,m,l,g);
n4=h*obj3(x4+p3);

p4=h*obj4(x1+k3,x2+m3,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i)adot(i),a2dot(i),A,B,C,D,E,F,G,H,1,J, K
,L,M,N,O,m,l,9);
% Derivative stage
del_x1=(k1+2*k2+2*k3+k4)/6;
del_x2=(m1+2*m2+2*m3+m4)/6;
del_x3=(n1+2*n2+2*n3+n4)/6;
del_x4=(p1l+2*p2+2*p3+p4)/6;
% Saving solution
solu(i)=x1;
% Updating variables
x1=x1+del_x1;
x2=x2+del_x2;
x3=x3+del_x3;
x4=x4+del_x4;
% Updating iteration time
X=x+h;
end
% Sum Square Error (SSE)
SSE5i=sum((a-solu').”2);

VORHHHHHHHHHHHHHHHI | OtHO HHHHHHHHHHHHHHHHHHHH

x1=-0.227;

x2=-0.0153;

x3=0.081;

x4=-0.0077;

u=u6;

aa=ab;

yy=y6;

a=aa(2:251);

y=yy(2:251);

rr=yy/R;

r=rr(2:251);

for i=1:250
rdot(i)=rr(i+1)-rr(i);

end

for i=2:250
r2dot(1)=rdot(1);
r2dot(i)=rdot(i)-rdot(i-1);

end

for i=2:250
adot(1)=aa(2)-aa(1);
adot(i)=a(i)-a(i-1);

end

for i=2:250
a2dot(1)=adot(1);
a2dot(i)=adot(i)-adot(i-1);

end

for i=2:250
ydot(1)=yy(2)-yy(1);
ydot(i)=y(i)-y(i-1);

end

for i=2:250
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y2dot(1)=ydot(1);

y2dot(i)=ydot(i)-ydot(i-1);
end
% Numerical process according to Runge-Kutta approach
for i=1:250

% Phase |
k1=h*obj1(x2);

ml=h*obj2(x1,x2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,l,J, K,L,M,N,
o,m,l,9);
nl=h*obj3(x4);

pl=h*obj4(x1,x2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,1,J,K,LM,N,
0o,m,1,9);

% Phase 11

k2=h*obj1(x2+m1/2);

m2=h*obj2(x1+k1/2,x2+m1/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,
1,JK,L,M,N,0,m,1,g);
n2=h*obj3(x4+p1/2);

p2=h*obj4(x1+k1/2,x2+m1/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I
J,K,L,M,N,0,m,l,9);

% Phase 111

k3=h*obj1(x2+m2/2);

m3=h*obj2(x1+k2/2,x2+m2/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,
1LJ,K,.L,M,N,0,m,l1,9);
n3=h*obj3(x4+p2/2);

p3=h*obj4(x1+k2/2,x2+m2/2,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I
J,K,L,M,N,0,m,l,9);

% Phase IV

k4=h*obj1(x2+m3);

ma=h*obj2(x1+k3,x2+m3,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I,J,
K,L,M,N,0,m,l,g);
n4=h*obj3(x4+p3);

p4=h*obj4(x1+k3,x2+m3,u(i),y(i),ydot(i),y2dot(i),r(i),rdot(i),r2dot(i),a(i),adot(i),a2dot(i),A,B,C,D,E,F,G,H,I,J,K
,L,M,N,O,m,l,g);
% Derivative stage
del_x1=(k1+2*k2+2*k3+k4)/6;
del_x2=(m1+2*m2+2*m3+m4)/6;
del_x3=(n1+2*n2+2*n3+n4)/6;
del_x4=(p1+2*p2+2*p3+p4)/6;
% Saving solution
solu(i)=x1,
% Updating variables
x1=x1+del_x1;
x2=x2+del_x2;
x3=x3+del_x3;
x4=x4+del_x4;
% Updating iteration time
X=X+h;
end
% Sum Square Error (SSE)
SSE6v=sum((a-solu')."2);
QORI A A A S
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SSEsi=SSE2i+SSE3i+SSE4i+SSEb5i;
SSEsv=SSE1v+SSE6v;

SSEs=SSEsi+SSEsv;

SSE=mean([SSE1v SSE2i SSE3i SSE4i SSE5i SSE6V]);
Return

Tisunsu objl.m

function y=o0bj1(x2)
y=x2;
return

Tisunsu obj2.m

function y=0bj2(x1,x2,u,y,ydot,y2dot,r,rdot,r2dot,a,adot,a2dot,A,B,C,D,E,F,G,H,1,J,K,L,M,N,O,m,l,qg)
y=((A*r2dot+B*rdot+C*r+D*y2dot+E*ydot+F*y+G*a2dot+H*adot+1*a+(J*exp(K*u)+L*u"2+M*u+N/u+0))*
cos(x1)+...

0.5*m*|*x2/2*sin(2*x1)+(0.9549+m)*g*sin(x1))/(I*(m*cos(x1)"2-(0.9549+m)));
Return

TUsunsy obj3.m

function y=0bj3(x4)
y=x4;
return

Tisunsu obj4.m
function y=obj4(x1,x2,u,y,ydot,y2dot,r,rdot,r2dot,a,adot,a2dot,A,B,C,D,E,F,G,H,I,J,K,L,M,N,O,m,l,g)

y=((A*r2dot+B*rdot+C*r+D*y2dot+E*ydot+F*y+G*a2dot+H*adot+1*a+(J*exp(K*u)+L*u"2+M*u+N/u+0))+
(I*m*x272*sin(x1)+0.5*g*m*sin(2*x1)))/...

((0.9549+m)-m*cos(x1)"2);
return

Tusunsu objective.m
function [best_errorl,best_neighborl,best_error,best_neighbor]=objective(S1,best_error,S0)
% Tulsunsu objective 1iuTusunsudszifiumlndfeaiiquidson SO
% ﬁuwmaﬂﬂmﬂmﬁﬁa S1, best_error, wag SO
% Lawﬁwmﬁa best_errorl, best_neighborl,
% best_error, uag best_neighbor
error=[]; % duls error dwsusesfualasFuinglsyaasd
% vearmlndifeeil I§nnmadu

for k=1:size(S1,1)
ysim=obj(S1(k,1),51(k,2),51(k,3),S1(k,4),S1(k,5),S1(k,6),51(k,7),S1(k,8),S1(k,9),51(k,10),51(k,11),S1(k,12),
S1(k,13),S1(k,14),S1(k,15));

% UsziiiumIndineslu S1 delanduingszasalulisunsy obj

v
error(k,1)=ysim; % Aﬁumﬂaﬁﬁmmqﬂszmﬁﬁumﬂﬂﬂﬁmmmwm
end
[best_errorl,index]=min(error); % malassuingilszasdindesigalunssainlndife

% waznu'l3lu best_errorl
best_neighbor1=S1(index,:); % Humniimesvoa lndifeanyi 1y

% n-lanFuiaglszassianiosiiga’lilu best_neighborl
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if best_errorl<best_error % UFua1 best_error
best_error=best_errorl; % &1 best_errorl < best_error

