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%Ow@ Oy=wN Q} R CQwY x@ xr�Ut

|[=} Q pOt "4"3
min

X
k

fkZk + E[Q(Z; �)]
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0 CQwY u}= Q}e QO

122



1 1
|xQ

=tW
'35

�1|
xQwO

'�1
39

8u
=DU@

=D�h
}QW

C}
Q}Ot

w`}
=vY

|U
Ovyt COW x@ |ak=w w nQR@ |xR=Ov= =@ p�=Ut |=Q@ u; j}kO pL 'CUq=@ 5|D=@U=Lt

|@=}u=mt |xr�Ut pL |rm Cr=L QO "CU= umttQ}e `k=wt |NQ@ w Q@ u=tR
u}= OwHw =@ "CU= QDCNU xY}YNDOvJ Cr=L =@ xU}=kt QO xY}YNDlD ?=y
NP hard xY}YNDOvJ w xY}YNDlD Cr=L wO Qy QO ?=y |@=}u=mt p�=Ut
wO R= QDW}@ xv=}t ?=y -p |@=}u=mt |xr�Ut QO =y?=y O=OaD xm |v=tR '[1]OvDUy
QO C@=F =y?=y u=mt Qo = |DL 'OwW|t NP hard xr�Ut (P > 2) OW=@ OOa

[31]"OvW=@ xOW xDiQo Q_v
�ALNS� xDi=}j}@]D nQR@ |o}=Uty |wHDUH VwQ xOW x�=Q= pOt pL |=Q@
xO=iDU= =@ "CU= xOW xO=O xaUwD VwQ u}= w xOW ?}mQD 6O} Q@D |R=Ux}@W VwQ =@
XNWt xm@W QO =y?=y u=mt xDi=}j}@]D nQR@ |o}=Uty |wHDUH VwQ R=
|=yxQo x@ xm@W ?=yQ}e |=yxQo O} Q@D |R=Ux}@W VwQ R= xO=iDU= =@ w OwW|t
VwQ |xDi=}xaUwD pY= QO ALNS VwQ "Ov=xOW xO=O X}YND xm@W ?=y
x�=Q= [32]w=W \UwD Q=@ u}DUNv xm CU= 7�LNS� nQR@ |o}=Uty |wHDUH
p�=Uw |@=} Q}Ut |xr�Ut pL |=Q@ Q=@ u}DUNv xm ALNS VwQ "CU= xOW
xrtH R= '|@=} Q}Ut p�=Ut `=wv= QO xt=O= QO [33]"CiQo Q=Qk xO=iDU= OQwt x}rkv
'[37]=yu=tm |iO=YD |@=} Q}Ut [36w 35]|OwHwt |@=} Q}Ut '[34]O}rwD |@=} Q}Ut
w Q}ov=Qo 2016 p=U QO ,=Q}N= &CU= xOW xO=iDU= [38]x}rkv p}=Uw |atHD |@=} Q}Ut
xO=iDU= xQiUOvJ |L]UwO |@=} Q}Ut |xr�Ut pL |=Q@ VwQ u}= R= [39]u=Q=mty

