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The classical Job Shop Scheduling Problem (JSSP) is NP-hard problem in the
strong sense. For this reason, different metaheuristic algorithms have been
developed for solving the JSSP in recent years. The Particle Svarm Optimization
(PS0O), as a new metaheuristic algorithm, has applied to a few special classes of
the problem. In this paper, a new PSO algorithmis developed for JSSP. First, a
preference list of the generated solutions is prepared to obtain the feasibility.
Then, a new method using factorial base numeral system, called factoradic
approach, is developed to satisfy the validity of the generated solutions. This
approach permits a one to one mapping of a solution in discrete space to a PSO
particle position in continuous space. Since PSO is an evolutionary approach,
some modifications are implemented to the algorithm. For examples, a simple
greedy algorithm is developed to generate relatively good initial population or
every solution obtained by PSO is also improved by a local search operator. To
avoid trapping into local optima, a new velocity updating equation is considered.
Furthermore, a Smulated Annealing (SA) approach is applied to the final
solution obtained by PSO to improve it. Finally, the proposed hybrid algorithmis
tested by some job shop benchmark problems. The results indicate the efficiency
of the proposed hybrid PSO with respect to other algorithms exist in the
literature for the considered problem.
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HPSO Pseudo Code
Bagin
STEF |: Get all data and parameter values.
STEP 2: Generale initial solutions with GRASP algorithm.
STEP 3: For each generated solution convert job order on each machine ¢ via factorial base transformation into a number

in base of 10 and create first position vector { X} ={x/),....x}, | ) for each particle r.

STEP 4: Generate first velocity vectors. For particle r select elements of vectoﬂ:’,’ = |:_1=_f,-----1:,',= _:I randomly from interval
::(J— xnl-1)— .\-_:.] . Then go to STEP 6.

STEP 5: Update V, for particle r in iteration k with v}, = x{wv} ' +enip), — 2k )+ eripy — 2,0, @¢ such that v, be in
the inten‘aliﬂ—.rf.—,t n-1)— 1‘] ;

If v <(D—x%)

rand = I:-l')— \Jt " H

Vo o
(3% < (1))

Vi =rand = ((n-1)—xk )
Then go to STEP 6.
STEP 6: Update X, for particle r in iteration k with x" = | xf, + 4 |.wi.
STEP 7: Convert X} o a solution with preference list-based representation via factorial base transformation and then
transform it an active schedule and Calculate C,,, of it. Then Save #% active schedule in §, and 5, .
STEP 8 (Local Search: Intensification and Diversification ) &
For v, iteration of this step do:
Reverse a randomly selected disjunctive arc that located on the critical path of the disjunctive graph
corresponded o S, ;

Transform obtained S, to an active schedule and calculate C, fS,”_D

)i
If €. (5, )< Coul5,)

S, — 8§,
End if
End for
STEP 9: Update X}, %r according to S, via factorial base transformation.
STEP L Update F, foreach particle r. Also update F, for all particles.

STEP 1 1: Check the termination conditions.
If conditions is satisfie

Get the active schedule corresponded to P, call it 5" and calculate C,,, i_.S"j . Then return 8" and C,_ {57}
Else go back to STEP 5
STEP 12: Intensify 8" with procedure of STEP 8 and repeat it N, times. Then do 8"« 8", §" «— 8. T« T;.
STEP 13 (SA procedure): :
While {repetition number of this procedure is not greater than L)
Transform 57 to 57 with local search of STEP &

A= Crg (S )~ Came [57)

5" 5.
IFA=z0
85"
IF C_ . (8)=< CM[S- :I
5 ;
End if
Else generate » a random number in [0,1]
(4%
Ifrse T
8§ e 357;
Else 5"« 5 ;

End else
End while
Tée—al . 0<ax<l]
STEP 14: While (T =T,
Go back to STEP 13;
End while
Return 8 as the best obtained solution by HPSO