% Ifunuan best_error me best_errorl

best_neighbor=S1(index,:); % LazUNUMMITADS best_neighbor 18 S1(index,:)
else % Niuiiund

best_neighbor=S0; % unua1 best_neighbor #1e SO

end

return

TaJsunsu randl.m
function x=rand1(a,b) % Talsunsy rand1 duTlsunsuguamnaiimes lugniisivua
% dunavesldsunsuAevouauuvesmsiiwes (b) nag
% VOUIYAE1TBINNIININDS (d)
% lagedannuduiius (b- a)rand + a
o A v ' a [ U =3

% tordnaved llsunsuneraveImMsguaIIIimes lugaa a da b

x=a+rand*(b-a);

return

Tusunsu random_neigh.m
function S1=random_neigh(Number_neighb,radius,xlimit,S0)
% T1lsunsy random_neigh duTilsunsugualndinsaseumnen SO
% §uwmaﬂﬂmﬂsuﬁﬁa Number_neighb, radius, xlimit, iag SO
% 1odnanoa Indifes (S1) S1uausiiiu Number_neighb
for u=1:Number_neighb
for k=1:size(xlimit,2)
S1(u,k)=S0(1,k)+(radius*(xlimit(1,k)-xlimit(2,k))*rand1(-1,1));

° o o v o &
% imsguarlndifes laserdonuduius

% Sl,i =Sg+ (radius-randli (-1,1)'(thi' X|yi)),
% for i =1, ... ,Number _neighb

% i3on14 IUsunsy randl Taeliihmsguarlugae -1 89 1

% ﬁuw11wmmdwmstjuﬁﬁuﬁa&ﬂwﬁm So + ((radius)- (- X))
while ( S1(u,k)>xlimit(1,k) | S1(u,k)<xlimit(2,k) )

% mlndifesiigu1dvzdosodmoluveuauuazvouvad

% vearhmmiimes s lndifeaiiquld

% finuAuveuwavumazveuwad it mualiihmsduilndfealn
S1(u,k)=S0(1,k)+(radius*(xlimit(1,k)-xlimit(2,k))*rand1(-1,1));
end
end
end

return
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Abstract: - The article presents the performance evaluation of the management agent (MA) containing the
adaptive tabu scarch (ATS) as its scarch core. In particular, asymmetrical surface optimization problems have
been considered. It has been found that symmetrical property of the problems has a significant effect on search
performance of the ATS, but MA(ATS). As an average, the MA(ATS) is about 2 times faster than the ATS
under both symmetrical and asymmetrical problems. The article also gives reviews on the ATS and the
MA(ATS) algorithms. An application on controller design for a coupled system with three-degree-of-freedom

is also elaborated.

Key-Words: - asymmetrical surface optimization problems, adaptive tabu search, management agent

1 Introduction

In recent years, intelligent scarch techniques have
become major approaches for solving various
optimization problems. Among those, tabu search
(TS) has been widely applied for combinatorial
optimization problems [1,2]. The TS consists of two
main strategies: intensification and diversification
[3.4]. Since the TS is very flexible to use for various
problems, Sujitjorn et. al. [5,6] have launched a
modified version of the TS namely adaptive tabu
search (ATS). The ATS possesses the backtracking
(BT) and adaptive radius (AR) mechanisms. The
former is regarded as a diversification strategy,
while the later as an intensification one. The
convergence proof and performance assessment of
the ATS can be found in [5,6]. Readers can find
ATS’s applications, such as electrical system
protection in [7], system identification in [8,9],
control synthesis in [10,11], and acoustic signal
processing in [12]. In 2008, the authors proposed a
management agent for search algorithms called
shortly as MA(*). () can be replaced by any search

algorithms such as ATS, simulated annealing,
genetic algorithms, etc. The MA contains three
major mechanisms: partitioning mechanism (PM),
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discarding mechanism (DM), and sequencing mec-
hanism (SM).

This article reports our computing results in
order to assess the cffects of symmetry of the
problems on scarch performances of the MA(ATS) ,
i.e. the MA having the ATS as its search core. Sec-
tion 2 of the paper reviews the ATS and the MA.
Sections 3 and 4 present our problem formulation,
results and discussions, respectively. An application
on control system design appears in scction 5.
Conclusion is in section 6.

2 Reviews of Algorithms

2.1 Adaptive Tabu Search (ATS)

The ATS [5,6] preserves the main scarch
mechanisms of the generic TS [3,4]. Regarding this,
the tabu list (TL), the aspiration criteria (AC), and
the termination criteria (TC) are effective. The
additional mechanisms are the backtracking (BT),
and the adaptive search radius (AR), respectively.
The BT is for cscaping the lock by local solutions
via looking backward the TL for some previous
solutions and adopting them for generating new
scarch directions. The AR subsequently reduces the
secarch radii in search of a high fidelity solution. The
proofs elaborated i [5,6] confirm the ATS’s rapid
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search performance, and convergence. STEP 3 If the solution cycling occurs, invoke
the BT mechanism.
The following description summarizes the STEP 4 Exit with Sy as the best solution if the TC
algorithms. are met.
STEP 5 If the current solution S in the vicinity
STEP 0 Initialization: scarch radius R, 7L, count, of the local or the global minimum,
countnax, 1C, BT, and AR, invoke the AR mechanism. Update count,
STEP 1 Random an initial solution Sp. Set Sp as and goto STEP 1.
a local solution. Generate the neighbou-
rhood of radius R around S;. Keep N Interested readers can find the useful
solutions of the neighbourhood in the recommendations with examples for the benefit of
set X. employing the algorithms from [5-12].

STEP 2 Ewvaluate the cost, C, of each solution
belonging to X. The solution having the
minimum cost is designated as S).

If C¢S;) < CSy) , move S into 77, and
assign Sy = 51, otherwise move S into 77.
Start

MA Initialization :
- Preset variables(count, Re, n_cycling, Tabu list) in all ATSs to be zero or empty.
- Set proper values for these variables, count, , Re ., N.

s’

Load a surface optimization problem, from eq.(1) -(3), including its search space.

Choose number of paths for MA. |

Activate PM to genetate sub-search-spaces for generating initial solutions.
After obtaining all initial solutions in each sub-search-space,
then, replace all sub-search-spaces with the original search space to all AT Ss.

y
ATS#1
Sequencing these
ATS#2 sub-search-spaces on the

basis of time sharing.

Stop searclhing and
report results

Activate DM
- extinguish k ATS search paths
-n=n-kk>n-1l.n_ =1

n

<

N

Fig. 1 Flow diagram of the MA. [13,14]
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2.2 Management Agent for Search

Recently, the authors have launched the search
management agent (MA) flexible enough to be used
with any search algorithms, particularly the meta-
heuristic ones [13,14]. The MA does not intrude the
main algorithms used as the search core unit. So, the
convergence property of the search core is always
preserved.