"Ov=xOQm
|L]UwO |xr�Ut pL |=Q@ [40]u=Q=mty w Q}=trty 2012 p=U QO |k}kLD QO
xO=iDU= 8 �LRP� |@=}u=mt |@=} Q}Ut |xr�Ut pL w x}rkv p}=Uw |@=} Q}Ut
QDy@ VwQ u}= R= xOt; CUO x@ |=y?=wH xm OvO=O u=Wv OwN j}kLD QO =yv; "OvOQm
|r=a G}=Dv w CU= |L]UwO x}rkv p}=Uw |@=} Q}Ut |xr�Ut QO Qo}O |=yVwQ R=
Q}tO 2012 p=U QO Qo}O |k}kLD QO "CU= xOt; CUO x@ LRP XwYN QO
9�PRP� |oOwr; - |@=} Q}Ut |xr�Ut pL |=Q@ sD} Qwor= u}= R= [41]u=Q=mty w
"CU= xOW xO=iDU= sD} Qwor= uOw@ QF-wt R= |m =L xOt;CUO x@ G}=Dv w OvOQm xO=iDU=
sD} Qwor= R=|}xOQDUo |xO=iDU= R}v |Qo}O p�=Ut QO|@=} Q}Ut p�=Ut Q@ xwqa
|Qw=t 2016 p=U j}kLD x@ u=wD|t "CU= xOW xDi=} j}@]D |o}=Uty |wHDUH
xrmU= X}YND |xr�Ut pL |=Q@ sD} Qwor= u}= R= xm OQm xQ=W= [42]u=Q=mty w
QFm = QO ?=wH Ow@y@ R= u=Wv R}v xr�Ut u}= QO xOt; CUO x@ G}=Dv "OvOQm xO=iDU=
2015 p=U QO "OQ=O xr�Ut u}= pL |=Q@ xOW xO=iDU= |=ysD} Qwor= x@ C@Uv OQ=wt
R= QiU |}=OH C=t=Rr= =@ u=ow=v Q=QkDU= |xr�Ut pL |=Q@ [43]u=Q=mty w nw=ym =@
xOt; CUO x@ |=y?=wH =@ lJwm |=yxR=Ov= QO w OvOQm xO=iDU= xOW QmP sD} Qwor=
u=tR QO sD} Qwor= |q=@ OQmrta R= u=Wv G}=Dv w OvOQm xU}=kt j}kO |=yVwQ R=
|L=Q] |xr�Ut pL |=Q@ [44]u=Q=mty w =mv=m 2016 p=U QO u}vJty "CW=O QDtm
R= uy;x=Q \N |R} Qxt=vQ@ |xr�Ut w uy;x=Q `} QU pkvwptL |xJQ=Bm} |xm@W
|xr�Ut |=Q@ [45]u=Q=mty w |@Uwr 2016 p=U QO "OvOQm xO=iDU= ALNS VwQ
QO =Q |O=yvW}B VwQ =yv; OvOQm xO=iDU= =} wB CQwY x@ Q=t}@ VQ}PB |Ov@u=tR
VwQ u} QDy@ =@ w OvOQm |UQQ@ swta QO TQDUO p@=k |}=D 450 |xvwtv |xR=Ov=
�1 OwOL QO |r@k VwQ |=y?=wH C}i}m QO xm OvOQm xU}=kt xOW pL |r@k
|r@k |=yVwQ R= QDu}}=B Q=}U@ VwQ u}= R= xOt; CUO x@ u=tR w Ow@ Cw=iDt
=Q QwmPt VwQ 4000�1000 |xR=Ov= =@ p�=Ut QO u=oOvU} wv u}vJty "CU=
OYQO 14 |r= 3 u}ov=}t CQwY x@ =y?=wH C}i}m xm OvO=O Q=Qk xO=iDU= OQwt
xDi=} Vy=m nQR@ |=yxR=Ov= u}= QO |}x_Lqt p@=k u=R}t x@ pL u=tR w Ow@ QDy@

"Ow@

uOw@ p=aiQ}e w p=ai C}a[w QO C}a]k sOa |[=} Q pOt u}= QO O}vm ZQi
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0 00 41 31 4'6'12'16'17'18'22'24 995 97 57 37 4'6'12'16'17'18'22'24 995 97 50
0 00 45 71 5'18 1244 74 336 58 5'18 1244 74 100
0 00 41 63 25 1325 63 100 20 25 1325 63 150
0 00 41 89 25 1375 63 39 80 25 1375 63 200

0 00 44 05 4'6'11'12'14'16'17'18'22'24 900 57 56 21 4'6'11'12'14'16'17'18'22'24 900 57 20

0 4
0 00 47 06 4'6'12'17'18'24 1127 53 110 61 4'6'12'17'18'24 1127 53 50
0 00 41 57 5'18 1258 45 293 06 5'18 1258 45 100
0 00 45 80 25 1325 63 70 15 25 1325 63 150
0 00 49 24 25 1375 63 36 17 25 1375 63 200