HPSO rg.‘&g.)siﬂ Sl oS al F ISl

End
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popsize 20 30 35 40 20 25 35 25
Y 65% 65% 65% 65% 65% 65% 65% 65%
W, 33 3.3 33 33 33 3.3 33 3.3
W, 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
W, 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
W, 0 0 0 0 0 0 0 0
Wmax
Wi 05 05 05 05 05 05 05 05
(o] 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1
C, 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1
NIS 50 50 50 150 50 50 100 50
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HPSO s 5951 (W ol yly (15 ool ity olio oy yite .Y Jguo> aold]

Parameters Eg 8? ‘;‘o ABZ6-9 | ORB1-10 | YN1-4 | LA1-10 | LA 10-20 Lgf‘ 3261_‘2’8 LA 31-35
N, 220 185 212 246 173 205 254 215
N 75 75 75 100 75 75 100 75

7 (sec.) 10000 10000 10000 10000 | 10000 10000 10000 10000
N, 100 100 100 200 100 100 150 100
T, 5 7 6 15 5 5 10 8
T, 01 01 0.05 0.05 05 0.2 0.05 01

a 0983 0.985 0.985 0.99 0.983 0.983 0983 0983
L 100 120 140 200 100 100 160 110

5l oats > b Ve Alae ya HPSO 2,681 5l solizal
alig abgre Jolaz ;0 Bon mb )l eswl Cassy jlade o yip
@ oty Sl eyl S Jo ol o] 2 epdle il su
MBMLM)JAJLM]Q)QOMM‘Ju‘PUJW
Gl 03,5 00 (6 jlwrdunts ST Al 3 G o v, a5 o

wiloads ;S8 Jglaz 4o 30

sl b Sl s (g3l Ay o0 oS 5 o s8Il 45 Ll
T VLS I~ I AL § PP INUE X W]
ab i odle wi,sSl nl slp eiesl HPSO & iy 50
o el o0 03,8 Jghaz 5o 3 00l L35 U ooy Ban
5 Intel Celeron 300 clasin b aibl, S 65, 2 o,

g 00 |21 128 MB RAM

$Bolai lels 9 GRASP o )93l 51 Jolo> gl dumnlio ¥ Jgur

GRASP Random
Problem|{ n m| BKS :
Average| Gap(%) | Average | Gap(%)
FT06 6 6 55 68.6 24.73 82.6 50.18
FT10 10 10| 930 1244 33.76 1326.2 42.60
ABZ6 10 10| 943 1181.2 25.26 1322.4 40.23
ABZ7 20 15| 656 857.8 30.76 1083.4 65.15
ORB2 10 10| 888 1096.6 23.49 1278.8 44.01
ORB9 10 10| 934 1236.6 32.40 1443.4 54.54
YN2 20 20| 909 1198 3179 1493.6 64.31
YN4 20 20| 970 1328.2 36.93 1522.6 56.97
LAO5 10 5| 593 662.2 11.67 782.8 32.01
LA10 15 5| 958 1083.8 13.13 1315.2 37.29
LA15 20 5| 1207 1464.6 21.34 1523.6 26.23
LA21 15 10| 1046 1395 3337 1571.6 50.25
LA29 20 10| 1157 1529.4 32.19 1781.4 53.97
LA40 15 15| 1222 1495.4 22.37 1769 44.76
70.00 —m— GRASP
IR i Random
50.00
£ 40.00
&
& 30.00
20.00
10.00
0.00
W O WO I~ NN O ;e Oy O
Poaa22ssz22Id I
w w < < O O -_ > _ d d d d Jd

55Uai lalsz 9 GRASP ity oSl 51 Jolo gslis duun lio .5 S
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Particle Swarm Optimization

TSSB
PSO-SA HPSO
Size |BKS| Ppezzella& .
Prob.