The MA consisted of 3 main strategies
namely the partitioning, the sequencing, and the
discarding mechanisms (PM, SM, and DM),
respectively. The PM serves to split an entire search
space into many sub-scarch-spaces. It also initiates
searches correspondingly to those sub-search-
spaces. After the search initiations, the secarch
boundaries. once arisen from the PM. are
immediately removed. The search space is then the
original onc containing several to many scarch
paths. The PM concept is not new, and has been
applied to data fusion [15] and genetic algorithms
[16], for instance. The SM on a single CPU platform
is crucial because it organizes the search units to
perform searches in a sequential manner without a
conflict. The SM can be regarded as a time-sharing
strategy. As soon as all search paths fimsh their
scarches at the k" round, the DM interrupts all
search paths, and interrogates them for the current
solutions with associated cost values. The DM.
apparently behaves similarly to the location
management algorithms [17.18]. is an important
tactic to accelerate the search. It delermines the
chance of success of each search path, and
eliminates those considered to have less chances.
For instance, some search paths that are locked by
local minima are rapidly deleted from the search
plateau. The DM is activated upon the discarding
criteria (DC). The DC is simply the measurement of
errors between the cost of the global solution and
that of the current one. The concept of MA becomes
clearer with the flow diagram reproduced from
[13,14] and illustrated in Fig. 1. Referring to the
flow diagram, the search core implemented is the
ATS. In addition to this. the algorithms MA(ATS)

can be summarized as follows:

STEP 0 Define search spaces and scarch paths.
Generate initial solutions (random or
well-educated guess). Activate PM.
STEP 1 Invoke SM and ATS of multiple paths
(or other scarch algorithms).

STEP 2 Exit with the best solution if the TC are
met, otherwise invoke DML

STEP 3 Update counter and goto STEP 1.
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3 Performance Evaluations

Our evaluation was conducted against the Shekel’s
Foxholes function (see Figs. 2 and 3) expressed by
equation (1).  The global solution sits on (-32,-32)
coordinates. Its cost value is 1. Fig. 4 shows the top
view locations of the global solutions for the
symmetrical and asymmetrical problems. Table 1
summarrizes the corresponding scarch spaces. Our
MATLAB™ codes were run on a Pentium IV 2.4
GHz 640 Mbytes of SD-RAM.

Fig. 2 Shekel’s Foxholes surface under
symmetrical problem (a) 3-D and (b) 2-D.

-1

1 & 1 1),
S, x)= *Z 7 S
500 & ‘
JrY(x—a)
i=1
in which
-32 -16 0 16 32 =32 .. 0 16 32)
a =
Pol-32 -32 32 -32 32 16 .. 32 32 32

Our tests were also conducted against the
Bohachevsky’s, and the Rastrigin’s functions. They
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are represented by the expressions (2) and (3),
respectively, with their corresponding surface plots
shown in Figs. 5 and 6. For asymmetrical problems,
the global solutions are eccentric in the similar
manner to what shown in Fig. 4(b), otherwise
symmetrical.

Fx, 1) =x% + 25* — 03cos(3mx) — 0.dcos(dm) + 0.7 2)
flx,yy=x"+ y* —10cos(2mc)~10cos(2my) + 20 (3).

Table 1 Corresponding search spaces.

search spaces
Types
BF & RF SF
Sym. | [22-2-2] | [8 8-72-72]
Asym. [3 3:-1 -1]  [[40 40:-40 -40]

o v EEHEEEEGE

Fig. 3 Shekel’s Foxholes surface under
asymmeltrical problem (a) 3-D and (b) 2-D.
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{ global solution
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Fig. 4 Top view locations of the global solutions (a)
symmetrical and (b) asymmetrical problems.

,0,0) [£ the glebal solutisn
—T T
2

)

Fig. 5 Bohachevsky’s surface under asymmetrical
problem (a) 3-D and (b) 2-D.
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Fig. 6 Rastrigin’s surface under asymmetrical
problem (a) 3-D and (b) 2-D.

4 Results and Discussions

Fig. 7 demonstrates the case of 4 search trajectories
on the Rastrigin’s surface. The ATS#1 and #2 are
discarded on the 15® iteration, subsequently ATS#3
on the 25" iteration. The ATS#4 spent 14.184
seconds to hit the global optimum by the 372
iteration and at (4.08 x 10, -3.71 x 10°%), with the
cost value of 0.578 x 10% Morcover, Figs.8-10
illustrate the traces of search trajectories (64 paths)
on the three contours of both symmetrical and
asymmetrical problems.

Table 2 Average search time.

average search time (seconds)
MA(ATS)
#8 #16

4.0728 | 4.6429

3.9040 | 4.9901

Test
functions

ATS

#2
11.203
12,5574

H#
12.5100|
12,2330

#32
6.1919
6.3966

Sym. |12.8996

13.8378

7.6006
9.1036

BF
Asym.

Sym. |14.7950

19.1713

14.2214
17.6764

14,5549
8.5792

12,4603
15.2682]

5.8682
8.1967

7.5916
9.4051

9.1136
9.4274

Asym.

Sym. | 3.9596 | 3.9266|3.7271 |3.6978| 2.3271 | 2.1720 | 2.1988

SF

Asym.| 4.3564 |3.0986 |3.2957 |2.9820 | 2.4380 | 3.1135 | 3.2915
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S e | Clobal mhsen 00

Fig. 7 Search trajectories (4 paths) on Rastrigin’s
surface (a) bird’s eye view and (b) front view.

Referring to the average search time in
seconds summarized by table 2, the search time
consumed by the ATS is longer than that used by the
MA(ATS) for ecach case. Under asymmetrical
problems, the ATS consumes longer search time than
that used under symmetrical problems. For the
MA(ATS), the followmg details are clarified. With
the BF, 66.67% of MA(ATS), i.e., 2, 16, 32 and 64
paths, reach the global solution faster under
symmetrical problems than under asymmetrical ones.
Similar situations occur with the RF and the SF.
83.33% of MA(ATS), i.e., 2, 8, 16, 32 and 64 paths,
perform faster searches with the symmetrical RF.
50% of MA(ATS), i.e., 16, 32 and 64 paths, perform
faster searches with the symmetrical SF.

average scarch timeby ATS
average search timeby MA(ATS)

speedupratios =

The speed up ratios according to (4) are calculated
and summarized by the bar graphs shown in Fig. 11.

5
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Fig. 8 Traces of scarch paths (64 paths) on Bohachevsky’s contour (a) symmetrical case and
(b) asymmetrical case.
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Fig. 9 Traces of scarch paths (64 paths) on Rastrigin’s contour (a) symmetrical case and
(b) asymmetrical case.
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Fig. 10 Traces of search paths (64 paths) on Shekel’s foxhole contour (a) symmetrical case and
(b) asymmetrical case.
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HpFpreemsmsRamRSem et are summarized by table 3. The figures indicate that
7 39 the MA(ATS) of 16 paths provides the fastest search.
E 300+
G 250 + :

% s Table 3 Average speed up ratios.
250 no. of paths 2 4 B 16 32 64
=
i d
s ;EE e (sfif:es;l P11z | 130 | 195 | 232 | 191 | 167
0.00
5 Applications

900 | | | | Control engineering applications are discussed
- herein. The problem is to fine tune an existing
g &2 = control  system such that optimally seeked
2 2.00 1 = i -|  controllers could be obtained. The control system of
£ 150 T —— L8 _|  the Illinois Roadway Simulator (IRS) system
s [19,20] in which the yaw rate control (see Fig. 12)is
T T el le| lee| [T del |e| |ee| [7] ofprime objective.
3050777#1 A04| @4 (143 |#1e (195 (g | | #1 (108 M 128 | #15 |204 a6l | 7
w - 1.00 102 252 182 1.00 223 2.3 203 it

0.00 |

Sym. Asym. -1 [=) Direction of
Rastrigin's function N/ A
— — — Positive Yaw Rate
g NS
£
5 ¥ _
g &
8 =
a i ; .
_2 a2 B w2 | XL Y
o 152 | W #15 | 140 | #54
2 180 173 az]
W
[ Fig. 12 Car reference frame.
Asym
Shekel's faholes function The system can be represented by the block

Fig. 11 Speed up ratios ofthe MA(ATS).