0 00 48 97 4'6'12'16'17'18'22'24 1015 02 82 87 4'6'12'16'17'18'22'24 1015 02 20

0 6
0 00 48 26 4'17'25 1163 27 337 39 4'17'25 1163 27 50
0 00 41 90 5'18 1270 04 288 45 5'18 1270 04 100
0 00 45 43 25 1325 63 56 19 25 1325 63 150
0 00 43 96 25 1375 63 34 04 25 1375 63 200

0 00 45 91 4'6'12'16'18'24'25 1075 77 104 94 4'6'12'16'18'24'25 1075 77 20

0 8
0 00 45 40 6'25 1177 44 509 83 6'25 1177 44 50
0 00 43 00 25 1275 63 118 39 25 1275 63 100
0 00 45 39 25 1325 63 59 65 25 1325 63 150
0 00 46 56 25 1375 63 33 78 25 1375 63 200

0 00 44 64 4'6'12'18'25 1104 80 124 98 4'6'12'18'25 1104 80 20

1
0 00 47 44 6'25 1183 39 218 87 6'25 1183 39 50
0 00 42 66 25 1275 63 76 45 25 1275 63 100
0 00 43 88 25 1325 63 42 04 25 1325 63 150
0 00 44 84 25 1375 63 33 91 25 1375 63 200
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CPU(s) Hubs Opt CPU(s) Hubs Opt

0 00 49 35 4'6'8'9'10'12'14'16'17'18'22'24 743 60 49 14 4'6'8'9'10'12'14'16'17'18'22'24 743 60 20

0 2
0 00 42 79 4'6'12'16'17'18'24 1001 46 56 30 4'6'12'16'17'18'22'24 1001 46 50
0 00 49 28 4'12'16'18'22 1333 50 522 00 4'12'16'18'22 1333 50 100
0 00 43 37 5'12'25 1503 10 741 04 5'12'25 1503 10 150
0 00 48 36 5'18 1605 76 229 89 5'18 1605 76 200

0 00 38 99 4'6'8'9'12'13'14'16'17'18'22'24 912 24 62 04 4'6'8'9'12'13'14'16'17'18'22'24 912 24 20

0 4
0 00 43 18 4'6'12'16'17'18'22'24 1166 45 110 02 4'6'12'16'17'18'22'24 1166 45 50
0 00 42 55 5'12'25 1416 27 471 87 5'12'25 1416 27 100
0 00 48 93 5'25 1517 54 339 15 5'25 1517 54 150
0 00 46 21 25 1613 52 241 28 25 1613 52 200

0 00 48 81 4'6'8'12'13'16'17'18'22'24 1072 08 129 34 4'6'8'12'13'16'17'18'22'24 1072 08 20

0 6
0 00 44 16 4'6'12'25 1298 21 726 96 4'6'12'25 1298 21 50
0 00 42 49 5'25 1427 87 395 36 5'25 1427 87 100
0 00 46 91 5'25 1527 87 290 96 5'25 1527 87 150
0 00 41 32 25 1613 52 243 39 25 1613 52 200

0 00 45 61 4'6'12'16'18'22'24'25 1184 23 116 23 4'6'12'16'18'22'24'25 1184 23 20

0 8
0 00 46 64 5'25 1338 03 469 22 5'25 1338 03 50
0 00 44 12 5'25 1438 03 585 05 5'25 1438 03 100
0 00 48 27 5'25 1538 03 710 57 5'25 1538 03 150
0 00 49 00 25 1613 52 447 62 25 1613 52 200

0 00 46 58 1'4'6'12'18'22'25 1243 56 250 91 1'4'6'12'18'22'25 1243 56 20

1
0 00 47 50 5'25 1348 00 148 29 5'25 1348 00 50
0 00 42 21 5'25 1448 00 601 20 5'25 1448 00 100
0 00 49 59 5'25 1548 00 349 05 5'25 1548 00 150
0 00 40 02 25 1613 52 205 56 25 1613 52 200
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F �
CPU(s) Hubs Opt CPU(s) Hubs Opt