(Opt)| Merelli (2000) X1 Wu (2000) | Time| p | Best Average

Gap Gap Cmax | Time of SA| (%) Gap Gap

i % %

n xm Cmax (%) Cmax | Time (%) (%) (%)

ORB1 |10 x 10| 1059 | 1064 0.47 | 1059 334
ORB2 |10 x 10| 888 | 890 0.23 | 889 182
ORB3 |10 x 10| 1005| 1013 0.80 | 1020 297
ORB4 |10 x 10| 1005| 1013 0.80 | 1006 141
ORBS5 |10 x 10| 887 | 887 0.00 | 887 404

0.00 | 1059 43 11 23 000 128
011 | 888 24 2 43 000 230
149 11013 49 16 64 080 320
0.10 | 1006 42 5 31 010 142
0.00 | 887 37 8 52 000 045

ORB6 |10 x 10|1010| - 1010 337 0.00 | 1010 51 3 15 000 031
ORB7 |10 x 10| 397 - 397 336 0.00| 397 73 18 73 000 022
ORBS8 |10 x 10| 899 - 899 340 0.00| 899 56 9 12 0.00 0.56
ORB9 |10 x 10| 934 - 934 365 0.00| 934 68 16 37 000 037
ORB10|10 x 10| 944 - 944 351 000| 944 79 13 26 000 042
Average Gap (%) 0.4579 0.1705 0.0896 1.0530
No. of Instance 5 10 10
No. of BKS Obtained 1 7 8
1.60 —4—TS5-5B
3 140 —~@—PSO-SA
g 120 HPSO
O 1.00
0.80
0.60
0.40
0.20
0.00 S
qo@@

ORB (Jslwo gl p aiuge ylado LHPSO ¢ PSO-SA .TS-SB

olis £ Jsaz 0 ABZ o FT Jilace aiws 4 by pe gl .ol
TS SB 0,55 oz 5l Jols polie S| avslio.cosl ools
ABZ 4 FT Jiluw sl BKS ,0lie LHPSO 4 PSO-SA .SB
5 HPSO 0,651 o ,Slee sl oo ools lad A JSo 4o 35
ool 00,91 ¥V Jgu= ;0 LA fluw atws sl lapi 68 ol
B HPSO o,651 a5 simo o oylid sdel sy gl .l
g wlo diged blue 3l g0k aoye sl |, BKS Jlode a5 el
Ol el o 65 0 65 M ws o 3l 5 hlee Lo 6l
S calie s e, o8l plo b awslie ;o Ol ws o
Ve o edel casns sllsr Silee S doys sy 0
a5 o a3 i 5 el 5 e i S sl
Dlae J> ooy el Jle 55 ggammo 50 sl Caway slaoly>
4o [vfl PSO-SA 0,6 & cuws HPSO 0,680l Lawgs

5951 A ool Caway y3lio M dunns Lo .Y S

Sloz cp e 0 aS) 61, PSO anl 3 sl oY la,| S5 as o
Jlade (e o Abols ol oas 03] Pt Ogaw 5O Ay g
O Abols uimmen g BKS Jlaie g HPSO Lawg sowl cawss
Jade g 1>l L Ve o HPSOlawgs sowl cawss polie (Sl
odn] Cawdy @l .l sdel Jglaz olesil e g 0 BKS
ol el oals ool lis F Jauz ;0 ORB Lilee atws (sl
Bl o o) oom dlio ilonds dugli & S5 0 b
sasl £ JS 40 35 HPSO § PSO-SA i ,65l 40 L ORB
03l 00)31 I\ J3A> BL YN JJLAM 6‘)-’ oMT Cando C;Lu o
oads ) ¥ UKo 0 blee cpl lp BKS polie L HPSO

! Percent of needed Iterationsin PSO procedure to reach to the best
solution of PSO
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i oS Jlo s ool a8 iols sl L blee i
el 0391yt )] A o o] G slyglg>
5 55eS Jleas S 0 SA wl) 3 G o HPSO o )68l a5 Slo