The top window of Fig. 11 shows the results of
the MA(ATS) searching through the Bohachevsky’'s
surface. The numeric figures embedded in each bar,
for instance, (#1, 1.00) means that it is of the case
single path ATS, thus having the speed up ratio equal
to 1. As another example, consider the asymmetrical
cage appearing in the same window, the bar with (#8,
3.54) means the case of 8-path ATS having the speed
up ratios of 3.34 times that of the single path ATS.
The similar explanation iz applied to the rest of the
results. Noticeably, the speed up ratios of the
symmetrical and the asymmetrical problems bear
very similar figures. This means that the symmetrical
property of the problems does not greatly affect the
search performance of the MA(ATS). To give an
average figure, the MA(ATS) performs search in
sequential manner about 1.713 times faster than the
ATS does. Average speed up ratios of 2.4,....64 paths

ISSM: 1109-2750

diagram shown in Fig. 13. Referring to Fig.13, two
s-polynomial ratios namely ¢ and ¢, represent the

vehicle dynamics, and expressed by

Known
Disturbance

Steering Command
r

Vehicle

Dynamics

Yaw Rate
Output

Fig. 13 Block diagram representing the yaw rate
control.

2.802x10%s + 2.306 x10°

a- (5)
1.55" +94.4357 + 7.308 x10% 5% +1.183 % 10°s + 5.361x10°

8024 x10%s +6710x10°

. (6).
T 135t 5325057 +1.943%10° 5% + 2.693 % 10% 5 +1.162% 10°

<

9
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The control system has three degrees-of-
freedom, and possesses the following controllers:

12036 %1075 ~ 8.584 < 10%s" - 6,497 < 10"5"
36426 105" + 1,792 10°5° + 6.671210"s" 4
- LAx10" s - 1.224210"5 - 3.598+10" (7
+1.202%10° 57 +9.464< 1075 + 2679 10"

@& =

_103s* +1.854210%5 +8.34385 10° (8)
S 4155387 +3.727 1075 + 2.0714 210"

_ —5A815" +49.985% + 5,204 2107 5 + 4.8142 10 (9).

3 75 10% 5+ 20714 %10°

I -
» s 4155357 437

The transfer function G, = YR Es)
) 5)

can be written as

vis)=0

C3.075%10" s $ 17212107 57 1 45252 10" 57 +
" 159810757 + 9423107 ¥ + 2.671:107 57 +

| 7.624x10"5 +93271075" +8.798x10%5 " +
495721075 +6.805 10" 5% + 7331 = 1057

6618107 +4.055210% 5" + 2,048 107"
6423510 s + 46785107 s £ 2873107 5"

8.390x1075M +3.006%10" 5" + 8779x10%57
1.503:10% 5% + 6,720 10% 57 + 2,500 107 5'°

2361075 5 4307 10751 S 7043 210757
8,580 %107 5" + 24452107 5 + 5079107 5" ¢

96452107 " + 10482107 57 + 903710757
12511057 £ 2225 10% 5" 43346 21050 4

6.075210% 5% +3.107210% 5% + 11652 10% 57
4219107 5" + 44172107 5" +3.797 <107 5" 4

C3016x10%5% 4 4813x10%5 4 3565410
2643107 5% + 1462 10" 5" + 6.265:10% 5" +

2.001=10% 5" + 4480 210" 57 + 6265 10" s+ 4,115 10"

(10).

Fig. 14 shows the simulation results of the
original control system. The yaw rate response due
to unit-step input i1s quite smooth and contains a
delay time of 0.005 sec. It is noticed that the system
has the DC-gain of 8.6638 rad/sec.
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Final valus = B653 rad/sec

| settiing tima = 0582 see

T:rrv:iscclr
Fig. 14 Yaw rate response of the original system
[19.20].

function J=abjirl,r2,rar4,51.52,53,54.t1.12,13,a1,a2,a3,.a4,a5.a6, bl, b2,
b3,bi,b5,ba)
% Dreclarations
G=Af([0.2802¢5 2.3057e5][1.5 94.4284 7.3078e3 1.1831e5 5.3616e5]);
GAd[0.8024e5 6.7103e5].[1.3 53.2495 1.9425¢3 2.6928¢4 1.1617e5])
Gie=tf{[bl b2 b3 bd b5 b6] [al a2 a3 ad a5 as]);
G 12 13 ][] r2 03 ey
Gib=1i]s1 52 3 s 1] r2 13 rd |12
Girs={ G GGde+ GG 1+G* Gib),
a=realfpole(Girs)k, %o Poles of overall Closedloop System.
ifa=0 %6 Cnly Stable System allowed come in.
[yt J=step(Girs): %0 Step response data recorded.
il yilengthiyy)=8.66 & yilength{y)=8.67 % Only same DC gain.
i=find(y=0_1"(y(length(y-y(1dy<0 9"y length(y H-wi{L 1)
tr=t{itlength(i) =111

trj=(ur*1 00)/0.230963 93750434, % Findtrj.
Mpj=100*{max(y)-y(length(y))v(lengthiviy %% Find Mpj.
for i=1:length(y) % Find tgj.

yilength(yy+ Uy=vilengthiy));
dyii=v(i= 1wy
ene
i=findi~{dy=1e-3)J;
ts=t{iflengthiiy-tac1
15j={1s*100)/(0.23096393 7504344 5);
ifrj=100 % Constraint 1, trj must be less than 100,

trj=trj; % Constraint 1, otherwise trj = 1,000,
else
tej=1004;
end
if Mpj<5 %% Constraint 2, Mpj must be less than 5.
Mpj=1; % Constraint 2, then Mpj = 1.
else %o Constraint 2, otherwise Mpj = 1,000,
Mpj=1000;
end
if tsj=5%tr] % Constraint 3, tsj must be < 5*rj.
tsj=1. % Constraint 3, thentsj = 1.
clse % Constraint 3, otherwise tsj = 1,000,
15j=1000;
end
J=rjEMpj s % Objective function, J.

else
J=1000;

end

else
J=1000;
ened

retumn % Mote that the original system has the objective function J= 102.

Fig. 15 Objective function coding.
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To obtain 3 controllers that render an
optimum response is not a ftrivial task. In
conventional practice, the controllers have to be
designed one-by-one with an expectation of having a
satisfactory response of the complete system.
Synthesis all the controllers simultancously is
possible via an intelligent search method. This
control synthesis can be formulated as a combinato-
rial optimization problem to minmimize J, where
J 1s a combined objective function namely

J=i M+t (11).

t,. M, and 7 in the equation (11) are normalized,
hence unitless, and stand for rise time, overshoot
and settling time, respectively. In our software
implementation, the penalty concept of using 1,000
as a magnification factor is applied to #,, A/, and

f, in order to oblain a fine quality solution. The step
performance specfications are 7, < 0.231 see, M <

5 %, and f_defined as the first time the response
stops oscillating completely. Moreover, it s
mandated that the system maintains the DC-gain.
Defining such performance specifications, the
MA(ATS) is expected o produce three polynomial
controllers optimally rendering a better response
than that of the original. Fig. 15 provides the code
list of the objective function, J .