0 00 39 28 4'6'8'9'10'12'14'16'17'18'22'24 743 61 50 25 4'6'8'9'10'12'14'16'17'18'22'24 743 61 20

0 2
0 00 41 23 4'6'12'16'17'18'22'24 1001 50 52 81 4'6'12'16'17'18'22'24 1001 50 50
0 00 40 19 4'12'16'18'22 1334 28 487 73 4'12'16'18'22 1334 28 100
0 00 47 21 4'12'25 1541 05 646 35 4'12'25 1541 05 150
0 00 41 41 4'12'25 1691 05 703 21 4'12'25 1691 05 200

0 00 41 66 4'6'8'9'12'13'14'16'17'18'22'24 913 29 55 64 4'6'8'9'12'13'14'16'17'18'22"24 913 29 20

0 4
0 00 43 78 4'6'12'16'17'18'22'24 1169 10 83 61 4'6'12'16'17'18'22'24 1169 10 50
0 00 40 21 5'12'22'25 1462 47 1053 88 5'12'22'25 1462 47 100
0 00 41 25 4'12'25 1616 41 433 22 4'12'25 1616 41 150
0 00 42 06 4'25 1727 27 287 84 4'25 1727 27 200

0 00 43 10 4'6'8'9'12'13'14'16'17'18'22'24 1080 65 103 53 4'6"8'9'12'13'14'16'17'18'22'24 1080 65 20

0 6
0 00 38 39 4'6'12'22'25 1331 21 600 28 4'6'12'22'25 1331 21 50
0 00 45 29 5'12'25 1532 43 272 79 5'12'25 1532 43 100
0 00 37 62 5'25 1644 06 154 20 5'25 1644 06 150
0 00 38 25 5'25 1744 06 192 25 5'25 1744 06 200

0 00 41 15 1'4'6'8'12'13'18'22'24'25 1231 80 152 90 1'4'6'8'12'13'18'22'24'25 1231 80 20

0 8
0 00 40 22 4'6'12'25 1421 57 227 59 4'6'12'25 1421 57 50
0 00 38 47 5'25 1556 38 203 31 5'25 1556 38 100
0 00 41 84 5'25 1656 38 113 24 5'25 1656 38 150
0 00 40 01 5'25 1756 38 126 06 5'25 1756 48 200

0 00 40 76 1'4'6'12'18'22'25 1341 48 215 10 1'4'6'12'18'22'25 1341 48 20

1
0 00 37 68 5'12'25 1466 59 160 94 5'12'25 1466 59 50
0 00 39 79 5'25 1568 36 135 87 5'25 1568 36 100
0 00 38 41 5'25 1668 36 102 50 5'25 1668 36 150
0 00 40 72 5'25 1768 36 134 33 5'25 1768 36 200
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�GAP ALNS� SA TabooSearch
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CPU(s) Hubs Opt CPU(s) Hubs Opt

0 00 93 34 4'6'8'9'10'12"14'16'17'18'22'24 743 60 49 35 4'6'8'9'10'12'14'16'17'18'22'24 743 60 20

0 2
0 00 87 62 4'6'12'16'17'18'22'24 1001 46 42 79 4'6'12'16'17'18'22'24 1001 46 50
0 00 95 42 4'12'16'18'22 1333 50 49 28 4'12'16'18'22 1333 50 100
0 00 93 26 5'12'25 1503 10 43 37 5'12'25 1503 10 150
0 00 80 42 5'18 1605 76 48 36 5'18 1605 76 200

0 00 88 14 4'6'8'9'12'13'14'16'17'18'22'24 912 24 38 99 4'6'8'9'12'13'14'16'17'18'22'24 912 24 20

0 4
0 00 94 12 4'6'12'16'17'18'22'24 1166 45 43 18 4'6'12'16'17'18'22'24 1166 45 50
0 00 93 14 5'12'25 1416 27 42 55 5'12'25 1416 27 100
0 00 91 63 5'25 1517 54 48 93 5'25 1517 54 150
0 00 98 48 25 1613 52 46 21 25 1613 52 200