2,5 jieS S8 iz 090 | lple> (slad o954y sl ;018 PSO ol
__ 450
g 400
= 350
QU
€ 300
15 250 ——PSO-SA
S 200 —&— HPSO
150
100
50 .\_./H_.——-I/.\.".——.
0
P I LI LS LD
FFFFSFT S
HPS g PSO-SA s 551 90 aliwsgs ORB Jsluwo Jo yLo 3 dumns lilo A JSC
YN 459.05 J.’Lm.o LS')'? ool Cawdy CJLJ 1) Jg-\?
GA-G&T HPSO
Size Yamada & .
Time Best |Average
Prob. BKLB | BK
rob S Nakano(lgizF)) Cmax | Time| of ((I;I)) GAP GAP
n xm Cmax | o SA (%) | (%)
(%)
YN1 [20 x 20| 826 | 886 | 967 914 | 86 123 45 65 000 215
YN2 |20 x 20| 861 | 909 | 945 396 | 945 117 51 58 396 436
YN3 |20 x 20| 827 | 893 | 951 649 | 893 151 57 72 000 125
YN4 |20 x 20| 918 | 968 | 1052 868 | 968 148 43 48 0.00 472
Average GAP (%) 7.0688 0.9901 3.1200
No. of Instance 4 4
No. of BK'S Obtained 0 3
10
— 8
Q ——GA-G&T
P
© == HPSO
0 4
2
0 i
YN1 YN2 YN3 YN4

YN Jslao 515 BK'S olin LHPSO g GA-G& T i 19531 58 31 ol 5 lio 3O dunn lio A JSCis
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e (19985 9 G397 G0 w5 (G Al o (gl 0 S s (g5l Al (o ek el (5,10 vy
ABZ §FT aigei Jsluwo gl vl Comwns gl £ Jogu
fr Particle Swarm Optimization
bott?;:'cﬂg(s‘a) TSSB  |HGA-Param
PSO-G&T PSO-SA HPSO
Size Pezzella&
Prob. BKLB| BKS . Gongalves et | Sha&Hsu .
Adams et al. (1988) Merelli . (2005) (2006) Xia&Wu (2006) Time Best |Averaga
(2000) ' Pl
Cmax|Time of | .| Gap | Gap
n x m Cmax | Cmax | Gap(%) Cmax Gap Cmax Gap Cmax| Gap Cmax| Time Gap SA o o) o)
SBI SBII | SBII (%) (%) (%) (%)
FT06 6 |x| 6 55 55 55 0.00 55 000| 55 0.00| 55 000 | 55 1 000| 55 1 0 5 0.00 0.00
FT10 10 | x| 10 930 | 1015 930 0.00 930 0.00 | 930 0.00 | 930 0.00 | 930 142 0.00 | 930 28 4 57 000 246
FT20 20 | x| 5 1165 | 1290 1178 112 | 1165 0.00 | 1165 0.00 (1165 0.00 |1178 21 1.12 | 1165 25 3 43 000 261
ABZ5 10 | x| 10 1234 | 1306 1329 7.70 | 1234 0.00 - - 1234 330 0.00 | 1234 41 8 14 000 0.74
ABZ6 10 | x| 10 943 962 943 0.00 943 0.00 - - 943 158 0.00 | 943 31 5 23 000 053
ABZ7 20 | x| 15 656 730 710 8.23 666 1.52 - - 666 4332 152 | 666 121 35 46 152 4.23
ABZ8 20 |x| 15 | 645 | 669 774 716 7.03 678 135 - - 681 4356 179 | 681 105 24 74 179 364