Our control problem assumes the nominal
plant models whose parameters are fixed. The three
controllers namely (T‘TC, (';ﬁ.:md (_J?_,é are rewritten

as follows:

5 ] 3 s .
G = bys” +bys" + b5 +b,s* +bs+ b 12
de = .4 = L .
LS +ays' +a,s vast vas+ag

G. = Pt P+ p,

B B3 e e Lot (13)
RS +rst Hrs+r,

G. = %52"'923"'93 (14)

b

3 2
ns +f”ZS +7‘3S+ T

whose parameter 17s, @’s, p’s, a’s and b’s are to be

searched. Regarding to the original design, these 23
parameters are summarized in table 4. Some initial
trials referred to as pre-search process were carried
out i order to establish search ranges of all
influential parameters. The TC for the pre-search
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process was cither J<50 or countn.,=20. The
parameters were searched one-by-one. During the
pre-search, one parameter was searched while the
others were kept constant as their original values in
order to investigate its influence on the system time-
domain performance, stability as well as max-min
range for search. Referring to the table 4, the
parameters shown in bold characters are those
influencing the performance while being stability
nsensitive. Some shown i ordmmary characters do
not have much influence on the performance, but
they are stability sensitive. Table 4 also shows the
max-min ranges of the parameters obtained from the
pre-search. These ranges are further used as search
spaces for the corresponding parameters. Fig. 16
depicts the 13 influential parameters affecting the
system performance in terms of the percent
reduction in rise time. These parameters printed in
bnld in the table 4 are to be tuned via our M/ \(AT‘?)

A Y Results of Pre-Search process by ATS to all 23 pa'ameters

5
¥

]

g

3

(——_

Percent of reduction in rise ime (%]

[

al al £  bi the rest
Infiuential parameters

Fig. 16 Results of the pre-search process.

The search for these 13 parameters are
distributed among 13 ATS paths with the corres-
ponding scarch spaces shown by bold characters in
the table 4. At the beginning, all ATS paths employ
different initial solutions and the following
heuristically set search parameters: N neighbour =5,
R=0.1. AR;-if <90 then R=0.5R. AR,-if J<80 then
R=0.1R. K backward=3, N re max =35, max count
=100, TC if J<70 or max_count hit, DM;-at 5"
ileration reduces 13 to 7 paths, DM,-at 10" iteration
reduces 7 to 3 paths and DMj-at 15" iteration
reduces 3 to 1 paths.

Referring to the table 4, 13 ATS paths
petform a mixed type of multiple points single
strategy (MPSS) and single point single strategy
(SPSS) searches. The PM of the MA(ATS)
designates the search in the following manner:

- within the 1% neighbourhood, ATS#1 to
#13 perform independently search for the individual
parameter 11, T2, 13, {1, 3, P1, P2, &1, 44, b2, b3, by, and

701 Issue 4, Volume 8, April 2009
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Table 4 Summary of controllers s parameters and corresponding search spaces.

ISSN: 1108-2750

Fig. 17 Convergence curves of the control design problem.

1".1
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no. parameters of 13 parameters max-min ranges of ATS
original obtained from parameters (at PM)
controllers MA(ATS)
1 rl 1.0000 0.9548 [1 01] | ATS#1
2 r2 155.3000 153.1941 [1553 0.1] | ATS®2
3 r3 3.727 x 10° 2.541 x 10° [3.727x10°-3.727x10°] | ATS#3
4 4 20714 x 10* 2.0714x 10* [2.0714 % 10* 2.0714 x 10%]
5 ql -5.1810 -5.3916 [-5.1810 -10.1810] | ATS#4
6 q2 4998 49.98 [49.98 49.98]
7 q3 5294 x 10° 4.1739x 10° [5204x 10° -5294x10°] | ATS#5
8 q4 4.8142x 10* 4.8142x 10* [4.8142x 10% 4.8142x 104]
9 pl 103 87.9221 [103 -103] | ATS#6
10 | p2 1.8542 x 10* 1.5448x 10" | [1.8542x10* -1.8542x10%] | ATS#H7
11 | p3 8.34385x 10° 8.34385x 10° | [8.34385 x 10° 8.34385 x 10°]
12 | al 3.6426 x 10° 3.3336 x 10* [3.6426x10° 0] | ATS#8
13 | a2 1.7918 x 10° 1.7918 x 10° [1.7918 x 10° 1.7918 x 10°]
14 | a3 6.6708x 107 6.6708x 107 [6.6708x 107  6.6708x 107]
15 | a4 1.2024 x 10° 1.0774x 10° [1.2024 x 10° -1.2024 x 10°] | ATS#9
16 | a5 9.4644 x 10° 9.4644 % 10° [9.4644 x 10° 9.4644 x 10°]
17 | a6 26788 x 10'° 2.6788x 10" | [2.6788 x 10" 2.6788 x 10'°]
18 | bl -1.2036 % 10° -1.2036 x 10° | [-1.2036 x 10° -1.2036 x 10°]
19 [ b2 -8.5835x 10° -8.8750x 10° | [-8.5835x 10°-16.5835x 10°] | ATS#10
20 | b3 -6.4974 x 10° -6.5163 x 10° | [-6.4974x 10° -7.4974x 10%] | ATS#11
21 | b4 -1.4397 x 10 -1.4516 x 10" | [-1.4397 x 10"°-2.4397 x 10"°] | ATS#12
22 | b3 -1.2241 x 10" -1.3084 x 10" | [-1.2241 x 10'-2.2241 x 10""] | ATS#13
23 | b6 -3.5978 x 10" -3.5978 x 10" | [-3.5978 x 10'-3.5978 x 10"]
100077 T T T
ool At PM tima, ..rmy S?}']lf.}ll units may Con\crgcncc cu r‘cs Of MA(ATS) i
- have vory high ebjoclive valuos
L7 ™ such as ATSHD and 85,
800 10 73 .nIT9¢11-hils
DM 18l slage dirnated | the glebal saluticn.
S | Sy T
00 - - T E
i slage iminated| : - N
- #12 and #13 37 \
E 600 /'[OM aid mage cimnate S:JI \
H ATSR and ATSRT hiom N,
; somch process 0 "\ 1=£6.5854
§ BOO - - s J<70,TC) H
g £ % o m ) 5
400 - -] 4 [ ] El |r4 16 iE] \ -1
I Haralions
.-"l
a0, :*" -
| Threa stages of DM reduced a number of search paths ATSH#10 hits the global solution within
! from 13 to 7 at &th ileralion in 11 slage, and nexd stago, 71.53 soconds at iloration 30t with
200 || 10th iteraton reduced from 7 1o 3 and the last slage, 15th the objective value, J=G9.5804,
|| itaration tharais only 1 from 3 to continua. =
(] I5 1I0 15 ?I{J 25 ‘3‘0
iterations
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bs. respectively: during this search stage, the 22
parameters not being subjected to the search are kept
constant as the original wvalues: each ATS path
would obtain its best solution to be used as an initial
solution for a new search generation:

- after finishing the 1" neighbourhood
search, all ATS paths with their corresponding
initial solutions for the parameters are released to
search freely for all 13 parameters.