0 00 87 99 4'6'8'12'13'16'17'18'22'24 1072 08 48 81 4'6'8'12'13'16'17'18'22'24 1072 08 20

0 6
0 00 96 52 4'6'12'25 1298 21 44 16 4'6'12'25 1298 21 50
0 00 85 81 5'25 1427 87 42 49 5'25 1427 87 100
0 00 80 86 5'25 1527 87 46 91 5'25 1527 87 150
0 00 97 92 25 1613 52 41 32 25 1613 52 200

0 00 91 82 4'6'12'16'18'22'24'25 1184 23 45 61 4'6'12'16'18'22'24'25 1184 23 20

0 8
0 00 100 51 5'25 1338 03 46 64 5'25 1338 03 50
0 00 96 27 5'25 1438 03 44 12 5'25 1438 03 100
0 00 102 65 5'25 1538 03 48 27 5'25 1538 03 150
0 00 102 12 25 1613 52 49 00 25 1613 52 200

0 00 100 28 1'4'6'12'18'22'25 1243 56 46 58 1'4'6'12'18'22'25 1243 56 20

1
0 00 104 61 5'25 1348 00 47 50 5'25 1348 00 50
0 00 95 32 5'25 1448 00 42 21 5'25 1448 00 100
0 00 97 79 5'25 1548 00 49 50 5'25 1548 00 150
0 00 89 68 25 1613 52 40 02 25 1613 52 200
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CPU(s) Hubs Opt CPU(s) Hubs Opt

212 37 6'25'33'34'35 760 66 195 34 6'25'33'34'35 754 74 0 1

0 2171 99 6'33'34'35'44 951 66 148 10 6'34'35 894 18 0 2
136 56 34'35'38 1070 62 142 20 6'34 968 56 0 3
140 91 34'35'38 1158 67 146 98 35 1031 78 0 4

217 49 6'25'33'35'41 888 85 137 11 6'35'38'41 856 40 0 1

0 4158 61 6'33'34'35 1037 00 164 02 6'34'35 930 27 0 2
156 25 6'34 1137 48 140 65 6'34 985 43 0 3
157 38 6'34 1190 67 147 85 35 1031 78 0 4

157 10 6'33'35'41'58 995 46 142 86 6'34'35 882 95 0 1

0 6158 90 6'34'35'38 1137 61 131 89 6'34 946 00 0 2
153 93 6'34 1159 08 144 05 35 1007 05 0 3
154 98 6'34 1161 42 149 68 10 1053 23 0 4

179 03 3'6'34 1070 80 159 80 6'34 904 43 0 1

0 8132 28 6'36 1124 17 150 36 41 959 29 0 2
149 93 6'34 1179 36 160 84 35 1007 05 0 3
140 87 6'34 1187 31 140 53 10 1053 23 0 4

158 73 6'26 1071 93 159 55 6'34 914 67 0 1

1167 15 6'26 1140 83 148 43 41 959 29 0 2
149 46 6'26 1209 72 143 46 35 1007 05 0 3
156 43 10 1337 84 148 70 10 1053 23 0 4
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1 0 0 1 1 4
1 0 0 1 1 5
0 1 1 0 1 6
0 0 1 1 0 7
1 1 1 0 0 8
1 1 0 1 0 9
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0 1 1 1 0 12
1 0 1 0 1 13
0 1 1 1 0 14
0 1 0 0 1 15
0 1 1 1 1 16
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1 1 1 0 1 18
0 1 0 1 0 19
0 1 0 1 0 20
1 0 1 0 0 21
1 0 0 1 1 22
1 0 1 0 0 23
1 1 0 1 1 24
1 1 1 1 0 25

=yCWwv=B
1. adaptive large neighborhood search (ALNS)
2. congestion
3. complete disruption
4. partial disruption
5. NP hard
6. simulated annealing (SA)
7. large neighborhood search (LNS)
8. location routing problem (LRP)
9. pollution routing problem (PRP)
10. taboo search(TS)
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