ABZ9 20 |x| 15 | 656 | 679 751 735 8.25 693 2.06 - - 694 4374 221 | 694 117 18 63 221 357
Average GAP (%) 4.0399 0.6164 0.0000 0.0000| 0.8304 0.6909 2.2225
No. of Instance 8 8 3 3 8 8
No. of BKS Obtained 3 5 3 3 4 5
10
8
——5SB
X 6 —— TS-5B
a
S 4 PSO-SA
g == HPSO
r
0 = S
FTO6 FT10 FT20 ABZ5 ABZ6 ABZ7 ABZ8 ABZ9
ABZ FT Jsluw &l BKS ylia 4 HPSO 3 PSO-SA TS-SB (SB i 951 )l 3 Jols ys3lie 33 dus Uin N+ JSCi
LA A g09 J.'Lw.o ‘5|).g odwl Cawdy @LA A Jg»
ifti Particle Swarm Optimization
Shlftmgst‘)BottIeneck Tss HGA-Param ABCe(; p
(SB) PSO-G&T PSO-SA HPSO
Size Pezzella & . - .
BKS ) Gongalves | Rossi & Dini | Sha& Hsu Xia&Wu
A L (L Merell
Prob. (Opt)| Adamsetdl. (1988) (2‘8’0%)' etal. (2005) | (2007) (2006) (2006) Time | | Best |Average
Cmax | Time| of o GAP | GAP
Cmax |Cmax|Gap(%) Gap Gap Gap Gap ' Gap SA 0 (%) | (%)
nxm SBI | sBI| sBI Cmax %) Cmax %) Cmax %) Cmax %) Cmax| Time %)
LAO1|10x 5| 666 | 666 666 0 666 0 666 0 666 0 666 0 666 2 0 666 3 0 5 0 0
LAO2|10x 5| 655 | 720 669 214 | 655 0 655 0 665 153 | 655 0 655 3 0 655 3 0 47 0 0.45
LAO3[10 x 5 597 | 623 605 1.34 | 597 0 597 0 597 0 597 0 597 5 0 597 4 0 13 0 0.25
LAO4|10x 5| 590 | 597 593 0.51 | 590 0 590 0 598 1.36 | 590 0 590 3 0 590 5 0 15 0 0.1
LAO5|10x 5| 593 | 593 593 0 593 0 593 0 593 0 593 0 593 2 0 593 1 0 11 0 0
LAO6|15x 5| 926 | 926 926 0 926 0 926 0 926 0 926 0 926 5 0 926 2 0 19 0 0.24
LAO7|15x 5| 890 | 890 890 0 890 0 890 0 890 0 890 0 890 5 0 890 5 0 12 0 0
LAOB|15x 5| 863 | 868 863 0 863 0 863 0 863 0 863 0 863 5 0 863 9 0 15 0 0
LAO9(15x 5| 951 | 951 951 0 951 0 951 0 951 0 951 0 951 5 0 951 2 0 23 0 0
LA10{15x 5| 958 | 959 959 0.1 958 0 958 0 958 0 958 0 958 1 0 958 1 0 25 0 0
LA11{20 x 5| 1222 | 1222 1222 0 1222 0 1222 0 1222 0 1222 0 1222 4 0 1222 6 0 21 0 0.32
LA12{20 x 5| 1039 | 1039 1039 1039 0 1039 0 1039 0 1039 0 1039 12 0 1039 7 0 32 0 0
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Shifting bottleneck T5SB HGA-Param ACO Particle Swarm Optimization
(s8) Best PSO-G&T PSO-SA HPSO