The cost values monitored are presented as
the convergence curves in Fig. 17. Among the 13
ATS paths, the 11" path succeeded in reaching the
solutions with J=69.5894, and within 71.53 scc. The
parameters obtained from search are shown in bold
characters in the table 4. They result in the following
controllers

- —1.203x10°s" —8.875:10°5" —6.516x10° 5" -
* 0 3333x10%5° +1.792x10%5% £ 667110757 +
... 1451x10" 5" —1 308x10" s —3.598%10"" 15y
+1.077x10° 5% +9.464 10" s + 2.679x 10"
- 87.9225% +1.854x10"5+ 8,344 x10° (16)

095557 +153.1945° + 2.541 <107 5+ 2.071 10"

e —53915° +49.985° + 4.174x10° s+ 4.814x 10" (17)

L 0.9555” +153.1945" +2.541x10° 5+ 2.071 < 10*

The overall transfer function of the system having
the controllers in (15)-(17) is expressed by

& - ~7.628x10" 5™ ~1.877x10" ™ +2.525x10" 57 +

= 1333%10°s7 +8.060%107 5" +2.295%100 5% +

1.78410" 5™ +3.947x10% 5™ +5.535% 10" 5"" +
4.240x10% s +5.772x10" ¢ +6.144x 10" %2 +

5672310757 +4.504x 10 57 + 2.861x10% 51" +
5.307x10°% s +3.801x10" s + 2.291x10% 5 +

L LA77x10% 6% +6.267x10% 5™ +2.107x10M s 1+
1.173%10% 5" +5.137x10% 5" +1.930 x107 5" +

6.391x10% 5" +1.544 x 107 s +3.004 %107 5% +
6.238%10% 5% +1.734 x10™ 5™ + 4144 %10 s +

5120 %107 5% +6.947 x 107 5* +7.654x10%5" +
8493107 57 +1.488x10% s +2217 %1075 +

6.762x10% 5% + 4.705x10% ¢° + 2.513x10% s* +
2.794x10% 5" +2.953%107 §% +2.592x10% 57 +
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13
703

9.008x10"5* +2.700 4107 5 + 4.568 107 54+
1862 <107 5" +1.074 210" 5° + 4 847 210" 5* +

3.565 10"
1643 10" 57 +3.922 210" 57 + 5,863 210" 5+ 4,115 « 10*
10 T T - v
Overshoot= 421 % _
9 Finalvalie s BEE3 Sattling tima = 0,479 sae
o] Risstme= 0.161 sus Setiling Um @ = 0.552 sec
Rise ime 1 — ] ot past
7 ' [ 02 e N ™
\ | | = Tumend castput
% ar | | | ! ‘Searched controllers provide ||
4 | 20.20% and 13.22% reductions
HE ] ! ! ! inrise time and settling tme,
] | i respectivaly. while the svar-
T b | | shoot is kept balow 5% . |
£ | C [
s | ' 1
Fld 1 1 | -
1 | !
. . |
o [X] 0z 03 04 0.5 05 07 [ 09
Time (sech

Fig. 18 Comparison of time-domain performances.

Fig. 18 shows the time-domain perform-
ances of the original and the proposed systems for
comparison. It can be noticed that the new
controllers provide much better performance in
terms of 30.30% and 13.22% reductions in rise time
and settling time, respectively, while the overshoot
of 4.21% is acceptable.

6 Conclusions

The performance assessment of the management
agent for search, in particular MA(ATS), has been
presented. Computing experiments were conducted
against symmetrical and asymmetrical problems. In
this context, a symmetrical problem has its global
solution situated at the center of the search space,
while that of an asymmetrical problem is eccentric.
Surface optimization problems have been utilized
based on the Bohachevsky’s, Rastrigin’s, and
Shekel’s Foxholes functions, respectively. The
derived speedup ratios indicated that (i) the
MA(ATS) under symmetrical problems is 1.01-3.16
times faster than the ATS, and (ii) under
asymmetrical problems the MA(ATS) is 1.08-3.54
times faster than the ATS. As an average, the
MA(ATS) is about 1.713 times faster than the ATS.
The MA(ATS) of 16 paths has the most rapid
performance, ie. 2.32 times the ATS, on surface
optimization problems. From the speed up ratios of
both cases, we can conclude that the MA(ATS)
performs extremely well under symmetrical and
asymmetrical problems, it is superior to the ATS,
and the symmetrical property of the problems does
not have a significant effect on search performance
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of the MA(ATS). The method has been successtully
applied for a control design problem that requires
three controllers. The MA(ATS) with 13 ATS paths
spent 71.53 sec. on a Pentium IV platform to finish
the search. The control system having the new
controllers obtained from search has better step
response than the original as elaborated in section 5
of this paper. Opportunities open for further
investigations of the search performance of having
different search algorithms as the search core of the
MA().

Acknowledgements

The authors express their thanks to Asst.
Prof. Dr. Arthit Srikeaw, School of Eletrical
Engineering, Suranarec University of Technology
for his valuable suggestion on the symmetrical
property of search problems. Financial supports
from Rajamangala University of Technology Lanna,
Tak Campus, and Suranarce University of
Technology are very much appreciated.

References:
[1] F. Glover and M. Laguna, Tabu Search,
Kluwer Academic Publishers, 1997.
[2] F. Glover, Parametric tabu search for mixed
integer programs, Computers and Operations
Research, Vol.33, No.9, 2006, pp. 2449-2494.
F. Glover, Tabu search-Part I, ORSA Journal
on Computing, Vol.1, No.3, 1989, pp. 190-206.
F. Glover, Tabu scarch-Part IT, ORSA Journal
on Computing, Vol.2,Ne.1, 1990, pp. 4-32.
S. Syjitjorn, T. Kulworawanichpong and D.
Puangdownreong and K-N Areerak, Adaptive
tabu search and applications in engimeering
design, Book Chapter in Integrated Intelligent
Systems for Engineering Design (ed. X. F. Zha
and R.J.Howlett), 10S Press, The Netherlands,
2006, pp. 233-257.
D. Puangdownreong, T. Kulworawanichpong
and S. Sujitjorn, Finite convergence and per-
formance evaluation of adaptive tabu search,
Lecture Notes in Computer Science, Springer-
Verlag Heidelberg, 2004. (online)
K-N. Areerak, T. Kulworawanichpong and S.
Sujitjorn, Moving towards a new era of intelli-
gent protection through digital relaying in
systems, Lecture Notes in Computer Science,
Springer-Verlag Heidelberg, 2004. (online)
T. Kulworawanichpong, K-L. Arcerak, K-N.
Areerak and S. Sujitjorn, Harmonic identifica-
tion for active power filters via adaptive tabu
search, Lecture Notes in Computer Science,
Springer-Verlag Heidelberg, 2004. (online)

[3]
(4]
(5]

(o]

(71

(8]

ISSN: 1108-2750

Jukkrit Kluabwang, Deacha Puangdownreong, Sarawut Sujitjorn

14
704

[9] D. Puangdownreong and S. Sujitjorn, Image
approach to system identification, WSEAS Tra-
nsactions on Systems, Vol.5, No.9, 2006, pp.
930-938.

D. Puangdownreong and S. Suyjitjorn, Optain-
ing an optimum PID controller using adaptive
tabu search, Lecture Note in Computer Scien-
ce, Springer-Verlag Heidelberg, 2007. (online)
D. Puangdownreong, T. Kulworawanichpong
and S. Sujitjorn, Input weighting optimization
for PID controllers based on the adaptive tabu
search, Proc. IEEE TENCON 2004, Vol. 4,
2004, pp. 451-454.

N. Sriyingyong, and K. Attakitmongcol, Wav-
elet-based audio watermarking using adaptive
tabu search, Proc. Wireless Pervasive Com-
puting, 2006 1” International Symposium on,
pp- 1-5.

J. Kluabwang, D. Puangdownreong and S.
Sujitjorn, Management agent for search algo-
rithms with surface optimization applications,
WSEAS Transactions on Computers, Vol.7,
No.6, 2008, pp. 791-803.

J. Kluabwang, D. Puangdownreong and S.
Sujitjorn, Management agent for search algo-
rithms, In Proc. 12" WSEAS Int. Conf on-
Computers, Vol.2, No.2, 2008, pp.375-382.

X. Haidong and L. Jianhua, Partition of comp-
uting granularity of security data fusion under
high performance computing environment
WSEAS  Transactions on Computers, Vol.5,
No.1, 2006, pp. 61-68.

L. Phillip and R. Bart, Problem partitioning in
hybrid genetic algorithms, WSEAS Transac-
tions on Systems, Vol.6, No.2, 2007, pp. 395-
399.

R-B. Patel, M. Nikos and K. Garq, Mobile
agent location management in global network,
WSEAS Transactions on Computers, Vol.4,
No.7, 2005, pp. 697-710.

[18] R.B. Patel, and M. Nikos, Locating mobile
agents in a wide distributed system: a dynamic
approach, WSEAS Transactions on Mathema-
tics, Vol.4, No.3, 2005, pp. 246-259.

S. Brennan, and A. Alleyne, The Illinois road-
way simulator: a mechatronic testbed for
vehicle dynamics and control, IEEE/ASME
Transaction on Mechatronics, Vol.5, No.4,
2000, pp.349-359.

S. Bremnnan, and A. Alleyne, Using a scaled
testbed: controller design and  evaluation,
IEEE Control Systems Magazine, Vol.21,
No.3. 2001, pp.15-26.

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[19]

[20]

Issue 4, Volume 8, April 2009




267

Proceedings of the 10th WSEAS International Conference on EVOLUTIONARY COMPUTING

Investigation of the Effects of Asymmetrical Problems
on the Performance of Search Management Agent

Jukkrit Kluabwang' Deacha Puangdownreong” and Sarawut Sujitjornl*
'School of Electrical Engineering, Institute of Engineering
Suranaree University of Technology
Nakhon Ratchasima, Thailand
2Departmen‘[ of Electrical Engineering, Faculty of Engineering
South-East Asia University
Bangkok, Thailand
= corresponding author: sarawut(@sut.ac.th
http://www.sut.ac.th/engineering/electrical/carg/

Abstract: - The article presents the performance evaluation of the management agent (MA) containing the
adaptive tabu search (ATS) as its scarch core. In particular, asymmetrical surface optimization problems have
been considered. It has been found that symmetrical property of the problems has a significant effect on search
performance of the ATS, but MA(ATS). On an average, the MA(ATS) 1s about 2 times faster than the ATS
under both symmetrical and asymmetrical problems. The article also gives reviews on the ATS and the

MA(ATS) algorithms.

Key-Words: - asymmetrical surface optimization problems, adaptive tabu search, management agent

1 Introduction

In recent years, intelligent search techniques have
become major approaches for solving various
optimization problems. Among those, tabu search
(TS) has been widely applied for combinatorial
optimization problems [1,2]. The TS consists of two
main strategies: intensification and diversification
[3.4]. Since the TS is very flexible to use for various
problems. Sujitjorn et. al. [5,6] have launched a
modified version of the TS namely adaptive tabu
search (ATS). The ATS possesses the back-tracking
(BT) and adaptive radius (AR) mechanisms. The
former is regarded as a diversification strategy,
while the later as an intensification one. The
convergence proof and performance assessment of
the ATS can be found in [5,6]. Readers can find
ATS’s applications, such as electrical system
protection in [7], system identification in [8,9],
control synthesis in [10,11], and acoustic signal
processing in [12]. In 2008, the authors proposed a
management agent for search algorithms called
shortly as MA(+). (-) can be replaced by any search

algorithms such as ATS, simulated annealing,
genetic algorithms, ete. The MA contains three
major mechanisms: partitioning mechanism (PM),
discarding mechanism (DM), and sequencing mech-

ISSN: 1790-5109
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anism (SM).

This article reports our computing results in
order to assess the effects of symmetry of the
problems on search performances of the MA(ATS) ,
i.e. the MA having the ATS as its search one. Sec-
tion II of the paper reviews the ATS and the MA.
Sections III and IV present our results and discus-
sions, respectively. Conclusion is in Section V.

2 Algorithms Reviews

2.1 Adaptive Tabu Search (ATS)

The ATS [5.,6] preserves the main search
mechanisms of the generic TS [3,4]. Regarding this,
the tabu list (TL), the aspiration criteria (AC), and
the termination criteria (TC) are effective. The
additional mechanisms are the back-tracking (BT),
and the adaptive radius search (AR), respectively.
The BT is for escaping the lock by local solutions
via looking backward the TL for some previous
solutions and adopting them for new search
directions. The AR subsequently reduces the search
radii in search of a high fidelity solution. The proofs
claborated in [5.6] confirm the ATS’s rapid search
performance, and convergence.
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The following description summarizes the STEP 3 If the solution cycling occurs, invoke
the BT mechanism.

algorithms.
STEP 4 Exit with Sy as the best solution if the TC

STEP 0 Initialization: search radius R, 7. count, are met.
and county . STEP 5 If the current solution S in the vicinity

STEP 1 Random an initial solution Sy Set Sy as of the local or the global minimum,
a local solution. Generate the neighbou- invoke the AR mechanism. Update count,

rhood of radius R around S;. Keep N and goto STEP 1.

solutions of the neighbourhood in the
set X, Interested readers can find the useful

STEP 2 Evaluate the cost, C, of each solution recommendations with examples for the benefit of
belonging to X. The solution having the employing the algorithms from [5-12].
minimum cost is designated as S).
I C(S) < CSy) , move Sy into 771 and
agsign Sp = S1, otherwise move S, into 7.

Start

MA Initialization :
- Preset variables(count, Re, n cycling, Tabu ligt) in all AT Ss to be zero or empty.
- Set proper values for these variables, count,, Re ., N.

y

Load a surface optimization problem, from eq.(1) -(3), including its search space.

Choose number of paths for MA. |

Activate PM to genetate sub-search-spaces for generating initial solutions.
After obtaining all mnitial solutions in each sub-search-space,
then, replace all sub-search-spaces with the original search space to all ATSs.