Prob. . (g};ts.) Adams et d. (1988) Peg?zezi& e(t3 glricélggg) Rogoig??m SQZ(%OGH)SU X(';&)\gu Time Pl Best |Average|

———— ol & |

nxm ngalx Srg?;( Ggg(l{o) Cmax %?S Cmax ((333 Cmax ((;;S Cmax ((B;S Cmax| Time %ig
LA13(20 x 5| 1150 | 1150 1150 0 1150 0 1150 0 1150 0 1150 0 1150 4 0 1150 5 0 22 0 0.73
LA14(20 x 5| 1292 | 1292 1292 0 1292 0 1292 0 1292 0 1292 0 1292 2 0 1292 4 0 41 0 0.38
LA15(20 x 5| 1207 | 1207 1207 0 1207 0 1207 0 1212 0.41 | 1207 0 1207 11 0 1207 10 0 35 0 0.32
LA16/10 x 10| 945 | 1021 978 349 | 945 0 945 0 961 1.69 | 945 0 945 127 0 945 17 1 33 0 0.24
LA17/10x 10| 784 | 796 787 038 | 784 0 784 0 787 038 | 784 0 784 127 0 784 23 2 29 0 0
LA18(10x 10| 848 | 891 859 1.3 848 0 848 0 848 0 848 0 848 127 0 848 22 1 34 0 0.17
LA19(10x 10| 842 | 875 860 214 | 842 0 842 0 850 095 | 842 0 842 127 0 842 21 4 43 0 0
LA20{10x 10{ 902 | 924 914 1.33 | 902 0 907 055 | 907 055 | 902 0 907 127 055 907 19 2 36 055 124
LA21|15 x 10| 1046 | 1172 1084 363 | 1046 0O | 1046 0 1088 4.02 | 1046 0 [1047 387 01 1046 31 4 69 0 0.56
LA22|15x 10| 927 | 1040 944 1.83 | 927 0 935 086 | 986 6.36 | 927 0 927 863 0 927 45 6 54 0 0.35
LA23/15x 10| 1032 | 1061 1032 O 1032 0 | 1032 0 1032 0 1032 0 [1032 92 0 1032 18 1 71 0 0.43
LA24(15x10[ 935 | 1000 976 439 | 938 032 | 953 193 | 970 3.74 | 935 0 938 766 0.32 935 57 8 37 0 0.89
LA25/15x 10| 977 | 1048 1017 4.09 | 979 0.2 | 986 0.92 | 1003 2.66 | 977 0 977 95 0 977 12 0 28 0 0.51
LA26/20 x 10| 1218 | 1304 1224 049 | 1218 0 | 1218 0 1252 279 | 1218 0 [1218 89 0 1218 15 0 74 0 0.62
LA27|20 x 10| 1235 | 1325 1291 453 | 1235 0 |1256 1.7 | 1299 518 | 1235 0 [1236 1415 0.08 | 1236 87 14 65 008 21
LA28(20 x 10| 1216 | 1256 1250 2.8 | 1216 0 1232 1.32 | 1289 6 1216 0 1216 476 0 1216 61 17 49 0 13
LA29|20 x 10| 1157 | 1294 1239 7.09 | 1168 0095 | 1196 3.37 | 1241 7.26 | 1163 052 | 1164 1442 061 | 1168 98 34 7 095 246
LA30/20 x 10| 1355 | 1403 1355 O 1355 0 | 1355 0 1358 0.22 | 1355 0 [1355 94 0 1355 16 1 82 0 0.26
LA31{30 x 10| 1784 | 1784 1784 O 1784 0 | 1784 0 1784 0 1784 0 |1784 56 0 1784 112 73 37 0 0.16
LA32/30 x 10| 1850 | 1850 1850 O 1850 O | 1850 0 1850 0 1850 O |[1850 56 0 1850 96 61 51 0 0.54
LA33/30 x 10| 1719 | 1719 1719 0 1719 0 1719 0 1719 0 1719 0 1719 62 0 1719 123 85 48 0 0.22
LA34/30 x 10| 1721 | 1721 1721 0 1721 0 1721 0 1721 0 1721 0 1721 73 0 1721 164 99 39 0 0.67
LA35/30 x 10| 1888 | 1888 1888 O 1888 O | 1888 0 1888 0 1888 0 |[1888 100 0 1888 181 113 40 0 0.76
LA36(15 x 15| 1268 | 1351 1305 292 | 1268 0 | 1279 0.87 | 1314 3.63 | 1268 0 [1269 2473 0.08 | 1268 91 21 43 0 1.2
LA37(15 x 15| 1397 | 1485 1423 1.86 | 1411 1 1408 0.79 | 1466 4.94 | 1397 0 1401 2512 0.29 | 1397 102 32 35 0 0.45
LA38|15 x 15| 1196 | 1280 1255 4.93 | 1201 042 | 1219 192 | 1284 7.36 | 1201 0.42 | 1208 2586 1 1201 85 14 28 042 0.95
LA39|15 x 15| 1233 | 1321 1273 324 | 1240 057 | 1246 1.05 | 1291 4.7 | 1233 0 1240 2492 057 | 1233 83 19 57 0 1.14
LA40(15 x 15| 1222 | 1326 1269 3.85 | 1233 0.9 | 1241 155 | 1273 4.17 | 1224 0.16 | 1226 2534 033 | 1224 114 43 52 016 236
Average GAP (%) 1.4597 0.1091 0.4209 1.7481 0.0275, 0.0980 0.0542 0.5593
No. of Instance 40 40 40 40 40 40 40

No. of BK'S Obtained 13 33 30 19 37 30 35
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Ll 5l e
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D38 ols 2 (152 PSO LS5 980 Gl 4 polize oy
oy Gibo P2 abal) 5o Gl 58 o ae slaclex 0
Sleyen (X)) olal 3 (W) cwyil culys 5l g ad ools &l)d
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