£ ] ~
ATS#1
Sequencing these
ATS #2 > sub-search-spaces on the

basis of time sharing.

Stop searching and
report results

Activate DM
- extinguish k ATS search paths

-n=n-kk>=n-1n, =1

Fig. 1 Flow diagram of the MA. [13]
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2.2 Management Agent for Search 3 Performance Evaluations

Recently, the authors have launched the scarch Our evaluation was conducted against the Shekel’s
management agent (MA) flexible enough to be used Foxholes function (see Figs. 2 and 3) expressed by
with any search algorithms, particularly the meta- equation (1).  The global solution sits on (-32,-32)
heuristic ones [13,14]. The MA does not disturb the coordinates. Its cost value is 1. Figure 4 shows the

main algorithms used as the search core unit. So, the top view locations of the global solutions for the
convergence property of the search core is always symmetrical and asymmetrical problems. Table 1
preserved. summarrizes the corresponding search spaces. Our

The MA consisted of 3 main strategies MATLAB™ codes were run on a Pentium IV 2.4

namely the partitioning, the sequencing, and the GHz 640 Mbytes of SD-RAM.
discarding mechanisms (PM, SM, and DM),

respectively. The PM serves to split an entire search
space into many sub-search-spaces. It also initiates
searches correspondingly to those sub-search-
spaces. After the scarch initiations, the scarch
boundaries, once arisen from the PM. are
immediately removed. The search space is then the
original one containing several to many search
paths. The PM concept is not new, and has been
applied to data fusion [15] and genetic algorithms
[16]. for instance. The SM on a single CPU platform
is crucial because it organizes the search units to
perform searches in a sequential manner without a
conflict. The SM can be regarded as a time-sharing
strategy. As soon as all search paths finish their
searches at the k™ round, the SM exports the search
results to the DM. The DM, apparently behaves
similarly to the location management algorithms

(0]
#

[17,18], is an important tactic to accelerate the el =51 T
search. It determines the chance of success of each i R = =
scarch path, and eliminates those considered to have 4 : pr—
less chances. For instance. some scarch paths that b =2

Gt w1
2 8y mmatrealasa ek 4 s 072 02

are locked by local minima are rapidly deleted from
the search plateau. The DM is activated upon the =t |
discarding criteria (DC). The DC 1s simply the
measurement of errors between the cost of the
global solution and that of the current one. The = ) ) ) ) ) q
concept of MA becomes clearer with the flow " - - h . ” h ’
diagram reproduced from [13,14] and illustrated in (b)

Figure 1. Referring to the flow diagram, the search
core implemented is the ATS. In addition to this, the
algorithms MA(ATS) can be summarized as

Fig. 2 Shekel’s Foxholes surface under
symmetrical problem (a) 3-D and (b) 2-D.

follows: - .
STEP 0 Define search spaces and search pahts. Fx)= RN i 1 (1),
Generate initial solutions (random or ’ 500 o J+ i( v —a)
well-educated guess). Activate PM. =

STEP 1 Invoke SM and ATS of multiple paths in which
(or other scarch algorithms).
STEP 2 Exit with the best solution if the TC are -32 -16 0 16 32 -32 .. 0 16 32
met, otherwise invoke DM. & 7[7 32 -3 -32 -3 -32 -16 .. 32 32 32}
STEP 3 Update counter and goto STEP 1.

Our tests were also conducted against the
Bohachevsky’s, and the Rastrigin’s functions,
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respectively. The surface plots are not shown here.
However, they are represented by the expressions
(2) and (3), respectively.

i
: search space| search space
i
i
I
I
i

global solution

Fle, 3 =x" + 23 — 03cosB3m) — O.4cos(4m) + 0.7 (2). ] =
Flxp)=x"+3" —10c0os(2m)—10cos(2ay) + 20 (3). ; global solution|
| N l
Table 1 Corresponding search spaces. 1 1
(a) (b)
search spaces
Types . ; : . . . .
BF & RF SE Fig. 4 Top view locations of the global solutions (a)
Sym, | (2 2.2 -2] | (8 8.-72 -72] symmetrical and (b) asymmetrical problems.
Asym. [3 3:-1 -1]  |[40 40:-40 -40]

4 Results and Discussions

Referring to the average search time in seconds
summarized by Tables 2, the scarch time consumed
by the ATS is longer than that used by the
MA(ATS) for each case. Under asymmetrical
problems, the ATS consumes longer search time
than that used under symmetrical problems. For the
MA(ATS). the following details are clarified. With
the BF. 66.67% of MA(ATS), i.e., 2, 16, 32 and 64
paths, reach the global solution faster under
symmetrical problems than under asymmetrical
ones. Similar situations oceur with the RF and the
SF. 83.33% of MA(ATS), i.c.. 2, 8 16. 32 and 64
paths, perform faster searches with the symmetrical
RF. 50% of MA(ATS), i.e.. 16, 32 and 64 paths,
perform faster searches with the symmetrical SF.
The speed-up ratios according to (4) are calculated
and summarized by the bar graph shown in figure 5.

Table 2 Average search time.

Test average search time (seconds)
functions | TAATS
ATS | _ MA(ATS) )
W2 | | @8 | M6 | w2 | w6t
g | SYm- [12:8996(11.2039)12.5100{4.0728 | 46420 | 61919 | 7.6006
Asym | 13.8378]12.5574)12.2330) 3.9040 | 4.9901 | 63966 | 9.1036
e | S¥m- [14.7950/14.221414,554912.4603) 5.8682 | 7.5916 | 9.1136
Asym |10.1713(17.6766 8.579215.2682 81967 | 94051 | 9.4274
o | Sym. | 3.0506 |3.9266/3.7271 |3.6078| 23271 | 21720 | 21988
Asym [ 4.3564 |3.0086]3.2057 |2.9820 | 24380 [ 3.1135 | 3.2015
Fig. 3 Shekel’s Foxholes surface under .
. ) averge searchtimeby ATS
asymmetrical problem (a) 3-D and (b) 2-D. speed up ratios =

averge searchtime by MA(ATS)
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BATS

B MAATS#2
O MAATS)#
- U MAATS#E
B MAATS#IE
B MAATS#32
‘ B MAATS)E4

Sym. | Asym. | Sym. | Asym.
RF | SF
Fig. 5 Comparison of speed up ratios.

Sym. | Asym.
BF

5 Conclusions

The performance assessment of the management
agent for search, in particular MA(ATS), has been
presented. Computing experiments were conducted
against symmetrical and asymmetrical problems. In
this context, a symmetrical problem has its global
solution situated at the center of the search space,
while that of an asymmetrical problem is eccentric.
Surface optimization problem has been utilized
based on the Bohachevsky’s, Rastrigin’s, and
Shekel’s Foxholes functions, respectively. The
derived speed-up ratios indicated that (i) the
MA(ATS) under symmetrical problems is 1.01-3.16
times faster than the ATS, and (ii) under
asymmetrical problems the MA(ATS) i1s 1.08-3.54
times faster than the ATS. From the speed-up ratios
of both cases, we can conclude that the MA(ATS)
performs extremely well under symmetrical and
asymmetrical problems, its is superior to the ATS,
and the symmetrical property of the problems does
not have a significant effect on search performance
of the MA(ATS).
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